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INTRODUCTION

A study of the physiology of the oyster is of great practical importance for the

oyster industry and at the same time it presents a broad and interesting field for

research that hardly has been touched by scientific investigation. The present paper
deals with the function of the gills of the American oyster.

The gill may be regarded as one of the most conspicuous of the organs that take

part in the feeding and respiration of the oyster. The fact that great quantities
of oysters are consumed raw makes the questions of what constitutes the food of an

oyster and how it is taken in of great practical unportance. Because the mode of

feeding consists in straining great volumes of water through the gills and mgesting
the microscopical material suspended therein, the purity of the oyster meat is corre-

lated closely with the character of the water runnmg over the oyster beds.

 

; It has been known for many years that the general appearance of the oyster,
the thickness and shape of its shell, and the quality and flavor of its meat reflect

readily the conditions of the environment under which the organism grew. The

constantly increasing pollution of our inshore waters caused by the discharge of

domestic sewage and trade wastes has ruined many thousands of acres of profitable

oyster grounds and in many instances has rendered the oysters grown m the vicinity
of large cities unfit for human consumption. Long before the discovery of bacteria

1
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as the cause of infectious diseases, a French physician, Pasquier, attributed the

epidemic of intestinal illness to the eating of raw oysters taken from sewage-polluted
bottoms. Since 1816, the year when his investigation was made (Pasquier, 1818),

and up to the present tmie, oj'sters and other shellfish often were held responsible
for the outbreaks of acute gastrointestinal disturbances and typhoid fever.

Realizing the danger to the public health brought about by the consumption of

infected oysters, and conceiving the damages to the oyster industry caused by the

loss of public confidence in the safeness of the oyster, the various States gradually
have placed the harvesting and handling of oysters under the supervision of the munic-

ipal and State health authorities and shellfish commissions. In 1909 the Federal

Government took a step in the same direction M-hen the United .States Department
of Agriculture, acting under the authority of the Federal food and drugs act, issued

Food Inspection Decision No. 110, which declared it to be unlawful to ship or to sell

polluted shellfish m interstate commerce. In the following year, by another act

(Department of Agriculture, Food Inspection Decision No. 121), it prohibited the

shipment or sale of oysters floated in polluted waters. In 1927 Food Inspection Deci-

sion No. 110 was reaffirmed and it was declared unlawful to ship or to sell in inter-

state commerce oysters or other shellfish that have been subjected to "floating"
or "drinkuig" in brackish water or water containmg less salt than that in which they
are grown. (Department of Agriculture, Food Inspection Decision No. 211). At

present all the oyster-producing States have adopted a system of issuing certificates

to the respective oyster growers and dealers under the supervision and with the

approval of the United States Public Health Service. According to this plan every
bed from which oysters are taken for the market is examined from a sanitary point
of view and must conform to the established bacteriological and chemical standards of

purity.

The question of standards in the sanitary control of shellfish was much discussed

and is of great importance to the industry. For many years bactei'iologists were

using various schemes of bacteriological examination of the oysters, with the result

that various Federal, State, and municipal authorities gave preference to one or

another standard and enforced their regulations accordmgly. In 1922 the American

Public Health Association (Committee on Standard Methods for the Bacteriological

Examination of Shellfish, 1922) adopted a standard method for the bacteriological

examination of shellfish, which at present is widely though not universally employed
in the sanitary control of the shellfish industry. Briefly speaking, it consists in deter-

mining the relative abundance of Bacterium coli in the shell liquor of the mollusks and

expressing the results by an arbitrary numerical system known as the American

Public Health Association method of scoring oysters. The technical procedure con-

sists in making a composite sample from at least five oysters and incubating the

fermentation tubes filled with lactose broth with 0.1 and 0.01 cubic centimeter of

the composite liquor. The water required for dilution purposes is either sterile sea

water or tap water containing 2 per cent sodium chloride. For each dilution five

fermentation tubes are used; altogether 15 fermentation tubes are required for every
test. Upon the formation of gas, confirmatory tests are made in accordance with the

standard methods of water analysis. The presence of Bacterium coli in each tube,

if confirmed, is to be given the value representing the reciprocal of the greatest
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dilution in which the test for 5. coU is positive. If, for instance, B. coli is present in

1 cubic centimeter but not in 0.1 cubic centimeter the value is 1; if present in 0.01

cubic centimeter the value is 100. The score for the whole sample is the total of these

values. Sometimes, however, one or more tubes show results, for instance in 0.01

cubic centimeter, while the other tubes show negative results in 0.1 cubic centi-

meter. In this case the recession of values is made; the 0.01 tube is given the value

10 instead of 100, while the tube showing absence of B. coli is given the value 10

instead of 1. The results of the test are expressed in a tabular form.

Table 1.—Method of scoring ;

'
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 "The question of a definite criterion of purity is of great practical importance, yet

the problem has never been studied experimentally; the proposed score of 50 was

accepted as standard, although no significance was estabhshed for either figure by
a comprehensive investigation.

i ' In introducing the standard of purity of shellfish the bacteriologists have followed

the practice established in the sanitary control of drinking water and milk. They
met with difficulties, however, which at the beginning were not fully recognized and

which are caused by the very nature of the product. The oyster is a living organism
and can not be treated in the same manner as milk, water, or other food products.

It is capable of adjusting itself to new conditions in which it may be placed and

responds quicldy to changes in environment. The first difficulty encountered in

the application of the B. coli sco?e method to the sanitary control of the oyster con-

sisted in sudden and wide fluctuations in score, which sometimes occurred after the

oysters were taken from the water, and consequently the possibility of their further

pollution was excluded. It has been found that the B. coli score of the shell liquor

of the oyster kept in storage does not remain constant but increases and decreases

rather irregularly. It happened, for instance, that oysters tested in New York and

found to have a low score were shipped to Chicago, where they were condemned

because of a very high score. Recently Elliot (1926) made a study of the changes

in the bacterial content of market oysters and found that shucked and shell oysters

kept at room temperature show a sudden and maximum rise in total count of bacteria

from the second to the fourth day of storage. Unfortunately the author failed to

make temperature readings but specifies that the oysters were kept in a "cool base-

ment when the outside temperature was below freezing point." Sudden increase

in the B. coli score indicates that the microorganism was propagating in the oyster

liquor, but the increase in score after the oyster was taken from the water had no

relation to the sanitary conditions under which it was grown.

It has been observed, also, by a number of investigators that there exists a

definite relation between the temperature of water and the B. coli score in the oysters.

Gorham (1912), Pease (1912), and Gage and Gorham (1925) have shown that in

winter the bacterial content of oysters taken from polluted waters is abnormally

low. Discussing this phenomenon, the investigators attributed it to the slowing

down of biological activity of the oyster as a result of a reduction of temperature and

came to the conclusion that with the decrease in temperature the oyster passes into

a state of hibernation. Round (1914), working on the bacteriology of oysters, came

to the conclusion that oysters close their shells for varying periods of time, dependiiig

on temperature. According to his opinion the opening and closing of the shell is

controlled by the rapidity of metabolic processes, which in turn are controlled by

temperature. He failed to support this statement with the experimental data,

however. Gumming (1916) has shown that January and February were the months

when the B. coli content of water taken at the mouths of rivers was highest and the

lowest for oysters taken from the same locality.

The study of the effect of temperature on the B. coli score in the oyster was

handicapped by the lack of knowledge of the relation between the abundance of

B. coli in the water and in the oysters taken from the same locality. So little was

known regarding this important question that the Committee on Sanitary Control
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of the Shellfish Industry (1925) failed to recommend any precise bacterial standards

for waters from which the talcing of shellfish is permitted until additional data are

assembled and considered. It was regarded as unnecessary, however, to apply to

such waters the rigid standards that are established for drinking-water supplies in

interstate commerce. It is known at present that because of the mode of feeding,

the oyster is able to concentrate in the shell liquor the microorganisms present in the

sea water. Undoubtedly the process is dependent on the rate of filtration of water

through the gills and on the rate of ejection of the accumulated material. Both

processes very likely are affected by changes in the environment. Wells (1926),

working at the United States Public Health Laboratory at Fishermans Island,

arrived at the conclusion that the number of B. coli in the shell liquor is higher as

compared to that of the water, where the B. coli concentration was low, and that the

ratio decreased as the abundance of B. coli in the water increased. The same relation

was observed by Tarbett (1926) in the waters of lower Chesapeake Bay. He has

shown that with water scoring from to 0.5, the ratio of water score to oyster score

was 1 to 600; in water scoring 1.4 to 5 the ratio was 1 to 44.8; and in water scoring

from 14 to 50 the ratio was 1 to 7.6. Tarbett admits that the relation between the

B. coli content in water and in the oyster is not a simple one and that temperature

is an important factor. Neither Wells nor Tarbett give any explanation for the

differences in the ratios they have observed. It is very likely that a number of

factors, like temperature, pH, and changes in the chemical composition of water,

should be held responsible for the differences in the ratios observed by these investi-

gators. It is difficult to believe that merely the fluctuation in the abundance of

B. coli may affect the activity of the oyster. It is very likely that the increase or

decrease in B. coli content in shallow and polluted waters where the observations were

carried out are accompanied by physical and chemical changes in the water, which

in turn affect the activity of the oyster gills.

In a study of seasonal fluctuations in B. coli score in the oyster, and in discussing

the questions of feeding and hibernation, some of the investigators (Round, 1914;

Nelson, 1921, 1923) regarded the oyster as feeding whenever its shells are open'. As

it will be shown in the present paper, the fact that the shells are open does not neces-

sarily mean that the oyster is feeding. The two phenomena namely, the contrac-

tion of the adductor muscle and the ciliary activity of the gill epithelium—are

independent from one another and should be studied separately.

The crisis of the oyster industry in 1924 caused a revision of the methods of

sanitary control of shellfish. At the same time, the question of the effect of temper-
ature on the activity of the oyster was taken up again by the bacteriologists engaged
in the sanitary inspection of shellfish and by the oyster growers interested in the

safety of their product. It is the author's belief that the solution of the practical

problem concerning the standard of purity of the oyster should be based on a profound

knowledge of the functions of the organism and its relation to its environment. On
the other hand, understanding of the activity of the organism is essential for the

oyster growers who, by adopting methods that permit self-purification of the oj'ster,

are trying to insure the cleanliness of their product.
*"

The present investigation was made for the purpose of filling the gap in our

knowledge of the physiology of the oyster and to supply information concerning the
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effect of temperature on the activity of the gill. An effort was made to put the

experimental work on a quantitative basis and whenever possible to give an accurate

measurement of the reaction of the organism. The experiments were carried out at

the United States Fisheries Biological Station at Woods Hole, Mass., in the summers

of 1925 and 1926 and the winter of 1926, and in the Pease Laboratories in New York.

The author wishes to acknowledge his gratitude to Dr. H. D. Pease for extending the

privilege of using his laboratory and supplying technical assistance in several bac-

teriological experiments performed in connection with this investigation.

The oysters used in the experiments were received from Long Island Sound,

Wellfleet Harbor, Mass., Wareham Kiver, Mass., and Chesapeake Bay. No differ-

ences in the behavior of oysters from these localities were noticed.

STRUCTURE OF THE OYSTER GILL

The gill of an oyster is a complex, cUiated organ that takes part in three impor-

tant functions of the organism
—

respiration, feeding, and excretion. One of its most

noticeable activities consists in producing a strong current of water, which passes

through numerous branchial chambers and insures the e.xchange of gases between

the tissues of the organism and the surrounding medium. The material suspended

in water and brought in with the current constitutes the food of the oyster. It settles

on the surface of the gill and, after being entangled in the mucus excreted by numerous

gland cells, is pushed by the ciliary epithelium toward the distal edges of the gill

laminiB and is conveyed to the labial palps, where it is either rejected or enters into

the digestive tract. When the oyster is aot feeding and keeps its valves closed the

gland cells of the gills continue to excrete mucus, which accumulates in a large quan-

tity on the surface of the gUls and is discharged into water at the first opportunity.

The structure of the lamellibranchiate gill has been the object of numerous investi-

gations, and for a detailed anatomical and histological description the reader is refer-

red to the works of Peck (1S77), KeUog (1S92), Janssens (1893), Eidewood (1903),

and Yonge (1926). It is necessary, however, for the purpose of the present paper,

to give a brief account of its essential features.

The oyster has two gills, each formed by one outer and one inner demibranch.

In a transverse section the gill presents the figure of the letter W- Each demibranch

consists of one descending and one ascending lamella, leaving a space between them

and being united at their lower ends. The upper edges of the ascending lamellae of

the inner demibranchs are imited in the middle line, those of the outer are fused

with the mantle. The spaces above the gill lamella; are called epibranchial or supra-

branchial chambers; they open posteriorly into one large exhalant chamber (cloaca).

The spaces below the lamellae (so-called infrabranchial chambers) are completely

shut off from the epibranchial chambers, and communication between them is possible

only through numerous minute pores in the gill.

The gill lamellae are made up of numerous parallel filaments (fig. l,fi.) arranged

in rows, alternatingly forming crests and grooves. There are from 10 to 16 filaments

to each crest. According to Herdmann (1899) there must be over 2,000 filaments

for each surface of each gill, or from.8,000 to 10,000 filaments in all. Due to the pecul-

iar arrangement of the filaments, the surface of the gill is plicate, the crests of the
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plicae being visible to the naked eye. The neighboring filaments are connected by
an interfilameutal junction (int.fl.j.) formed by a band of connective tissue running
round the inner surface of the plicae. In every groove between the two adjacent
filaments there is a water pore (p.), through which the water enters into the inter-

filamental spaces. The two lamellae of each demibranch are, in turn, united by the

interlamellar junctions {int. Im. j.), having a form of septa and subdividing the

-/mc.
-to.

--A

 l/ni J/

-Mv:

A/.4li.lMV.yU'

Fig. 1.—Cross section of the gill lamellae of the oyster. Semidiagramatic. U. p.—blood vessel; ^.—filament; /r. c—frontal

cilia; I. c—lateral cilia; int. hn. j,—inter lamellar Junction; int. ft. j.—inter fUamentar junction; sk. 6.—skeletal bar;

p.—water pores; »(.—water tubes. (SUghtly modified from Kellog)

epibranchial chambers into canal-like compartments or "water tubes" {w. t.), vel*y

narrow at their distal ends but reaching several millimeters in diameter in the proxi-

mal portion of the gill. In an adult oyster there are about 30 tubes in each demi-

branch, or about 120 tubes altogether. Each filament of the gill has one blood

vessel (bl. v.), lined by a thin layer of connective tissue, and has two skeletal bars

(sic. h.). The surface of the filament is covered with a ciliated epithelium forming
93280—28 2
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three groups of cells, frontal, {jr. c.) latero-frontal, and lateral (Z. c), the relative

positions of which are shown in Figure 1. It has been fully established by the work
of Orton (1912) and Gray (1922) that the ingoing current of water, passing through
the water pores into epibranchial chambers and cloaca, is produced by the activity
of the lateral cilia, which beat inward, i. e., across the surface of the gill. The frontal

cilia beat parallel to the surface of the gill and are concerned solely with the transport
of the particles that settle on then' surface. The latero-frontal cilia, lying at the edges
of the filaments so that those of adjacent filaments interlock, are not well developed
in the oyster, yet they can be distinguished from frontal and lateral cilia. Their

function consists in keeping the adjacent filaments apart and in stopping and throwing
on the frontal surface the particles carried in by the current of water.

Besides ciliary cells, the epithelium of the filaments contains unicellular mucus

glands, which are stimulated easily by contact with solid particles and secrete mucus.

Interfilamental and interlamellar junctions contain a number of vertical and hori-

zontal muscle fibers, which may cause the opening and contraction of the plicae.

No peristaltic motion has been observed either in the epibranchial chambers or in the

cloaca. The current produced by the gill epithelium rims with a constant speed as

long as temperature and other external factors remain constant.

The gill of the oyster can be compared to a very fine and complex sieve, the holes

of which are represented by the water pores; the water is taken in by the whole sur-

face of the gills and is driven through a system of tubes into one exhalant chamber.

It leaves the gills as a single outgoing stream, which can be observed easily when
the oyster is feeding. Through the water pores and tubes there is direct communi-

cation between the inside and outside of the gill, and the flow of water in one direc-

tion is due exclusively to the rhythmical beats of the lateral cUia. These facts have

an important bearing on the discussion of the experimental data.

REVIEW OF THE METHODS FOR MEASURING THE STRENGTH OF CUR-
RENT PRODUCED BY PLANKTON-FEEDING ORGANISMS

Many attempts were made by various investigators to determine the rate of

flow of water produced by the plankton-feeding organisms. The methods they

employed can be grouped into two classes—indirect and direct.

INDIRECT METHODS

These methods are based either on the determination of the number of micro-

scopic organisms and other small particles suspended in water and ingested in a given

period of time by the animal, or on the determination of the rate of respiratory

exchange of a given organism. One of the first estimations of the rate of flow of

water through the gills of an oyster was made by Grave (1905). He kept the oysters

in filtered sea water for three days until their digestive tract became devoid of any

plankton organisms. Then the oysters were placed in the natm-al sea water and at

convenient intervals were taken up, contents of their stomachs were removed, and

the number of diatoms in them counted. Knowing the average number of diatoms

per liter during the three consecutive summers, and having obtained the number of

diatoms collected by the oyster in a given period of time, Grave estimated the rate of
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flow of water through the gills. His method is open to several objections. Fu-st,

because of the seasonal and daily fluctuations in the abundance of diatoms in water

the average figure may differ greatly from the diatom content at the time of obser-

vation. Second, not all of the diatoms strained by the gills are ingested; certain

numbers of them may be rejected into the pallial cavity and do not reach the diges-

tive tract.

Virtually the same method as that employed by Grave was used by Moore (1913)

in studj'ing the oysters of Mississippi. Nelson (1921), studying the feeding of oysters

in Barnegat Bay, adopted the following procedure: At ebb tide oysters were placed
on a platform built in the bay; when the tide began to run the investigator watched

for the opening of the shells and kept them continuously under observation for one

hour. Meanwhile, every two minutes a sample of the water that was passsing over

the oysters was taken and the number of Tintinnopsis (a protozoan, which wa.s taken

as an index) was counted. At the close of the hour two oysters were opened, the

stomachs washed out, and the contents counted. The number of Tintinnopsis
collected by the two oysters compared with the number in the water gave the rate of

current produced by the oyster. Nelson assumes that the stomachs of the oysters

he examined were empty because, according to his observations, when an oyster

opens after a period of closure of one hour or more its stomach is virtually empty of

food. .

'

I

An entirely different method was employed by Viallanes (1892) and ttarison

(1926) in experiments on European oysters and mussels. Their method is based on

the determination of the amount of clay precipitated by the mollusks during a period
of 24 hours. The mollusks are kept in the crystallizing dishes placed on the bottom

of a tank filled with water, to which a known quantity of clay (0.05-16 gi-am per liter)

is added. Several dishes are placed in the same tank for control without the animals.

After 24 hours the sediment that has accumulated on the bottoms of the dishes is

collected, dried, and weighed. The figures thus obtained are corrected by sub-

traction of the amount of precipitate by gravity (in the controls), and the rate of

filtering of water through the gills is thus computed. These authors used their method

chiefly for the determination of the relative filtering ability of European and Portu-

guese oysters. They fail, however, to give a record of the temperatm'e of the water

and do not state whether the shells of the mollusks were open all the time during the

experiment. The possible source of error in this method lies in the fact that the

mucus discharged by the gills may cause the agglutination and precipitation of the

clay, and therefore the amount of precipitate on the bottom is not a safe measure of

the activity of the gills.

ilv In a series of papers Piitter (1909, 1911, 1924) has estimated the rate of flow of

water by measuring the CO3 production and O2 consumption by various marine

organisms. As a result of this study he arrived at the conclusion that in order to

receive a required amount of carbon from plankton the organisms in question should

filter tremendous volumes of water. Thinking that this is impossible he advanced
the hypothesis, which was much criticized by other investigators (Moore, Edie,

Whitley, and Dakin, 1912), that the marine organisms feed by absolution of organic
matter dissolved in sea water.
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DIRECT METHODS

The first measurement of the rate of flow of water through the plankton-feeding

organisms was made by Parker (1914). Experimenting with the siliceous sponge

Stylotella, he adopted the following method: A glass tube was inserted into the oscu-

lum and the flow of water in the tube was determined by measuring the velocity of

floating particles, such as grains of carmine, that were carried up the tube by the

current. By placing the tube introduced into the osculum in a vertical position he

was able to observe the rise of water in the tube above the level of water in the tank

where the sponge was kept and thus measured the pressure produced by the ciliary

motion of the cells.

A similar method was used by Allen (1914) in a study of the feeding habits of

fresh-water mussels. He introduced one end of the rubber tubing in the excurrent

siphon; the other end was connected to a calibrated glass tube having a capacity of

2 cubic centimeters between given marks. A neutral coloring matter was added into

the rubber tubing through a pipette thrust into it just outside the siphon and the

rate of flow of colored substance in the tube was measured. Because of the con-

traction of the siphon, Allen had considerable difficulty in measuring the velocity of

the outgoing current and made only one determination. Both Parker and Allen failed

to note that the velocity of the current running in a circular pipe varies along the

cross section of the pipe, the maximum velocity being at the center, with minimum

velocity close to its walls. Consequently, no discharge of water can be computed
from their data unless the position of the particle, the speed of which is being measured,

is known. When the carmine grains flow in water they settle on the bottom gradu-

ally and are carried out at different speeds depending on the distance from the center

of the tube.

METHODS EMPLOYED IN THE PRESENT INVESTIGATION

Two methods of measuring the rate of flow produced by the gills of the oyster

were described by the author in 1926 (Galtsoft", 1926). It is desirable to give a more

complete description of them here.

TANK METHOD

This method is designed primarily to collect the water after it had passed through

the gills and to measure the pressure inside the gill cavity. The valves of the oyster

are forced apart and a glass rod is placed between them to prevent their closing; a

rubber tube 6 to 7 millimeters in diameter is inserted in the gill cavity and made
fast by packing all the spaces around with cotton. The outgoing water passes through

the tube; leakage, if any, can be noticed easily by adding a few drops of carmine

suspension and watching the produced currents. The oyster is then placed in a

tank (fig. 2) of about 10 liters capacity; the tank is connected through a horizontal

glass tube (b) of 6 miUimeters diameter, with a small vessel (v) of about 50 centi-

meters capacity. A vertical tube (c), 8 millimeters in diameter, passes through

the bottom of a small vessel and serves as an overflow; its upper level is about 1

centimeter above the upper level of the horizontal tube b. The tank is made of

celluloid, J/g inch thick; the walls are cemented with a solution of celluloid in acetone.
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The large tank is filled with water up to the level of the vertical tube c. When
equilibrium is established the rubber tube inserted into the oyster is connected to

the horizontal tube b and the water from the gills begins to flow into the small

vessel. The overflowing water is collected in a graduate. ,

The hydrostatic pressure inside the gill cavity can be measured by plugging the

vertical tube c and watching, in the water gauge (g), the rise of the level in the small

vessel. In a few minutes a maximum difference is reached and the flow of water

through the tube b ceases. This indicates that there is no more difference in pressure

between the inside of the gill cavity and the end of the tube b.

Fig. 2.—Tank for collecting the water after it passed through the gills, and measuring the hydrostatic pressure inside the

gill cavity. 6.—tube coimecting the two vessels; c.
—overflow; g.

—water gauges; I.
—constant level arrangement;

p.—pipe supplying fresh sea water; (.—thermometer. .Approximately one-third natural size

The difficulty in employing the tank method lies in the necessity of being very
careful to keep the water in both vessels at a constant level. The rise of level in the

large tank forces the water to flow by gravity through the gills, while a rise in the

level in the small vessel retards the rate of flow because the gill epithelium is forced

to work against the pressure. The method is indispensable, however, for collecting

the water that had passed by the gills.

CARMINE METHOD

The rate of flow of water can be determined easily by the carmine method (Galt-

sofl, 1928), which is as follows: The oyster is rigged up in the same manner as in the
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tank method and is placed in a glass tray of about 4 liters capacity. (Fig. 3.) The
end of the rubber tube inserted in the gill cavity is connected to a X tube, the upper
end of which is attached to a funnel filled with a fine suspension of carmine in sea

water. The third end of the tube is connected with a graduated glass tube (<) 6

millimeters in diameter and 17 centimeters long. Releasing the clamp {(J) a very
small amount of carmine is allowed to enter the tube, where it forms a distinct cone

moving inside the tube. The rate of movement of the apex of the cone is measured

by recording, with a stop watchj the tiihe required for it to pass from to the 15-centi-

meter mark. , i".-l

Fig. 3.—"Carmme method" to measure the velocity of the current, a.—vertical tube with rubber connections; c—clamp; t.—

horizontal tube graduated in centimeters; «.—electric stirrer. The drawing is made from a photograph taken in the labora-

tory. Heating and aeration apparatus are not shown

Inasmuch as a distinct cone of carmine suspension is visible, it may be assumed
that in this case we have a viscuous flow or stream line, to which the Poiseuille's

formula

16fd-
(1)

is applicable. In this formula /§ = speed at the axis of the tube; Z> = diameter and I

length of tube in centimeters; A2?
=
pressure drop between the two marks in dynes

per cm''; /i
=
viscosity in poises.

As the mean velocity S^ of the whole cross-sectional area of the tube is one-half

the velocity at the axis (see Gibson, 1925, p. 63)

(2)
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tbe rate of discharge, V, in cm^ per second is

T7 ttD^S

13

(3)

For accurate measurement of tlie velocity of the current in the tube (t) the qual-

ity of the carmine suspension is of great importance. The suspension must be very
fine and should contain no particles that may settle inside the tube; it must have the

same specific gravity as that of the sea water in which the oyster is kept, and its color

must be sufficiently deep to be noticeable when a small amount of the suspension is

allowed to enter the tube and forms a cone.

To make up a suspension that will conform with these requirements the follow-

ing procedure should be followed: The carmine powder is ground in a glass mortar

with a few drops of sea water; after a very fine paste is formed more sea water is added
and the suspension is poured into a glass bottle, is well shaken, and is allowed to stand

undisturbed for five minutes. Then the upper half of it is poured into another bottle,

to be used in the experiments. Only fresh suspension should be used, because after

24 hours the carmine particles settle more quickly and have a tendency to form lumps.
In a study of the effect of temperature and other external factors on the function

of the gills the carmine method has several advantages over the tank method. First,

no error is introduced by the possible fluctuations in the levels of v.-ater in the two

vessels; second, the water in the traj^ where the oysters are kept can be changed

easily without disturbing the animals; and third, the measurement of the rate of

flow can be made in a few seconds instead of several minutes, as is requii'ed by the

tank method. It is interesting, however, to show how the two methods check each

other. The following figures were obtained with an oyster that was placed first in

a tank, where the rate of flow of water through its gills was measured; then it was

transferred to a tray and after 30 minutes of rest the rate of flow of water was measured

again. In both cases 10 readings were made and the arithmetic mean was computed.
The results of this test are shown in the following table:

Table 2.—Rale of floio of ivater determined by "tank" and "carmine" methods

Method
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of other variables that may affect the function of the organism. Gray (1922, 1924,

1924a) has shown that not only temperature but changes in the hydrogen-ion con-

centration, oxygen and carbon dioxide contents, and concentration of various salts

ui sea water affect the ciliary activity. In the present experiments the salinity of

the water, its oxygen content and the pH value were kept constant. There are

two factors, however, the control of which presented certain difficulties and which

may be responsible for considerable fluctuation in the experimental data. In some of

the oysters, especially in those that had been exposed for a long time to a low tempera-

ture, the gills were covered with a thick layer of mucus, which blocked a free passage

of water through the pores. These oysters exhibited wide and hregular fluctuations

in the velocity of the current, but after the outside and the inside of the branchial

chambers were washed out with sea water the current became steady.

Mechanical stimulation represents another factor that may affect the velocity

of the current. Whenever the oyster attached to the apparatus was disturbed, it

invariably showed a change in the rate of flow, frequently stopping the current

entirely but coming back to normahty in a few minutes. The following record

of one of the experiments illustrates this fact very clearly.

Table 3.—Effect of mechanical stimulation on the velocity of the current.—Experiment 6S,

August 10, 1926

Speed at the axis o( the
tube (centimeters per
second)
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EFFECT OF TEMPERATURE ON THE RATE OF FLOW OF WATER
THROUGH THE GILLS

SUMMER EXPERIMENTS

We begin the discussioa of this problem with

an analysis of the results of summer experiments

The experimental material consists of the data of

64 experiments performed during the summers of

1925 and 1926, but in the following discussion the

data of only 15 experiments, in which the obser-

vations were made at not less than five different

temperature points, are taken into consideration.

The following technical procedure was fol-

lowed in all the experiments: The first observations

were made at room temperature, which in most

cases was around 20° C.
;
then the water was cooled

gradually to 5° and then warmed until the temper-

ature of 35° and in a few cases 45° was reached,

and cooled again to 20°. In 5 experiments read-

ings were made at 2° intervals; in 10 experiments

5° intervals were used. Each determination of

the rate of flow is a mean of 10 or 20 readings.

Altogether 2,470 readings were made.

All the experiments were made with adult

oysters varying in size from 3.5 to 5 inches. There

exist considerable individual variations in the rate

of flow of water that can not be correlated with

the differences in size of the oysters and undoubt-

edly depend on the physiological conditions of the

organisms. Some of the small oysters proved to

be very active and produced very strong currents,

while some of the largest ones were very weak.

At present it is impossible to determine the cause

of such differences. There was nothing in the

appearance of the oysters that could be correlated

with the efficiency of their gQls.

The range of individual variations in the rate

of flow of water at different temperatures is shown

in Table 4 and Figure 4. In Table 4 the experi-

mental data are grouped in 14 classes, each at 3°

intervals, the figures in the body of the table repre-

senting the frequencies ;
in Figure 4 the frequency

distributions for temperature, ranging from 6° to

26.9°, are presented graphically. An examination

of the frequency polygons discloses that the individ-

ual variations increase with the temperature and

reach their maximum between 24° and 26.9° C.

93280—28 3

0.5 1.0 15 2.0 Zb 3.0 15 40
LITER PER HOUR.

FiQ. 4.—Frequency distribution of the rate of
flow of water at different temperatures.
Cross-hatched areas show the number of

oysters that failed to produce any current
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At this temperature the rate of flow of water varies in the different oysters from 0.5

to 3.9 liters per hour; the majority of the oysters, however, filter the water at a rate

of from 2.5 to 2.9 liters per hour. With the cooling of the water comes a gradual

retardation, of the ciliary activity of the gills, and, as can be seen in Figure 4, the

peak of the frequency polygons moves toward the left, following the decrease of

temperature. At temperatures between 9° and 14.9° the range of individual

variations is smaller than it is at higher temperatures and varies from to 2.4

liters per hour; at temperatures between 9° and 11.9° the majority of oysters pro-

duce a current ranging from to 0.9 liter per hour. At a low temperature between

6° and 8.9° the activity of the gills is greatly reduced and the rate of flow is never

higher than 0.4 liter per hour. No current is produced below 5°.

Table 4.—Frequency distribution of the rate of flow of water through the gills at a given temperature.
The figures indicate the number of obs,ervations
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which could not be attributed directly to changes in the surrounding medium.

Excluding the cases of accidental mechanical stimulation that may cause the contrac-

tion of the muscles in the gill tissue and result in a temporar}^ decrease in the velocity

or even in a complete stoppage of the current, the range of the fluctuations observed

in all the experiments varied with the temperature. It has been shown in a previous

paper (Galtsoff, 1928) that between 15° and 25° the fluctuations are small, ranging

from 4.4 to 5.9 per cent, but that they increase considerably both below and above

these temperatures. This means that the nearer we approach the temperature
limits of the ciliary activity the more irregular becomes the ciliary motion of the

gills. It must be borne in mind that the flow of water from the gill cavity is due

to the difference in pressure between the inside and the outside of the gills, and that

TtMPtRATURE;" C

Fig. 5.—Effect of temperature on the rate o( flow oi water produced by the gills

the velocity of the current is a function of a pressure drop between the two points.

The head pressure inside the gill cavity is maintained by the activity of the lateral

cilia and is dependent upon the rhythm and coordination of the ciliary motion along
the whole surface of the gill.

The beat of the ciliary cell has two distinct phases—a very rapid forward or

effective stroke and a slow backward or regressive stroke. It has been shown by
Weiss (1909) and Gellhorn (1925) that the work performed by the cilium during one

phase is proportional to the cube of the velocity

w=KV' . j,^,^^,i^i;:,(^,

where Z is a constant, W is work, and V is velocity. The ability of the ciliated cells

to transport particles or produce a current depends on the difference in the velocities
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of the progressive and regressive strokes. At present we have no means to measure

the absolute velocity of the motion of the cilium, but Kraft (1890) has estimated

that the velocity of the progressive phase is five or six times greater than that of the

regressive period. This means that the work performed during the forward motion

is one hundred and twenty five or two hundred and sixteen times greater than that

produced during its backward movement. It is obvious that even an insignificant

decrease in the ratio between the velocities of the two strokes will result in a con-

siderable loss of efficiency of the ciliary motion.

The coordination of the ciliary activity is another factor that determines the

constancy of the current produced by the gill epithelium. The maintenance of a

constant pressure inside the gill cavity depends on a definite rhythm of strokes along

all the filaments of tlie gill. As soon as the rhythmic motion in some of them becomes

irregular a leakage occurs through the wall of the gill, resulting in a drop of pressure

and in retarding or complete stoppage of current. In this manner even small dis-

turbances in the rhythm of the beats of lateral cilia along one or several filaments

result in considerable fluctuation in the velocity of the outgoing current. The vari-

ations in the velocity of the current that occur both below 15° C. and above 25°

should be attributed to the disturbances in the rhythm of beats. Observations made

by the author on the excised pieces of the epithelium kept at temperatures ranging
from 5° to 15° show that the irregularity in the rhythm of the ciliary motion becomes

noticeable under the microscope as soon as the temperature drops to 15°. At 10°

the characteristic metachronial wave often is interrupted because the cilia in some of

the filaments begin to beat simultaneously instead of in succession, as they do nor-

mally. The result is that in certain blocks of the filament all the lateral cilia beat

simultaneously at the same phase, while in the other portions of the filament the

metachronial rhythm is maintained. At 5° the cihary motion becomes slow and

irregular. Because of the lack of coordination at this temperature no current is

produced, although the cilia are beating.

The results of present experiments on the effect of temperature bn the rate of

flow of water through the gills parallel the data obtained by Gray (1924) on Mytilus.

Gray's method consisted in determining the relative speed of the cilia by recording

the time required to move at a imiform rate a small circular plate of platinum over a

distance of 1 centimeter along the surface of the gill. It should be borne in mind,

however, that the transport of a particle over the ciliated surface is accomplished by
the frontal cilia, while the current running through the gills is produced by the

lateral ciUa. As in the case of the oyster, the activity of the frontal cilia of Mytilus
is a function of temperature. Gray finds that between 0° and 33° the speed of the

cilia increases with the rise in temperature, although the amphtude remains normal.

Between 34° and 40° a marked falling off in the amplitude of the beat occurs, fol-

lowed by the reduction of the rate of beat. Experimenting with oysters, I was unable

to observe the changes in the amplitude of the beats, and the attempts to apply

Gray's method for measuring the mechanical activity of the frontal cilia were unsuc-

cessful. The gills of the oyster contain numerous mucus glands that are stimulated

by contact with metal and secrete mucus, which accumulates on the surface of the

gill and increases the resistance to the motion of the plate. On the other hand,

repeated mechanic3,l stimulation of the ciUa by contact with metal causes a complete



EXPERIMENTAL STXTDY OF THE OYSTER GILL 19

cessation of the ciliary motion on a given area of the gill. Readings obtained with

Gray's method were so inconsistent that the method was discarded as unsuitable for

the oyster gill. The temperature optimum for Mytilus gills is somewhat higher than

that of the oyster. Gray's figures show that the highest activity of the Mytilus cilia

takes place at a temperature between 27° and 38°, while the maximum activity of the

oyster occurs between 25° and 30°.

A comparison of the results of Gray's work on Mytilus and the data obtained

during the present investigation discloses the interesting fact that the curves describ-

ing the effect of temperature on the rate of flow of water and on the mechanical work

produced by the oyster gills are different from the curve showing the effect of tempera-
ture on the relative speed of Mytilus cilia. (Fig. 6.) As has been shown in another

LITtR
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Analyzing the curves of the effect of temperature on the rate of doing work and on

the rate of flow of water, one finds that neither curve can be described by the

Arrheniiis equation, which was found apphcable to many instances of the effect of

temperature on biological reactions. Crozier (1924) has found, however, that the

effect of temperature on the relative speed of the Mytilus cilia follows this equation.
The discrepancy undoubtedly is due to the fact that the rate of flow of water is con-

trolled not only by the frequency of the ciliary beats (which may depend on a definite

chemical reaction) but also is governed by several other factors, such as rhythm and

coordination of the ciliary motion along the whole surface of the gill. The production
of a current by the gills is a very complex phenomenon in which several reactions of

the orgatiism are involved.

Although the rate of flow of water does not give us a true measure of the activity

of the gills, it supplies information regarding the effect of temperature on the feeding
of the oyster; the latter is obviously dependent on the volimie of water that the

oyster is capable of passing through the gills at various temperatures.
It has been shown above that the rate of flow of water produced by oysters of the

same age and taken from one locality is subject to wide individual variation. For

instance, the highest figure of discharge of water measured at 25° was 3.9 liters per

hour, while another oyster at the same temperature produced a flow of water at the

rate of only 0.9 liter per hour. The results of the experiments discussed above are

consistent in the respect that in all of them there was a decrease or increase in the

rate of flow depending on the direction of the changes in the temperature. It is inter-

estiing to compare the data obtained in these experiments with the estimates computed
by other investigators and based on the counts of planktonic forms foimd in the

stomachs of the oysters. The comparison is difficult, however, because of the failure of

the investigators to give temperature readings at the time of their experiments.

Assimaing that the experiments were made in summer, it is very likely that the tem-

perature at which the observations were made was somewhere between 18° and 24° C.

As is shown in Figure 4, at this temperature interval the rate of flow of water in the

majority of oysters varies between 1..5 and 2.5 liters per hour. Grave (1905) states

that the oyster filters 0.167 liter per hour. Moore (1913) estimates that an oyster

takes in water at the rate of 40 quarts (38 liters) a day but fails to state whether the

.filtering was going on continuously for a 24-hour period. Wells (1916) states that

"at feeding temperatures large volimies of water, from 25 to 50 gallons a day, pass

through the oyster gills." In another paper (Wells, 1926) he says that "
the quantity

of water filtered through an oyster gfll at moderate temperatures averaged greater

than 2 gallons per hoiu-." As has been shown in the present paper, "feeding temper-
ature" covers quite a wide range

—from 7° to 40° C. Unfortunately Wells does not

state how he arrived at these figures. It is doubtful that there are oysters that are

able to take in water at the rate of 7.5 liters (2 gallons) per hour, and Wells's figures

should be regarded as guesses not supported by any experimental evidence.

Nelson's (1921) estimate of the rate of flow of water through the oyster is 6

quarts (5.7 liters) per hour. Allen (1914), for a fresh-water mussel, gives a rate of

flow of 1.4 Uters per hour. The filtering of water by the sea mussel has been studied

iu Conway Laboratory (England). According to a statement found in the Guide to
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the Fisheries Exhibit (Ministry of Agriculture and Fisheries, 1922), "a mussel can

pump at least 10 gallons of water through itself in 24 hours." Unfortunately I \fa,a

not able to find a description of the method employed in Conway Laboratory.

The fact that the estimated figures of the rate of flow through the oyster vary
from 0.167 to 7.5 liters per hour is good evidence of the unreliability of the methods

employed by previous investigators. The estimation based on the count of the plank-

tonic froms found in the stomach and intestine can not be accurate. Everyone who
has had experience with quantitative plankton examination is familiar with the diffi-

culties encountered in obtaining reliable figures. Moreover, in the estimation of the

rate of flow by this method an assumption is made that all the microorganisms caught

by the gills are ingested by the oyster, which obviously is incorrect, as some of tliem

never reach the mouth of the oyster but are rejected into the pallial cavity, c,

EXPERIMENTS WITH HIBERNATING OYSTERS

In the experiments described above the oysters were exposed to sudden changes
in temperature. Observations have shoMTi that the period of 15 minutes during which

the organism was kept at a constant temperature was sufficiently long to produce an

effect on the ciliary motion. There arises a question, however, whether long-continued

exposure to low temperature would produce different reaction. Nelson (1926) thinks

"that with the slowly falling temperatures of autumn and early winter the oyster

becomes adapted to a lower range of temperature, so that although there is a sharp
decrease in ciliary movement below 5° activity does not entirely cease." For practical

purposes it is very important to know whether in winter the oysters respond to the

changes in temperature in the same manner as they do in summer.

In order to study this problem, several dozens of oysters were left on the bottom
of Woods Hole Harbor, close to the United States Bureau of Fisheries pier, in Septem-

ber, 1926. The daily examination of temperature records taken at 8 a. m., noon,
and 4 p. m. shows that since December 5 the temperature of the water was below

40° F. (4.4° C), and during January and February it varied from 29.6° to 34° F.

(-1.4° C. to 1.1° C). On February 12, 1927, 36 oysters were taken from the harbor,

brought into the cold laboratory room (air temperature 3,5° C), and examined.

All the oysters appeared to be healthy and showed a new growth at the edges of the

shell.

The purpose of the first experiment was to determine the exact temperature at

which the outgoing current begins to flow. The valves of the oysters were forced

apart and glass rods were thrust between them to prevent their closing. Then the

oysters were placed in cold sea water poured into a large, white enamel tray and the

temperature of the water was raised gradually from 1° to 9° C. The oysters were

kept from 30 minutes to one hour at a given constant temperature; observations

were made at 1° intervals, and the beginning of the flow of water from every oyster
was noticed by adding a few drops of carmine suspension. The temperature of the

suspension was always the same as that of the water in the tray. The results of this

experiment are presented in Table 5 and Figure 7. In order to facilitate a comparison
with the results of summer experiments, the latter data are shown in the right column
of the table.
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, The majority of the oysters began to produce a current at a temperature between

8.1° and 9°, though in a few of them the beginning of the flow of water took place

either below or above this temperature interval. No current was observed at 5°

and below. This result confirms what has been observed in the summer experiments

(see right column of the table) and shows that so far as the activity of the ciliated
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Table 5.—Temperatures at which the oysters begin to produce a current

23
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Table 6.— Effect of temperature on ciliary activity
—Winter experiments
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cover glass in a microaqiiariuin. The temperature of the water in the microa-

quarinm was regulated and kept constant within one-half of 1°. It has been found

that with the decrease in temperature below 15° C. the ciliary motion becomes slow

and irregular and ceases entirely at 5°. The experiments were repeated many times

with the same results. Different residts, however, were obtained when observations

were made on large pieces of the gill. Portions of the gill lamellae approximately 6

square centimeters in area were kept in a Stender dish of about 15 centimeters capacity
which was placed on a little platform built on the bottom of a finger bowl. The

space between the walls was filled with water and the temperature was kept constant.

The experiments were made in September, 1926, and February, 1927. The micro-

scopic examination made with a water immersion lens on the large pieces of gill

showed that when the temperature drops to 5° C there is a considerable slowing
down of the ciliary activity and the beating continues without a definite rhythm.
Due to the lack of coordination and irregularity of the ciliary niotion, no current is

produced. The activity of some of the cilia continues even at — 2° C, when almost all

the water in the dish except a narrow space just around the gill is frozen. A complete
cessation of ciliary activity occurs only when the water freezes entirely. The process:

is reversible, and as soon as the ice melts the cilia begin to beat again. It has beefl'

noted that at low temperatures some of the cilia cease beating sooner than others;

it is impossible, therefore, to speak of a definite critical temperature at which ciliary;

activity stops. In some of the filaments the motion stops as soon as the temperature

drops to 5°; in others it goes on until all the water is frozen. There is also a distinct

difference in the behavior of different kinds of cilia; frequently the lateral cilia come
to rest first while the frontal cilia continue to beat.

The discrepancy observed in the experiments with small and large pieces of.

gills shoidd be attributed to the different conditions of the tissues and probably to

the lack of blood in the small pieces. Gray (1926) has shown that in the Mytilus

gills the cells of the lateral epithelium contain a supply of available energy sufficient'

to maintain their activity in sea water for a limited period of time. If the gills are

thoroughly washed with the sea water the lateral cilia come to rest in about 15 minutes.

In a well-fed mussel the period of activity may be considerably longer. The frontal

ciUa, however, remain active for a very long period. .ftin no .U oiui

Several experiments were performed in February, 1927, with the view to deter-

mining whether the efficiency of the frontal cilia is affected by low temperature
in the same manner as that of the lateral cells. The oysters were taken from the

harbor when the temperature of the water was 0.8° C; after removing the left valves

and mantles the oysters, with the gills exposed, were placed in a tray filled with sea

water, the temperature of which was raised gradually. A few drops of carmine sus-*

pension, having the same temperature as that of the siirroimding water, were dropped
on the surface of each gill, and the temperature at which the carmine particles began
to move was recorded. The following is the record of one of the experiments (Feb-

ruary 3, 1927). At 11.45 a. m. eight oysters were taken from the harbor, opened, and

placed in water of 0.5° C.
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Table 1.^Effect of low temperature on the ciliary activity of frontal and lateral cells

Time, p. m.
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few minutes. The experiments show that at low temperature in a closed shell the

ciliary motion may be inhibited completely and that when the oyster is exposed to

direct sunlight the temperature of its meat becomes much higher than that of the

air. These facts should be taken into consideration when the hibernation of oysters

is regarded from the sanitary point of view.

STRAINING OF WATER BY THE GILLS

One of the main functions of the lamellibranchiate gUls consists in straining the

water that passes through its body and catching planktonic organisms and other

food particles suspended in it. It is interesting to study this function more care-

fully and to determine how completely the water is deprived of suspended material

after it had passed through the gills. This can be done easily by employing the

"tank" method. The oyster is placed in the tank (fig. 2) and is allowed to filter

water, which is collected in a graduate. After 1 liter has been collected the water is

passed through the high speed (Foerst's) centrifuge (making about 20,000 revolutions

per minute), the sediment is collected and transferred into a small volume of water,

and the number of organisms in it is counted in a Sedgwick-Rafter cell. A comparison
of the number of organisms present in the water before and after it had passed through
the gills gives us a good idea of the efficiency of the latter as a filter. Obviously the

number of organisms that can pass through the gills depends on the size and shape
of the various forms. Long diatoms lilce Rhizosolenia or those that have long append-

ages, like Chsetoceras, are easily retained by the gills; while minute forms, and espe-

cially bacteria, have a good chance to pass between the lateral cilia. The first experi-

ments made in 1925 (Galtsoft", 1926) have shown that over 99 per cent of certain

plankton forms may be caught by the giUs. The plankton in these experiments
consisted of Chsetoceras, Rhizosolenia, and comparatively large dinoflagellates like

Peridinium oceanicum and Ceratium. Different results were obtained, however,
in the summer and autumn of 1926, when the plankton consisted chiefly of small

organisms. Following are the results of two experiments made in August and

September, 1926:
Table 8.—Filtering of water by the gills

EXPERIMENT A, AUGUST 11, 1926. TEMPERATURE OF WATER 22°; RATE OF FLOW OF WATER THROUGH
THE GILLS 1.01 LITERS PER HOUR
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In experiment B the plankton was formed mostly by minute Naviculse and

Glenodinium, while in experiment A such large forms as Coscinodiscus, Rhizosolenia,
and Ceratium were present. In both experiments the water discharged by the gills

contained a considerable amount of mucus.

Because of the practical importance of the bacteriological examination of the

oyster, it is interesting to determine how many bacteria can be retained by the gills.

Three experiments were performed with oysters kept in water to which varying
amounts of fresh 24-hour-old cultures of Bacterium coli were added. The experi-
ments were carried out in October, 1925, at Doctor Pease's laboratory in New York.
The water in the tank to which B. coli was added was well stii-red and the oyster
was allowed to filter it for 30 minutes. During this period the small vessel of the

tank (fig. 2) was twice emptied and refilled with the water passed by the gills. For

counting the number of B. coli 1 centimeter of water was planted on Endo's plates,

and for the total number of bacteria the same amount was planted on beef agar.
The plates were kept for 48 hours at 37°. The results of the experiments are as

follows :

Table 9.—Filtering of water by the gills

Experiment No.
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The oyster was immobilized b}' plaring it on a brick and embedding its left shell

in a mixture made of 1 part of cement and 3 parts of plaster of Paris. A glass rod,

attached bj' means of the same mixture to the right valve of the oyster, was connected

to the lever of a recording apparatus (fig. 9) and the oyster was kept in a large aquav
•/•iitv rut --:! r

Fig. 9.—Method employed to study the shell movements of oysters, o.—oyster immobilized in plaster

r.—rubber connections; «.—glass rods attached to the levers 0) of the recording apparatus; /,-

time recorder; to.—weight

of Paris;

-Foxboro

rium tank with running sea water. The records of the movement of the shells were
made with a Foxboro or Bristol two-pen time recorder. The weight of the cement,
glass rod, and lever was counterbalanced in such a way that the shell bore no addi-

tional pressure. (Fig. 9.) In all the experiments the records of two oysters were
taken simultaneously and the temperature of the water was recorded on the thernio-
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graph. For the purpose of the present experiments the use of a time recorder has

several advantages over the ordinary kymograph—it ehminates the necessity of

having a special time signal, and after the apparatus has been set it can be left for 24

hours without any further attention. The oysters were kept attached to the appara-

tus for varying periods of time ranging from one to eight days. Altogether, during the

time between June 15 and October 15, 1926, there were obtained 132 daily records

written by 34 different oysters. The temperature of the water varied from 13° to

24

22

«2

o '

i '

>

A.M. MD

2 4 6 8 10 12141618 20 22 24
NUMBER OF HOURS OYSTERS WERE OPEN DURING 24- HOUR PERIOD.

Fig. 10.—Frequency distribution of the duration of periods of shell opening

22° C. Within this range there was no definite correlation between temperature

and the opening and closing of the shells. TJie results of all the observations are

given in Figure 10. They are grouped in 12 classes, each having two-hour intervals and

the frequencies are plotted as the ordinates. The number of oysters that were either

closed or open for a 24-hour period are shown in cross-hatched areas. An examination

of Figure 10 shows that the oyster has a tendency to keep its shell open as long as

possible. The arithmetic mean of the number of hom's the average oyster keeps its
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shell open during a day is 17 hours 7 minutes; the median is 18 hours 5 minutes. In

a preliminary paper published in 1926 (Galtsoff, 1926) it was stated that the average

period of time the shells of an oyster arc open during a day is 20 hours. Nelson

(1921), analyzing the records of 3 oysters kept under observation for 21 days, also

states that on the average the oysters were open for 20 hours. The present investi-

gation, based on more numerous observations, shows that the average period of time

when the shells are open is smaller. The decrease of the average from 20 to 17 hoiu-s

and 7 minutes is due to a few instances where the oysters failed to open during the

24-hour period.
 An analysis of the records shows that when the shells are open the adductor mus-

cle contracts and relaxes periodically. The contraction is often so shght that it

does not result in a complete closing of the shell (fig. 11) and is of brief duration,

the muscle beginning to relax immediately after the maximum contraction is reached.

It has been shown by several investigators that by periodical contractions the

NI6HT—7

1P.M.

Fig. 11.—Part of the record of shell movements of two oysters made at 16° C.

the pens when shells are closed

1A.M.

Dotted lines indicate the position of

oysters cleanse themselves and discharge the material that had accumulated in

the paUial cavity. Although by this reaction the organism is able to get rid of the

material accumulated by the gills, the inference that every contraction of the muscle

is an ejection reaction is incorrect. Nelson (1921, p. 343) states that from observa-

tion of the extent and frequency of the down strokes made by the oysters on the

recording apparatus and representing the contraction of the adductor muscle,

together with a knowledge of the turbidity of the water, it is possible to determine

the rate of feeding. Employing this method he arrives at the erroneous conclusion

(1921, p. 339) that "temperature within the Umits observed during the experiment

(69° to 90° F.) apparently did not operate as an independent factor in controlhng

the intake of food." It has been shown in this paper that the ciliary motion, which

is responsible for the intake of food by the oyster, is a function of temperature. The
number of contractions of the adductor muscle can not be regarded as an index

of the rate of feeding, because the oyster may respond to any external or internal
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stimulus by closing its shell. My observations on the oysters attached to the record-

ing apparatus and kept in a glass tank show that ejection of the material accu-

mulated in the palhal cavity takes place at irregular intervals and that rhythmic
contractions of the adductor muscle (figs. 11 and 12) were not accompanied by
a discharge of any material. Such different factors as changes in illumination,

mechanical stimulation, changes in the pH or gas content in sea water, presence

of certain chemicals, and so on, may cause the contraction of the muscle and tem-

porary closing of the shell. The frequency of the contractions depends also on the

physiological condition of the oyster. It has been found in the present investiga-

tion that after spawning the female oyster makes many less contractions than it

does before spawning. The kjTnograph tracings represented in Figure 13 show

this very plainly. During this experiment, in both cases the shell of the oyster

was wide open and the temperature of the water and other external factors were

I P.M. 1AM.

Fig. 12.—Part ot "the record of shell movements of two oysters made at 5° C. Dotted line indicates the position of

the pen when shell is closed. In lower line the oyster was nearly closed and showed very slight motion

ahke. At present we understand very little the conditions that control the periodi-

cal contractions of the adductor muscle, but it appears obvious that they can not

be correlated directly with the rate of feeding, and the estimation of the latter can

not be based on the frequency of the contractions. \r.:

It has been suggested by Nelson (1921) that there may be a certain amount of

correlation between the times of opening and closing and the hour of the day and

night. Nelson divides a day into four arbitrary periods, from 11.01 p. m. to 4.30

a. m., from 4.31 to 11 a. m., from 11.01 a. m. to 7.30 p. m., and from 7.30 to 11 p.m.
Then he counts on the kymograph records the number of closures and openings that

occur during each period. According to his data 50 per cent of closures take place

in the 534 hours between 11 p. m. and 4.30 a. m. (dawn). Nelson makes two some-

what contradictory conclusions—first, that "the period from lip. m. to dawn may
ahnost be looked upon as a tune of rest, or at least of greatly lessened activity",

and second, that "the hours of inactivity on 50 per cent of all the days were confined
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to periods 1 and 2" (i. e., from 11.01 p. m. to 11 a. ni.). In another paper (Nelson,

1923) he states that from 60 to 70 per cent of the hours of mactivity (closure) occur

during darkness. The examination of the niunber of closures and openings occur-

ring during a given period of time does not convey a true idea of the activity or

inactivity of the oyster. A better understanding can be gained by counting the

number of hours the oyster was closed or open during a given period of a day. These

observations should be made under controllable conditions, inasmuch as it has been

shown by Nelson for Barnegat Bay (1921) and confirmed by Prytherch for Milford

Harbor (unpublished report) that in these bays the oysters close their shells at ebb

tide. We know that every change in the environment may cause the oyster to close

its shell, and therefore the problem of whether oysters exhibit daily periodicity in

BEFORE. 5PAWNIN6;t° 25, 0.C.

AFTER SPAWNING; r25,O.C

Fig. 13.—Kymograpu leourds of the movement of the shell one hour before spawning (upper Imej and one hour

and a half after spawning. Oyster was open all the time. The marks under the line indicate one-minute

intervals.

behavior should be studied without any possible interference of other factors that

may produce the same reaction. The examination of the material obtained by the

author diu-ing July-September, 1926, fails to disclose any correlation between the

periods of inactivity (closure) and darkness. Analyzing the data, all incomplete
records (i. e., those covering less than 24-hours periods) and all those showing that

the oyster was either closed or open continuously for 24 hours were excluded, so that

in each of 103 records taken into consideration the oyster was closed for a part of a

day. The period of darkness was determined as beginning half an hour after

sunset and ending half an hour before sunrise. The results of the examination are

given in the following table:

Table 10.—Opening and closing of the shell in relation to the time of day '"-'

Total number of hours oysters were under observa

, tion ---

Number of hours oysters were closed during day
time

Number of hours oysters were closed during night
time -- -

Number
of hours

2,472

565

206

Number of days when shells were closed during day
hours only _ _

Number of days when shells were closed during night
hours only ._

Number of days when shells were closed during night
and day hours

Number
of days

-.7

S3
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The only inference that can be drawn from an examination of this table is that

there is no correlation between the closures of the shell and darlaiess. Out of 103

days there were only 7 during which the oysters were closed only at night. There

were 43 days when the closures occurred during the daytime, and in 53 cases it took

place both during day and night hours. The number of hours of night closure is

266, or 32 per cent of the total number of hours of inactivity (831). Inasmuch a3

the period of darkness is approximately 8 hours, or one-third of the 24-hour p.-ri
•

it is quite natural that one-third of the time of inactivity should fall in the night hours.

Examination of these records forces us to come to the conclusion that under labora-

tory conditions the periods of opening and closing of the shell of tlie oyster are not

correlated with time of day or night.

There arises the question as to whether the temperature has any effect on opening
and closing of the shells. In the above-mentioned experiments the temperature
of the water varied from 13° to 22° C. Within these limits thei'e was no visible effect

of temperature on opening or closing of the shell. In February, 1927, eight records

were obtained on two oysters kept at temperatures varymg from 4.5° to 5.5°. The
results of this experiment are presented in the following table:

Table 11.—Opening of shells at low temperatures

Date
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heart action, may abnost be said to hibernate." An indirect evidence of hibernation

was suppHed by Gorham (1912), Pease (1912), and Gagje and Gorham (1925), who
based their conclusions on the study of seasonal fluctuations in B. coli content in

oysters taken from polluted bottoms. Physiological study of the problem was impos-

sible, however, as no method was offered whereby the cihary activity of the gills could

be measured. The present paper, based on a quantitative study of the activity of

the gills, supports fully the ideas advanced by Gorham, Pease, and Gage. How-
ever, the facts described in it contradict the conclusions reached by Nelson (1923)

that "the rate of filtration of water during any given period of time, as deduced
from the rapidity and extent of ejections of accumulated sediment from the mantle cav-

ity, may vary widely, independently of the temperature and turbidity of the water."

No attempts were made in the present investigation to study the effect of turbidity
of the water, but the role of temperature in the cihary activity of the gill epithe-
lium was estabUshed and is shown in Figures 5, 6, 7, and 8.

Knowledge of the effect of temperature on the activity of the gill epithehum
of the oyster is essential in many practical problems of the oyster industry. From
the sanitary point of view, the fact that at a temperature of 5° C. and below the oyster
does not take in any water and ceases feeding, suppHes an additional safeguard, which
can be appHed in the sanitary control of oyster bottoms. In the purification of oysters

by chlorination an understanding of the role temperature plays in the functioning of

the gills is of great importance. The method of chlorination introduced in 1914 by
Johnstone (1915) is based on self-puriiication of oysters, which are allowed to filter

sterile sea water; and knowledge of the rate of filtration at a given temperature is

necessary for an intelhgent operation of the chlorination plant.

It is a common practice in certain areas to take oysters from sUghtly polluted
beds and to relay them on clean, unpolluted bottoms. Sometimes this operation is

carried out during the cold season when the temperature is below 5° and the oysters
have no possible chance to cleanse themselves. It is obvious that the determination
of the minimum period of time oysters should be left on new bottoms should be based
on the rate of filtration of water at a given temperature. •!

For a study of the physiology of the oyster a knowledge of the rate of filtra-

tion of water is of fundamental importance. Fattening, growth, and ripening of the

gonads are probably directly dependent on the amount of food consumed. At present
we know almost nothing regarding these activities of the oyster, and the author is

convinced that the present investigation may facihtate, to a certain extent, the attack
of other problems that are of great importance for an understanding of the factors

responsible for the fluctuations in the oyster crops in our waters.

RESUME

1. Two methods are described whereby the rate of flow of water produced by
the cihary epithehum and the pressure inside the gill cavity of the oyster can be
measured accurately.

2. The mechanical work performed by the oyster gills in producing a current
of water can be expressed by the following formula: W^2TrlnS^, where TF = work
in ergs per second; 1-= length in centimeters of the glass tube through which the
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current is running; /i>= viscosity of water in poises; and S= speed at the axis of the

tube in centimeters per second.

3. The rate of flow of water produced by the gills is controlled by the temper-

ature. The optimum temperature lies between 25° and 30° C. No current is pro-

duced at 5° and below, although the cilia continue to beat. Absence of current at

low temperature is due to the lack of coordination of the ciliary motion along the

surface of the gill.

4. Hibernating oysters do not exhibit any adaptation to low temperatm-e;

they begin to produce a current as soon as the temperature rises above the critical

point. In the majority of the oysters the current begins to flow when the tempera-

ture reaches 8° C.

5. There exists considerable individual variation in the rate of flow of water

produced by different oysters. The ma.ximum rate of flow observed during the pres-

ent investigations is 3.9 Uters per hour at 25° C.

6. The ciUary motion may continue at temperatures below 0° but becomes very

slow and irregular. There is a noticeable difl'erence in the efficiency of the frontal

and lateral ceUs; the first ones are able to transport the particles along the surface

of the gill at 3° C, while the lateral cifia can produce a current only above 5° C.

7. In straining water through the gills the oyster catches a considerable number

of plankton organisms, but a certain per cent of them (from 1 to 18.9) escapes. The

number of organisms that passes through the giUs depends on their shape and size;

small, elongated forms, devoid of any appendages, pass easily between the lateral

cifia and escape. Bacteriological examination shows that from 50 to 89.2 per cent of

bacteria present in the sea water pass through the gills.

8. The analysis of 132 daily records shows that the oyster has a tendency to keep

its shell open as long as possible. On the average, the shell of an oyster remains

open for 17 hours and 7 minutes during every 24-hour period. There is no correla-

tion between the opening and closing of the shell and the time of day.

9. The results of the present investigation have many bearings on various prob-

lems of oyster industry, (a) They confirm the theory of hibernation and show that

at a temperature of 5° and below oysters cease to feed. (6) the knowledge of the rate

of filtration of water at various temperatures is essential for a successful application

of methods of self-purification, consisting either in relaying the oysters on unpolluted

bottoms or in purifying them with chlorinated water, (c) The knowledge of the rate

of filtration of water is of fundamental importance for a study of growth, fattening,

and ripening of the oyster.

BIBLIOGRAPHY
Allen, William Ray.

1914. The food and feeding habits of fresh-water mussels. Biological Bulletin, Marine

Biological Laboratory, Vol. XXVII, No. 3, pp. 127-146, 3 pis. Lancaster.

Committee on Sanitary Control of the Shellfish Industry in the United States.

1925. Report. U. S. Pubhc Health Service, Public Health Report, Supplement No. 53, 17

pp. Washington.
Committee on Standard Methods for the Bacteriological Examination of Shellfish.

1922. Report. American Journal of Public Health, Vol. XII, July, 1922, No. 7, pp. 574-576.

Chicago.

Crozieb, W. J.

1924. On the critical thermal increment for the locomotion of a diplopod. Journal of Gen-

eral Physiology, Vol. VII, No. 1, September 20, 1924, pp. 123-136, 7 figs. Baltimore.



EXPERIMENTAL STUDY OF THE OYSTER GILL 37

Gumming, Huoh S.

1916. Investigation of the pollution and sanitary conditions of the Potomac watershed with

special reference to self-purification and the sanitary condition of shellfish in the lower

Potomac River. U. S. Public Health Service, Hygienic Laboratory Bulletin No.

104, February, 1916, 239 pp., inch tables, diagrs. pis., and maps. Washington.

Dea.v, Bashford.
1887. The food of the oyster; its conditions and variations. Supplement to the Report of

the Oyster Investigation. Second Report of the Oyster Investigation and of Survey
of Oyster Territory for the years 1885 and 1886, by Eugene G. Blackford. State of

New York, No. 28, in assembly, pp. 51-78, III Pis. New York.

Eliot, Galista.

1926. Bacterial flora of the market oyster. American Journal of Hygiene, vol. 6, pp. 755-776.

Baltimore.

1926a. Observations on the Colon-aerogenes group from the oyster. Ibid., pp. 777-783.

Baltimore.

Fuller, C. A.

1911. The sanitary Inspection of oyster grounds in the United States. Journal, American
Medical Association, Vol. LVI, January-June, 1911, pp. 733-736. Ghicago.

Fuller, George W.
1905. Goncerning sewage disposal from the standpoint of pollution of oysters and other shell-

fish, and especially with reference to their transmission of typhoid fever. Journal,
Franklin Institute, Vol. CLX, No. 2, August, 1905, pp. 81-126. Philadelphia.

Gage, S. DeM., and Frederic P. Gorham.
1925. Self-purification of oysters during hibernation. American Journal of Public Health,

Vol. XV, December, 1925, No. 12, pp. 1057-1061. Albany.

Galtsoff, Paul S.

1926. New methods to measure the rate of flow produced by the gills of oyster and other

Mollusca. Science, new series, Vol. LXIII, No. 1626, February 26, 1926, pp. 233, 234,
1 fig. New York.

1928. The effect of temperature on the mechanical activity of the gills of the oyster (Ostrea

virginica Gm.). Journalof General Physiology, Vol. XI, pp. 415-431, 6 figs., Baltimore.

Gellhorn, Ernst.

1925. Flimmer- und Geisselbewegung. AUgemeine Physiologic. In Bethe, Bergmann,
Embden, und Ellinger's Handbuch der Normalen und Pathologischen Physiologic,

Band 8, erste Halfte, pp. 37-56, figs. 18-20. Berlin.

Gibson, A. H.

1925. Hydraulics and its applications. D. Van Nostrand Co., New York. (See p. 63.)

Gorham, Frederic P.

1912. Seasonal variation in the bacterial content of oysters. American Journal of Public

Health, Vol. II, old series Vol. VIII, 1912, pp. 24-27. New York.

Grave, Caswell.

1905. Investigations for the promotion of the oyster industry of North Carolina. Report,
U. S. Commissioner of Fish and Fisheries, 1903 (1905), pp. 247-315, 4 text figs., Pis.

I-VI. Washington.
Gray, J.

1922. The mechanism of ciliary movement. Proceedings, Royal Society of London, Series B,
Vol. XCIII (July, 1922), pp. 104-121, 7 text figs. London.

1922a. The mechanism of ciliary movement. II. The effect of ions on the cell membrane.

Ibid., pp. 122-131. London.

1924. The mechanism of ciliary movement. III. The effect of temperature. Ibid., Vol.

XCV (January, 1924), pp. 6-15, 2 figs., tables. London.

1924a. The mechanism of ciliary movement. IV. The relation of ciliary activity to oxygen
consumption. Ibid., Vol. XCVI (September, 1924), pp. 95-114, 5 text figs., tables.

London.

1926. The mechanism of ciliary movement. V. The effect of ions on the duration of heat.

Ibid., Vol. XCIX (May, 1926), pp. 398-404. London.



SS" BULLETIN OF THE BUREAU OF FISHERIES

Hasseltine, H. E.

1926. Some of the laboratory aspects of shellfish control. American Journal of Public Health,
Vol. XVI, November, pp. 1146-1149. New York.

Herdman, W. a., and Robert Botcb.

1899. Oysters and disease; an account of certain observations upon the normal and patholog-

ical histology and bacteriology of the oyster and other shellfish. Lancashire Sea-

Fisheries Memoir No. 1, 60 pp., pis., tables, 1899. London.

Janssens, F.

1893. Les branchies des Ac6phales. La Cellule, Vol. IX, pp. 7-91, 4 pis. Louvain.

Johnstone, James.

1915. The methods of cleansing living mussels from ingested sewage bacteria. Report for

1914, Lancashire Sea-Fisheries Laboratory, No. XXIII, pp. 57-108, 2 text figs..

Ill Pis. Liverpool.

Kellog, James L.

1892. A contribution to our linowledge of the morphology of lamellibranchiate mollusks.

,
Bulletin U. S. Fish Commission, Vol. X, 1890, pp. 389-436, Pis. LXXIX-XCIV.
Washington.

Kraft, H.

1890. Zur Pliysiologie des Flimmerepithels bei Wirbelthleren. Archiv fur der gesamten

Physiologie, Band 47, pp. 196-235.

Ministry of Agricdltorb and Fisheries.

1922. Guide to the fislieries exhibit at the Deep Sea Fisheries Exhibition, 1922, 8 pp.

Lowestoft.

Moore, Benjamin, Edwabd S. Edie, Edward Whitley, and W. J. Dakin.

1912. The nutrition and metabolism of marine animals in relationship to (a) dissolved organic

matter and (h) particulate organic matter of sea water. Bio-Chemical Journal,

Vol. VI, 1912, pp. 255-296. Liverpool.

MooBE, H. F.

1913. Condition and extent of the natural oyster beds and barren bottoms of Mississippi

east of Biloxi. Report, U. S. Commissioner of Fisheries, 1911 (1913). Bureau of

Fisheries Document No. 774, 42 pp., 6 pis., 1 map. Wasliington.

Nelson, Thurlow C.

1921. Report of the Department of Biology of the New Jersey Agricultural College Experi-

ment Station for the year ending June 30, 1920 (1921), pp. 317-349, V Pis., 6 text

figs., tables. Trenton.

1922. Report, Department of Biology, New Jersey Agricultural College Experiment Station

for the year ending June 30, 1921 (1922), pp. 287-299, 2 pis., tables. Trenton.

1923. On the feeding habits of oyster. Proceedings, Society for Experimental Biology and

Medicine, Vol. XXI, 1923, pp. 90-91.

1926. CiUary activity of the oyster. Science, Vol. LXIV, No. 1646, July 16, 1926, p. 72.

Lancaster.

Orton, J. H.
1912. The mode of feeding of Crepidula, etc. Journal, Marine Biological Station of the

United Kingdom, new series, vol. 9, No. 3, pp. 444-478, 20 figs. Plymouth.

Parker, G. H.

1914. On the strength and volume of the water currents produced by sponges. Journal of

Experimental Zoology, vol. 16, No. 3, pp. 443-446.

Pasquier, Joseph Philippe Adolphe.

1818. Essai M6dical sur les Huitres, etc. Collection des Thfeses soutenues a la Faculty de

Medicine de Paris, 1818, Tome Huitifeme, No. 231, viii, 49 pp. Paris.

Pease, Herbert D.

1912. Relation of oysters to the transmission of infectious diseases. Transactions, Fifteenth

International Congress on Hygiene and Demography, pp. 1-11. Washington.

Peck, R. H.

1877. The minute structure of the gills of lamellibranch Mollusca. Quarterly Journal of

Microscopical Science, new series, vol. 17, pp. 43-66, Pis. IV-VII. London.



EXPERIMENTAL STUDY OF THE OYSTER GILL 39

PUTTER, August.
1909. Die Ernahrung der Fische. Zeitsclirift fur allgemeine Physiologic, Band XIX, pp.

147-242. Jena.

1911. Die Ernahrung der Wassertiere durch geloste organische Verbindungen. Pfluger's

Archiv fiir die gesammte Physiologie des Mensclien und der Tiere, Band 137, 1911,

pp. 595-621. Bonn.

1924. Die Ernahrung der Copepoden. Archiv fiir Hydrobiologie, Band XV, Heft. 1, 1924,

pp. 70-117. Stuttgart.

R.1NS0N, Gilbert.

1926. La filtration de I'cau par les Lamellibranclies et ses consequences. Bulletin de I'lnsti-

tut Oc6anographique, No. 469, 10 Janvier, 1926, pp. 1-6. Monaco.

RiDEWOOD, W. G.

1903. On the structure of tlie gills of the Lamellibranchia. Philosophical Transactions,

Royal Society of London, series B, vol. 195, pp. 147-284, 61 figs. London.

Round, Lester A.

1914. Contributions to the bacteriology of the oyster. State of Rhode Island and Provi-

dence Plantations, 88 pp., tables, 1914. Providence.

Tabbbtt, R. E.

1926. The engineering aspects of oyster pollution. American Journal of Public Health, Vol.

XVI, 1926, pp. 5-8. New York.

VlALLANES, H.

1892. Recherches sur la filtration de I'eau par les Mollusques et applications a I'Ostr^iculture

et k rOc^anographie. Coniptes Rendus Hebdomadaires des Stances de I'Acad^mie

des Sciences, vol. 114, pp. 1386-1388. Paris.

Weiss, Otto.

1909. Die Fhmmerbewegung. In Nagel's Handbuch der Physiologie des Menschen, Band

IV, 1909, pp. 666-690, figs. 103-110. Braunschweig.

Wells, Wm. Firth.

1916. Artificial purification of oysters. A report of experiments upon the purification of

polluted oysters by placing them in water to which calcium hypochlorite has been

added. Reprint No. 351, Public Health Reports, vol. 31, No. 28, July 14, 1916,

U. S. Public Health Service, pp. 1848-1852. Washington.
1926. Conclusions reached by the U. S. Public Health Service in experiments at Fisherman's

Island. American Journal of Public Health, Vol. XVI, 1926, pp. 10-12. New York.

YoNGE, C. M.
1926. Structure and physiology of the organs of feeding and digestion in Osirea edulis.

Journal, Marine Biological Association of the United Kingdom, new series, Vol.

XIV, No. 2, August, 1926, pp. 295-386, 42 text figs., tables. Plymouth.





STATISTICAL REVIEW OF THE ALASKA SALMON FISHERIES.
PART I: BRISTOL BAY AND THE ALASKA PENINSULA

By

WILLIS H. RICH, Ph. D., Chief Investigator, Salmon Fisheries

and

EDWARD M. BALL, Assistant, Alaska Service

CONT

Page
41



42 BULLETIN OF THE BUREAU OF FISHERIES

The development of the industry was marked by the gradual opening of new

fishing grounds and by the extension of operations to mclude species formerly unused.

The sharp rise that came between 1899 and 1902 was due largely to rapid develop-

ment in the red-salmon fishery in Bristol Bay. Following this, for nine years the

general level did not change materially, but then, between 1910 and 1918, the pack
more than doubled, due mainly to the development of the fishery for pinks and

Fig. 1.—Map of western Alaska

chums in southeastern Alaska. The sudden drop in 1919 from over 6,500,000

cases to only a few over 4,500,000 was due to some extent to the postwar economic

conditions; but it can not be ascribed entirely to that cause, as the red-salmon pack
of western Alaska was poor in spite of intensive fishing, as indicated by the presence

there of more gear than in any other year save one and a correspondmg drop in the

catch per unit of gear. Furthermore, a distinct drop in the pack of pinks took

place in southeastern Alaska, while at the same time the pack of chum salmon

maintained itself fairly well.
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The striking drop in 1921 was an entirely different matter, however. The market

was glutted with tlie cheaper grades held over from the previous two or three years,

and in consequence no serious effort was made to pack pinks and chums in south-

eastern Alaska; the small total pack of 1921 was due almost entirely to this cause.

In the following year the market recovered and operations were resumed in south-

eastern Alaska. For four years the pack fluctuated slightly around 4,500,000 and

5,000,000, rising sharply to a new maximum in 1926, followed by the remarkable

drop in 1927. This rise and fall were shown, in general, by all species and in all

districts; there was no marked change in the intensity of fishing, and the conclusion

seems warranted that these fluctuations were caused primarily by biological factors.

Fig. 2.—Total pack of canned salmon in Alaska

Our knowledge of these factors is too meager at present to warrant speculation

as to their nature, but it seems safe to say that the wide fluctuations that have taken

place since 1918 (although in part economic) are associated with the onset of deple-

tion, or at least with the development of the fishery to the point of maximum produc-

tivity. This hypothetical point of maximum productivity may be defined as the

number of fish that may be taken from the resource without impairing it. It will

vary from year to year and can never be defined sharply, although it seems probable

that ultimately we may be able to define it rather broadly. Any development of the

fishery beyond the point of maximum productivity must lead inevitably to depletion

and must be guarded against carefully. The conclusion that such wide fluctuations

indicate that the fishery has reached its limit seems warranted from the following

considerations: Under natural conditions, unaffected by exploitation, the abundance

of fish in any fishery resource is certain to fluctuate rather widely, due to varying
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natural conditions. The maximum productivity also will fluctuate widely, though
not necessarily in proportion to the actual abundance of fish, as it would seem probable
that a larger percentage could be taken in times of relative abundance than in times

of relative scarcity. This available surplus, which can be taken for commercial use,

will, then, on a percentage basis, fluctuate even more widely than will the general
abundance. In the early stages of the development of a fishery the number of fish

taken remains so far below the available supply that it is aff'ected less seriously by the

fluctuations in abundance. In times of scarcity the fishing effort may be adjusted

readily, so that the annual catches will not show nearly as violent fluctuations as

those of real abundance. When, however, the fishery has developed to the point
where the actual take of fish exceeds the available surplus and approaches the total

supply, it will be impossible to adjust the fishing effort so that in times of scarcity

the annual catch may be maintained and wider fluctuations in productivity will

appear. If, for instance, the annual catch of a fishery over a period of time is only
one-tenth of the total supply, the great preponderance of the total supply will act

as a buffer, so to speak, between the fluctuations in total abundance and the actual

catch, and adjustments of the fishing effort will serve to maintahi the catch at a fairly

constant level. However, as the annual catch approaches closer and closer to the

total abundance, until, for example, 75 per cent of the total supply is taken annually,
it will become increasingly difficult to maintam the catch at a constant level and it

will reflect more and more the inequalities in abundance. When this stage of develop-
ment has been readied, therefore, it is logical to expect that the fluctuations in

annual catches will become more violent, and we may assume that a fishery that

shows such violent fluctuations has at least reached a point where more intensive

exploitation will cut into the reserve necessary for the maintenance of the resource.

The Alaska salmon fisheries apparently had reached this stage at least by 1918,

when the relatively smooth curve of development was replaced by the wide fluctua-

tions of the succeeding years. The general level for the past 10 or 12 years has been

around 4,500,000 or 5,000,000 cases, but if the hypothesis given above is correct it

would seem that this is more than the resource can stand without injury. Perhaps
the general level should be maintained at 3,500,000 or 4,000,000, but any such state-

ment in reference to the total pack is necessarily very indefinite, as the total pack
includes five species of salmon and an indefmitely large number of races taken throiigh-

out the vast extent of the Territory. In the more detailed analyses of separate

species and localities, which follow, we shall attempt to show the fluctuations in the

numerous components that together make up the total pack.
The studies of Alaska salmon statistics iipon which this report is based were

begim in 1925. The passage of the act of June 6, 1924, had placed full responsi-

bility for the care and preservation of the Alaska fisheries upon the Department of

Commerce. To fulfill this responsibility adequately, a knowledge of the trends and

fluctuations in the fishery was imperative, and this report is the result of an effort

to collect and analyze the available data on the salmon fisheries of Alaska. Fortu-

nately, the bureau possessed detailed yearly statistics in the form of sworn annual

reports sxibmitted since 1904 by each firm or individual packing salmon in the Ter-

ritory. These reports give, among other things, the number of salmon of each species

caught, the locality where the capture was made, and the kind and amount of gear



BRISTOL BAY AND ALASKA PENINSULA SALMON STATISTICS 45

used. Similar data bearing on the yield have been compiled and published in various

publications of the Bureau of Fisheries, but the only segregation has been as to

species and into three general districts—southeastern, central, and western Alaska.

Although this arrangement has some value and is of long standing, having been

originated when the collection of data pertaining to the Alaska fisheries was con-

ducted by the Treasury Department, it masks the details of the fluctuations quite

effectually, so that critical analysis is impossible. It has been necessary, therefore,

to go to the original records for most of the data presented in this report, and this

has been an arduous and time-consuming task. Certain data have been secured

from published reports; those for the years ])revious to 1904 were taken mainly from

the various reports of special agents of the Treasury Department and various others

from the annual reports on the Alaska fisheries and fur industries published by the

Bureau of Fisheries. It has not seemed desirable, in such a report as this, to give

citations of the sources of data in any but certain special cases. Data of the sort

presented in this report are subject to some inexactness, of course, but it is felt that

they are as accurate as such data can well be and certainly are as accurate as is

necessary for any practical purposes to which they may be put.

In the treatment of these data we have attempted to segregate them into the

smallest possible geographical units. The ideal thing to have would be separate
data for each stream, but this has been possible only in a few cases. As a rule, it

has been necessary to combine the data for several streams or for an entire bay, inlet,

channel, or larger geographical district. It has happened frequently that some

companies gave detailed information as to the localities where the fish were captured,
while others, operating in the same district, would assign the fish only to a general

region; as, for instance, Prince William Sound, Bristol Bay, or southeastern Alaska.

In such cases we have attempted first to complete the records for at least the larger

items by correspondence with the companies that submitted the incomplete records.

With the fullest available data at hand, it has then been necessary to decide whether
to retain the smaller units (and if so, which ones) or to give the data for the larger

unit only. Our procedure in such cases has not been uniform, as it was felt that

each case presented a separate problem that must be decided on its own merits. In

some instances the miapportioned fish formed so small a percentage of the whole

that they could not possibly affect the general results, in which case they were merely
included m the total for the district. For example, 194,045 red salmon and a few

kings and chums were taken in Bristol Bay in 1922 and were unapportioned between

the four districts. These are included in the table giving the totals for Bristol

Bay but are not to be found in the tables for either of the four districts, so that, as

given in these tables, the total catch for Bristol Bay for 1922 is greater than the sum
of the catches in the four districts. Such discrepancies are more conspicuous in

some of the other tables.

In other cases we found that the data for some of the minor localities within a

larger unit were reliable and significant while many were not. In such cases it has

seemed best to give the detailed data in so far as they were reliable, even though they

aggregated but a small percentage of the catch in the larger district. As an instance

of this, in the Shumagin Island district we have given separate data for Acheredin

Bay, Orzinski Bay, Ivanof Bay, and Red Cove and have combined all the other

4^
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data into a single table for the remainder of the Shumagin Island district, finally

giving a table of totals for the entire district.

Still other cases were even more confusing, and our decision to present separate
data for a given locality or to include them with those of the next larger including
unit has had to rest upon a consideration of such matters as the relative importance
of the catches under consideration, the nature of the data supplied, and to a very
considerable extent upon our personal local knowledge of the geography and fishing.

A study of this sort is prunarily a study of abundance. We are concerned to

know what changes in the abundance of salmon have taken place, and, so far as they

may be discovered, the causes of these changes. We must decide immediately,

therefore, what we are to use as a measure of abundance. The best measure un-

doubtedly would be one based on the yield per unit of fishing eft'ort, but the intro-

duction of new forms of gear, the enlargement and improvement of old forms, the

replacement of sailing boats by motor boats, the impossibility of separating in our

available data the catch made by different forms of gear, and other similar factors

have made it impossible to define a sensible unit of fishing effort. We are forced,

therefore, to use the total yield as our chief measure of abundance, although we recog-
nize the unsatisfactory features of this procedure. Wherever possible we have given
data showing the amount of gear as given m the available records, but we consider

the records of gear to be only moderately reliable. The number of traps recorded in

many instances includes "dummy" traps, which are driven primarily for the purpose
of preempting a trap location and are never really fished. The gill-net records fre-

quently include all the gill nets on hand during the season and so give no accurate

idea of the actual number fished ;
and the aggregate length of the gill nets reported

by a single company are given only in certain years.

In any carefully considered plan for the conservation of a fishery the most

important thing is to determine, as accurately as may be, the condition of the re-

source. At any time we may wish to know the present condition of the fishery
and the prospects for the future, and knowledge of this sort is dependent upon a

knowledge of the changes the fishery has undergone in past years. Without a

knowledge of the past and present conditions it is impossible to determine whether

depletion has occurred or is imminent or what effect regulatory measures that may
have been imposed have had. This last is an especially important function of such

data, as it is necessary adequately to protect the resources and yet in the interest

of true conservation the regulations must not be made so stringent as to reduce

the commercial yield below what the resource can provide safely. And, if we can

look into the future far enough so that the industry can be advised as to the pros-

pects for the next season, a measure of efficiency and stability can be given which
will make for the saving of millions of dollars now wasted in outfitting for nms
that fail to materialize. Any appreciation of the present situation or any prophecy
for a future year must be based upon consideration of the general trend of the

fishery, the cyclic fluctuations about that trend (if present), the spawning escape-
ments in preceding years, the conditions on the spawning grounds and in the streams
and lakes that may have affected the mortality of the broods during their life in

fresh water, and such information as may be available on the relative abundance
in the preceding year or years of fish of younger age groups derived from the same
brood years.
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While other matters are involved, it is quite apparent that any Icnowledge of

the state of a fishers will depend primarily iipon the statistical records that are

available. The importance of accurate, reliable, and adequate statistical data can

not be stressed too strongly. They are, without doubt, the foundation stones of

scientific fishery conservation. The better the statistical records the more accurate

our knowledge will be and the better we can adjust our control to the requirements
of rational conservation. It is especially important that the continuity of the

statistical data be preserved, as we will want perpetually, as long as we have any
interest whatsoever in maintaining our fishery resources, to know their immediate

condition and future possibilities.

We have pointed out above various weaknesses in the available data on the

Alaska salmon fisheries, and it is our belief that a more adequate system should be

devised and adopted at the earliest possible moment. The past records, which

form the basis of this report, are extremely valuable, but at best can answer our

many problems in a general way only. The proper care of these fisheries, for which

the Secretary of Commei'ce is now responsible, will depend in no small measure

upon such knowledge as statistics alone can supply, and these should be made

adequate at once to the demands of the future.

It is pertinent to inquire what effect legal restrictions may have had thi'oughout
the history of the fishery in modifying the catch, and we give herewith a brief

chronological summary of the laws and regulations up to and including the act of

June 6, 1924.

FEDERAL FISHERY LAWS AND REGULATIONS AFFECTING THE SALMON FISHERIES
IN ALASKA

Act of March 2, 1889.

Section 1. Prohibits erection of clams or other obstructions in salmon streams.

Section 2. Directs Commissioner of Fisheries to investigate sahnon and salmon fisheries of

Alaska.

Presidential proclamation, December 24, 1892.

Establishes Afognak Reservation.

Act of June 9, 1896, amended and reenacted by act of March 3, 1899. Treasury Department Cir-

cular No. 8, 1902, division of special agents.

Section 179. Prohibits erection of dams, barricades, fish wheels, etc., in sahnon streams.

Section 180. Prohibits fishing above tidewater in streams less than 500 feet in width, except
with rod or spear; setting gear across tidewaters of streams for more than one-third the width or

within 100 yards of another net or seine in such streams or channels; fishing from midnight Friday
to 6 a. m. Sunday, except in Cook Inlet, Prince WilUam Sound, and Bering Sea; fishing between
6 p. m. and 6 a. m., except by rod or spear, in streams less than 100 yards in width.

Section 181. Authorizes setting aside streams for spawning grounds, close seasons, and limita-

tion of fishing season, but only after giving a hearing to interested parties.

Section 182. Provides penalties.

Regulations promulgated May 2, 1900, under authority of act of March 3, 1899. Treasury De-

partment Circular No. 57, 1900, division of special agents. Repeated in Circular No. 8, 1902.

Paragraph 2. Prohibits movable traps, etc.

Paragraph 3. Prohibits nets, etc., within 100 yards of stream mouths.

Paragraph 4. Prohibits wanton destruction.

Paragraph 5. Requires reports of operations.

Paragraph 6. Requires information to be given as required.

Paragraph 7. Requires establishment of hatcheries.

100621—28 2
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Kegulations promulgated January 5, 1903. Treasury Department Circular No. 3, 1903.

Prohibits fishing until after June 30 in southeastern Alaska.

Act of February 14, 1903, Department of Commerce and Labor Circular No. 42, May 10, 1904.

Repeats act of March 3, 1899, changing authority to Department of Commerce and Labor.

Department of Commerce and Labor. Department Circular No. 34, April 18, 1904.

Rescinds regulation promulgated January 5, 1903, prohibiting fishing in southeastern Alaska

until after June 30.

Executive order, February 1, 1906.

Establishes Yes Bay hatchery reservation and limits fishing therein.

Act of June 14, 1906, Department of Commerce and Labor Circular No. 136.

Prohibits aliens from fishing in the waters of Alaska.

Act of June 26, 1906, Department of Commerce and Labor, Circular No. 136, supersedes act of

March 3, 1899.

Section 1. Provides license taxes as follows: Canned salmon, 4 cents per case; pickled, 10 cents

per barrel; salt salmon, 5 cents i:ier 100 pounds; fish oil, 10 cents per barrel; fertilizer, 20 cents

per ton.

Section 2. Provides tax rebates on account of hatcheries at rate of 10 cases of salmon to every

1,000 red or king salmon fry liberated; provides for inspection and approval of hatcheries, sub-

mission of reports, and certification of reports.

Section 3. Prohibits maintenance of dams and other obstructions to passage of sahnon in any
waters where the distance from shore to shore is less than 500 feet, or within 500 yards of the

mouth of any red-salmon stream less than 500 feet in width.

Section 4. Prohibits setting gear across or above the tidewater of any stream, estuary, or

lagoon for more than one-third its width, or within 100 yards outside the mouth of any red-salmon

stream less than 500 feet in width, or within 100 yards of another fishing appliance, or to construct

a trap or other fixed appliance within 600 yards laterally or within 100 yards endwise of another

trap.

Section 5. Prohibits fishing between 6 p. m. Saturday and 6 a. m. Monday except in Cook

Inlet, Copper River Delta, and Bering Sea, and between 6 p. m. and 6 a. m. in any stream less

than 100 yards in width. Provides for closing of trap and opening of heart walls of traps during

weekly closed season.

Section 6. Authorizes reservations for spawning and limitation or restriction of fishing after

giving hearing and in case those engaged in catching do not maintain adequate hatcheries.

Section 7. Prohibits canning or salting for sale for food any salmon more than 48 hours after

it has been killed.

Section 8. Prohibits wanton waste.

Section 9. Prohibits misrepresentation on labels.

Section 10. Requires reports of operations.

Section 11. Authorizes regulations consistent with this act by Secretary of Commerce and

Labor.

Section 12. Authorizes expenditures to enforce.

Section 13. Provides penalties.

Section 14. Method of enforcing act.

Section 15. Inconsistent acts repealed.

Section 16. Act effective June 26, 1906.

Order of Secretary of Commerce and Labor, December 19, 1907.

Closed to all commercial fishing Wood River and the area within 500 yards of its mouth.

Notice to packers by Commissioner of Fisheries, April 18, 1908.

Prohibits use of salmon bellies only without utilizing remaining edible portions of fish.
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Department of Commerce and labor Circular No. 192, April 24, 1909. Regulations of Bureau of

Fisheries, Alaska Fisheries Service Circular No. 2, March 10, 1911.

Provides for numbering of fixed fishing appliances.

Department of Commerce and labor Circular No. 238, March 21, 1912.

Regulates fishing in Afognak Reservation; restricts fishing rights to natives; gear and seasons

subject to restrictions. (Presidential proclamation of December 24, 1892.)

Order of Secretary of Commerce and Labor, November 18, 1912.

Closes to all commercial fishing for salmon, streams flowing into Cook Inlet; Eyak Lake and its

tributaries; Anan or Humpback Creek, its lagoon, lakes, and tributaries, and the region within

500 yards of its mouth; Naha stream and its tributary waters above a line from Loring Point to

House Point.

Department of Commerce and Labor notice, February 6, 1913.

Extends privileges of fishing in Afognak Reservation to certain other natives and white men

married to native women.

Department of Commerce Circular No. 251, August 19, 1913.

Repeats acts of June 14 and June 26, 1906, and regulations of April 24, 1909, changing authority

to Department of Commerce.

Announcement, Department of Agriculture, Bureau of Biological Survey, April 13, 1914.

Permits to fish required in Aleutian Islands Reservation.

Department of Commerce Circular No. 251, second edition. May 4, 1915.

Gives acts of June 14 and 26, 1906; general regulations providing for (1) inspection, (2) num-

bering of fixed appliances, (3) filing of labels, and (4) waste of backs. Regulations in Afognak

Reservation. Regulations in Aleutian Islands Reservation.

Closing orders:

1. Promulgated December 19, 1907. Closes fishing in Wood and Nushagak Rivers and

within 500 yards of the mouth of Wood River.

2. Promulgated Novemlser IS, 1912. Closes fishing in (1) all streams of Cook Inlet,

(2) Eyak Lake, (3) Anan Creek and for 500 yards outside, and (4) Naha River above

Loring Point and House Point.

Order of Secretary of Commerce, October 25, 1915.

Closes to all fishing for salmon all waters tributary to Barnes Lake; Hctta Creek, its tributary

waters, and the region within 500 yards of its mouth; and Sockeye Creek, its tributary Boca de

Quadra waters, and the region within 500 yards of its mouth.

Department of Commerce Circular No. 251, third edition, March 20, 1916.

Includes, in addition to contents of second edition:

1. Executive order of February 1, 1906, establishing Yes Bay Reservation.

2. Closing order promulgated October 25, 1915, closing fishing in Barnes Lake, Hetta

Creek and for 500 yards outside, and Sockeye Creek (Boca de Quadra) and for 500

yards outside.

Department of Commerce Circular No. 251, fourth edition, March 12, 1918.

Includes, in addition to contents of third edition:

1. Proclamation of April 28, 1916, establishing Annette Island Fishery Reserve.

2. Closing order promulgated November 30, 1917, closing Karluk River and Lagoon.

3. Closing order promulgated November 30, 1917, closing Bering River.

4. Closing order promulgated December 29, 1917, restricting fishing in Copper River,

as follows:

(1) Copper River Delta closed between January 1 and June 1 each .vear and at Miles

Lake and Abercrombie Canyon between January 1 and June 5.

(2) Weekly closed season.
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(3) Gear in delta limited to gill nets excepting four traps at Cape Whitshed; no net

over 1,000 feet in length, only one net to a location, no offshore nets, lateral

distance between nets not less than 1,800 feet.

(4) Fishing prohibited between delta and Miles Lake.

(5) Fishing in Miles Lake only by stake and set nets not over 600 feet in length and
only one net to a location, lateral distance between not less than 600 feet.

(6) Fishing in canyon by dip nets only, not greater than 16 inches in diameter and at

least 300 feet between nets.

(7) Prohibits fishing above canyon.

(8) Set nets to be in straight line.

(9 to 12) Defines areas and certain forms of gear.

Department of Commerce Circular No. 251, fifth edition, January 14, 1919.

Includes, in addition to contents of fourth edition :

1; Closing order promulgated December 14, 1918, restricting fishing in Yukon River,

as follows:

(1) Pack restricted to not over 30,000 cases, 1,000 barrels, and 200 tierces. Pack

to be apportioned among established plants. Weekly reports of pack required.

(2) No packing for shipment out of Alaska above mouth of the Clear River near

Andreafski.

(3) Commercial fishing in the delta only in Kwikluak Pass.

(4) Traps and pound nets prohibited.

(5) Length of gill nets not to exceed 700 feet.

(6) No fishing after August 31, except for local requirements.
2. Closing order promtilgated December 20, 1918, restricting fishing in Copper River;

revises closing order of December 29, 1917, as follows:

(1) Closed season extended to June 10 (instead of June 1) in the delta and to June

15 (instead of June 5) in Miles Lake and AbercromVjie Canyon.

(2) Omits weekly closed season as required by section 2 of order of December 29, 1917;

excludes all traps and limits length of gill nets to 800 feet (instead of 1,000 feet) ;

lateral distance between set nets to be not over 600 feet (instead of 1,800 feet).

(4) Excludes stake nets from Miles Lake. No set net to exceed 800 feet in length

(instead of 600 feet) ;
shore of lake to be considered throughout season as it

was on June 15; fishing prohibited along west and north shores of Miles Lake

and along islands between the bridge and head of lake.

(5) No fishing permitted on east side of canyon.

(8 to 11) Define areas more clearly and certain forms of gear; essentially the same as

sections 9 to 12 in the order of December 29, 1917.

Department of Commerce Circular No. 251, sixth edition, January 2, 1920.

Revised as to closing orders, which are as follows:

1. Yukon River, December 14, 1918.

2. Copper River, December 20, 1918.

3. Southeastern Alaska and between Capes Spencer and Newenham (all of Alaska south

of Cape Newenham), Dcember 23, 1919. This combines the orders for (1) Wood
and Nushagak, (2) Cook Inlet, Eyak Lake, Anan, and Naha, (3) Barnes Lake,

Hetta, and Sockeye Creek, (4) Karluk, and (5) Bering River and Southeastern

Alaska, making general provisions as follows:

(1) East of Cape Spencer
—

(a) Prohibits all fishing in salmon streams, their tributaries and lakes.

(6) Prohibits all fishing except by gill nets and purse seines within 500 yards of

the mouths of streams,

(c) Prohibits fishing by gill nets and purse seines within 200 yards of the mouths

of all salmon streams; all appliances prohibited within 500 yards of the

mouths of the Chilkat, Chilkoot, Anan, Hetta, Sockeye, and Naha streams.
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(2) West of Cape Spencer. Prohibits fishing within 500 yards of stream mouths

except
—

(a) Bering River. Fishing permitted below a i)oint 800 feet northwest of the

mouth of Gandil River.

(6) Copper River. Same as in order promulgated December 29, 1917.

(c) Karluk River. Fishing permitted up to within 100 yards of the mouth.

(d) Ugashik River. Fishing permitted below a line 500 yards below mouth of

King Salmon River.

(3) Prohibits driving salmon downstream or outside the protected areas.

(4) Permits taking salmon with rod, hand line, or spear for family use.

(5) Afognak Reser\'ation regulations remain as before (presidential proclamation of

December 24, 1S92).

(li) Previous orders by Secretary of Commerce over waters herein are suspended.

(7) Order effective January 1, 1920.

Announcement, Department of Agriculture, Bureau of Biological Survey, June 25, 1921.

Renews requirements fur permits in Aleutian Islands Reservation.

Department of Commerce Circular No. 251, seventh edition, January 4, 1921.

Closing orders revised.

Fishing in Bering River prohibited.

Fishing in Copper River prohibited after September 1, 1921.

Fishing in Kuskokwim River prohibited after September 1, 1921.

Department of Commerce Circular No. 251, eighth edition, April 22, 1922.

Alaska Peninsula Fisheries Reservation established by E-xecutive order February 17, 1922.

Regulations therefor issued on April 18, 1922:

Districts defined.

Permits to operate required; will be issued only to present operators; pack wiU be limited.

Transportation of fresh salmon from one district to another prohibited.

Taking of salmon for fo.x food permitted.

Closing orders simplified, as follows:

1, 2, and 3. Prohibit fishing in streams and within 500 yards of stream mouths except
in Karluk and Ugashik Rivers, which remain as before.

4. Driving salmon downstream prohibited.

5. Permits taking salmon for local requirements.
6. Afognak reservation remains as covered by presidential proclamation of December

24, 1892.

7. Previous orders of Secretary of Commerce over waters herein specified are suspended.
8. Order effective January 1, 1922.

Department of Commerce Circular No. 251, ninth edition, January 9, 1923.

Alaska Peninsula Reservation regulations include limitation of gear and fishing operations,

otherwise essentially the same as for 1922.

Southwestern Alaska Fisheries Reservation established by Executive order, November 3, 1922;

regulations therefor promulgated on December 16, 1922.

Districts and zones defined; permits to operate required; pack, gear, and operations to be

limited; taking of salmon for fox food permitted; purse seines prohibited; transportation of salmon

l>etween districts or zones outside the reseivation prohibited; transfer of salmon from one plant to

another prohibited in Cook Inlet and Kodiak districts.

Buying from natives permitted, but salmon so bought come under pack limitations; fishing

prohibited in Chinik Inlet; special regulations for Bristol Bay:
1. Transportation between Nushagak and Kvichak-Naknek-Egegik district prohibited.

2. Fishing restricted to gill nets except that traps operated in 1922 may be used in 1923.

3. Limits size of nets and mesh.

4. Use of motor boats used in 1922 permitted in 1923, after which they are prohiljited.

5. Fishing season for reds, June 26 to July 25.

6. Fishing for king salmon may begin before June 26.
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Executive Orders Nos. 4020 and 4021, June 7, 1924.

Revoke orders establishing Alaska Peninsula and Soutliwestern Alaska Fishery Reservations.

Act of June 6, 1924. Department of Commerce Circular No. 251, tenth edition, June 21, 1924.

Section 1. Gives broad authority to Secretary of Commerce for conserving fisheries of Alaska;

authority given to establish areas in which fishing may be prohibited or limited by (a) limitation of

size and character of gear, (b) limitation of catch, and (r) limitation of time, means, methods, and

extent of fishing. Such regulations must be of general application and exclusive rights to fish

shall not be granted; act does not affect specified closed areas; prohibits importation of salmon

taken during closed periods.

Section 2. Not less than 50 per cent escapement required in streams where counting weirs are

maintained.

Section 3. Amends section 3 of the act of June 26, 1906; prohibits erection of dams, traps, etc.,

in waters less than 1,000 feet in width or within 500 yards of salmon stream mouths except at

Karluk and Ugashik; prohibits setting of gear within 100 yards of other gear or to drive a trap within

600 yards laterally or 100 yards endwise of another trap.

Section 4. Amends section 4 of the act of June 26, 1906; prohibits commercial fishing in streams

or within 500 yards of stream mouths, except at Karluk and Ugashik.

Section 5. Amends section 5 of the act of June 26, 1906; provides for a weekly closed season

from 6 p. m. Saturday to 6 a. m. Monday and for the proper closing of traps during closed seasons.

Section 6. Provides penalties for violations of regulations.

Section 7. Repeals sections 6 and 13 of the act of June 26, 1906, authorizing reservations and

providing penalties.

The acts of June 14, 1906 (prohibiting fishing by aUens), and section 2 (providing

tax rebates for hatcheries operated), section 7 (prohibiting use of salmon after 48

hours), section 8 (prohibiting waste), section 9 (prohibiting false labeling), section 10

(requiring reports), section 11 (authorizing regulations), section 12 (authorizing

expenditures to enforce), and sections 14, 15, and 16 (formal) of the act of June 26,

1906, are still in force.

The acts of June 14, 1906, and of June 6, 1924, and the given sections of the act

of June 26, 1906, remain (February 14, 1928) unmodified, except for the act of June

18, 1926, which modifies section 1 of the act of June 6, 1924, and permits the taking

of fish and shellfish for bait purposes at any tune. Numerous regulations have

been promulgated imder the authority given by these acts, the details of which may
be found in the various editions of circular No. 251 and m the various annual reports

of the Alaska fishery and fur-seal industries. Most of the current regulations are in

the fourteenth edition of this circular, issued December 12, 1927.

It is apparent from this summary that there were no drastic restrictions on the

fishery up to the time of the establishment of the Alaska Penmsula and the South-

western Alaska Fishery Reservations, and even such mUd restrictions as were unposed

by the two acts of 1906 were not really efl'ective because of lack of funds for adequate

enforcement. A few dozen stream guards and a few small patrol boats could do

comparatively little along such an extended coast liue as that of Alaska. Up to

1922, then, it is safe to say that the catch of salmon had not been affected materially

by legal restrictions. It remains to be seen whether the restrictions imposed ui the

central and western districts under the authority of the reservations or those imposed

so far under the authority of the act of 1924 are adequate to protect the salmon

resources. If the theory we have expressed above is correct and the Alaska salmon

fisheries have reached a point beyond the safe limit of exploitation, it is obvious that
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effective conservation must result in a general lowering of the yield. It is but blind-

ing our eyes to an obvious if unwelcome fact to expect a resource that is being con-

served adequately and mtelligently to yield as much as it would yield, for a very

limited period, under conditions of unrestricted and intensive fishing. So far as the

data for the entire pack serve to indicate, it does not appear that the present restric-

tions have reduced the strain on the resource materially. There was a gradual

recovery after the depression of 1921, and the total pack of 1926 was the largest in

the history of the industry. The drop m 1927 may have been due, ua part, to an

increased effectiveness in the regulations and their enforcement, but there was an

unquestionable scarcity of fish in that year, so that the effect of the regulations would

seem, at best, to have had a relatively small influence in reducing the catch. It may

safely be predicted that effective conservation will mean, on the one hand, an increased

stringency in the regulations and, on the other hand, a generally reduced level of

the yield when compared with the general level that has been maintained for the

past 10 years. This statement applies to the salmon resources of Alaska as a whole.

The conditions as found in separate localities will be discussed below.

The analyses of data presented in this report have been limited by lack of time,

but the data themselves are presented in full, so that it will be possible to make any

additional analyses in the future that may seem desirable. A careful recheckiug of

the work has been impossible, and no doubt various errors have crept in. It is our

hope, however, that none of these is great enough to affect our general conclusions

seriously.
BRISTOL BAY

The available statistics for the early years of the salmon fishery in Bristol Bay
are unsatisfactory in that they give records of the pack only, not of the catch, and in

these all species are combined. Beginning with 1893, however, the reports of the

special agents of the Treasury Department give the number of fish taken in the various

localities. This was continued until 1904, when the collection of statistics by the

Bureau of Fisheries began. Moser '

gives the best available record of the pack during

the years preceding 1893. Pracht ^
gives a record, substantially the same as that of

Moser, of the pack for 1892, but does not allocate all of the pack to a definite district.

Moser gives the pack for each cannery and the location of the cannery, so that it has

been possible to rearrange his data for these early years into the form given in

Table 1.

Table 1.—Salmon pack in Bristol Bay, 1884 to 1892, by cases

Year
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Table 2 gives, in detail, the catch of each species of salmon in each region of

Bristol Bay and the total of each species for the whole of Bristol Bay. Four quite
distinct districts are recognized in the Bristol Bay region, known by the name of the

chief river in each district. The Nushagak district includes several important
streams flowing into Nushagak Bay—the Nushagak, Igushik, Wood, and Snake
Rivers. The Kvichak district includes, besides the Kvichak, the Naknek River and
several smaller streams, which are virtually tributary to the Kvichak. The Egegik
and Ugashik Rivers are distinct. The data for the years 1893 to 1903, taken from the

reports of special agents of the Treasury Department, do not give the locality of

capture but only the location of the cannery where the fish were packed. Although
doubtless there is some danger of confusion in assuming that the fish canned in any
one of the four districts of Bristol Bay were captured in that same district, we believe

that the confusion is not likely to be serious and, therefore, have included the figures

in our tables.

It is quite apparent, from a comparison of the catch figures with those for the

pack, that in many cases the figures for the catch have been derived from those of the

pack by multiplying the number of cases by a factor assumed to represent the number
of fish per case. This is a source of some error, especially in the earlier data; but as

most of the companies keep faii-ly reliable records of the number of fish per case the

data are considered adequate for such analysis as we have made.

No records of the amount of gear used are available until 1904. Without doubt

these records are much less satisfactory than are the records of the catch of fish and

must be used with the greatest care. The records of gUl nets in Bristol Bay seems

especially unsatisfactory, as the records indicate a decided change in the average

length of gill net during the history of the fishery. For several years the standard

length has been 200 fathoms, but in former years the standard length was only about

100 fathoms. Again, m most instances the number of gill nets recorded in the state-

ments submitted by the companies is apparently a record of the total number of gUl

nets on hand for the season and does not state the number of nets actually fished.

No doubt the number of gill nets on hand bears a fairly definite and constant ratio

to the number fished, but this is certainly a possible source of serious error. Further-

more, there are two kinds of gill nets in common use—a large-meshed net used for

king salmon and a small-meshed net used primarily for reds. Some of the companies
show the number of nets of each kind, while others do not segregate them, although
there is no reason to suppose that they have not operated the same sort of gear. In

spite of these and other weaknesses we have thought best to include in these tables

the number of nets and traps operated, although we have not given the number of

fathoms of nets used, as in some of the later tables. These data will serve to give

some measure, however roughly, of the gross changes in the intensity of fishing, and

even a rough measure of this is better than none.
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Table 2.—Salmon caught and fishing appliances used in Bristol Bay, 189S to 1927, by districts

Year



56 BULLETIN OF THE BUREATT OF FISHERIES

Table 2.—Salmon caught and fishing appliances usedin Bristol Bay, 1S93 to 1927, by districts—Con.

Year
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Table 2.—Salmon caught and fishing appliances used in Bristol Bay, 1S93 to 1927, by districts—Con.

Year
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S4
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Fig. 5.
—Catch of red salmon at Egegik. Dotted line, catch: solid line, trend of catch; crosses, number of

traps; dots and dashes, number of gill nets

FiG.6.—Catch of red salmon at Ugashik. Dotted line, catch; solid Hue, trend of catch; crosses, number of

traps; dots and dashes, number of gill nets

^ ^ s "^

Fig. 7.—Trends of the catches of red salmon in the four districts of Bristol Bay on a logarithmic

(proportional) scale
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The trends in all four districts show a constant and fairly regular rise during
the first 10 years or so (up to 1903 or 1904), which is indicative of the gradual develop-
ment of the fishery during that period. In the Nushagak district the trend remained

generally high (near the 5,000,000 level) for the next 15 years (1902 to 1916) then

fell off sharply. Since 1920 it has remained at about the 3,000,000 level. This

drop was even more sharply marked than shown by the trend, as may be seen by
reference to Figure 3. This shows that the change to a lower level came very sud-

denly and without warning in 1919. In this case the process of smoothing, by
which the trend was obtained, has obscured the very sharp drop in the general level.

It is of the greatest importance to those interested in conservation to note the sud-

denness with which the catch sank to this lower level. It seems impossible to

ascribe this phenomenon to any cause other than depletion
—to overfishing in the

15 years or more that preceded the drop. This is exactly the sort of thing that

biologists have warned could be expected, the logical explanation being that the

catch was held up, in spite of real depletion, by an increased intensity in fishing,

until finally the break came and severe depletion became apparent all at once. It

is interesting to note, in accordance with the hypothesis advanced above that wide

fluctuations are a mark of a too intensive fishery, the decade and more that preceded
the year 1919 was marked by wide fluctuations in the total catch. The question

immediately arises, is the present intensity of fishing on the Nushagak side too

great for the lowered level of abundance that is now established? Unfortunately
the problem is complicated by a number of factors, which it is impossible to evaluate

with the available data. During the period of heavy catches (from 1902 to 1918)

there was a considerable increase in the number of gill nets but a decrease in the

number of traps, and to what extent one offset the effect of the other we can not

linow. Neither do we know how the intensity of fishing has been modified by changes
in the length of gill nets and the length of time each giU net was actually in

the water. It would appear that a reduction in gear from 8 traps and over 1,000

gill nets to no traps and about 500 giU nets was more of a change than that of a

catch of approximately 5,000,000 to one of approximately 3,000,000, but this is by
no means ^certain. Furthermore, the former intensity of fishing was unquestion-

ably too great, but just how excessive it was we have no way of telling. With the

greatly decreased abundance it may well be that the present intensity is still too

great and that further depletion will result. The extremely poor catch of 1927

certainly would indicate that the intensity of fishing had not been reduced suffi-

ciently in 1921, 1922, and 1923 to permit an adequate escapement, as the red salmon

of Bristol Bay are largely 4, 5, and 6 years old; and even though the reduction in

gear has been sufficient to permit the maintenance of the catch at the 3,000,000

level, should there not be a sufficient reduction in the catch to permit the runs to

increase to something approaching their former abundance? Unquestionably the

general tendency on the Niishagak has been downward, and if the depletion should

continue at the present rate we may anticipate that within the next two or three

decades the formerly magnificent runs here wiU be so reduced as to be worthless

commercially.
None of the other districts of Bristol Bay show such sudden and serious depletion

as does the Nushagak. While the Nushagak catch reached its taaxiTnum size about
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1903, the Kvichak catch continued to increase, and the trend reached its peak in

1915 and 1916, since when there has been a material drop, although this is by no

means as marked as in the case of tiio Nushagak catch. The trend at Egegilc has

been much the same as that in the Kvichak, with the exception of a drop in the

years 1902 to 1906. The peak of the Egegik trend came in 1916, since which time

the trend has slowly but unmistakably declined. The Ugashik trend is quite different,

rising to its highest peak m 1901 and then falling gradually until 1909, since which

time it showed a gradual l)ut steady recovery, which was broken sharply in 1925.

Without much doubt the early drops in the trends at Ugashik and Egegik were due

to reduced mtensity of fishing, as shown by corresponding decrease in the number of

gill nets. For some reason the early development of the fishery in these two districts

was arrested for a time but was resumed later.

It is apparent that there has been a certain amount of independence in the trend

of the red salmon fisheries in the four districts. With the possible exception of the

Ugashilx, however, they all show a present tendency to drop. In the case of the

Ugashik it would appear, from the raw data presented in Figure 6, that this stream,

too, is entering a period of decreased productivity. While the depletion of the

Nushagak is much more pronoxmced than in the other districts, it is quite evident

that the red-salmon catch in the entire Bristol Bay region is distinctly on the decline.

We will now examine the short-time fluctuations, as distmguished from the long-
time fluctuations, or "secular" changes indicated by the trends. We have discussed

above the general miportance of a knowledge of the character of these short-time

fluctuations. To be more explicit, it is important that we know (1) whether or not

there is any regularity in these short-time changes
—whether they occur in cycles or

not; (2) what the interval of the cycles is, if the changes are cyclic in character;

(3) whether there are sudden or progressive changes in the nature of the fluctuations,

and (4) whether there is any correlation in the fluctuations in different streams.

Our interpretation of the facts disclosed by an analysis of the fluctuations will

depend, as m the case of any statistical analysis of such data, upon an understanding
of the biological and economic factors that may affect them. We are concerned here

chiefly with the discovery of the facts about the fluctuations in the catch of salmon
and must leave the consideration of the true causative factors for future treatment.

The study of the short-time fluctuations has been based on the percentage
deviation of the yearly catch from the trend or moving average by fives. In this

method, adequately described by Chaddock (loc. cit.), the percentage deviation for

any year is the algebraic value of the catch minus the trend, divided by the value

of the trend. When the catch is greater than the trend, the deviations have a

positive value and a negative value when less than the trend. Such treatment does

two important things to our data—it removes the effect of the long-time, secular

fluctuations, which might accentuate or destroy any correlation that might exist

between two series of data, and it makes it possible to compare more fairly and
more directly the fluctuations at very different levels of abundance, whether in

different streams or in the same stream at different periods. For example, if the

trend in one series of data was at 1,000,000 and in another series of data was at
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10,000,000, a deviation of 100,000 in the first case would be just as significant as a

deviation of 1,000,000 in the second case.

In our analysis of these fluctuations we have not made use of the data collected

previous to 1904. The Bureau of Fisheries began the collection of statistics in that

year and it seemed best to confine this analysis to data obtained by a single agency.

Furthermore, as we pointed out above, the fishery apparently became fully developed
about this time, and it is quite probable that the fluctuations during the period of

rapid growth were largely obscured by great changes in the intensity of fishing.

The use of deviations from a moving average by fives has one disadvantage, in

that two years are lost at each end of the series; thus, our series of data extends from

1904 to 1927, both inclusive, but our trend of moving averages extends only from

1906 to 1925. It would be possible, of course, to use some sort of a straight-line

trend or to extend more or less arbitrarily the trend of moving averages so as to

make use of the extreme values, but we have not thought it advisable to do either.

The straight-line trend certainly does not fit some of the localities, and any extra-

polation of the line of nioving averages will introduce a personal element, which

we have been anxious to avoid.

Figure 8 shows the deviations from the moving average for each of the four

districts in Bristol Bay, and in Table 3 we present various coefficients of correla-

tion (Pearsonian), which we have calciilated and which measure the degree of asso-

ciation in the fluctuations at 4, 5, and 6 year intervals. We have made some esti-

mates of the correlation between fluctuations at 3 and 7 year intervals, also, but

these were invariably without significance, and we have therefore omitted them from

consideration.

Table 3.—Coefficients o/ correlation between catches of red salmon at intervals of 4r 5> <md 6 years
for the four districts in Bristol Bay and Karluk River

Locality
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statisticians generally agree that a

coefRcient that is three times its

probable error is significant of some

degree of association. It is possi-

ble, of course, that some factors

other than a predominance of five-

year fish has caused this high cor-

relation between catches at five-

year intervals, but we have no sug-

gestion to make as to what these

factors may be.

In the Nushagak district there

is an imdoubtedly significant corre-

lation between the size of the

catches at four-year intervals; the

coefficient is over six times its

probable error. It is apparent from

the graph, however, and also from

the work sheets made in the process

of calculating the correlation coeffi-

cients, that the correlation between

the catches at four-year intervals

is due mainly to an exceptionally
close association, which has been

maintained in comparatively recent

years since about 1914. Previous

to this time there was much more
of a tendency toward correlation in

catches at five-year intervals, but

the strong tendency toward correla-

tion at four years, which has pre-

vailed recently, has, in considering
the entire series, entirely out-

weighed the earUer condition. The
correlation between catches at five-

year intervals in the Nushagak dis-

trict is not significant, the coeffi-

cient being less than its probable
error and, as would necessarily be

the case with a strong correlation

at the four-year interval, the cor-

relation at the six-year interval is

significantly negative. Such a neg-
ative coefficient of correlation means
that in general a good catch in a

100621—28 4

Fio. 8.—Percentage fluctuations trom the trends of the catches of red

salmon in the four districts of Bristol Bay
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given year will be followed by a poor catch six years later, and vice versa. If, as

we have indicated, there has actually been a change in the Niishagak district from

an association between catches at five-year intervals to an association at fonr-year
intervals it is most interesting, and certain possible explanations may be sug-

gested. Most of the fishing in the entire Bristol Bay region has been carried on by
gill nets, and it is generally supposed that this type of gear has a tendency to select

the larger individuals in a run. With such a selective agency at work it is possible

that a race or several races of predominantly large, five-year fish might be so reduced

in numbers as to disappear almost entirely from the commercial catch. It may have

been that this occurred in the Nushagak district quite suddenly in 1919, when the

run at Nushagak was abnormally low. It is possible, though hardly probable,
that the selection of the larger and older fish by the giU nets has operated to change
the predominant ages of all the races that make up the Nushagak catch from five

to four years. In any event it does not seem likely that this high degree of cor-

relation between the catches at four-year intervals is due merely to the operation

of chance fluctuations.

In the case of the other three districts in Bristol Bay the highest correlation occurs

between catches at five-year intervals. In the Kvichak and Ugashik catches there is

also a low but probably significant correlation at four-year intervals but there is no

significant correlation at six-year intervals. In the discussion of the cycles at Nusha-

gak we pointed out that a significant correlation between catches at any given interval

of years was strong indication that the prevailing age of the fish was of the same
number of years. If this be true, the data here\\'ith presented would indicate that a

considerable percentage of the Kvichak, Egegik, and Ugashik red salmon are in their

fifth year. We find a similar degree of correlation between catches at five-year in-

tervals at Karluk, where the fish are known to be chiefly 5 years old; and the main-

tenance for many years of a four-year cycle on the Frazcr River, where the fish were

predominantly 4 years old, is well known. We wish to emphasize again the fact that

no correlation of this sort can be expected to be very high, not only on accoimt of

inaccuracies in the data but because of the presence of more than one age group in the

catches, fluctuations in the relation of escapement to catch, possible fluctuations in

the percentage of fish of different ages coming from different broods, fluctuations in

the efficiency of spawning and the rate of mortality at different stages in the life

history, and various other factors.

Table 4.—Coefficients o] correlation (r) between catches of red salmon in the four districts of Bristol Bay

Localities
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between all possible pairs of districts is presented in Table 4. It is apparent from a

consideration of those values that there is a high degree of association between the

catches in the three districts on the eastern shore of Bristol Bay at Kvichak, Egegik,
and Ugashik, but the correlation between any of these districts and Nnshagak is

distinctly lower; in fact, so low that the correlation of Nushagak with Kvichak and

Egegik is Avithout significance. The correlation between Nushagak and Ugashik is

significant of some slight degree of association but is less than four times its probable
error. On the whole, it appears that the fluctuations at Nushagak are independent
of those on the eastern side of the bay. The correlation between the catches at

Kvichak, Egegik, and Ugashik is so marked, however, as to indicate some causal

relationship, and it seems more than probable that it is due to the catching in the

Egegik and Ugashik districts of fish bound for the Kvichak district. This possibility

was pointed out by Gilbert and O'Malley in their report on the salmon fishery in

central and western Alaska.* It may also be due, in part at least, to fish being re-

ported as taken in one district when actually they were caught in another and were

brought into the district from which reported for canning ;
or it is possible that there

is enough "straying" from the parent stream to cause the catch in near-by streams to

fluctuate together. This last possibility does not seem likely, however, as one would

suppose that any such straying might afl'ect the correlation between the catches at

Nushagak and the other streams as well as between the other three streams.

We have mentioned above that an increase in the size of the fluctuations may be

an indication that the fishery has been developed to the danger point or that depletion
has occurred already. This hypothesis has also been advanced by Gilbert and O'Mal-

ley (loc. cit.), who, in discussing the situation in the Kvichak region of Bristol Bay,
say: "Other river basins have been watched during the progress of depletion. The

sequence of events is always the same. Decreased production is [accompanied] by
increase of gear. Fluctuations in the seasons become more pronounced. Good
seasons still appear in which nearly maximum packs are made. But the poor seasons

become more numerous. When poor seasons appear, no attempt is made to com-

pensate by fishing less closely. On the contrary, efforts are redoubled to put up the

full pack. The poorer years strike constantly lower levels, until it is apparent to all

that serious depletion has occurred." Figure 8 shows, with great clearness, that the

amplitude of the fluctuations in all districts of Bristol Bay has been increasing with
considerable regularity, thus corroborating the evidence given by the trends of

general depletion throughout Bristol Bay.
Such cyclic fluctuations in the abundance of salmon are extremely interesting

biological phenomena, and a knowledge of them is of great practical importance to

the industry and to an adequate conservation program. It may not be out of place

here, therefore, to speculate briefly upon some of the characteristics of such fluctua-

tions. It seems safe to assume that in a state of nature the abundance of any race

of salmon would be constant from year to year, except as modified by environmental

conditions, and that the level of abundance will be at the maximum capacity of the

waters occupied by the race. If under these conditions unusually favorable circum-

< Special Investigation of Salmon Fishery in Central and Western Alaska. By C. H. Gilbert and Henry O'MsIley. In Alaska
Fisheries and Fur Industries in 1919. by Ward T. Bower. Appendix IX. Report, U. S. Commissioner of Fishei Its for 1919 (1921).
Bureau of Fisheries Document No. 891, pp. 143-160. Washington.
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stances shoiild operate to increase the survival (and therefore the spawning run) in

any year, the effect of such an increased run would not necessarily be felt in future

years, as the area occupied by the race will not, in general, accommodate a population

greater than the normal maximum capacity. On the other hand, if the general level

of abundance be reduced materially by fishing, this level will be below the potential

capacity of the area, and then an increase in abundance in one year can have a very

definite effect upon the future generations and would start a series of years marked

by good runs separated by years of ordinary runs. The interval between the good

years would be determined by the prevailing age at maturity of the race in question
—

more particularly, perhaps, by the prevailing age of the females. Somewhat similar

results would follow the occurrence of a year in which survival was reduced. Under

natural conditions the abundance of fish resulting from a poor year would be below

the normal capacity of the area, and we may suppose that the race would react by
an increased survival of the progeny of the reduced spawning run, so that the size

of the resultant spawning runs would tend to approach the normal level. It seems

possible that the effect of a very poor year might be felt for one or two generations

while building up to the normal level, in contrast to the effect of an unusually good

year, wliich, on account of the lunitation imposed by the capacity of the occupied

area, could not greatly affect the future runs. Under conditions of exploitation,

however, a poor year will tend to be perpetuated, just as in the case of a good year,

but for a different reason. The perpetuation of a good year is dependent upon what

we may term the elasticity of the race—the tendency to approach the normal level

of abundance; but the perpetuation of a poor year will depend mainly upon the

continuous application of a fishing effort sufficient to keep the spawning escapement
down to a low level. There is no doubt that fishing operations ordinarily operate so

that the spawning escapement in good years is better in proportion than in poor

years, which is just the reverse of what sensible conservation would call for. On the

other hand, it seems probable that the lower the actual level of abundance the

stronger the tendency of the race to resist further lowering and the greater the

tendency to return toward the normal level of abundance. In other words, as the

level of abundance drops there is a tendency toward an increased survival rate.

This is well illustrated by the present situation on the Karluk River. It has been

shown ^ that the present production from the spawning escapements is approximately
300 per cent; that is, for each spawning fish three adults may be expected to return

in future years. Under natural conditions the production in general is 100 per cent,

of course. This increased percentage of production is exactly what we would expect

in the case of a depleted rim such as that in the Karluk; but however strong this

tendency toward an increased percentage productiveness at the lower levels of

abundance may be, it is impotent in the face of intensive fishing. It may operate to

retard the depletion of the poor years, but without some relief from intensive fishing

it can not rebuild poor years into good ones or even average ones.

The chief contention in the above argument is to the effect that cyclic fluctua-

tions are associated especially with the exploitation of a fishery, and that under

natural conditions such fluctuations would not be so conspicuous. However, there

' Investigations Concerning the Red-Salmon Runs to the Karluk River, Alaska. By Charles H. Gilbert and Willis H. Rich.

Bulletin, U. S. Bureau of Fisheries, Vol. XLIII, 1927, Part II, pp. 1-69, 34 flgs. Washington, 1927.
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is the possibility that cyclic fluctuations in the abundance of fish might follow cyclic

changes in environmental conditions, such as those that have been shown to accom-

pany the periodicity of sim spots;* but it does not seem lil^ely that such a factor

could cause such cycles as we observe in the salmon. We have also the remarkable

four-year cycles of the Frazer River sockeyes, which existed for an unknown number
of years before the white man came and recorded the phenomenon. In this case,

as is well known, the tremendous runs that came every fourth year consisted of two

races (or groups of races), one spawning in the lakes tributary to the lower course of

the Frazer and the other in the higher lakes above the Frazer River Canyon. The
first race entered the river yearly, but it was only every fourth year that the second

and much more important race entered the river. Tlie latter was a race in which

4-year fish (especially among the females) predominated to a remarkable extent.'

The last "big" year was in 1913, and in that year a slide in the Frazer River Canyon
prevented the ascent of the fish to the upper spawning grounds, the race died out,

and the four-year cycle became virtually obliterated. One can hardly doubt that

originally the runs of salmon in the Frazer were "big" every year; that every year
saw the upper spawning grounds as well covered with spawning fish as they were in

the "big" years that we liave known. At some more or less remote lu'ehistoric time,

however, a slide probably blocked the river for a period of three years and destroyed
the race that spawned in the upper lakes. In the fourth year the obstruction was
removed and the fisli were able to proceed as usual to the spawning grounds. On
account of the great predominance of 4-year fish in this race this one year was

perpetuated, perhaps for centuries, until the disaster of 1913. In this case the most
remarkable cycle known developed under natural conditions, quite unaffected by
exploitation, but we have a sufficient understanding of the circumstances so that an

adequate explanation can be given. Under ordinary circumstances it seems probable
that marked cj^cles occur most commonly under the conditions resulting from

exploitation.

Cycles may become established by the occurrence of various unusual condi-

tions, such as an expeciaUy large or small spawning escapement or the effect of

environmental conditions that make for a high or low rate of mortality during the

life of a brood. Such conditions may be expected to occur only occasionally and at

irregular intervals, and the effect will tend to be perpetuated more or less strongly in

future generations by the dominance of certain age groups in the race in question.
If a single age group is dominant the effect may last indefinitely, but if two or more

age groups occur in fairly large percentages the effect will be spread out gradually
and the cycles will lose their sharpness and become obscured, or they may be de-

stroyed entirely or modified by the incidence of another set of unusual conditions,

whicli in turn may give rise to an entirely different cycle. Overfishing, especially

at critical times, may be an important determinant of such cycles, although undoubt-

edly they are frequently caused by natural conditions about whicli we know very
little at present.

' Climatic Cycles and Tree Growth. By A. E. Douglass. Carnegie Institution of Wasliington, Publication No. 289.

Washington.
' Contributions to the Life History of the Sockeye Salmon. Nos. 1 to 9. By Charles H. Gilbert. Reports of the Commissioner

of Fisheries for British Colombia, 1912 to 1923.
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In our Bristol Bay data we can see occasional evidence of sudden, unexplained

fluctuations, which apparently have been reflected in later years. Perhaps the best

example of this is the sudden drop of 1919, which affected all the districts. The

fourth and fifth years before 1919 had. been exceptionally good on the Nushagak.

On the Kvichak the fourth preceding year had been below average but the fifth

had been excellent, and we have shown above that the highest correlation between

catches in this district is at five-year intervals. So far as the evidence of previous

catches goes, therefore, there was no reason to anticipate a poor catch in 1919.

Whatever the factors that caused this sudden fluctuation, the effect has been reflected

in a poor catch on the Nushagak in 1923 and again in 1927 and on the Kvichak in

1924. It seems probable that we have witnessed here the operation of just such

factors as we have been discussing, and that for some unknown reason one or more

of the spawning runs that were the parents of the run of 1919 failed to produce the

usual number of adult fish, and that this sudden fluctuation has tended toward the

production of cycles. The situation is extremely complex, of course, and we have

no way of telling how long these fluctuations (which appear to have been fixed by

the poor run of 1919) will persist. They may be distinguishable fur several cycles,

or they may have been obliterated already by factors about which we know nothing

and the effect of which we will not see until it becomes apparent in a modified run.

With the data at hand we do not feel that it is possible to make any reliable

prophecy as to future runs. The probable errors of all our measures are large, and

there is always the chance that unusual circumstances may intervene to upset any esti-

mate that may be made. At present we know virtually nothing about these unusual

circumstances in the Bristol Bay region. Apparently they have operated in former

years to modify the runs very materially, and there is no reason to suppose that they

may not operate again and just as unexpectedly as they have in the past. In spite

of all this it seems desu-able to review what evidence we have and to point out certain

indications as to the future.

In the Nushagak region we have had a general decline in abundance, as indicated

by the trend. It has been shown also that the short-time fluctuations here are at four-

year intervals at present. The run of the coming season (that of 1928) should bear a

general relationship to the run of 1924, therefore, which was one of the poorest in

recent years. . The run of 1923 on the Nushagak River was exceedingly poor also, so

that we can expect no marked effect in 1928 due to five-year fish derived from that

year. On the other hand, we have some evidence that in spite of a poor catch the

spawning escapement of 1924 was better than usual. The report of observers on

the spawning grounds in Wood River states that the escapement to that river was

"the most satisfactory for the last several years."
^

Nothing is known, however,

of the escapement to the other spawning regions in the Nushagak district. Except
for this meager evidence of a good spawning escapement, then, all indications point

toward an unfavorable year at Nushagak, possibly as bad as 1927. Knowing the

present depleted condition of this district, it would seem to be the part of wisdom

to reduce the intensity of fishing as far as possible. Even if a fairly good run should

develop, it does not seem at all likely that it will approach the magnitude of the runs

» Alaska Fishery and Fur-Seal Industries in 1924. By Ward T. Bower. Appendix IV, Report, U. S. Commissioner of

Fisheries for 192& (1928), p. 99. Washington.
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previous to 1919, and a distinctly larger spawning escapement certainly is called for

if further depletion of this region is to be prevented.
On the eastern side of Bristol Bay the situation does not appear to be so serious.

It seems useless to try to give separate consideration to the Kvichak, Egegik, and

Ugashik districts on account of the high degree of correlation, which we have shown
exists between the catches in these three localities. If the correlation in catches at

five-year intervals holds for 1928, we would expect the run of the coming season to be

correlated largely with that of 1923, which was a very good year in the Kvichak
district and about average in both Egegik and Ugashik. The year 1922, from the

runs of which the 6-year fish of 1928 will come, was also an excellent year, but 1924

was relatively poor. So far as this evidence goes, then, it would appear that the com-

ing season on the eastern shore of Bristol Bay ought to be good. The trend of the

catches here has been slightly downward, but it would not appear from this that a

serious deficiency would occur in 1928, The escapment to the Kvichak in 1923, as

indicated by observations on the spawning grounds, was exceptionally poor, however,
in spite of the good commercial catches.' The escapement of 1922 was excellent, and

if we had discovered a correlation between catches at six-year intervals it would
seem a favorable indication. As it stands, the evidence for the Kvichak is conflict-

ing, although on the whole it would appear to indicate a somewhat less favorable

year than 1927.'°

In this general connection there is one other matter that seems worthy of mention,
and that is the remarkable association between climatic conditions and catches in

1926 and 1927. The winter of 1925-1926 was one of the warmest on record in Alaska,
as was also the summer of 1926. The winter of 1926-1927, on the contrary, was

exceptionally cold, and the summer of 1927 proved correspondingly cold and rainy.

It seems not beyond the bounds of possibility that there was some causal connection

between these conditions and the exceptionally heavy run of 1926 and the excep-

tionally light run of 1927. We know nothing of the factors, other than age and size,

that affect the sexual maturing of salmon, and it may be that temperature or condi-

tions associated with temperature during the winter months may affect materially

the percentage of flsh of a given age group that matures in a given year. A high tem-

perature may result in the maturing of a larger than normal percentage of the fish in

the ocean, while a low temperature may retard maturation. On some such basis as

this we might explain the large run of 1926 as due in part to the maturing of a large

number of fish that under normal conditions would not have matured for another

year; and the poor run of 1927 as due in part to the reduction of the stock by the

unusual maturing of fish in 1926 and in part to the retardation of maturation in a

large number of fish that normally would have matured in 1927. If this were so, we

might expect a rather better run than otherwise in 1928, due to the maturing of fish

retarded in 1927. This seems to be a rather remote possibility, it being more likely

that the fluctuations in salmon catch and weather conditions in 1926 and 1927 were

' Alaska Fishery and Fur-Seal Industries in 1923. By Ward T. Bower. Appendii III, Report, U. S. Commissioner of

Fisheriesjfor 1924 (1925),^pp, 80>nd 81. Washington.
1° Since this report went to press, the 1928 salmon runs in Bristol Bay have proved to be of considerably greater proportions than

our data indicated. We have discussed above some of the possible causes that may upset any prophecy based on such data. With

such large probable errors as we have to deal with, close estimates of the size of salmon runs are Impossible, but it is our belief that

carefully considered estimates of this kind will, in the long run, be justified.—W. H. E., July 17, 1928.
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merely chance coincidences. Certainly such considerations could not be made the

basis for any prophecy, but they have seemed worthy of recording.

OTHER SPECIES

For several reasons we have not thought it desirable at this time to attempt a

detailed analysis of the data pertaining to the catches of pinks, chums, cohos, and

king salmon in Bristol Bay. These species are all of minor importance in this region,

and we have some reason to suppose that the records are less reliable. We will

confine ourselves, therefore, to the brief mention of a few interesting points that

FiQ. 9.—Catch of pinks, cobos, cbams, and kings at Nusbagak

have developed from the limited study we have made. The data for the Nushagak
district are presented graphically in Figure 9 and for Kvichak in Figure 10. The

catches of all these species at Egegik and Ugaskik and the catch of cohos at Kvichak

have been so small and irregular that the data do not lend themselves to analysis,

and therefore they have not been included.

Our procedure in the analysis of the catch of pink salmon has been affected by
the fact that, to the best of our knowledge, these are always 2-year fish; that is to

say, they always return to spawn at the end of their second year. On this account

the fish running in the odd years are quite independent of those running in the even

years, and vice versa. The two-year cycle in the pink salmon is so well known that

this subject need not be enlarged upon here. We have calcvdated separate trends
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for the series of odd and even years, therefore, and have shown these two distinct

trends on the graphs. These trends represent a moving average of three years in-

stead of five, as used in the case of the red salmon, as the use of a five-year average
would have shortened our trend imduly.

In general, throughout western and central Alaska the pink salmon run much
more heavily in the even years than in the odd. This is shown clearly in the graphs
for both Nushagak and Kvichak by the conspicuous "peaks" that occur, with very
few exceptions, in the even years. The size of the catches, especially in the even

years, varies tremendously, as is exemphfied particularly well by the catch of over
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been reported from this district in the odd years. Whether this is due to the com-

plete failure of the run or whether there is some economic explanation we have no

way of knowing. Inquiries have been made of some of the companies operating at

Nushagak, but they have been imable to offer any acceptable explanation of the

phenomenon. The trend of the even-year catches at Nushagak rose rapidly to the

level of 800,000 in 1904, where it remained remarkably constant for over a decade.

In this case, however, the level of the trend is determined very largely by the two

exceptionally large catches of 1906 and 1912, and the method of determining the

trend has so spread these large catches that the constancy of the level is especially

marked. The catch during the even years from 1914 to 1920 remained fairly con-

stant and at a level above that of the preceding years, with the exception of 1906

and 1912. The trend for these years (1914 to 1920) is somewhat lower, however,
but this is due to the influence of the two exceptional catches. Since 1920 the even-

year catches have been poor, but those for 1924 to 1926 were influenced by the

regulations, as mentioned above, and that for 1922 possibly was influenced by the

economic factors that operated to reduce the pack of 1921 throughout Alaska. It

does not appear from these data that the pink-salmon run of the even years has been

depleted. In this connection it should be noted that if the parent-stream theory
holds as rigidly in the case of the pink salmon as in the case of the reds, the pinks
would be expected to show the effects of over fishing very promptly.

The catch of pink salmon at Kvichak is much smaller than at Nushagak but

shows similar extreme fluctuations and the same two-year cycle with good catches in

the even years and poor catches in the odd. In only two of the odd years were any
significant catches of pink salmon recorded— 1915 and 1917. The general trend of

the catches in the even years was approximately level until 1918; then came the

remarkable catch of 1920, and since then the catch has been insignificant; but the

catch of the years since 1922, as at Nushagak, has been affected by the regulations,

and it seems possible that the catch of 1922 was reduced by economic causes. So

here, again, we have no evidence of depletion in the pink-salmon run.

We have not calculated the trends for the other three species, believing that the

graphs are sufficiently clear. The catch of cohos at Nushagak shows a gradual
increase up to about 1916. Subsequently a somewhat lower level was maintained

until 1922, since which year the catch has been lower than at any tune since 1901.

The cohos as well as the pinks run late in the season, and there is no doubt that the

closing of the season on July 25 has been responsible for the reduced catch of cohos

in the years following 1922. It is possible that some depletion is shown by the re-

duced catches in the years 1917 to 1922, inclusive, but this is by no means certain.

In the case of the king salmon there appears to have been a slight reduction in

the catch at Nushagak since 1916, but the catch at Kvichak does not seem to have
been affected similarly. The catch of kings has not been affected so much by the

regulations, however, as provision is made for the use of king-salmon nets not less

than 8^ inches stretched mesh previous to June 25, when the season begins in which
red salmon may be taken.

The catch of chum salmon at Nushagak reached a maximum in the years from
1914 to 1918 and since then has maintained a decidedly lower level. On the Kvichak
side no general change has occurred. The effect of the regulations is apparent again
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in the Nusliagak catch of chuins by the very much reduced catches since 1922. It

seems doubtfid that any serious depletion is indicated by these data.

One very striking phenomenon for which we have no adequate explanation is

apparent from the graphs. This is the distinct correlation between the catches of

pink salmon and those of cohos and chums. This is especially well marked on the

Nushagak side, where all these species show a distinct two-year cycle, the catches

being higher in general in the even years than in the odd. This is what we expect of

the pinks, of course, but there seems to be no reason why the cohos and chums should

follow the same fluctuations. It seems probable that there is some association

between the intensity of fishing for pinks and that for the other two species, but we
have not been able to assure ourselves that this is the case. We are unable to sug-

gest any reasonable biological explanation, and it seems more probable that the

phenomenon is due to the operation of some economic factor at present unknown.

ALASKA PENINSULA

PORT HEIDEN

The salmon fishery at Port Heiden is of minor importance but is quite isolated

from other districts, either north or south. A small commercial saltery has been

maintained here at various times, and reports of operations are at hand for four

years. Some fishing undoubtedly has been carried on here in other years hut appar-

ently mainly for local use, as no records have been submitted to the bureau. Cobb
states " that a saltery was operated here in 1918, but of this we have no record. The
available data are given in Table 5 but are obviously too few to permit of any

analysis.

Table 5.—Salmon caught and fishing appliances used at Port Heiden, 191a to 1917
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taken in the Port MoUer fishery are produced mainly in two small rivers—the Bear

and the Sandy, a few miles east of Port MoUer proper. Gilbert and O'Malley gave

cogent reasons for believing this to be the case, in spite of the opinion held by some

that the Port MoUer fishery drew upon the Bristol Bay runs to a greater or less

extent. It was believed by some of the men m the industry that in certain years,

if not in all, the salmon boimd for Bristol Bay approached the coast in the region

of Port Moller and thus were taken in the fishery at that point. The tagging experi-

ments carried out in 1922 and 1925 '^
proved conclusively that this was not true,

and that the red salmon

taken in this region did

not belong in any appre-

ciable measure to the

Bristol Bay runs. Addi-

tional evidence of the

independence of the Port

Moller runs is given by
a comparison of the data

presented in Table 6

with those for Bristol

Bay. It is obvious from

such a comparison that

there is no significant

correlation between the

fluctuations in the

catches in the two

regions, as would be ex-

pected if they drew to

any great extent upon
the same body of fish.

These additional lines of

evidence, therefore, sup-

port the conclusion of

Gilbert and O'Malley
that the red-salmon

fishery at Port Moller

is dependent primarily

upon the runs supported

by the Bear and Sandy Eivers, and we can have no doubt that these are very

seriously depleted. The very limited supply has been greatly overexploited, and

it seems probable that the process of depletion is continuing even with the reduced

intensity of fishing that now prevails. Even under present conditions the intensity

of fishing is high, as is shown by the fact that, m the tagging experiments of 1925,

47.5 per cent of the tagged fish were recovered.

" Experiments in Tagging Adult Red Salmon, Alaska Peninsula Fisheries Reservation, summer of 1922. By Charles H.

Gilbert. Bulletin, U. S. Bureau of Fisheries, Vol. XXXIX, 1923-24 (1924), pp. 39-50, Washington, 1923. Salmon-Tagging

Experiments in Alaska, 1924 and 1925. By Willis H. Rich. Bulletin, U. S. Bureau of Fisheries, Vol. XLII, 1926 (1927), pp.

109-146, Washington, 1926.
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Fig. 11.—Catch of salmon at Port Moller
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Table 6.—Salmon caught and fishing appliances used in the Port Moller district, l!Jl'2 to 1927

Year



76 BULLETIN OF THE BUREAU OP FISHERIES

NELSON LAGOON

Salmon fishing in Nelson Lagoon always has been a closely restricted one con-

ducted almost entirely with traps and drawing solely upon the run of fish entering
Nelson River to spawn. The catch of species other than red salmon never has been of

great importance, but the catch of reds has been remarkably large considering the

size of the stream. The data are presented in Table 7 and Figure 12.

The catch of red salmon shows a faii-ly steady rise from the early years of the

fishery to a maximum in 1915 and 191G. The catch for the next three years was

Fig. 12.—Catch of salmon at Nelson Lagoon

relatively poor, but it rose again in 1920 and 1921. Since that time the catch has

dropped off consistently, that of 1927 being the poorest on record. These records of

the total catch show quite clearly the usual story of excessive exploitation, accompa-
nied by large catches and followed by wide fluctuations and an ultimate decrease

due to depletion. In this case depletion appears to have been more rapid and more
severe than in Bristol Bay, and in this respect the situation resembles that at Port

Moller. A five-year cycle is indicated clearly by the peaks in 1915 and 1916 and
1920 and 1921, and the fact that no maximum appeared in 1925 and 1926 is further

indication of the serious extent of the depletion. We have mentioned above the
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disadvantages of using the total catch as a measure of abundance and have suggested
that some measure of the yield per unit of gear or per unit of fishing effort would bo

more satisfactory. Such measures of abundance have been used with marked
success in various recent fishery investigations, notably those conducted by W. F.

Thompson and his associates for the California Fish and Game Commission and the

International Fisheries Commission.

Table 7.—Salmon caught and finhing appliances used in Nelson Lagoon, 1906 to t927

Year
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reduce the catch per trap simply because of the competition between traps. Sup-

posing that a single trap were operated and caught 25 per cent of the run, then if

another trap were placed in an equally advantageous position, but beyond the first

trap, so that the only fish to reach the second trap would have to pass the first trap,

we would expect the second trap to catch less than the first. If the second trap

were equal in efficiency to the first, it would catch 25 per cent of the fish that passed

the first one—that is, 25 per cent of 75 per cent, or approximately 19 per cent of

the rim. In the same manner a third trap, equally efficient but located beyond the

second, would catch only 25 per cent of the fish that evaded the second trap, or 14

per cent of the run. Undoubtedly there is some such competition between units of

gear, and undoubtedly tliis will tend to reduce the catch per unit as the number of

units is increased, regardless of any depletion due to overfishing. The situation is

comphcated further by the fact that the fish do not always pass directly through a

given fishing area but move back and forth, often on the tides, and thus repeatedly

run the gantlet of the fishing gear. In this way the effect of the competition between

gear is reduced and under certain circumstances might be entirely nullified, so that

any change in the amount of gear would cause a corresponding change in the size of

the catch.

In the second place, it is quite possible that a given fishing effort will take a dif-

ferent percentage of a small run than of a large run. To malce use again of the

example given above it is possible that while a single trap would take 25 per cent of

an average run it might take only 20 per cent of a large run but would take 30 per

cent of a small run, or vice versa. So far as we know, there is no evidence that

such is the case, but it is a possibility that should be kept in mmd.

Again, it is very probable that a present-day trap is, m effect, entirely different

from those used in 1906; that the two are by no means comparable units. The

one trap fished in 1927 or the two fished in 1925 and 1926 were planned and driven

in the light of all the experience gained in nearly two decades of fishing in these

waters and undoubtedly were driven in the localities and in the manner which have

proved most effective. Certainly, as the niunber of traps has been reduced since

1916 it was the less productive ones that were eliminated.

A fourth complicating factor is the reduction in the intensity of fishing due to

the increase in the weekly closed period from 36 to 84 hours, which has been effective

for the past four years. This undoubtedly has tended to reduce the annual catch

per trap, and it may be assumed that the reduction in catch has been approximately

in proportion to the reduction in the time during which fishing is permitted. Such

an effect necessarily must be taken into accoimt in any analysis of catch per imit

of gear and an adjustment made therefor.

In spite of the difficulties in the way of getting an accurate measure of the catch

per unit of effort, we have felt that it was worth while to make the attempt in the

case of the Nelson Lagoon data, inasmuch as the conditions here for the analysis of

the trap catches are about as ideal as they are likely to be anywhere in Alaska. The
available data do not show the actual number of days or weeks fished per season,

so that we could not calculate the number of fish caught per trap per day or per trap

per week.
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The best measure of the catch per unit of fishing effort that we have been able

to devise is the catch per trap per days of fishing per week; that is to say, we have

taken as our unit of fishing effort one trap fishing one day per week throughout the

season, and to secure the catch per unit of effort have divided the total catch for

the season by the product of the number of traps and the number of days of fishing

per week. This makes the necessary adjustment for the effect of the decline in the

number of days per week during which fishing is permitted but does not take into

account any changes that may have occurred in the effectiveness of traps.

Figure 13 shows the changes this measure of the catch per unit of effort has

undergone. Although there have been wide fluctuations the general trend has been

downward, and there can be no doubt that the actual abundance of fish has decreased

in much the same proportion. The present yield approximates two-thirds that

obtained in the earty years of this fishery. It will be noted that the greater number
of traps employed between 1914 and 1919 is reflected in the smaller yield per unit of

f^ <o C\(K)>'O(b'^«0 0) (M 1.5 > l<) (0 f^0> ^

v. >. ^
Fig. 13.—Catch o( red salmon at Nelson Lagoon per unit of fishing eflort. (See test for explanation)

fishing effort, an effect that may be ascribed (in part, at least) to competition between
the units of gear. The decreased abimdance indicated by the yield per unit of effort

does not appear to be so marked as that indicated by the decline in total yield,

although the two are of the same order of magnitude. Furthermore there is a general

impression current that the fishery is even more seriously depleted than is indicated

by either of these measures of abundance. It appears fairly clear that neither the

total catch nor the catch on the basis of the unit of effort is entirely satisfactory as

a measure of the actual abundance. However, both indicate serious depletion, and
the future will show whether the present greatly reduced fishing effort will permit
the recovery of the run into Nelson River to something like its original proportions.

ALEUTIAN ISLANDS •

Table 8 presents the data on the salmon catch made in the numerous localities

of the Aleutian Islands from which reports have been received. The data are so

scattered that it is useless to try to determine whether the changes in catches have
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been due to depletion, natural fluctuations, or shifts- in the fishery. They are

presented without any attempt at analysis.

Table 8.—Salmon caught and fishing appliances used in the Aleutian Islands District, 1911 to 1927

Year
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Thin Point, western entrance to Cold Bay.
Volcano Bay, indentation on the western shore of Pavlof Bay just north of

Belkofslvi Bay. Also known locally as Bear Bay.

Various regulations have been promulgated from time to time under the

authority provided for the administration of the Alaska Peninsida Fisheries Reserva-

tion in 1922 and 1923 and that of the act of June 6, 1924. As the interpretation

of our data for these years will depend to some extent upon the probable effect of

the restrictions imposed, we shall review the regulations briefly.

The restrictions were intended to prevent undue expansion of the industry

during the life of the reservation, and they had no material eft'ect upon the then

established intensity of fishing. Beginning with the season of 1924, however, effec-

tive restriction of the fishing intensity began. The regulations that presumably
had the greatest eft'ect upon the catch of salmon may be summarized as follows:

1. The weekly closed period was extended from 36 to 60 hours. In 1925 and

subsequent years this order was modified and made effective only up to July 25,

after which date the weekly closed period remained as before, 36 hours.

2. On August 20, 1927, the fishing season was closed for the remainder of the

year.
3. The use of purse seines was prohibited in 1925 and subsequent years.

4. Beginning with 1926 all traps were prohibited in False Pass, and it was re-

quired that traps be spaced at least 1 mile apart in all waters.

5. In 1924 Thin Point Lagoon and tlie waters within 500 yards of the entrance

were closed to fishing.

6. The east side of Morzhovoi Bay and aU of Cold Bay were closed in 1925

and 1926, but in 1927 were opened to fishing after July 25.

The data for the various localities in the Ikatan district are given in Table 9

Table 9.—Salmon caught and fishing appliances used in the Ikatan district, 190S to 1927

Year
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Table 9.—Salmon caught and fishing appliances used in the Ikatan district, 1908 to 19S7—Continued

Year
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Table 9.—Salmon caught and fishing appliances used in the Ikatan district, 190S to 1927—Continued

Year
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The two most important localities, especially as regards the catch of red^almon,
are Ikatan and Morzhovoi Bays. The tagging experiments of 1922 and 1923 "

showed that the nms of red salmon in these two bays were intimately associated,
not only with one another but with the runs of Bristol Bay. It was apparent that

there was a considerable interchange of fish between Ikatan and Morzhovoi Bays,
and that important percentages of the fish from both localities went ultimately to

Bristol Bay. It was shown further that the traps located on the east side of Morzho-
voi Bay caught a smaller percentage of Bristol Bay fish and a correspondingly larger

percentage of red salmon derived from local spawning streams along the southern

shore of the Alaska Peninsula than did the traps on the west side of the bay. On
this accoimt it would be desirable to separate the catches made on the east and west

sides of this bay, but it has been impossible to do this with the data at hand. In

view of the close association between the red-salmon runs in Ikatan and Morzhovoi

Bays we have combined the catches for the purpose of analysis, and the data are

presented graphically in Figure 14.

The trend of the total catch increased consistently up to 1922, but since that

year has fluctuated rather widely, although the general tendency seems to be down-
ward. We can not say whether this downward tendency is due to the restrictions

imposed during the past four seasons or whether it is a reflection of the general
downward trend that has been demonstrated in the Bristol Bay catches for the past
few years. It seems probable that both factors may have had their effect.

It is quite clear from Figure 14 that the fluctuations in Morzhovoi Bay have been

proportionally greater than those in Ikatan Bay, the poor years being relatively

much poorer at Morzhovoi than at Ikatan. It has been suggested that in j'ears

marked by poor runs a smaller percentage of the fish enter Morzhovoi Bay. It is

as though the mass of fish passing along the southern shore of the peninsula kept to

the more direct routes for Ikatan Bay and False Pass in the poor years, while on

the good j'ears the relatively greater mass of fish tended to crowd large numbers off

the direct route and into such side branches as Morzhovoi Bay. The available

evidence lends some weight to such an hypothesis.
On account of the proved relationship between the red-salmon runs in Ikatan

and Morzhovoi Bays and those of Bristol Bay we have been interested to learn to

what extent the catches at Ikatan and Morzhovoi Bays are correlated with the catches

in Bristol Bay. Figure 15 shows the percentage deviations of the red-salmon catches

from tlie trend as compared with the similar data for Nushagak and Kvichak and
for Bristol Bay as a whole. The Pearsonian coefficients of correlation for three com-
binations are as follows:

Ikatan-Morzhovoi and Nushagak +0. 163 ±0. 181

Ikatan-Morzhovoi and Kvichak +.814 ±.063
Ikatan-Morzhovoi and Bristol Bay +.792 ±.070

The high correlation between the Ikatan and Kvichak catches leaves little doubt

that the Kvichak fish form by far the most important element in the catch at Ikatan.

The lack of correlation with Nushagak is doubtless due to the dominating influence

" Gilbert, footnote 12, p. 74. Second Experiment in Tagging Salmon in the Alaska Peninsula Fisheries Eeservation, Summer
of 1823. By Charles H. Gilbert and Willis H. Rich. Bulletin, U.S. Bureau of Fisheries, Vol. XLII, 1926 (1927), pp. 27-76. Wash-
ington, 1925. >
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Fig. 14.—Catch of red salmon in Ikatan and Morzhovoi Bays
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of the much larger run of Kvichak fish
;
in the period 1911 to 1927 the catch of salmon

on the Nushagak side averaged only 23. S per cent of the total for Bristol Bay. It

does not appear probable that either the Kvichak or the Nushagak fish appear in the

runs south of the peninsula in materially different proportions than in Bristol Bay.
This is borne out by the results of the tagging experiments in 1923; 11.5 per cent of

the tags recovered in Bristol Bay that year were taken on the Nushagak side, and

the catch at Nushagak for the season was 10.5 per cent of the total for Bristol Bay.
These facts indicate strongly that the red salmon of the Ikatan district are composed,
in large part, of a mixture of Bristol Bay fish, in which each run is proportionally

represented. One would anticipate, if this be true, that the correlation between

Ikatan and Bristol Bay as a whole would be greater than the correlation between

Ikatan and any one of the units. In fact, the correlation with Kvichak is slightly

higher, but the difference is so small that it can have no possible significance.

Fig. 15.—Percentage fluctuations in the catch of red salmon at Ikatan compared with those in Bristol Bay

An interesting possibility suggests itself as a result of this intimate correlation

between the catches of red salmon at Ikatan and Bristol Bays and in view of the fact

that the fish require about two weeks in which to make the journey between the two

regions. It should be possible to determine from the run of fish at Ikatan what may
be expected in Bristol Bay later in the season. To do this with any accuracy would
involve a careful comparative study of the daily catches in both places, with particu-

lar reference to the reliability (as measured by the probable error) of determinations

of the Bristol Bay run based on the accumulated totals of catches at Ikatan on various

dates during the season. If such an analysis should prove accurate within reasonable

limits, it might have some very interesting and practical applications.

Relative to the catches of other species of salmon, there does not seem to be any
material correlation between the catches taken in Ikatan and Morzhovoi Bays
except that due to the simultaneous development of the fisheries and other economic

factors. Therefore, we shall consider them as separate units in the following discus-

sions of the various localities in the Ikatan district.
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AHCH POINT

This locality is at present of minor importance and was first fished in 1927, when
a trap was driven. It seems probable that this locality will be included with the

rest of Pavlof Bay ultimately, but on account of the possibility that the catch might

prove to draw upon a difl'erent body of fish it was thought better to keep the data

separate for the present.
BELKOFSKI BAY

The fishery here has been spasmodic and of little importance up to 1924, when
a single trap was driven. Since then the catches of all species except kings have

been much larger. Previous to the installation of the trap the catch had been

chiefly of chums and pinks, but reds and cohos have appeared in noticeably larger

numbers since 1924. The pinks, as usual in this region, are taken in much greater
numbers in the even years. On account of the recent change in the character of the

fishery no further analysis is possible.

COLD BAY

Beach seines were operated in Cold Bay in most years since 1911, and one

trap was operated in 1915. The bay was closed to fishing in 1925 and 1920 but in

1927 was reopened to fishing after July 25. The most valuable element in the catch

has been the red salmon. The catch of this species has been subject to wide fluctu-

ations, which may have been caused by changes in the intensity of fishing. The
data appear to indicate that some depletion occurred previous to 1925, but this

is by no means certain on account of the irregularity in the fishery and the wide

fluctuations in the catch that have prevailed from the beginning. Much the same

thing may be said of the catch of pinks and chums. It is interesting to note, however,
that the largest catch of pinks (over 38,000) was made in an odd year (1915), con-

trary to the usual rule in this region. As this was the year in which the one trap was

operated, the large catch doubtless was due to this; but the fact that so large a catch

could be made in an odd year would indicate the presence of a considerable run of

this species.
DEEE ISLAND

Catches have been reported from Deer Island in four years only and were
confined virtually to pinks and chums. These fish are presumably though not

certainly of local origin. The fishing has been carried on irregularly, and the data

are too few to permit analysis.

IKATAN BAY

The red salmon of Ikatan Bay have been treated above. All four of the other

species show a somewhat similar history. The catches in general increased up to

1920, then fell off sharply in 1921 due to the economic conditions that have been
mentioned above frequently. Since 1921 all of these species have shown gradual

recovery, until at present the level of the catches is approximately the same as it

was in the years immediately preceding 1921, and in the case of cohos the level

is noticeably higher. The data are shown graphically in Figure 16.
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MORZHOVOI BAY

As in the case of Ikatan Bay the red-salmon catch of Morzhovoi Bay has been

discussed above. The data relative to the other species are shown graphically in

Figure 17. It will be apparent from a comparison of this figure with the similar

one for Ikatan Bay that the recent history of the catches of pinks, chums, cohos, and

kings has been somewhat different in the two localities. Up to 1921 the develop-

ment in the two localities had been similar, but Morzhovoi Bay does not show the

Fig. 16.—Catch of pinks, chums, cohos, and kings at Ikatan

same recovery from the depression of 1921 that is shown by Ikatan Bay. The

tendency for the catches to return to the former level is evidenced by the pinks

and chums, but neither the cohos nor longs have recovered to any marked degree.

The cause of these differences is not apparent.

KING COVE

This small fishery, carried on chiefly in King Cove Lagoon, has produced chiefly

chums and a few pinks. It has not been contuiuous, and the yield has been subject

to wide fluctuations. No depletion is indicated by the available data.
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NICHOLASKI SPIT

This particular locality has been fished only since 1924, when a trap was driven

here. This trap has caught an unusually large number of red salmon, and Doctor

Gilbert has stated, on the basis of scale studies, that these reds apparently were

Bristol Bay fish (in part, at least) that were intercepted here as at Ikatan, Morzhovoi

Bay, and Unga Island. A tagging experiment planned for the coming summer

(1928) undoubtedly will settle this pomt, but it is interesting to note that our catch

data lend considerable support to the theory even though only four years are availa-

ble for study. If the catches of red salmon from 1924 to 1927 at Nicholaski be com-

pared with the catches for the same years at Ikatan, it will be seen that, based on

the size of the catch, the rank of each year is identical in the two localities. The

largest catch was made in 1926, then came 1924, 1927, and 1925. While such a

"rank" method of determining correlation is not especially reliable, particularly

Flo. 17.—Catch of pinks, chums, cohos, and kings at Morzhovoi Bay

with so few data, in this case it is so marked as to lend considerable weight to the

theory advanced by Doctor Gilbert. The data are too few to warrant any discussion

of the other species.

PAVLOF BAT

The fishery in Pavlof Bay has been conducted with some intensity since 1918

(with the exception of 1921), when traps were first installed. The yield of red salmon

has never been consistently large, although in 1918 the catch was over 30,000 and in

1926 exceeded 43,000. The catch of kings has been negligible and that of cohos has

been very irregular and never large. The chief species taken in Pavlof Bay have

been pinks and chums, and of these the catch of pinks has been by far the more impor-

tant; but both species have shown such wide fluctuations that it is difficult to see

any general trend. The pinks, of course, show the usual two-year cycle, abimdant
in the even years and scarce in the odd years; and the catch of both species shows the

efifect of the economic situation that prevailed in 1921. The poor catch of 1925 can
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not be accounted for from the data at hand, but it appears reasonable to suppose that

for some reason the traps were not actually fished. In general, the catches of all

species appear to be as good now as they ever were.

VOLCANO BAY

In reality Volcano Bay is only an arm of Pavlof Bay and also was first fished

intensively in 1918, when traps were driven. Previous to this time it had been fished

regularly by seiners since 1911, except for 1913. Up to 1918 the yield had been almost

exclusively chums, but after the traps were installed large catches of pinks were made
and a few reds and cohos also were taken. As in Pavlof Bay, the catch of king salmon
is negligible. The general trend of the catches of all four species is clearly upward.
This rise is remarkably constant in the case of the even-year catches of pinks

—each

catch has been greater than the one preceding and the scries does not even show the

effect of the depression of 1921. As usual the catch of pinks in the odd years
has been relatively small, although that, too, has been increasing, the catch of

o
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upon to show abundance they tell a story of depletion to the point of practical ex-

termination. The Sanak Islands are isolated and are visited rarely, and there can

be little doubt that fishing has been mercilessly intense, with a result that might
have been foreseen.

THIN POINT

The fishery at Thin Point is the oldest in the district, having been established

in 1889', when a cannery was built and was operated for three seasons. A second

cannery was built here :n 1890 and was operated for two years only. In 1892 both

canneries were closed, but salteries were operated during the period from 1892 to

1896, inclusive. Between the years 1896 and 1908, when our more detailed statistics

begin, we have no record, and Cobb infers in his historical account of this fishery

IZ
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Fig. 19.—Catch of red salmon at Thin Point

that no commercial operations were carried on then at Thin Point. Most of the

data we have for these early years has been taken from the reports of the special

agents of the Treasury Department. For the three years in which the canneries

were operated we have no record of the species canned, but it is fairly certain that

they were all reds. The packs were as follows: 1889, 28,748 cases; 1890, 9,417 cases;

and 1891, 11,000 cases. The pack of salted fish in 1892 amounted to 1,500 barrels.

There is no record for this year of the species used nor of the number of fish caught,
but it is probable that they were all red salmon and that approximately 75,000 fish

were taken. The records for the years 1893 to 1896 state definitely that the fish

were all red salmon, and the packs and catches were as follows: 1893, 1,232 barrels,

60,000 fish; 1894, 2,519 barrels, 125,950 fish; 1895, 375 barrels, 23,453 fish, and 1896,

611 barrels, 27,198 fish. The records for the recent years, beginning with 1908, are

given in Table 9, and the catch of red salmon is shown graphically in Figure 19.
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Thi.s fishery, like the one at Sanak Island, has been conducted solely with beach

seines and has produced chiefly red salmon, although occasional good catches of

pinks, chums, and cohos have been reported in recent years. It does not appear
from our records that the catches of red salmon were, on the whole, greatly reduced

previous to the closure of the lagoon to fishing in 1924. As a result of this closure

the fishing has been restricted to the beach outside the entrance to the lagoon, and
a marked reduction in the catch has resulted. This fishery has also been a very
intense one, and it is rather surprising that the catches previous to 1924 did not show
evidence of greater depletion.

SHUMAGIN DISTRICT

The following localities of the Shumagin district are not named on the map :

Acheridin Bay, southern shore of Unga Island.

Red Cove, southwest side of Popof Island.

Balboa Bay, Alaska Peninsula, directly north of Unga Island across Unga
Strait.

Ivanof Bay, Alaska Peninsula, the first bay east of Kupreanof Point.

Stepovak Bay, Alaska Peninsula, the first bay west of Kupreanof Point.

Orzinski (Orzenoi) Bay, a small bay on the west side of Stepovak Bay.
The same general regulations have applied to the .Shumagin district as were

in force in the Ikatan district, and the following special regulations have been pro-

mulgated: Stepovak and Balboa Bays, with the exception of Orzinski Bay, were

closed to fishing in 1925, and the catch at Orzinski was limited to 25,000 red salmon.

In 1926 traps were prohibited on all islands except Unga, and beginning with 1928

the traps on Unga Island will be restricted to the east side (Popof Strait). Table

10 presents the data for this district.

Table 10.- -Salmnn caught and fishing appliances used in the Shumagin Islands district, 1908 to

1927

Year
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Table 10.—Salmon caught and fishing appliances used in the Shumagin Islands district, 190S to

1927—Continued

Year
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ACHERIDIN BAY

So far as our records go, the fishery here has been very irregular. A catch of nearly

31,000 red salmon was made in 1912, but no other catch was recorded until 1922,

although since then reports have been received yearly. It is very probable, however,
that the fishery was fairly continuous between 1912 and 1922 and that for one reason

or another records have not been submitted. The fishery is mainly for red salmon,
but in 1923 a small catch of pinks and chums was made also. If our record be taken

as it stands and the catch of 1912 be considered as a fair indication of the abundance
at that time, it is clear that this locality has been seriously depleted. The available

data are too few to warrant a definite conclusion to this effect, however.

Fig. 20.—Catch of red salmon at Orzinski

BALBOA AND IVANOF BAYS

The fisheries in both these localities have been irregular so far as our reports show
and no analysis is possible. They have produced chiefly pinks and chums caught

by beach seines and presumably of local origin.

ORZINSKI BAY

This bay receives a small river that supports a run of red salmon that has formed
the object of a fishery for many years. Cobb states that a cannery was started here

in 1889 but operated only for two years. For these years we have no record of either

the pack or the catch. Cobb states further that a saltery was established here about

1905, but the earliest records available to us begin with 1908. Very few fish other

than red salmon had been taken here up to 1927, but in that year an unprecedented
catch was made of over 83,000 pinks. It seems possible that this was due to some
economic factor with which we are not acquainted. The catches of red salmon are

shown graphically in Figure 20. It is not apparent that there has been much change
in the yield, unless the poor catch recorded for 1927 is an indication of a fall. How-

ever, as this smaller yield of reds was accompanied by a greatly augmented yield of
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pinks we are inclined to the opinion that there was some marked change in the conduct

of the fishery. Leaving 1927 out of consideration, there would still appear to be some

slight fall in the yield, which possibly may be referred to depletion. It is very inter-

esting to note, however, that the discontinuance of the fishery during the years 1919

to 1921, inclusive (if, indeed, our records are reliable), had no appreciable effect in

increasing the future runs.

POPOF STRAIT

The most important fishery in the Shumagin district is prosecuted in Popof
Strait, where several extremely productive traps are situated. Our records show that

traps were driven here first in 1919, but it was not until 1922 that the production
increased markedly. Doubtless this was due to improvements made in the location

and contruction of the traps. The tagging experiments of 1922 and 1923 showed that

these traps caught large numbers of the fish bound for Ikatan and Morzhovoi Bays
and thence for Bristol Bay. With this in mind we have investigated the correlation

shown between the catches in Popof Strait and those at Ikatan and in Bristol Bay
for the years 1922 to 1927, inclusive. For this purpose we have used Spearman's
coefficient of correlation (p), which is recommended for cases in which the number
of items is small. While this method is not as accurate as the better-known formula

of Pearson (r) it is as reliable a method as is justified by the available data. The

following values of p have been determined:

Popof Strait and Ikatan +0. 657 ±0. 164

Popof Strait and Bristol Bay +. 600 ±. 184

A high degree of correlation is indicated, as would be expected from our knowledge
of the routes of migration.

On account of the marked change in the effectiveness of the fishery, which took

place in 1922, and the short series of years since that event we do not feel justified

in making any additional analyses of the data.

RED COVE

This fishery has drawn chiefly upon a small run of red salmon that enters a

stream flowing into Red Cove. As is the case in most such small fisheries, doubtless

it has been prosecuted intensely, and our data, although not extensive, indicate a

general decline in the yield, which may safely be ascribed to depletion.
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FISH-PROTECTION PROBLEM

Every year millions of game fish and fry of anadromous food fish are carried out

on the fields and left to die because they have followed some irrigation canal instead

of the main stream channel. Many others are killed by mechanical injury or sudden

pressure change incident to passing through hydrauhc turbines. The problem of

protecting fish from these dangers is not new but probably is as old as the knowledge
of irrigation. However, as irrigation and power projects increase in size and number
and the supply of fish is depleted, the problem commands greater attention. As

early as 1895, Dr. C. H. Gilbert, of Stanford University, called the attention of

HoUister D. McGuire (then fish and game protector of Oregon) to the destruction of

blueback-salmon fry on the irrigation projects near Wallowa Lake (McGuire, 1896).
This led to legislation in Oregon requiring the screening of waterways dangerous to

97
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fish. Virtually without exception the biennial reports of the fish and game com-
missioners since that time have stressed the importance of fish screens.

Two classes of fish of quite different habits are involved in the problem of fish

protection. They are those of anadromous habits, such as the salmon and steelhead

trout, and those that confine their migration entirely to fresh water. Sportsmen
are interested in both classes, while the commercial fishermen, especially in the West,
are interested almost entirely in fish that mature at sea.

Of the anadromous fish, the various species of salmon are by far the most im-

portant on the Pacific coast. Their habits are such that they are particularly

susceptible to destruction, due to unnatural waterway conditions. Artificial stream

barriers prevent the mature fish, returning from the ocean, from reaching their

spawning beds in the headwaters of the streams. This necessitates the construc-

tion of fishways around or over these barriers. The young salmon fingerlings, when

impelled by instinct to migrate seaward, are confronted by the peril of destruction in

large numbers by entering irrigation ditches, canals, mill races, and other dangerous
watercourses. This danger can be eliminated only by the proper protection of the

entrances to these waterways. This is not an easy task, especially if mechanical

screens are used, because J^-inch mesh is required to give protection to the very

young fry in the yolk-sac stage. The largest salmon to which protection would

have to be afforded during their seaward migration would probably be the yearling

Chinook salmon. Dr. Willis H. Rich has found that the average length of yearling

chinook salmon is approximately 4 inches (100 millimeters), both in the Columbia

and Sacramento Rivers (Rich, 1920). It is obvious, then, that if mechanical screens

were constructed to protect only the yearling salmon, the mesh would be small and the

accumulation of leaves and debris would be a constant menace to the flow of water

through the screen. What is true of the screens for the protection of salmon is

likewise true of screens for protecting the fish hving exclusively in fresh water. Some
of the larger sizes of these fresh-water fish could be protected by screens of larger

mesh. This would make the screen slightly less susceptible to the accumulation of

debris. However, such screens obviously would offer only partial protection.

PROTECTIVE LAWS

Adequate laws have been enacted by the legislatures in all of the States having
this fish-protection problem. These laws give all legal authority necessary for the

protection of the entrances to dangerous waterways if satisfactory devices are avail-

able with which to screen them. A typical example of such laws is found in section

61 of the game laws of Oregon, quoted here:

Any person owning, in whole or in part, or leasing, operating, or having in charge any irrigation

ditch, or canal, mill race, or other artificial watercourse, taliing or receiving its waters from any

river, creek, or lake in which fish have been placed or may exist, shall, upon order of the State game

commission, place or cause to be placed, and shall maintain, to the satisfaction of the State game
commission, over the inlet of such ditch, canal, mill race, or watercourse, a grating, screen, or other

device, either stationary or operated mechanically, of such construction, fineness, strength, and

quality as shall prevent any fish from entering such ditch, canal, mill race, or watercourse, to the

satisfaction of the State game commission. But before said State game commission shall adopt

anv permament plan for a screen or device to be placed in irrigating ditches, it shall be its duty to

conduct a competitive examination, and at such examination all persons desiring to do so may
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submit to said State game commission, for its approval or rejection, working models of its [their]

respective screens or other devices for the protection of fish. Inadequate screening devices may be

ordered removed and new screens ordered installed when, upon investigation by the State game
commission or any of its representatives, it is determined that any screen, grating, or other device,

either by construction, operation, or otherwise, is found to be inadequate by the State game com-

mission. In the event the owner in whole or in part, or person leasing, operating, or having in

charge such ditch, canal, mill race, or other artificial watercourse, shall fail or refuse to comply
with the instructions of the State game commission with respect to the installation, maintenance,
or repair of such screen, grating, or other device within such reasonable time as may be specified by
the State game commission, he shall be guilty of a misdemeanor, and said State game commission or

any of its representatives shall have power to close forthwith the head gates or place such other

barrier or obstruction in such ditch, canal, mill race, or other artificial watercourse as said State

game commission may deem necessary to prevent the flow of water through such ditch, canal,

mill race, or other artificial watercourse until a screen, grating, or other device shall be placed

therein to the satisfaction of the State game commission.

From the above law it is obvious that there is nothiag lacking in the way of legal

authority for the protection of fish from dangerous waterways. Unfortunately,

however, the eflfectiveness of these laws has been impaired greatly because adequate
screens have been expensive to install and very difficult to maintain.

MECHANICAL SCREENS

Mechanical screens of the stationary type, having a mesh of sufficient fineness to

afford adequate protection to fish fingerlings, have been found very difficult and

expensive to maintain. The chief difficulties are the constant accimiulation of leaves

and debris and mechanical injury to the screen by large floating pieces of debris.

The objectionable features of the stationary-type mechanical screen have been

reduced greatly by the revolving, self-cleaning type of screen, which has been available

since 1918. However, the revolving screen has not solved the fish-protection problem
and leaves much to be desired in the screening of dangerous waterways.

ELECTRIC SCREEN

The idea of using an electrified area in water to direct the movements of fish is

not new. At least three and perhaps more United States patents have been granted
on methods of using electricity for this purpose. The most recent of these patents
was applied for in March, 1922, and was granted in November, 1924 (Burkey, 1924).

Hence, no claim is made that the idea of an electric fish screen is new or novel.

Many installations have been made of electric fish "stops" in Washington,

Oregon, and Cahfornia. Some of these installations have been considered successful;

others have been pronounced absolute failures. As a result of these confficting

opinions, the electric fish "stop" came into disrepute in some locaUties and in some
instances was abandoned entirely as impractical. Investigation disclosed the fact

that, virtually without exception, the installation of electric "stops" had been made
by those who had Httle or no knowledge of electricity, and there was an absolute

dearth of information about the voltage gradients fish were susceptible to in water
and the voltage gradients required to produce paralysis and death. The only fact

that was known definitely was that virtually every installation succeeded in killing

some fish. Hence, the electric fish "stop" rapidly gained a reputation as a destroyer
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rather than a preserver of fish. In the light of these facts, J. E. Yates, assistant

engineer of the Pacific Power & Light Co., determined to have an investigation made
to find, as far as practical, the facts about the electric fish screen. The results of

this investigation are given in this report.
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PROBLEMS INVESTIGATED

The following problems were studied during the course of the experimental work
at Bonneville, Oreg.:

1. What uniform voltage gradient in water will cause a fish to become paralyzed,
and how does this voltage gradient vary with the length of the fish?

2. How does the voltage gradient and duration of application affect the mor-

tahty of fish subjected to excessive voltage gradients?

3. Do fish subjected to electric shocks in various degrees suffer any after effects

other than those immediately observable?

4. What influence does the resistivity of the water in which the fish are immersed
have upon the voltage gradient required to produce paralysis?

5. What variation in water resistivity is found in various rivers and streams?

6. Do fish, when swimming into an electrified area, such as that around an

electric screen, sense the direction of the danger?
7. Does the relation of the lines of electric-current flow and the equipotential

surfaces with respect to the opening protected and the direction of water flow in the

stream have any influence on the effectiveness of an electric screen?

8. Will an electric screen effectively prevent flsh entering a protected area?

EXPERIMENTAL DATA

VOLTAGE GRADIENT REQUIRED TO PRODUCE PARALYSIS

One of the most fundamental things needed to be known in connection with

the application of electricity to fish screens was the order of magnitude of the voltage

gradient required to produce paralysis and cause fish to lose all control of movement.
To obtain these data, an aquarium with glass sides and wood bottom and ends was

fitted with two parallel metal plates having as nearly as practical the same area as

the QVQSS section of the aquarium, These plates were connected with the secondary
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terminals of an insulating transformer. The insulating transfoi-mer was used to in-

sure against leakage to ground from one plate, due to the grounded neutral of the

110-220 volt lighting circuit. A variable voltage from zero to the maximum value

required was obtained by the use of a resistance potentiometer supplying the primary
of the insulating transformer. A picture of this apparatus as set up is shown in

Figure 1. This arrangement of parallel plates supplied from a variable voltage

supply makes it possible to obtain a uniform voltage gradient in the aquarium of

any desired value from zero to the maximum necessary in these experiments. All

of the tests described in this report, unless otherwise specified, were made with

60-cycle alternating current. The voltages and the voltage gradients are root mean
square values.

WHE
IQO
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summary of the results is tabulated in Table 1, tests 1 to 14, inclusive, and shown

graphically in Figure 5. These data bring out two very interesting facts. First,

the voltage gradient required to produce paralysis is very low. Second, the voltage

gradient required to produce paralysis is inversely proportional to the length of the

fish. In other words, the long fish require a much lower field strength to paralyze

them than the short ones. This is the opposite of the conception held by many
previous to these tests. In fact, the most recent patent found covering an electric

fish "stop" makes the following statement (Burkey, 1924):

With the use of the transformer it is possible to have an electric current at the inlet end of the

fish "stop" of a low amperage for the purpose of stopping or turning back small fish and thereby
obviate any possible chance of injuring or killing small fish by coming in contact i^nth electrical

current of too high amperage. The electrodes, being arranged in three series and connected to the

transformer, permit electrical currents to be passed through the water of progressively increasing

amperage, so that when large fish are not stopped or turned back by the low amperage the intermedi-

ate series of electrodes will supply electrical current of sufiicient amperage to turn back or stop such

sized fish.

Table 1.—Voltage gradient required to paralyze fish of various lengths when subjected to a uniform
electric field in water having a resistivity of 10,000 ohms per inch cube and at a temperature of 53° F.

Test No.
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applies for water having a resistivity of 10,000 ohms per inch cube, but for other

resistivities the constant term 3.70 must be modified, as will be shown later under the

discussion of the influence of water resistivity upon paralysis-voltage gradient.

It has been suggested that different species of fish may require different voltage

gradients to produce paralysis. This point should be investigated further. Tests

were made on four different species at Bonneville, and all gave results that fell within

the range between the minimum and maximum curves. It is probable that no

greater variation will be found between the different species involved in protection

problems than is found between individuals of the same species. That there is

considerable variation between individuals is shown by the separation of the maximum
and minimum curves of Figure 5. This variation is due to several factors, among
which may be mentioned slight variation in the length of individuals in a test group,
variation in the condition and vitality of individuals and the position of the fish

with respect to the lines of current flow, and the equipotential surfaces in the electric

field. Great care was exercised to obtain healthy, normal fish. Some of the rainbow

trout at BonnevUle were found to be infested with an external copepod parasite,

which attacks the mouth and gills. For this reason all of the rainbow trout used were

examined carefully for this parasite, and those infested to a degree that would affect

their vitality were rejected.

HIGH-FREQUENCY TEST

A high-frequency oscillator was set up, as shown in Figure 2, and a group of 30

chinook-salmon fingerlings, averaging 3.04 inches in length, was subjected to a

500,000-cycle electric field. Plate voltages more than 100 times those used at 60

cycles were applied. None of the fish gave any indication of feeling the existence of an

electric field in the water. Tnis phenomenon probably is due to the fact that virtually

all of the current at this high frequency is flowing on the surface of the water between
the electrodes, and consequently there is no appreciable electric field in the water.

CONTINUOUS-CURRENT TEST

A continuous-current test was made on a group of 30 chinook-salmon fingerlings,

using the direct-current exciter in the hatchery hydraulic-power plant as a source of

contmuous potential. The voltage gradients for paralysis were 1.33 volts per inch

minimum and 2.0 maximum. The average length of the fish was 3.0 inches. These
values check the 60-cycle alternating-current tests very well, as shown by the max-
imum and minimum curves in Figure 5.

DURATION OF APPLICATION AND MORTALITY

Returning to the 60-cycle alternating-current source of supply, a series of tests

was made to determme the influence of the time of voltage application on the number
of fish killed. These tests were made on chinook-salmon fingerlings having an average
length of 3.1 inches. They were made bysubjecting 14 groups of approxknately 30 fish

each to a definite voltage gradient for a fixed period of time. The voltage gradients
were selected from below the paralysis value to values of approximately twice this

voltage gradient, and two arbitrary periods of application (1 muiute and 5 minutes)
were chosen. An entirely fresh lot of fish was used for each test to eliminate any
cumulative effects from repeated voltage applications. The results of these tests

110928—28 2
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are summarized in Table 2. These data siiow conclusively, as one would expect,
that the duration of application of the potential has a decided effect upon the mortality
of the fish when voltage gradients above the paralysis value are applied. A voltage

gradient of 1.48 volts per inch, used in test No. 19, paralyzed 26 of the 30 fish in one

minute but did not kill any of them. Essentially the same voltage gradient, 1.46 volts

per inch, used in test No. 27, paralyzed all of the fish, and after a 5-minute application
69 per cent of the fish did not recover. The duration of the period of complete

paralysis or suspended animation appeared in every case to be the greatest factor in

determining recovery from electric shock. Vntually, without exception, it was ob-

served that when a group of fish was paralyzed the recovery was in the inverse order

of the paralysis
—that is, the fish paralyzed first were last to recover and those para-

lyzed last were first to recover.

Table 2.—Influence of voltage gradient and duration of application on mortality of chinook-salmon
fingerlings 3.1 inches long when subjected to a uniform electric field in ivater having a resistivity of

10,000 ohms per inch cube and at a temperature of 63° F. Electrode plates, 21^ square inches area,
spaced 12 inches apart

Test No.
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the direct control of the sympathetic nervous system and hence are disturbed very

seriously by a severe electric shock. The first indication of recovery after the

potential is removed is a reestablishment of gill action, or a strengthening of it if the

gill action has not stopped entirely. After the gill action has reached nearly normal

the body begins to flex, and in a short time the normal swimming position is resumed.

INFLUENCE OF VOLTAGE GRADIENT AMD DURATION OFAPPLICATION ON MOPTAUTY
or

CHINOOK SALMON FRr 3.1 INCHEIS LONG

WHEN SUBJECTCO TO AUNITORM ELECTRIC FIELD IN WATER HAVINC A
RESISTIVITV OP IC^OOO OHMS PER INCH CUBE AND AT A TEMPtRATURE.

OF 53. OEGREES FAHRENHEIT.

® POTENTIAl. APPLIED ONE. MINUTE.

® POTENTIAL APPLIED FIVE MINUTES,

19.
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OBSERVATIONS AFTER ELECTRICAL TESTS

All of the fish used in tests 1 to 30, inclusive, except those killed outright, were

kept, segregated by test numbers, in the running water of the hatchery troughs for

observation. Check groups taken from the same hatchery pools, which had not

been subjected to any potential, were used for comparison. These fish, totaling 407

in number, were observed very carefully twice daily for 10 days. During this period
the fish that had been subjected to the electrical tests did not develop a single symptom
that did not develop in the check groups as well. During the fii'st two days of

observation one fish that had been subjected to a high-voltage gradient became

THE INFLUENCE OF WATER RESISTIVITY ON THE VOLTAGE GRADIfcMT REHIRED TO PMiALr^E
CHINOOK SALMON FRY 3.1 IMCKES LONG

WHEN SUBJECTED TO A UMIFORM ELECTRIC FIELO IN WATER THE REJISTIVITV OP WHICH }HAS AOMSTZC
TO THE DESIRED VALUC BT ADDING FRESH WATER TO A 3ALT<Na.Cl) SOLlTriON MAVIMG AH INITIAL

RESISTIVITY or 11.6 OHMS PER INCH CUBE AND AT /« TtnPE flATURB OF SS.S DECREES rAMREHHerr
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INFLUENCE OF WATER RESISTIVITY ON THE PARALYSIS-VOLTAGE GRADIENT

A series of paralysis-voltage gradient tests were made with chinook-salmon

fingerlings, using water varying in resistivity from 11.6 to 10,030 ohms per inch cube

to determine the influence of water resistivity upon the paralysis-voltage gradient.

The results of these tests (Nos. 31 to 37, inclusive) are summarized in Table 3

and shown graphically in Figure 7. The water resistivity was adjusted to the desired

value in these tests by first making a salt (NaCl) water solution that had the resis-

tivity of sea water; fresh water was then added to obtain the desired increments in

resistivity. These data show a rapid change in the voltage gradient required to

paralyze fish at low values of water resistivity, a slower change at intermediate

resistivities, and a rapid change again at high resistivities. Tlie range of resistivities

covered by this investigation, it should be noted, is from sea water to high-resistivity

mountain-stream water, and in this range the minimum paralysis-voltage gradient

changes from 0.27 to 1.23 volts per inch, or 4.55 times. It is necessary then to mtro-

duce a water-resistivity correction factor in the previous equation. It may now be

written

„ 3.70 TF
9 =—f

where g= voltage gradient per inch to produce paralysis, L= length of fish in inches,

and TF= correction factor for water resistivity. (See Table 4 for values of W for

different water resistivities from 10 to 10,000 ohms per inch cube.)

Table 3.—Influence of water resistivity on the voltage gradient required to paralyze chinook-salmon

fingerlings S.l inches long when subjected to a uniform electric field in water, the resistivity of which
was adjusted to the desired value by adding fresh water to a salt (NaCl) solution having an initial

resistivity of 11.6 ohms per inch cube and at a temperature of 55.5° F.

Test No.
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WATER RESISTIVITY OF VARIOUS STREAMS

The resistivity of the water has such an important influence upon the voltage
gradients and voltages that should be used on electric fish screens that it is very-

important to know something of the variation in resistivity found in various streams.

/

Fio. 8

To obtain this information, samples of water were secured from 12 rivers, 1 creek,
and the Pacific Ocean.

Temperature-resistivity data were taken for each of these samples by chilling the

water to approximately 40° F., then measuring the resistivity as the sample was
warmed in increments to approximately 95° F. All water resistivities used in this

investigation were measured by the Kohlrausch U-tube method, using a double com-
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mutator with the resistance bridge to insui-e the eHmination of all polarization effects

(Ivohlrausch, 1883). These temperature-resistivity data for the various streams are

plotted with rectangular coordinates in Figure 8. An examination of these curves

?hows that there is a gi-eat variation in the resistivity of the water from various

streams. The Snake River water, for example, has a resistivity of 800 ohms per

inch cube at 60° F., while the Clearwater River water has a resistivity of 9,850 ohms,

TErjlPERy^TUKE- KE3IST1 VITV CURVES
Fbft

THE WAfER FROM VARIOUS STREAMS

SAMfIlES IttKEN JULYIfcjTO SEPT.,l2,l92fe..

Fig. 9

which is 12.3 times as great at the same temperature. This wide variation in resis-

tivity is due, of course, to dissolved salts taken up by the water in the stream and its

tributary drainage basin. An inspection of these curves shows that all of the streams

having low-resistivity water rise east of the Cascade Mountains and pass through
semiarid alkali sections. The Clearwater River rises in the Bitter Root Mountains
of Idaho. The other streams rise in the Cascade Mountains and are fed, in general,
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by melting snow and glaciers, with the result that they are grouped fairly close

together in water resistivity and the value is relatively high.

The resistivity of the sea-water sample from Seaside, Oreg., was so low that it

could not be plotted in Figure 8. The resistivity of the sea water at 60° F. was 11.2

ohms per inch cube, or 1/880 that of the Clearwater River water at the same

temperature.

Figure 9, a semilogarithmic plot of these temperature-resistivity data for the

waters from all of the sources investigated, shows two very interesting relations.

First, all of the curves are straight lines; second, all of the curves are parallel. The

significance of all of the curves being straight lines when plotted this way is that the

temperature-resistivity characteristic within the limits of temperature investigated
can be represented by an exponential equation of the form

where p
= the resistivity in ohms per inch cube, 9 = the temperature in degrees

Fahrenheit, e = 2.7183 base of Naperian logarithms, A =
a, constant, and & = a constant.

The significance of all of the curves being parallel is that the slopes are all the same;

therefore, the constant term h in the exponent of this equation is the same for sea

water and the water from every stream investigated. The numerical value of the

constant 6 was calculated and found to be 0.014. The values of the constants A
for the various kinds of water were calculated and are tabulated in Table 5. With
these values of the constant term A and 0.014 for the constant term 6 in the above

equation, the resistivity of any of the waters investigated can be calculated for any
temperature from 40 to 100° F., with a maximum error not greater than 3 per cent.

Therefore, the temperature-resistivity characteristics for the waters studied can be

represented over the range of temperature from 40 to 100° F. by the following

equation:

where ^ is a constant having a different value for the water from each stream and for

the waters investigated has a minimum value of 26.9 and a maximum value of 23,100.

Table 5.—Constants for water temperature-resistivity equation p= At-^Q

Stream Location at which sample was talien Constant A
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Seasonal variations will occur in the resistivity of the water in a stream. In some

streams this variation will undoubtedly be much larger than in others. One stream

that has been investigated has a seasonal variation in resistivity of 13 per cent at a

constant reference temperature. The maximum resistivity occurs during the period

of maximum run-off. Fortunately, electric fish screens do not need to be designed

within very close limits, and no trouble is anticipated from variations in the water

resistivity of a stream.

DO FISH SENSE THE SOURCE OF AN ELECTRIC FIELD AND AVOID IT?

Another fundamental fact that must be known is whether or not fish, swimming
into an electrified area, sense the direction of danger. In an effort to determine this

point several tests were made in the outside pools at the Bonneville hatchery. The
first four tests were made in a rectangular concrete pool 8 feet wide, 4 feet deep, and

48 feet long, including the spillway. Twelve feet of the lower end of this pool next

to the spillway were divided into two 4-foot channels by a tight partition of 1 by 12

inch boards. Facing downstream, the right-hand channel was selected to be pro-

tected by the electric screen. The arrangement of this pool and the second screen

used are shown in Figure 3. •'> <

The first screen was made of four J/^-inch standard-pipe electrodes spaced 18

inches apart and in a single row, making an angle of 60 degrees in the direction of

stream flow. Alternate electrodes were connected and made the same electrical

polarity; this arrangement made adjacent electrodes opposite in polarity. About

200 chinook-salmon fingerlings 10 months old were liberated at the upper end of the

pool. When undisturbed they avoided the electrified area around the screen fairly

well, but when frightened they would swim through it into the protected channel.

This screen was defective in three ways, as will be shown later in the discussion of

the proper relation of the lines of current flow and equipotential surfaces with respect

to the direction of water flow and the plane of the protected opening and the iroper
size of electrodes. First, the lines of electric-current flow were in the wrong direction

with respect to the water flow; second, they were in the wrong direction with respect
to the protected opening; and third, the electrodes were too small in diameter.

The second screen test was made in the same pool, and all of the conditions

were kept the same, except that the number of electrodes was increased to six and
the angle of the hue of electrodes with the direction of water flow was reduced from

60 to 30 degrees. Approximately 2,000 chinook-sahnon fingerlings 10 months old were

liberated in the open end of the pool and observed. They seemed to avoid the screen

fairly weU, although some would swim through into the protected channel. At 4.30

p. m. the protected area was cleared of fish and 30 volts left on the electrodes for the

night. The next morning at 8 o'clock 50 fingerhngs were in the protected area and
6 had been electrocuted during the 15.5 hours the screen had been on. The fish

were then driven back and forth past the screen, and they avoided the electrified area

fairly well but would dash through at times. This screen was still defective in regard
to the size of the electrodes. The direction of the fines of current flow, however,
had been improved by making them more nearly parallel with the direction of stream
flow and more nearly perpendicular to the plane of the protected opening. Leaving
all conditions except the screen as they were before, a third screen was constructed,

110928—28 3
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consisting of two parallel rows of J/^-inch standard pipe spaced 18 inches apart in the

rows and the tv/o rows 2 feet apart. The angle of the electrode rows with the direc-

tion of stream flow was kept at 30 degrees, as before. The electrodes of each row

were connected parallel and the two rows made opposite in polarity. This arrange-
ment of electrodes put the Unes of current flow approximately in the direction of

stream flow, and consequently in the direction the fish approach the screen. With
some trout used in the previous test in the open channel, the electrodes were ener-

gized with 24.5 volts and left on from 4.30 p. m. until 8 a. m. The fish did not enter

the protected channel. It was observed that trout that had passed through the

electric field of the screen could not be driven through it again except with great

difliculty. For this reason a new group of 12 rainbow trout was substituted for those

that apparently had become screen shy. When first hberated, 5 of the 12 were

frightened and dashed through the screen. They were then driven out into the open
end of the pool and the potential left on over night. The fish did not reenter the

screened area during the night, and the next morning we were unable to drive any
of them through the screen.

The fourth screen used was but a very slight modification of the third. One
electrode was added to fill a rather large opening on the by-pass charmel side of the

screen. The electrode voltage was adjusted to 23 volts, and approximately 2,500

chinook-salmon fingerUngs were put in the outside channel at 11.30 a. m. These

fish were allowed to move about as they pleased. Frequently the entire school

would swim directly toward the screen but always turned away when within from

18 to 24 inches of the first row of electrodes. They were continually feeding on elm

beetles, which were blown on the water from the elm trees above the pool, but they
would never venture through the screen for those in the protected area. An attempt
was then made to attract them through the screen by throwing a mixture of ground
salmon and salmon eggs between the electrodes and in the protected area. They
could be drawn into the screen by throwing the food outside and leading up to it,

but they would dash out without taking the food and never passed beyond the second

row of electrodes. The only way the yoimg salmon could be driven through the

screen was by fright. A few were driven through the screen by waiting until a school

was immediately in front of the screen and then making a sudden motion toward

them with a pole, net, or other device.

The last two screens tried were by far the most effective. This undoubtedly
was due to a more eft'ective use of the electric field by arranging the fines of current

flow parallel with the stream flow and at right angles with that of the protected

opening. The tests in the concrete pool, however, were not as conclusive as they

might have been, because conditions were unnatural. The water velocity was

extremely low; in fact, it was virtually still water, hence the fish did not fine up with

the direction of water flow as in a stream. The pool was near the main hatchery

driveway, and the fish were continually frightened and disturbed by tourists and

therefore were unnatural in their behavior. However, those who witnessed the tests

with the third and fourth screens were convinced that the fish did have a directional

sense of the location of the source of the electric fields and a decided incHnation to

avoid them. These observations led to the decision to install a screen under more
natural and normal conditions for further observations and tests. This screen and

the results obt-ained will be discussed later in this report.
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DIRECTION OF THE ELECTRIC FIELD WITH RESPECT TO THE PROTECTED OPENING
AND THE STREAM FLOW

The experience with the four electric screens tested in the concrete pool and the

tests conducted in the aquarium demonstrated clearly the importance of considering

the direction of the Hues of current flow and the equipotential surfaces in the water.

The Unes of current flow and the equipotential surfaces for two parallel gratings of

opposite polarity and consisting of parallel cylindrical electrodes immersed in water

or any electrolyte of uniform resistivity are shown by Figure 10. The Unes of cur-

rent flow originate in one electrode and temiinate in the one of opposite polarity.

The Unes of current flow in Figure 10 are drawn to include one-thirty-sixth of the

current from one electrode between adjacent liiaes of current flow. The equipotential

surfaces start as eccentric circular tubes about the electrodes, change to elUptical

tubes, then to curved surfaces passing in front of the electrodes along the plane of

the grating, gradually straightening out into a plane surface midway between the

gratings. Figure 10 is drawn as a plane surface at right angles to these equipo-

tential surfaces, hence they appear as Unes in the drawing. These equipotential

surfaces are drawn so that one-fortieth of the potential between the gratings is

included between adjacent equipotential surfaces. Such a graph is very helpful

in the study of the electric field between gratings, because the distance between the

lines of current flow is a measure of the current density, and the distance between

the equipotential surfaces is a measure of the rate of change of potential or voltage

gradient. The nearer the lines of current flow are together the greater the current

density, and the nearer the equipotential surfaces are together the higher the voltage

gradient.

It should be noted that the Unes of current flow and the equipotential surfaces

always intersect at right angles. The equipotential surfaces, as the name indicates,

are surfaces in which there is no change in potential. It is obvious, then, that a

fish swimming in electrified water parallel with the equipotential surfaces is subjected

to a potential difference only equal to that spanned bj'^ the thickness of his body, and

the current that flows through his body is from side to side at right angles with the

spinal column and major nerve channel. On the other hand, a fish swimming in

electrified wp^ter at right angles with the equipotential surfaces and parallel with the

Unes of current flow is subjected to a potential difference equal to that spanned from

the tip of his snout to the end of his tail, and the direction of current flow is length-

wise through the body in the direction of the spinal column and major nerve channel.

The ratio of the length to the thickness of a fish is very large for most species. Then,
in consideration of what has been said about the two positions of a fish in an electric

field, it is obvious that when at right angles with the equipotential surfaces and parallel

with the Unes of current flow he wiU be subjected to a potential difference several

times that when he is at right angles to this position. Furthermore, in this position

the direction of current flow is in the direction of the spinal column and main nerve

channel and is probably much more effective in producing a disagreeable sensation.

In all of the tests when moderate values of potential were used (so the fish

were not in too great distress) there was always a decided tendency to Une up with

the equipotential surfaces. This is, of course, the most comfortable position if

there is no way to escape from the field entirely.
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The above observations show the necessity, when using an electric screen for

protecting an opening, of having the equipotential surfaces parallel with the plane
of the opening and the lines of electric-current flow perpendicular to this plane.

LINES OF CURRENT FLOW AND EQUI POTCNTI AL SURFACES
FOK

TWO par;»lle.l gr/^tinss of parallel CYUNCRICALELECTRCDES

IMMERSED IN WATER OF ANY UMIFORM RESISTIVITY

Fig. 10

When in swift water fish hold their bodies parallel with the direction of stream

flow for ease in swimming. This fact must also be taken account of when installing

an electric screen. The lines of electric-current flow must be parallel with the direc-

tion of water flow and the equipotential surfaces at right angles to the direction of

water flow.
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When an electric screen is installed in such a way that the field has the correct

relation to both the opening protected and the direction of water flow, as explained

above, fish entering the electric field of the screen are almost compelled to enter paral-

lel with the lines of current flow and at right angles to the equipotential surfaces.

This is the position of maximimi discomfort and hence is most effective in discouraging

further progress toward the protected opening.

Heretofore no attention has been given to the relation of the electric field to the

protected opening and to the direction of stream flow. As far as is known, all of the

electric "stops" have been installed, either with a plate (or metal screen) on each side

of the protected opening (these plates being of opposite polarity), or several electrodes

have been used in one or several rows across the opening, the electrodes in the rows

alternating in polarity. Both of these schemes, it will be observed, produce an

electric field in which the lines of current flow are parallel with the plane of the opening
and the equipotential surfaces are perpendicular to this plane. This arrangement,
as shown above, is the most ineffective that it is possible to make, and if any success

has been attained at all by this arrangement it augurs well for electric screens installed

with the field in the proper relation to the opening and water flow.

ELECTRIC SCREENS SHOULD BE USED AS DEFLECTORS, NOT STOPS

Another serious error that has been made in the installation of electric "stops"
has been the attempt to use them as impenetrable barriers in canals, sometimes miles

from the intake at the supply stream. This, in general, is not good practice even

if successful in stopping the fish, especially for young salmon fingerlings that are

impelled b}' instinct to migrate downstream toward the ocean. They may be held

for months by such a trap and may never return upstream to the intake and main
stream leading to the ocean. A short interruption of the potential supply on an

electric screen so installed would allow fish to escape past the screen, making success-

ful screening action for months of no avail. It is recommended that electric screens,

when used, be installed as defiectors, by-passing fish aioimd the openings to artificial

waterways dangerous to their weU-being, always keeping the fish, as far as possible,

in the natural stream channels.

LAST FISH-SCREEN TEST AT BONNEVILLE

Following the fish-screen experiments in the concrete pool, which have been

described, it was decided to make an electric-screen test with more fish and under as

nearly as practical natm-al stream conditions. After an examination of the ponds
and waterways at the Bonneville hatchery it was decided that ponds Nos. 12, 15, and

16, with their interconnecting waterways, oflfered the best available location for the

fifth and last electric-screen test made during this investigation. A map is included

in this report (fig. 11), showing the arrangement of these ponds, the location of the

electric screen, and the quantities of water flowing in the various interconnecting chan-

nels. The arrangement shown by the map was chosen because the application of the

by-pass or deflector principle of using the electric screen could be apphed readily.
The water flowing through pond No. 12 into pond No. 15 and finally discharging into

pond No. 16 represents the natural stream channel, and the flow from pond No. 12

through the west wateiway into pond No. 16 repiesents the artificial waterway
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from which the fish -were to be protected. The water flow in the two paths was

adjusted to the desired value by regiilatuig the water level in pond No. 15 with stop
boards at the discharge into pond No. 16. The flow of water through the electrically
screened channel purposely was made 39 per cent higher than through the open chan-

nel, because it was thought that would make protection more difficult on account of

ARRANGEHENT CF PCWDS AMD SCREEN
FOR.

EiXCTRIC FISH SCRECN TEST
AT

eONNEVfLLE FJSH HATCHEJW

o 10 eo 3o '40 soI.I.I
FEET

FiQ. 11

the inclination of the fish to follow the maximum water flow. A wire screen was in-

stalled in the west outlet of pond No. 12 to prevent the fish that went through the

electric screen into the protected area from escaping into pond No. 16. This screen

made it possible to check the effectiveness of the electric screen. The 15,000
chinook-salmon fingerlings used in the experiment had been reared in pond No. 12
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and therefore were normal in their activity there. The area screened was frequented

by largo numbers of fish before the screen was installed.

The screen installed for this test consisted of fourteen 2j^-inch standard-pipe elec-

trodes (2.875 inches outside diameter) in two rows of seven electrodes each. The elec-

trodes were spaced 18 inches, center to center, in the rows, and the two rows were 24

inches, center to center. The electrodes of the second row were staggered 9 inches with

respect to the first row, making them come opposite the centers of the openings be-

tween the electrodes of the first row. The electrodes were supported, through holes

in 2 by 10 inch planks, 18 inches above the water level and projected to within 2 inches

of the bottom of the pond. The electrodes in each row were connected by means of

14-gauge wire and made the same electrical polarity. The two rows of electrodes were

LINES Of CURRENT FLOW AND EQUIPOTENTIAL SURFACES

TWO PARALLEL G INCH STANDARD PIPE ELECTRODES 24- INCHES CENTERTO CENTER
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in this manner was very small; usually none went through; on some occasions one,

two, or three; and the largest number observed to go through in six hours of observa-

tion on August 17 was six. One very interesting thing about the fish that went

through the screen is that almost invariably upon finding that they were separated
from the main school they would dash back through the screen to join the school.

VOLTAGE GRADtENT ALONG LINE OFCENTERS
FOR

PARALLEL CVLINORICAL ELECTRODES

IMMERSED IN WATER OF ANY UNIPORM RESISTIVITY

VOLTAeE ONE VOLT TO NEUTRAL ORTWO VOLTS BETWEEN ELECTR0IIE3
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voltage oflF the screen until 6 p. m., during which period between 3,000 and 4,000 fish

went into the protected area. These fish were coaxed out of the protected area by

feeding before the screen was electrified again. This accidental interruption of the

screen power supply showed two things: First, it is important to have a reUable

source of supply, and, second, the screen was effectively keeping the fish out of the

VARUTION OF ELECTRODE SURFACE VOLTAGE GRADIENT WITH SWCING
FOR

PARALLEU CYLINDRICAL ELECTRODES

IMMERSED IN WATER OF ANY UNIFORM RESISTIVITY

VOLTAGE ONE VOLT TO NEUTRAL ORTWO VOLTS BETWEEN ELECTRODES

VOLTACE eKADIENT AT THE. SURFACE OF ^INCH STANDARn Pipe EICCTEOOC

I
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protected area. Following this interruption the screen was kept electrified continu-

ously for 10 days. During this period sunshine and cloudy and rainy weather were

experienced. One very hard rain, lasting about 36 hours, occurred on August 25 and

26. This afforded an opportunity to see whether weather conditions had any influence

on the effectiveness of the screen equipment, and as far as could be observed it did
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not have any effect. A very accurate record was kept of the fish killed during this

test. The hatchery attendants were instructed not to remove any dead fish from

pond No. 12 without having them properly recorded. For the entire period of 11 days

(this includes August 17, the first day of the test, which was eliminated from the

10-day continuous run by a short circuit in the temporary alternating-current supply

VAKMTION OF MINIMUM VOLTAGE. GRADIENT WITH ELECTRODE SPACING

FOR
PARALLEL CYLINDRICAL ELECTRODES

IMMERSED IN WATER OF ANY UNIFORM RESISTIVITY

VOLTAGE ONE VOLT TO NEUTRAL OR TWO VOLTS BETWEEN ELECTRODES

VOLTAGE GRADIENT MIDWAY BETWEEN E LECTRODES ALONG LINE OF CENTERS

ffi VOLTASt GRADIE.NT MIDWAY eETWEEn JglNCH STAMOARO PIPE ELECTR0BE3

1 „ ....
2 m n h ••

3 .> .. •• "

_6.

FlQ. 15

Une on August 18), from August 17 to August 27, inclusive, 29 fish were killed by the

electric screen, or less than 0.2 per cent of the 15,000 fish in pond No. 12—a neghgible

number. The maximum number of fish killed in one 24-hour day was six; on two

days no fish were killed; and the average number killed per day for the 11-day period

was 2.64. By the use of larger-diameter electrodes (thereby obtaming a more uni-

form voltage gradient) even this small number of fish killed could have been reduced.
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if not entirely eliminated. At the time the screen equipment was disconnected (on

August 28), as nearly as could be estimated 500 of the 15,000 fish were in the pro-

tected area. These had accumidated gradually during the 10-day period. The

screen kept 97 per cent of the fish from the protected area, which is an excellent

record. This installation was witnessed by John C. Veatch, of the Oregon Fish

VARIATION OF VOLTAGE GRADIENT WITH DIAMETER OF ELECTRODES
FOR

FWRAUELCVUNDRICAL ELECTRODES 18 INCHES BETWEEN CENTERS

IMMERSED IN WATER OF ANY UNIFORM RESISTIVITY

VOLT/»GE ONE VOLT TO NEUTRAL OR TWO VOLTS BETWEEN Ei-ECTTOOES

VOLTAGE GRADIENT TAKEN ALONG LIN£ OF CENTERS

® VOLTASC GRAOItMT AT THE SURFACE OF TH E Eu ECTROWIS .

® VOLTAee GRADIENT OME INCH FROM THE ELECTRODES.
Si VOLTA&E GRADIENT TMO INCHES FROM THE ELECTRODES.
^ HINinun VOLTAGE GRADIENT MIDWAY BETWEEN ELECTRODES.
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DESIGN OF ELECTRIC FISH SCREENS

In this discussion of the design of electric fish screens no attempt will be made to

discuss the details of mechanical construction, because these may be altered greatly

by local conditions. The electrical design, however, is fundamental and contains

VARIATION OF VOLTAGE GRADIENT WITH DIAMETER OF ELECTRODES
FOR

PftEALLEL CYLINDRICAL ELECTRODES 2-4 INCHES BETWEEN CENTER;

IMMERSED IN WATER OF AUY UNIFORM RESISTIVITr

VOLTAGE ONE VOLT TO NEUTRAL OR TWO VOLTS BETWEEN ELECTRODES

VOLTAGE GRADIENT TAKEN ALONG LINE OF CENTERS

® VOLTflGE GRADlCnT XT THE SURFACE Or THE. E.LeCT«OOES.
© VOLTAGE GRADIENT ONE INCH FI?OM THE ELECTRODES.
® VOLTAGE GRADIENT THREE INCHES FROM THE ELE.CTRODES.

@ MINIMUM VOLTAGE GRADIENT MIDWAY BETWEEN ELECTRODES.
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3. The lines of electric-current flow must be parallel with the direction of the

water flow. (See figs. 10 and 12.)

4. The voltage gradient in the electric field should be kept as uniform as prac-

tical by the selection of proper electrode sizes and spacing. (See figs. 13 to 21,

inclusive.)

VARMTION OF VOLTAGE GRADIENT WITH DIAMETER OF ELECTTOBES
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8. The electrodes should be from 2 to 12 inches above the bottom of the stream.

This distance depends upon the spacing of the electrodes and upon the character of

the stream bed.

The voltage gradient along the line of centers between two parallel cylindrical

electrodes (which is the locus of the maximum voltage gradients) in an electrolyte

of uniform resistivity, such as the water of streams, can be calculated by the use of

the following equation:

9 =

fr+x,,S-2.)-xf»f[^
+^(|)^J

Where

^ = the voltage gradient in volts per inch at distance x from the surface of

the electrode.

£'n
= the voltage to neutral (one-half electrode voltage for a single-phase

circuit) root mean square values of the alternating voltages were used in

this investigation.

5 = the spacing, in inches, between electrode centers.

r = the radius, in inches, of the electrodes.

x = the distance, in inches, from the surface of the electrode at which the

voltage gradient g is to be calculated.

«= 2.7183, the base of Naperian logarithms.

To facilitate the electrical calculation of fish screens and to show how the various

factors, such as electrode diameter and spacing, influence the voltage gradient.

Figures 12 to 21, inclusive, were calculated and plotted. Figure 12 is the plot

of the lines of current flow and equipotential surfaces for two standard 6-inch pipe

electrodes, spaced 24 inches, center to center. In Figure 13, 1 and 2 are the voltage-

gradient curves along the line of centers for J^-inch and 6-inch standard-pipe elec-

trodes. These curves clearly show the importance of using large-diameter electrodes

for improving the voltage gradient. Figures 14 and 15 show the variation of the

maximum and minimum voltage gradients along the line of centers for various elec-

trode spacings. Figures 16 to 21, inclusive, show the variation of voltage gradient

along the line of centers, with electrode diameter for 18, 24, 30, 36, 42, and 48 inch

electrode spacing, center to center. The diameters plotted in these curves are actual

outside diameters and not nominal pipe sizes; however, the various sizes of pipe

electrodes are designated by the standard nominal internal diameter by which they

are known to the trade.

CONCLUSIONS

The following conclusions were reached from this investigation :

1. A very simple relation exists between the minimum voltage gradient required

to paralyze fish and their length, which can be expressed by the equation

3.70 F

where g
= voltage gradient in volts per inch, TF= water-resistivity correction factor,

and L = length of fish in inches.
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2. When voltage gradients above the paralysis values are applied to fish, the

mortality increases with increased time of appUcation.

3. Fish subjected to electric shocks in various degrees, if not killed outright,

quickly recover and do not suffer any serious after effects.

VAK\AVOH 0FV0LTA6L ftRADIENT WITH DIAMtTtROFELECTROOES
FOR

PARAIIFL CYLINDRICAL D-ECTRODES 36 INCHES BETWEEN CENTERS

IMMERSED IN WATER OF ANY UNIFORM RESISTIVITY

VOLTAGE ONE VOLT TO NEUTRAL ORTWO VOLTS BETWEEN ELECTIWOES

VOLTAGE GRADIENT TAKEN ALON& LINE OF CENTERS.

Cb VOLTAOt GRADIENT AT THE SURFACE OF THE EI-ECTftODES.

® VOLTASC ORAOIENT ONE INCH FROM THE ELECTKOOES.
Gb VOLTAOE GRADIENT FIVE INCHES FROn THE CCECTRODES.

$ MINIMUM VOLTASE 6RADIENT MIDWAY BETWEEn ELECTRODES.
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resistivity 12.3 times that of the lowest stream-water resistivity found. The highest

resistivity river water had a resistivity 880 times that of sea water. In spite of

this wide variation in resistivity, the temperature-resistivity curves for waters from
all of the 16 sources of water studied can be represented over the range of temper-

VARiATIOM OF VOLTAGE GRADIENT W!TH D IAMETE.R OF ELECTRODES
FOR

f1f\RAUEL CYLINDRICAL ELECTRODES ^Z INCHES BETWEEN CEMTERS

IMMERSED IN WATER OF ANY UNIFORM RESISTIVITY

VOLTAGE ONE VOLT TO NEUTRAL OR TWO VOLTS BETWEEN ELECTRODES

VOLTAGE GRADIENT TAKEN ALONG LINE OF CENTERS.

ve>.TA6e eeABicNT at thc surface oe thc elcctkopes.
@ V01.TA6E GRADIENT ONE INCH FROM THE ELECTRODES.
@ VOI-TACE GRADIENT SIX INCHES f^RCM THE EI.ECTSODE3.
$ MINIMUM VOLTAGE GRADieNT MIDWAY BETIWEtN ELECTRODES.
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6. When swimming into an electrified area fish do have a sense of the direction

of danger and try to avoid it.

7. To be effective, an electric screen must have the lines of current flow perpen-

dicular to the plane of the protected opening and the equipotential surfaces parallel

VARIATION OF VOLTAGE GRADIENT WITH DIAMETER OF ELECTRODES
FOB

PARALLEL CYLINDRICAL ELECTRODES 48 INCHES BETWEENCENTERS

IMMERSED IN WATER OF ANY UNIFORM RESISTIVITY

VOLTA GE ONE VOLT TO NEUTRAL OR TWO VOLTS BETWEEN ELECTRODES

VOLTAGE GRADIENT TAKEN ALONG LINE OF CENTERS.

® VOUTAAC GRADIENT AT THE SURFACE OF THE ELECTRODES.
® VOLTAGE GRADIENT OME INCH FROM THE ELECTRO DES.

^ VOLTAGE GRADIENT SEVEN IMCHES FROM THE ELECTRODES.

@ MINIMUM VOLTAGE GKAOICNT MIDWAY BETWEEN ELECTRODES.
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INTRODUCTION

GENERAL PROBLEM

In the summer of 1925 the United States Bureau of Fisheries, heeding a demand
from Texans for more specific information as to the actual status of their coastal

marine fisheries, conducted a short survey of those fisheries. The results of the study
were presented in a Preliminary Report on the Marine Fisheries of Texas, by Higgins

and Lord (1926), in which the character of the fisheries was discussed in the Ught of

their past and present yields. A logical recommendation given in this report was

for the immediate initiation of biological investigations that would include primarily

extended study of the life histories of various marine food fishes of the State.

Having complete control of its commercial fisheries, Texas has been alarmed

for some time as to the possibility that serious depletion of its shore fisheries would

occur before any steps could be taken to insure a permanent supply of food fish.

Many prohibitive laws have been passed, unfortunately, without sufficient knowledge
of the life histories of the fish to allow rational conservation of the fish stock as well

as intelligent utilization and development of the fisheries. The people most interested

Lq the future welfare of the marine resources of Texas are beginning to realize that a

fundamental prerequisite for adequate fisheries legislation is an accurate, unbiased

knowledge of the life histories of the food fish entering into the fisheries.
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AIM OF THE INVESTIGATION '

The natural histories of the three leading food fishes of coastal Texas—the

redfish {Scisenops ocellatus), the black drum {Po(]onias cromis), and the spotted sea

trout {Cynoscion nebulosus)
—have been little understood in anj' section of the

distribution of these species. Along the Texas coast serious debates often arise as

to the habits of the redfish, drum, and spotted trout, with special reference to the

location of spawning areas and the distribution of young and adult fish. Reliable

information concerning the life histories of these most valued shore fishes is of much

interest, both from a popular standpoint and the point of view of those individuals

that are intrusted with the conservation of the natural resources of Texas. To
furnish this sound basis for conservation, the first of a series of scientific fishery

investigations was undertaken to ascertain, primarily, the location of the spawning

grounds, rate of growth, seasonal distribution, and movements of the redfish, black

drum, and spotted sea trout.

As a result of the support of the Texas game, fish, and oyster commission, which

consisted in furnishing a fishing boat and crew, various launches, as well as other

equipment and services, the bureau is able to present the following paper, embodying
the results and conclusions of 14 months' field observations and collections along the

coast of Texas. These observations, conducted continuously from April, 1926, to

June, 1927, included studies on the natural history of the croaker {Mieropogon undu-

latus) and the spot {Leiostomiis xenthurus) ,
fishes of secondary commercial importance

in Texas but of considerable value along the Atlantic coast.

DESCRIPTION OF TEXAS COAST

The entire coast line of Texas, from the mouth of the Sabine River in the north

to the mouth of the Rio Grande in the south, extends along the Gulf of Mexico for

nearly 400 miles. The greater portion of the coast is bordered by a chain of low,

sandy barrier islands, which separate the many coastal bays and lagoons from the

Gulf of Mexico and through which run the various passes that connect the inland

waters with the Gulf. The coast line following the winding shores of these many
bays, lagoons, and coves extends about 2,000 miles along the mainland.

A central coastal section, extending, roughly, from Copano Bay on the north

to Baffin Bay on the south, provides an extremely diverse system of intercoastal and

Gulf waters. Many types of marine environment are to be found within this general

area, in which the greater part of the field work centered and which, for the purposes
of the investigation, appeared to satisfy the demand for an area of observation that

would be representative of the entire coast line.

' Appreciation and thanks are due to the following individuals for assistance and advice, which enabled the investigator to

progress in his task more rapidly than would have been possible if their interest and help had been lacking: Turner E. Hubby,
former commissioner of the Texas game, fish, and oyster commission; William J. Tucker, present commissioner of the State com-

mission; C. W. Gibson, of the Lone Star Fish & Oyster Co., Corpus Christi, Tex.; Robert E. Farley, deputy of the Texas game,

fish, and oyster commission; Lawrence Gates of Corpus Christi, Tex. Special thanks are due to the city of Corpus Christi for the

extended use of one of the rooms in the city hall as an cilice and laboratory. Many individuals and fish companies in the vicinity

of Corpus Christi contributed greatly to the success of the investigation by their willingness to give advice and information.
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Fig. 1.—Section of the Texas coast covered by the investigatiou
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The Gulf of Mexico is the fundamental source of all the marine life found within

the intercoastal waters. Without the incoming tides the shallow bays and lagoons
would be subject to such extreme temperatures and salinities as to render the exist-

ence of much marine life highly improbable. At the present time Laguna Madre, a

long, narrow lagoon having poor circulation of water with the Gulf of Mexico, often

reaches such high salinity through excessive evaporation in summer as to kill thou-

sands of fish trapped in the lagoon by shallow water. In spring large quantities of

Gulf water pour into the bays, bringing along a new supply of marine oi-ganisms,

which usually linger within the intercoastal waters until the approach of cold weather.

Water from the Gulf enters the bays by the passes or inlets through the barrier

islands. Because of the relatively slight tidal action, many of the more remote bays
and lagoons do not attain a salinity equal to that of the Gulf and approach the charac-

ter of brackish water. Two passes
—Aransas and Corpus Christi—are included in

the section of Texas coast represented in Figure 1 .

Aransas Pass is an artificial or dredged channel, which has been enlarged from

a relatively shallow, natural inlet to a deep, jettied pass, through which merchant

ships go on their way to the inland port of Corpus Christi. The pass is about 2

miles long, 1,000 feet wide, 30 feet deep, and is protected against erosion by a pair
of rock jetties stretching out into the Gulf about a mile from the shore line. Many
observers believe that natural entrance of schools of fish into the bays is hindered

by these barriers along the shore line. While no data exist to support or deny this

contention, the writer found that the rocks at Aransas Pass had a decided tendency
to impede the entrance of many larval and young croakers and spots into the bays.
The deepened condition of the pass, resulting from continual dredging, allows more
water to enter than would be possible if the pass were continualh' filled with sand,
such as is the case with most of the natural passes along the coast. The effect of the

dredging in the pass, however, could hardly be called beneficial to the particular

species of fish found to spawn at the mouths of the passes.

Corpus Christi Pass, lying at the head of Laguna Madre and about 20 miles

south of Aransas Pass, is a small, natural channel through which not even a small

power boat can navigate on account of the ever-present sand bars in and about the

pass. At the time of the investigation in 1926 and 1927 this pass was about 1,000
feet long, 100 feet wide, and about 6 feet deep in the middle of the channel. It may
change its shape and depth after each severe storm and at times may be almost

closed by sand bars.

Tidal action usually gives the passes along the coast but one strong incoming
tide a day, and little or no water enters if the tide is opposed by strong winds. With
the passes serving as main highways between the Gulf and the intei-coastal waters,
their condition is of the utmost importance if a continual interchange of water is to

be maintained."

' According to Marmer (1927. p. 434), the range of the tide at Galveston, Tex., averages but 1 foot, as compared with 4H feet

at New York and 9 feet at Portland, Me. On the Atlantic coa.st the two high waters and also the two low waters of a day are ap-

proximately the same, the morning and afternoon tides resembling each other in all respects. In the Gulf of Mexico , however, the

two high waters do not differ much, but morning and afternoon low waters are so strikingly different that frequently the higher
of the two low waters merges witii one of the high waters, and at such times there is iiut one iiigh water and one low water in

a day.
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The largest as well as the deepest of the intercoastal waters included in the

general area of study comprised three main bays: Corpus Christi Bay, with its tribu-

taries covering about 185 square miles, and Aransas and Copano Bays, covering with
their tributaries about 163 square miles. The depth of water in these bays scarcely
exceeds 15 feet, and numerous oyster reefs make much of the total area unnavigable
to all but boats of the shallowest draft. The bottoms generally consist of hard sand
with soft mud present in the vicinity of river mouths, and the water is often turbid,
due to the heavy winds that sweep the coast.

Protected indentations of these larger bays, commonly called coves, arc inter-

esting in that generally they are preferred by fish to the more open, larger bays on
account of the quiet, shallow water, well supplied with aquatic vegetation and organ-
isms suitable for fish food.

A unique system of smaller bays tributary to the larger ones is common along
certain sections of the coast. These smaller bays, typified by Oso and Nueces Bays,
which empty into Corpus Christi Bay, are extremely shallow and muddy and inci-
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semidry mud or sand flat, which extends south to a point about 30 miles above Point

Isobel, Tex. Consequently, very little circulation of water occurs in the vicinity of

Baffin Bay. The only sources of fresh water are the small creeks emptying into the

bay, and of salt water, the drift of sea water from Corpus Christi Pass and Bay

southward. With little rainfall on this particular section of the coast, the salt water

predominates nearly all the year in and about Baffin Bay as well as in the more north-

ern portions of the lagoon.

During the summer of 1925 a period of excessive sahnity (indicated by high

specific gravity of the water) occurred in Laguna Madre, which caused severe mor-

tality of fish trapped within the lagoon on account of the nearly dry areas between

the section of high salinity (Baffin Bay) and the deeper, less saline waters of Corpus

Christi Bay and the Gulf of Mexico. Table 1 presents a series of specific-gravity

determinations within the particular area of high salinity as well as within other

bodies of coastal water not aft'ected. In all, 185 determinations were made throughout

the area covered in Figure 1, but only the major stations have been given in Table 1.

Waters with a low saline content are denoted by low specific gravity (Nueces and

Copano Bays), while waters with a high content of salts are indicated by high specific

gravities (Baffin Bay and Laguna Madre). Ordinary Gulf water found about the

passes has generally a specific gravity of about 1.026. During July and August, 1925,

the specific gravity of the water in Baflan Bay and lower Laguna Madre reached

1.055—twice that of normal Gulf water near the passes.

Table 1.—Excessive salinity of the water in the vicinity of Baffin Bay and Laguna Madre, Tex., during
the summer of 1925

[The specific gravities indicate the relative salinity in various coastal waters. Ordinary Gulf water has a specific gravity of about

1.026. Consult text for details. Determinations by H. F. Prytherch]

Date

July 29
30
31
31

31

Aug. 4

12
12

13
14

14

14
14

15

15

Sept. 3
3
i

Locality
Specific
gravity,
17.5° C.

Baffin Bay -

Laguna Madre
Corpus Christi...

Corpus Christi Pass...

Corpus Christi Bay by Oso.

Corpus Christi Bay
Aransas Bay
Copano Bay
Baffin Bay
Laguna Madre

do
Corpus Christi Pass..

Corpus Christi Bay by Oso
Nueces Bay
Aransas Pass
Aransas Bay
Copano Bay
Baffin Bay
Laguna Madre.
Corpus Christi Pass

Water
tem-
pera-

ture" F.

1.055
1.055
1.029
1.027
1.028
1.028
1.025

 
1. 021
1.055
1.060
1.055
1.028
1.027
1.023
1.028
1.026
1.023
1.055
1.044
1.029

87.0
87.0
84.0
85.2
86.0
83.0
81.7
82.7
86.0
87.0
86.0
87.0
86.0
88.0
86.0
85.0
86.0
88.5
88.0
86.0

Air
tem-
pera-

ture °F,

86.0
84.5
84,0
82.6
86.0
82.5
81.0
84.0
88.0
84.0
87.0
81.0
88.0
84.0
83.0
82.5
85.0
86.0
87.0
83.5

Date

Sept.

Oct.

Locality
Specific
gravity,
17.5° C.

Water
tem-
pera-

ture °F.

Corpus Christi Bay by Oso.
Nueces Bay
Aransas Pass
Aransas Bay ,

Copano Bay
Baffin Bay..
Laguna Madre
Corpus Christi Pass

Corpus Christi Bay by Oso
Nueces Bay
Aransas Pass
Aransas Bay
Copano Bay—
Baffin Bay
Laguna Madre
Corpus Christi Pass
Corpus Christi Bay by Oso
Nueces Bay
Aransas Pass
Aransas Bay

1.029
1.023
1.027

1.027
1.023
1.055
1.055
L030
1.029
1.020
1.027
1.024
1.024
1.039
1.039
1.026
1.024
1.017
1.025
1.021

80.0
84.0
84.0
80.0
84.0
84.0
85.0
85.0
86.0
87.0
84.0
84.0
84.0
83.0
85.0
81.0
83.0
84.0
83.5
81.5

Air
tem-
pera-

ture°F.

83.0
82.0
83.0
78.0
90.0
83.0
84.0
85.0
86.0
86.0
80.0
84.0
82.5
80.0
82.0
84.0
81.6
82.0
83.0
79.0

The average precipitation at Corpus Christi for May, June, July, and August,

1925, was but 1.26 inches, compared with the normal average for these months of 2.38

inches. This reduction of nearly one half of the normal rainfall during the summer of

1925 accounts, at least partially, for the excessive salinities that prevailed in Laguna
Madre. Table 1 indicates a falling specific gravity within Baffin Bay and Laguna
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Madre during October, 1925, and this was due largely to the rainfall during September,
which measured 8.12 inches, compared with the normal for the month of 4 inches.

In the summer of 1926, with the average precipitation during May, June, July,
and August at Corpus Christi shghtly above normal (2.78 inches), there appeared no
evidence of e.xcessive or destructive salinity within Laguna Madro. Obviously, the

amount of rain fall during the summer months determines to a great degree the

conditions, both physical and biological, that obtain within this unique salt lagoon.
There remains to be mentioned another type among the coastal waters of Texas.

This is represented by the bayous or channels running into the mainland and islands

from the various bays or connecting the bays with one another. These bayous are

generally from 10 to 100 feet long, much less in width, and are generally deep, owing
to the action of tidal or wind currents, which keep the water running from one bay to

another. Such bayous provide a most important refuge and feeding ground for young
fish of many species, which enter from the spawning grounds in deeper areas.

"

Table
2 presents an interesting catch made within a small bayou or creek in one haul with a

small minnow seine and illustrates the variety of marine fish that prevails within such

an environment.

Table 2. -Young fish taken in one haul of a 50-foot seine in a small creek, ^ In 4 feel deep, off Copano
Bay on May 18, 1927

Common local name of fish
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the intercoastal bays and lagoons. Incidental but important collecting also was

conducted in the waters of Baffin, Alazan, Mesquite, Espiritu Santo, Lavaca, and

Matagorda Bays, as well as about Cedar Bayou and Cavallo Passes and along the

shores of the Gulf of Mexico from Cedar Bayou Pass to Corpus Christi Pass. Much
of the territory fished was closed to all forms of net fishing and consequently provided

ideal conditions for an examination of the natural fish populations.

SAMPLING OF FISH POPULATION

A perfect method of sampling an unknown fish population requires in the

beginning a perfect knowledge of tliis population. No detailed observations on the

natural abundance and distribution of the redfish, black drum, or spotted sea trout

in any particular locahties along the Texas coast had ever been recorded, and what

information was available was extremely fragmentary and unreliable. The field

operations, as a matter of sheer necessity, had to be devoted largely to an effort to

secure at definite intervals adequate samples of young and adult fish for data on

maturity, time and place of spawning, age, rate of growth, and seasonal distribution

and movements. Where and how these fish were to be captured constituted one of

the first problems for the investigator to solve.

All catches made by any type of gear were supervised individually by the

writer, and the results were tabulated and filed for future compilation and study.

Since the investigator was in touch with the collecting operations, he was able to

sense, by the changing composition and character of the catch in various localities,

any unusual movements of the fish. As a rule, all food fishes captured were measured

by the writer for total length from the tip of the snout to the end of the mid-caudal

(tail) fin ray, and the sex was determined if the sexual elements were in evidence.

All fish above 5 centimeters were measured in centimeters, while those under this

length generally were measured in millimeters. Due to the great abundance of

larval and young fishes of most species, but a small percentage of the total number

secured was measured for consideration in this paper.

Several explanations may be ofl'ered forihe lack of egg collections, which appar-

ently are the first things to be sought in an attempt to understand the life history of

any marine fish. Physical difficulties in employing the typical egg-collecting gear

(the fine silk tow nets) were very serious throughout the investigation, owing to the

shallow water and to the hordes of Medusse, or jellyfish, that filled and broke the

nets during the warm months of the year. So abundant are these Medusae that

bathing beaches on Corpus Christi Bay must be screened to prevent the bathers

from becoming severely poisoned by contact with the pests. Furthermore, the heavy

seas, often prevalent at the mouths of the passes in the Gulf of Mexico, prevented the

small boat needed for navigation within the shallow bays from operating in the Gulf,

where the majority of the marine fishes are believed to spawn.

With the securing of larval and young fish of the species desired, and with the

definite indication of the general spawning areas through the nature and distribution

of the newly hatched fish as well as the spawning adults, it was not thought ]jractical

to seek the fish eggs with the time and resources at hand. In future research, how-

ever, an attempt can well be made to collect the eggs of the redfish, black drum, and

spotted trout on the basis of the information presented in this paper.
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COLLECTING GEAR

Since the fishing gear occasioned the most serious error in obtaining a representa-

tive sample from any given locality, strenuous effort was expended constantly to

employ nets with a wide range in size of mesh, which would cut this inevitable error

to a minimum. Due to the efforts of 4 or 5 experienced fishermen, notable success

was had in the operation of the various types of fishing gear. Drag or haul seines of

varying sizes were the most practical and effective gear that could be used in the shallow

water, while trawls, gUl nets, tow nets, trammel nets, and dredges were most applicable

in the deeper waters of the bays or the Gulf.

The frequency of use of any particular type of collecting gear was not considered,

since all fishing operations were conducted as environmental conditions and scientific

needs warranted at the time. Factors such as tides, winds, currents, type of fishing

bottom, depth of water, and the kind of material desired were but a few of the limita-

tions influencing the selection of gear. Table 3 presents a list of the types of collecting

apparatus most generally used.

Table 3.—Types of collecting gear employed during investigation

[Several types oJ dredges and bottom trawl are not included]

Gear
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NATURAL HISTORY OF THE REDFISH, SCIiENOPS OCELLATUS (LIN-
N^US)

Redfish, Red drum, Channel bass

Perca ocellata Linnaeus, Syst. Nat., ed. XII, 1766, p. 483; South Carolina.

.Sctenopj oceUaius Jordan and Evermann, 1896-1900, p. 1453, PI. CCXXII, flg. 5G7: Welsh and Breder, 1923, p. 184; Hildebrand

and Schroeder, 1928, p. 276.

DESCRIPTION OF ADULT

The adult redfish has an elongate, rather robust body, with a somewhat elevated

back. The head is long, rather low, with snout bluntish. The mouth is horizontal

and rather large. No barbels are present on the lower jaw. The color is usually

silvery reddish, with each scale having a dark center, these marks forming obscure

lateral stripes along the rows of scales. A most characteristic marking on all adult

redfish is the presence of a jet black spot at the base of the upper caudal or tail fin.

Sometimes several of these spots may be present along the sides of the fish, but one

on each side of the upper caudal is generally the rule. (See fig. 8.)

DESCRIPTION OF YOUNG

In larval redfish 4 to 5 millimeters in length (0.2 inch) the yolk sac is present and

the dorsal and ventral fin folds are continuous to the caudal fin. The latter is fairly

well developed, as are the vertical fins, although the rays of both dorsal and anal

are indistinct. Ventrals and pectorals are obscure. One or several prominent groups
of brown chromatophores or pigmentation areas are present invariably, and these

serve, by their approximate location, to help to identity the young fish at this small

size. The most pronounced as well as the most constant group lies ventrally along

the posterior base of the anal, while the others lie, when present, one under both the

spinous and soft dorsals, and one ventral, sHghtly posterior to the vent. Often a

group of chromatophores appears between the anal and soft dorsal along the obscure

lateral line and also between the vent and the spinous dorsal. (See figs. 3 and 4.)

Redfish lacking vertical fin rays (fish generally under 7 millimeters) usually can be

distinguished from larval croakers {Micropogon undvlatus) through the fact that

the latter possess no dorsal chromatophores, and both of the ventral ones lie closer

to each other than ever occurs in the redfish. (Compare figs. 3, 4, 33, and 34.) Larval

black drum {Pogonias cromis) probably will not be found at the time of the year
when larval redfish occur. The dorsal chromatophores of the young larval drum
tend not to appear until post-larval stages are reached (at about 7 to 10 millimeters).

(Compare figs. 3, 4, 13, and 14.) Anal-ray counts usually are possible on young red-

fish at a length of 6 to 8 milHineters and above. The count of eight soft anal rays

distinguishes the fish from other related species, with the exception of the croaker,

which has the same anal count although a different soft-dorsal count.

At about 7 millimeters the yolk sac on young redfish has disappeared, and only
a small membrane between the vent and the anal fin remains of the larval fin fold.

At this length some fish may have portions of the fin fold still remaining along the

edges of the caudal peduncle, however. The chromatophores generally are more

pronounced, with small markings appearing on the head and along the sides of the

body in no definite arrangement than can be discerned. (See fig. 4.)
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Young redfish above 10 millimeters (0.4 inch) rapidly take on much pigmentation,
and at 25 millimeters (1 inch) the color pattern has become most distinctive. The
ground color at about 25 millimeters is a jiale brown, somewhat silvery in fresh speci-
mens. A distinct row of five to seven brown blotches, usually smaller than the eye,

lies, for the most part, along the lateral line, one on the opercle, one behind, two or

three under the soft dorsal and under the spinous dorsal, and one on the caudal

peduncle. A fainter row of these blotches extends along the back from the nape to

the caudal peduncle, with the number varying both as to size and number, as well

as being more indistinct. A series of dark brown pigment dots extends along the

base of the caudal fin, and a series of chromatophores runs along the base of the anal

fin. The membrane of the spinous dorsal is punctulated with dark brown, and the

soft dorsal is marked likewise, to a somewhat less degree however. Scales and teeth

are evident. (See figs. 5 and 6.)

^

Fig. 3.—Larval redfish. Actual length, 4.5 millimeters

<^^«^'

Fig 4.—Young redfish. Actual length, 7 millimeters

At about 36 millimeters (1.5 inches) the color pattern remains generally the

same, with the important exception that a pronounced chromatophore enlargement
occurs at the base of the upper caudal. This enlargement is the first appearance of

the ocellated black spot that is characteristic of the species until death. (See fig. 7.)

The brown lateral blotches enlarge with the fish and generally remain until the

latter has reached about 15 centimeters (5.9 inches), when they tend to fade and

finally disappear. However, many redfish at 15 centimeters may have lost all traces

of the blotches and assumed a dull grayish silver hue with a pronounced bluish irides-

cence above the lateral line. In a fresh specimen this silvery sheen obscures a mass of

finely peppered dots that cover the upper and middle parts of the body and tend to

form irregular, undulating, brown stripes along the rows of scales. The anal, pectorals,

and pelvics are reddish in cast, with the black ocellated spot on the upper caudal

peduncle most distinct.
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Fifi. .5.—Young redfish. Actual U-npth, 11 millimotcrs

Fig. fi.—Young redflsh. Actual length, 24 millimeters

Fig. 7.—Young redfish. Actual length. 4.2 ceutimetei's

Fio. 8.—Adult redfish
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SPAWNING AND EARLY DISTRIBUTION OF YOUNG

In a consideration of the various phases in the hfe history of the redfish or red

drum the spawning habitat of the adult and the distribution of the young fish perhaps
are of the most general interest. It has been a subject for much debate in recent

years among those who profess an intimate knowledge of Texas coastal waters as to

the exact location of the spawning grounds of the redfish, and while the idea is now

generally established that the species spawns outside of the barrier islands in the

open Gulf of Mexico, no definite observations ever were recorded to support this

belief.

From April to September, 1926, a considerable number of redfish, ranging from 4

to 108 centimeters (1.5 to 42.4 inches) in length, were secured from the various bay
and Gulf waters (Table 7). Examination of the sexual organs of all fish showed an

immature or resting condition. On September 17, however, a large school of adult or

"bull" redfish was observed in a regularly fished area in Shamrock Cove off Corpus
Christi Bay, and the capture of part of this school revealed, by the presence of well-

developed eggs in the ovaries of the females, that spawning time was approaching.
Coincidental with the capture of these nearly ripe fish were the reports of fishermen

that large numbers of "bull" redfish were traveling along the Gulf beaches and con-

gregating about the mouths of the passes. Intensive fishing in all sections of the

coastal area after the capture of these ripening fish failed to reveal any'newly-hatched
redfish until October 11, when along the shores of Harbor Island, inside of Aransas

Pass and near the Gulf of Mexico, several young fish, ranging from 11 to 24 milli-

meters in length (0.4 to 1 inch), were taken in a few feet of water by a small beach

seine. (See Table 4.)

Table 4.—Collections of larval and young redfish (Sciaenops ocellatus) during the spawning season
of 19S6

Date of capture
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suitable depth and sluggish tidal current, the bayou, as well as contributory branches,

furnishes an ideal refuge for thousands of larval and young fish. With the incoming
tidal current from the Gulf, many marine organisms often are brought into the bayou,

voluntarily or otherwise, where they may remain indefinitely or may depart on the

next outgoing tide. Many tropical fishes, such as Pterophryne, the sargassum-weed

dweller, often frequent Harbor Island Bayou during the height of the tide but gen-

erally return to the Gulf during low water.

After a week of seeking the young redfish within many bays with no success

another visit to Harbor Island and the adjacent shore lines was made on October 18,

when a greater number of larval and young fish were secured than a week previous.

Systemic collecting along the grassy shore lines inside of Aransas Pass indicated that

areas nearest to and in direct line with the pass yielded the greatest number as well

as the smallest size of young. Table 5 illustrates the relative size and abundance of

yoimg at various distances from the passes.

Table 5.—Relative size and abundance of young redfish about Corpus Christi and Aransas Passes

during October to November, 1926 {from Table 4)



144 BULLETIN OF THE BUREAU OF FISHERIES

As shown by Tables 4 and 5, the newly hatched redfish in the younger stages
were secured in the greatest abundance only in the immediate vicinity of the passes
or along the sides of the channels directly supplied with the tidal waters from the

Gulf. The distribution of the young apparently resulted from the action of the tidal

currents, which, sweeping in from the Gulf, carried the young, nearly helpless fish to

shallow areas covered with characteristic heavy aquatic vegetation.
A complicating factor in the ready identification of the redfish larvae was the

presence during late October and throughout November of great numbers of larval

croakers {Micropogon undulatus), which were spawned in the Gulf and were coming
into the bays in such abundance as to clog the nets and to render the separation of

the fish from the closely related redfish most difficult. This confusion probably
resulted in many larval and young redfish being missed in the tow-net collections

conducted in the passes themselves as well as in the open Gulf. With gallons of the

larval croakers being secured, little hope was entertained of finding the less abundant
redfish. It was only when the young redfish had reached the more shallow waters

that a ready separation of the species generally could be made.

There would appear to be no doubt that the redfish spawn in the Gulf of Mexico,
near or at the mouths of the passes, and that the young come into the inland waters

after hatching, to be distributed over many square miles of bays and lagoons. No
other spawning place, save in the Gulf, would be possible to account for the con-

centrated numbers of young within and about the passes, together with the schools

of spawning adults at the mouths of these passes.

Outside of the knowledge gained during the investigation along the Texas coast,

very little definite information is available as to the time and place of spawning in

other sections of the range of the species. Welsh and Breder stated (1923, p. 184)
that "Spawning occurs chiefly in the late fall or early winter, although from the

size of some young fish taken in Florida waters in January it is probable that some

spawning may take place as early as September."
A series of young-fish collections made by Hildebrand and Schroeder (1928, p.

278) indicates that in Chesapeake Bay spawning occurs slightly earlier in the fall

than it does along the Texas coast. The following catches are recorded by Hildebrand

and Schroeder from Chesapeake Bay and are presented for comparison with the

Texas collections.

Table 6.—Colleclioms of young redfish in Chesapeake Bay in 1931, hi/ Hildebrand and Schroeder

[Compare with Table 4]

Date
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GROWTH AND AGE

During the first two years of life the growth of the redfish is very rapid. Spawned
about October, 1925, the fish making up the 1925 year class reached a mean total

length of 21.5 centimeters (8.4 inches) by the end of May, 1926 (May 30 to June 6).

(Consult Table 8 and fig. 9.) Comparably, the succeeding year class, hatched in

October or November, 1926, attained approximately the same mean length of 21.5

centimeters by the end of May, 1927 (May 8 to 22). By the 1st of October, 1926

(October 3 to 10), the 1925 year class had grown to a mean length of 33.7 centimeters

(13.3 inches). The growth of this class continued rapidly, although becoming
reduced during the winter months, and by the end of May, 1927, when about 1)4,

years of age, the group reached a mean length of 43.6 centimeters (17.1 inches), with

a length distribution from 36 to 51 centimeters (14 to 20 inches). This growth

during the first year of life may be clearly followed by inspection of Tables 7 and 8

and Figure 9.

MEAN
LENGTH

CMS,

50

1926 1927

¥ic,. 9.—Growth of rodflsh during first 14 months of life. (Based on Table 8)

T.\BLE 7.
—

Length-frequency dislribalion of redjish taken in Texas, March, 19^H, to May, 1927

[Collections summarized into approximate bimonthly periods]

Centimeters



146 BULLETIN OF THE BUREAU OF FISHERIES

Table 7.—Length-frequency distribution of redfish taken in Texas, March, 1926, to May, 1927—Contd.

[CoUectioDS summarized into approximate bimontlily periods)

Centimeters
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Table 7.—Length-frequency dislribution of redfish taken in Texas, March, 1920, to May, 1927—Contd.

(Collections summarized into approximate bimonthly periods]

Centimeters
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By a comparison of IJ^-year old fish taken during the bimonthly periods of

April 18 to 25, May 2 to 9, and May 16 to 23, 1926 (probable length range from

39 to 53 centimeters), and the monthly period of April 24 to May 22, 1927 (probable

length range from 36 to 51 centimeters), it is found that the 1926 fish possess a mean
total length of 45.8 centimeters (18 inches), while the 1927 group of the same age
has a mean total length of 44.1 centimeters (17.3 inches). (See Table 7.)

The May, 1926, 13^-year old redfish, with a length range from 39 to 53 centi-

meters and a mean total length of 45.8 centimeters (18 inches), appeared to attain

an approximate modal length of 52 centimeters (20.5 inches) by September, 1926,

on the basis of a collection of fish taken during the period of August 15 to 29, 1926.

FISH
,

€0r

50

^0

30

20

10

10

J.5

LENaJH - SNCHE5
7.& IL6 15.7 m 23.6 27.S 31.5 35.4 39.3

A
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of the youngest year class by a comparit;on of the bimonthly samples (Table 7), but

for the present purjiose of presenting all distinguishable year classes at one time this

error may be disregarded.

A smoothed length-frequency distribution of these redfish shows the first three

year classes to be marked by modal lengths at 30, 53, and 63 centimeters (11.8, 20.8,

and 24.8 inches). (See fig. lOA.) Following these definite year groups, several

modes are evident at about 75, 79, and 84 centimeters, and these modes are believed

to be composed of fish in the fourth and fifth year classes. The mode at 79 centi-

meters is probably accidental and made up of fish either in the fourth year and

belonging with the 75-centimeter group, or in the fifth year and belonging with the

84-centimeter group. The small number of fish lying within the probable range of

the fourth year class magnifies this abnormal or chance mode at 79 centimeters. It

must be realized, of course, that a considerable overlapping occurs among the various

year classes, particularly as age and size increase.

Table 9.—Length-frequency dislrihulion of redfish collecled with experinienlnl gear in August and
September, 19:^1!

Length,
centimeters
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in the IV-year class. The youngest or 0-year class (a few weeks old) is not repre-

sented, of course, in the commercial catch. The abrupt curve at about 32 to 33

centimeters (12.6 to 12.9 inches) results from the selection of the gear as well as a

legal minimum-size market limit at 36 centimeters (14 inches).

Table 10.—Length-frequency distribution of 357 market redfish taken in Laguna Madre, Tex., Novem-
ber to December, 1925, by commercial seines

Length,
centimeters
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definito scale check usually near the periphery of the scale and indicating a check in

growth during the second winter of life); 6 redfish, ranging from 53 to 57 centimeters

(20.8 to 22.4 inches), showed two definite winter checks; and 7 redfish, ranging from
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Fig. 11.—Age of redfish according to lonptti, as indicated by winter growth checks onseales

58 to 70 centimeters (22.8 to 27.5 inches), possessed three definite annual scale checks.

Hence, the approximate actual age, in years, of the redfish as represented in winters

by Figure 11, is one less than the number of winters recorded.
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For the first three years little doubt exists as to the verity of these age determi-

nations by the scale method, but it may be said that after the third winter some errors

may occur in the age determinations, due both to the extreme difficulty in examining

the large scales and to the personal judgment of the writer in counting the annual

breaks or "checks" in the annuli of the scales. It would appear, however, on the

basis of both scale and length-frequency studies, that the redfish reach a total length

of about 80 to 85 centimeters (31.5 to 33.2 inches) by the end of the fourth year or

the fifth winter of life.

SEASONAL DISTRIBUTION AND MOVEMENTS

The larval and young redfish, after entering the bays and lagoons from the Gulf

spawning grounds, tend to distribute themselves rapidly. While assisted in the early

stages of distribution mainly by the tidal currents, the young fish soon is able to use

its own power of locomotion to take it to places of safety. By October 27, 1926,

several small redfish 25 millimeters long (0.6 inch) were taken along the shores of

Corpus Christi Bay near the entrance into Oso Bay, while a collection of young
15 to 29 millimeters long (under 1 inch) was secured in Shamrock Cove, a sheltered

indentation of Corpus Christi Bay some 12 miles or more from Corpus Christi Pass.

The young seek the more grassy and quiet coves and lagoons during the early

part of life, rarely being found on bare, sandy bottom or in rough water. This

preference for shallow tidal flats was most noticeable in the vicinity of the passes.

A serious destruction of many small redfish consequently may have resulted in October,

1926, when an extremely low tide occurred in the vicinity of Aransas Pass, which

caused large areas of the shallow flats in and about Harbor Island to become dry.

Many small mullet and top minnows were observed in a dying or dead condition as

a result of being unable to reach the deeper channels when the water drained off from

the flats. Many young redfish known to be on such areas were either killed likewise

or forced to enter the channels that did not appear suited to the normal requirements

of the fish.

With the coming of cold weather during the first winter, the young redfish,

ranging in length from 5 to 15 centimeters (2 to 5.9 inches), work into the deeper

bayous from the more shallow coves and flats. During the spring following hatching

many wander out into the Gulf of Mexico, but apparently they occur only in moderate

numbers along the shore lines in the surf, since none ever are caught in the shrimp

trawls, which operate from 1 to 10 miles offshore. In less than a year after hatching

young redfish may be found within the bays and lagoons, 75 miles or more from the

nearest pass, as collections of fish in July, 1926, from Baffin Bay (Laguna Madre)

indicate. The absence of young redfish less than 10 to 15 centimeters in length (3.9

to 5.9 inches) from the waters of the Gulf of Mexico is most striking and would indi-

cate that conditions in the Gulf are not suited to the early stages following hatching

and that all newly hatched fish come into the bays.

After the first year most of the redfish leave for the deeper bays or Gulf during cold

weather. The movement of fish out into the Gulf is gradual and not noticeable to

any extent, but in the early spring the movement back into the bays and lagoons is

pronounced. This spring movement into the bays, particularly of the younger year
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classes (fish from 40 to 60 centimeters), provides hook-and-line fishing about the

various passes, especially Corpus Christi.

After a certain maximum length is attained (about- 70 centimeters or 27.5 inches)

the redfish tend to travel in schools and remain for the most time along the sandy
shores of the Gulf of Mexico. According to old fishermen, many of these schools of

"bull" redfish frequented the bays and lagoons during the summer months, departing
to the Gulf in early fall. At the present time, however, few such schools are noticeable

within the bays (two schools taken by the writer in July and September, 1926, in

Corpus Christi Bay). This fact has given rise to the opinion that the species is

becoming depleted. It is the decided belief of the writer that this absence of larger

redfish from the bays is not due to the actual scarcity of the fish (all redfish above 32

inches have been protected by law for some years) but to the marked changes that

have resulted from the use of power boats and' water traffic, as well as from the

activities of sportsmen who congregate about the passes in large numbers. The
schools of redfish are known to become easily frightened or "stampeded" at any slight

disturbance, and any activities in the vicinity of the passes may be regarded as

unfavorable to the entrance of the fish into the bays.

When spawning time approaches (September), the schools of redfish, composed
largely of adults above 75 centimeters, travel along the shore lines of the Gulf beaches

imtil they strike the mouths of the passes. This movement or spawning migration
is most evident along Mustang and Padre Islands, Tex., during the early fall. Those
few schools of ripening adults that have been living within the bays during the sum-
mer apparently seek the pass exits to the Gulf. A concentration of spawning schools

of redfish at the mouths of the passes undoubtedly results in a condition favorable to

natural propagation and distribution of young.

SIZE AND AGE AT MATURITY

One large, unselected collection of sexually matured redfish was captured in late

September, 1926, several weeks before the first young of the 1926 year class were taken.

The sample consisted of SO fish, ranging in length from 74 to 96 centimeters (29 to 38

inches), and was part of a large school of fish that apparently was endeavoring to find

an exit from the narrow cove into which it had wandered. Several of these fish when
examined showed that spawning time was near at hand. A nearly ripe roe taken from
a female 90 centimeters long (3 feet) weighed approximately 13 ounces and contained
about 3,500,000 eggs. Two methods were used to calculate the total number of eggs,
with the results presented below :

Von Bayer melhod:

D= diameter of known whitefish eggs, in inches 0. 127
iV= number of whitefish eggs to the quart, by actual count 33, 036
d= average diameter of redfish eggs, in inches (0..5 millimeter) . 02

Total volume of redfish eggs, in quarts (400 cubic centimeters) _ ,4

By use of Von Bayer's formula D^:fP::n: N, where /( is the unknown.

n, or the number of redfish eggs to tlie quart, equals 8, 457, 216
Number of redfish eggs in 0.4 quart 3, 382, 886
Total number of eggs in 90-centiineter redfish (3 feet) 3 382, 886
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Actual iveight method:

A total weight of 23 milligrams gave an egg count of 176

One milligram, by calculation, equals 7. 052

One gram of redfish eggs, by calculation, equals 7, 652

Total weight of redfish eggs, in grams 447

Total number of redfish eggs in 90-centimeter fish (3 feet) 3, 410, 000

Maturity appears to be reached at the end of the fourth or fifth year of life. No
redfish under 75 centimeters (29.4 inches) were taken in a mature condition during
the field operations, and ripe fish are virtually unknown to the fishermen, who must

free all captured fish over the legal size limit of 81 centimeters (32 inches). On the

basis of the one collection of nearly ripe fish taken in September, 1926, it would

seem most likely that maturity is not reached before the end of the fifth year, certainly

not before the end of the fourth.

Figure 12, showing the relation of weight to length in 222 redfish, indicates that

a weight of 10 pounds or over is attained before the time of first spawning (70 centi-

meters, or 27.5 inches in length, at least, being reached by the fish).

FOOD HABITS

The food of the redfish along the Texas coast is made up principally of the crus-

taceans such as the shrimps and crabs. The commercial shrimps (Peneus) appeared

to be the favorite food with some 236 redfish 6 to 72 centimeters long examined for

stomach contents. The common blue crab (Callinectes), when small or in a molting

condition, ranks second in abundance. (See Table 11.)

Table 11.—Food preference of 236 redfish, prexcnled in percentage of total number of fish in each

length group that fed exclusively on the various organisms

IMixed food usually a combination of shrimp, fisb, and crabs. Fisli taken from February to May, 1927)
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The redfish or red drum occurs in commercial quantities from New Jersey to Texas.

Florida leads in the total production, with Te.xas ranking second. The Gulf States
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Fig. 12.—Rel.ition of weight to length in 222 redflsh

exceed the South Atlantic States in both the quantity and value of the commercial

catch. The following table is taken from the reports of the United States Bureau

of Fisheries.
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Table 12.—Catch of the redfish (Scixnops oceUitw'^

State
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fish, which are served in the form of steaks. By preventing the sale of fish of over

32 inches, virtually all of the mature or spawning redfish are protected. This would

seem most desirable from the standpoint of fishery conservation when it is realized

that the bulk of the catch is composed of fish in their second and third year, and

that the marketability of the species is reduced greatly after the third or fourth years.

The total catch of redfish in Texas undoubtedly could be increased if many of the

closed waters were to be opened to net fishing. This applies particularly to a long

stretch of Gulf beach along Padre Island, which is an exceedingly fine feeding ground
for many of the larger redfish. No way to determine the capacity of any fishery is

recognized, except by actual trial by the most efficient commercial methods, and the

gradual reduction of the commercial coastal fisheries to a hook-and-line method of

fishing will hardly allow such a capacity to be ascertained.

SUMMARY

1. The redfish spawning season occurs mainly in October, and in the Gulf of

Mexico actual spawning takes place close to or at the mouths of the various passes.

2. The newly hatched redfish are carried by the tidal currents into the bays and

lagoons, where they remain for an indefinite period.

3. The redfish attains a modal total length of about 13.4 inches (34 centimeters)

by the end of the first year, 21.3 inches (54 centimeters) by the end of the second,

25.3 inches (64 centimeters) by the end of the third, probably about 29.5 inches

(75 centimeters) by the end of the fourth, and 33 inches (84 centimeters) by the end

of the fifth year. The species reaches suitable market size soon after the first year.

4. Maturity is reached not before the end of the fourth or fifth year, probably
the fifth, with few fish under 30 inches (75 centimeters) in a sexually mature con-

dition.

5. The food of redfish from 2.4 to 23.6 inches (6 to 60 centimeters) in length
consists principally of shrimps (Peneus), crabs, and small fish.

NATURAL HISTORY OF THE BLACK DRUM, POGONIAS CROMIS
(LINNvEUS)

Black Drum

Labrus cromis LinQfeus, Syst. Nat., ed. XII. 1766, p. 479; Carolina.

Pogonias cromis Jordan and Evermann, 1896-1900, p. 1482, PI, CCXXV, fig. 573; Welsh and Breder, 1923, p. 186; Hildebrand and

Schroeder, 1928, p. 287.

DESCRIPTION OF ADULT

The adult black drum has an oblong, compressed body, with the back much
elevated. The head is moderately short, with the snout blunt. The lower jaw

possesses numerous large barbels along the inner edge of each side, with the series

usually reaching back to below middle of eye. The color in life is generally silvery

black, with often a brassy luster, and all fins are black or dusky. Variations in color

are frequent among drum taken along the Texas coast, depending largely on the

particular environment from which the fish is taken. Drum from the Gulf of Mexico
are usually uniformly silvery, with the black lateral bars, characteristic of the young
fish, becoming indistinct; while adult drum taken in the shallow bays are black or

even bronze. (See fig. 19.)
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DESCRIPTION OF YOUNG

The smallest larval drum taken in Texas measured 4.5 millimeters (0.2 inch).

A small yolk sac is present, and the dorsal and ventral fins are not evident. Two
prominent groups of chromatophores are present; both lying ventrally, one slightly

Fig. 13.—Larval black drum. Actu.il length, 4. .5 millimeters

Fig. 14.—Young black drum. Actual length, 6 millimeters

Fig. 15.—Young black drum. Actual length, 8 millimeters

Fig. IC—Young black drum. Actual length, 18 millimeters

posterior and above the vent, while the other lies approximately at the base of the

undifferentiated anal fin. These groups of chromatophores are placed somewhat

similarly to the ventral ones observed in the young larval redfish {Scisenops ocellatus),

but the general absence of any pronounced dorsal markings in the larval drum separate

the species distinctly. (See fig. 13.)
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Fig. 17.—Young black drum. Actual length, 35 millimeters
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At 6 millimeters the black drum has the vertical fins better developed, with

6 anal rays being discernible usually. This anal-ray count seems most constant and

accordingly separates the species from other related ones. The dorsal and ventral

fin folds stUl persist, although now separate from the tail, while the yolk sac is reduced

further. The two ventral chromatophores are well marked and weak spines are

present on the opercle or gill cover. (See fig. 14.)

A marked change occurs in the general pigment arrangement when the fish has

reached a length of about 8 millimeters. Black chromatophores appear in profusion

dorsally as well as along the sides and tend to arrange themselves into definite groups

extending from the nape to the caudal peduncle. These groups are the forerunners of

the six vertical black bars that soon appear, to remain until adult size is reached.

On fish of about 8 millimeters, however, all six bars are rarely discernible in one speci-

men. All vertical fin rays are well formed and easily counted—dorsal, X-I, 21-23;

anal, II 6. The ventral chromatophores present in the smaller stages tend to

disappear entirely. (See fig. 15.)

When a size of 15 millimeters is attained, the young drum has assumed the

general adult shape. The six black bars are pronounced and extend vertically from

the back to slightly below the lateral line. All fins, with the exception of the dorsal,

are colorless. The dorsal is dotted heavily with black punctulations, particularly

along the anterior spines, while the soft rays are marked less heavily. The color of

the body above the lateral line is light brown, marked with black vertical bars, while

below the lateral line a bright silvery sheen prevails. The series of mandibulary
barbels are now evident. (See fig. 16.)

In drum above 25 millimeters the color pattern remains essentially the same,
with the exception that the pectorals and anal assume a black cast and the fish tends

to become darker with age. (See figs. 17 and 18.)

SPAWNING AND EARLY DISTRIBUTION OF YOUNG

Along the coast of Texas the black drum spawns principally from February
to May in the Gidf of Mexico near the mouths of the passes leading into the bays
and lagoons. A late or secondary spawning period may also occur from late July to

November. Both spawning seasons are preceded by well-defined migrations of the

adult fish to the spawning grounds of the Gulf. The newly hatched drum are

brought into the bays by the tidal current and soon distribute themselves into more

or less definite localities.

The presence of large numbers of ripening adult drum within many of the more

shallow bays and lagoons has led to the opinion among many that the species spa^vns

within these bays and lagoons. The drum, well recognized as preferring the shallow

and muddy areas of Nueces and Oso Bays and parts of Laguna Madre, is found in

the greatest abundance within these particular bodies of water, and the casual

observer might easily be led to believe that the entire life of the fish was spent within

such localities. It was found, however, during the course of the recent study, that

the spawning habits of the black drum were complicated, and that the general sup-

position of a bay spawning habitat was not tenable in the light of the results obtained

by the writer during 1926 and 1927.



NATURAL HISTORY OF REDFISH, ETC., OF TEXAS 161

The first collection of young drum was taken on May 13, 1926, along the shores

of Corpus Christi Bay near the channel entrance leading into Oso Bay. (See Table

13.) The fish, ranging in length from 9 to 37 millimeters (0.4 to 1.5 inches), were

secured after a storm from several small, temporary pools along the beach, which

had been filled by the abnormal high water resulting from the heavy seas the day
previous. A strong current was flowing into Oso Bay from Corpus Christi Bay,
and it seemed unlikely that such small drum could have breasted the current and
come from Oso Bay to be washed up on the beach later along the shore line of Corpus
Christi Bay. It was far more reasonable to expect that the young had come from

Corpus Christi Bay and had been thi-own into the beach pools accidently while

endeavoring to gain the channel leading into Oso Bay.

Table 13.—Collections of larval and young black drum {Pogonias cromis) taken in Texas, 1926 and
1927

Date
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Table 14.—Collections of black drum illustrating distribution of fish under $5 centimeters {9.8 inches).
Fish spawned in 1927 omitted. {See Table 13.) Collections of less than 10 black drum have been
omitted also
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On October 14, 1926, after several months of futile effort in seeking newly hatched

drum, together with the captclre of small collections of ripening fish at infrequent

intervals in and about Oso Bay, a large, nearly ripe female drum, 90 centimeters

(35.5 inches) long, was found stranded in Corpus Christi Pass. This was the first

indication that spawning drum were to be found near the Gulf of Mexico, and while

it could not be determined in which direction the fish was traveling before it

accidentally ran up on a shallow sand bar, it was evident that spawning might be

looked for in the Gulf as well as within the bays.

In February, 1927, the spring spawning of the drum was indicated to be approach-

ing. About the last week in January fishermen familiar with the movements of the

fish in such bays as Nueces and Oso, as well as Laguna Madre, were in the habit of

placing large-meshed gill nets near the mouths of the narrow channels leading into

such bays to secure the larger migrating adults that generally were supposed to be

coming into the bays from some unknown place for spawning. During the winter of

1927, these nets, discussed more fully in another section of this paper, were placed

at the mouth of Nueces Bay in Corpus Christi Bay, along the south shore line of

Corpus Christi Bay near the entrance to Oso Bay, and in the open fishing area in

Laguna Madre. Examination of the larger stand of nets at the mouth of Nueces

Bay in early March indicated conclusively that a marked spawning migration of

adult drum was occurring. All fish were in a nearly ripe condition, and most of

them ranged over 80 centimeters (31.5 inches) in length.

Meanwhile, ripening fish were being captured by commercial gill nets in Laguna
Madre and by experimental gear operated by the writer in the closed fishing area of

Oso Bay. During the preceding months fishing within Oso Bay had been very difficult

and inconclusive on account of the heavy mud bottom and the lack of a landing place

for the large seines. Often, nevertheless, large drum (above 60 centimeters, or 23.6

inches) were caught (more generally, only seen) in the shallow recesses of Oso Bay,
and it was generally known that a considerable number of large fish were to be found

within the bay.

Experimental gill nets were placed in Oso Bay near the channel exit into Corpus
Christi Bay during the early part of March with the expectation of determining the

direction of this spawning migration of drum. Good catches of large ripening fish

soon were obtained, and by the position of the gilled fish in the nets it appeared that

the schooling fish were endeavoring to gain their way over the shallow sand bars

partly blocking the exit into Corpus Christi Bay. On one occasion large drum
were seen deliberately making their way over the shallow bars from Oso into Corpus
Christi Bay.

Upon reaching the deeper waters of Corpus Christi Bay, the migrating drum
were difficult to catch or to observe. However, fishermen reported that while their

boats were lying anchored in the various channels leading to the passes, particularly

Aransas Pass, distinct drumming sounds could be heard during the night, presumably
caused by the drumfishes on their way to the Gulf. The writer, while not doubting
these reports, did not actually hear any such noises, although it is v/ell known that

the drum make a loud drumming vibration which is probably employed extensively

during the breeding season for the purpose of sexual attraction.
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On February 28, 1927, the first collection of larval black drum was secured in

Harbor Island Light Baj^ou in nearly the same spot where the first larval redfish

and croakers were taken some months previous. These young drum ranged from

4 to 6 millimeters in length and were not identified definitely as black drum {Pogonias

cromis) until the second week in March, after the gill nets had indicated the move-

ment of the spawning adults from the bays to the Gulf of Mexico. The fish were help-

less and obviously at the mercy of the tidal current, which had swept them into the

quiet bayou from the channel leading from Aransas Pass and the Gulf. (See Table 13.)

On March 11 Corpus Christi Pass was visited and large numbers of larval and

post-larval drum were taken in the main channel of the pass itself, as well as along
the shore lines of the various islands in Laguna Madrc adjacent to the pass and

reached by the incoming tides. In all cases was it evident that the larval drum were

being brought in from the Gulf by the tidal currents. As shown in Table 13, con-

tinuous collections of larval and very j^oung drum were made about both Corpus
Christi and Aransas Passes during March and April.

It was observed that the young drum left the vicinity of the passes as soon as able,

and it was believed, on the basis of the collection of small drum near Oso Bay on May
13, 1926, that the fish were making for definite localities, such as Oso and Nueces

Bays. On April 9 a considerable number of young drum had reached the channel

leading from Corpus Christi Bay into Oso Bay. These fish ranged in length from

8 to 11 millimeters (under 0.5 inch) and were the approximate size of the smallest of

the young drum caught in the beach pools in the same locality on May 13, 1926.

On the day these fish were taken, the current was running out from Oso Bay, with

the result that the young were forced to remain at the mouth of the channel for some
time.

Nueces Bay, similar in most respects to Oso Bay but on a nearly direct line with

a recently completed ship channel that connects Aransas Pass with the city of

Corpus Christi, was fished at various points during April and May. Many young
drum from 9 to 15 millimeters long were taken in late April, while large numbers of

young, growing rapidly in size, were secured throughout the month of May.
By the time field operations were discontinued, at the end of Ma.y, 1927, the

young larval drum had ceased to come into the passes from the Gulf, and those that

had gained entrance were concentrated largely within Nueces and Oso Bays and

probably Laguna Madre. The young drum preferred the same type of environment

as was chosen generally by the older fish.

Several complications in the way of a thorough understanding of the spawning
habits of the black drum leave an interesting field for future research along this line.

No explanation is ofl'ered for the lack of j'oung drum that should have come from the

ripening fish taken from July to October, 1926. Whether they escaped observation,

owing to their small numbers, or whether there were no fish to be taken are questions
unsolved at the present time. The writer expresses the opinion, however, on the

basis of the relatively small size of the maturing fish taken in July to September, 1926

(Table 16), that spawning at this time was negligible. The main spawning season of

the black drum in the vicinity of Corpus Christi Bay undoubtedly is from late Feb-

ruary to May, and the spawning grounds probably are situated at the mouths of

the passes in the Gulf of Mexico.
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Little information on the spawning habits of the black drum in other sections

of its range has been recorded. Welsh and Breder (1923, p. 197) stated that the eggs

and larvie of the drum were unrecorded and that little was known of the life history.

Hildebrand and Schroeder (1928, p. 288) recorded a fully ripe male drum, 37 inches

long, taken on May 22, 1922, at Cape Charles, Va., in 48 feet of water, but stated

that no young drum under 8 centimeters (3 inches) have ever been secured.

GROWTH AND AGE

Study of the age and growth of the black drum brought out the fact that by
the method of age determination employed with success in the case of the redfish,

croaker, and spot (the Petersen method, whereby the individuals of a large collection

are grouped according to their length, and each prominent mode or hump in the
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Fig. 20.—Length-frequency distribution of black drum in Texas, 1926-27. Actual frequencies have been

smoothed by a moving average of threes. Roman numerals indicate year classes

plotted frequency distribution is assumed to represent an age class), only the first

two year classes of drum could be discerned throughout the year with any degree

of reliability. After the third year the various year classes overlap to such an

extent as to render the Petersen method worthless.

A series of jmoothed length-frequency distributions, taken from Table 15, is

presented in appro.ximate monthly summaries by Figure 20. Collections from April

4 to May 8, 1926 (following fig. 20), gave a group of drum (I-year class) assumed

to be entering their second year with a modal length at about 25 centimeters (9.8

inches). This I-year class grew rapidly durmg the succeeding months, and by
October (September 12 to October 8) had reached a modal length of about 35 cen-

timeters (13.7 inches). While this class held its original identity well during the

spring and summer of 1926, it nearly disappeared from the catches during the
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winter of 1926-27. In April and May, 1927, the class reappeared in good numbers
with a modal length at about 37 centimeters (14.5 inches).

Table 15.—Length-frequency distribution of black drum taken in Texas waters from April, 1926, to

May, 1927
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Table 15.—Length-frequency distribution of black dr%im taken in Texas waters from April, 1926, to

May, ./927—Continued
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little more than 1 year old. This modal size in April, 1927, corresponds well with the

modal length observed for drum of the same age ca'ptiired in April, 1926.

In late February, 1927, a newly spawned year class appeared (0 year class), which

by the end of May, 1927, had attained a modal length of 2 centimeters with a range from

1 to 5 centimeters. It will be observed that during May, 1926, a length range from

1 to 15 centimeters was recorded, while a year later this range was reduced to 1 to 5

centimeters. From the fact that the larger fish included in the O class during May,
1926, possessed no winter scale checks, it must be inferred that spawning occurred

earlier in 1926 than in 1927 (the scales of the drum were found to show annual winter

growth checks, not including, of course, the first winter during which the fish are

hatched). This supposition presumes, however, that the larger fish of the class

(10 to 15 centimeters long) actually belonged to the year class on account of its

lack of a winter check, and that any group of fish hatched in the late summer or fall

of 1925 would show a growth check during the winter of 1926. The fact that after

the period fi'om May 9 to June 5, 1926, all fish in the O year class fell into a more or

less regular group would seem in itself to justify the inclusion of these larger fish

in the youngest year class.

Some confusion was caused by the capture of a considerable number of drum
from December 5, 1926, to January 28, 1927, showing a modal length at about 15

centimeters (5.9 inches), while the modal length of the O year class reached 21 centi-

meters (8.2 inches) during the preceding October. This small group of drum was

reflected in the catches during the next few months, and nearly all fish were taken

from Oso Bay. (See table 14.) WhUe it is possible that this undermodal group of

the year class of drum was the result of the suggested spawning in the late summer
and fall of 1926, the belief of the writer is that the group merely represented a late

season's hatch in the spring of 1926, as indicated by the collection of many young fish

around Oso Bay on May 13, 1926. Such differences within a single year class can

easily result from the arrival of various schools of adult fish on the spawning grounds
at different times. With the existing doubt as to the results obtained from the effort

of some fish to spawn in the late summer of 1926, however, the writer suggests the

possibility that some yovmg may come from this spawning and be represented by these

subnormal modes at about 16 centimeters instead of 23 to 24 centimeters, as appeared

typical of the year class in December, 1926, and January, 1927. Future work could

easily clear up the present uncertainty as to the extent and influence of any late

summer spawning, which, with the information at hand, appears to be negligible.

It seems reasonable to state, on the basis of an examination of the drum length-

frequency distribution composed of about 4,350 fish taken with unselective gear,

that a modal length of about 25 centimeters (9.8 inches) is reached by the end of the

first year and about 37 centimeters (14.5 inches) is attained by the end of the second

year.

The age of the black drum, up to a length of 60 centimeters (23.3 inches), usually

may be determined by a count of the annually formed winter-growth checks on the

scales. The extremely large size and the heavy calcification that the drum scale

undergoes render the determination of age difficult and unreliable after the fish has

reached the fourth or fifth year of life and generally has attained a length of 50 to 60

centimeters (19-7 to 23.3 inches). In general, the winter-growth checks of the drum
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scales (annuli) have the nature of bilateral breaks or interruptions in the circuli

pattern of the scale, most evident at the lateral terminals of the circuli. Many of

the younger fish, however, in addition to the lateral terminal checks, show closer

approximations of circuli formed during the retarded winter growth. In most

respects the scales of the black drum closely resemble those of the redfish, both in

size and structure, as well as in the nature of the winter-growth check.

Figure 21 illustrates the relation between age and length, secured by a study

of the scales of several hundred drum. No fish over 60 centimeters (23.3 inches) in

length has been included in this figure because of the present unreliability of age

CMS. 10 20 50 40 50 10 20 30 30 SO

AGE
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4
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SIZE AND AGE AT MATURITY

Sexually matured black drum with a total length range from 27 to 105 centi-

meters (10.5 to 41.6 inches) were taken. Only fish that possessed developing sexual

products (granular roe in the females) were sexed, thus obviating personal errors in

judging the state of development.
It ^vill be observed, by inspection of Table 16, that the drum found in a ripening

or spawning condition during July to October, 1926, were of smaller minimum and

LENGTH

OF FISH

MM 10 20 30
SCALE LEhiGTh

10 20

JCALE WIDTH
40

Fio. 22.—Correlation between scale length and width and total body length in the black drum.
The average values of the scale lengths and widths corresponding to a succession of body
lengths lie nearly upon a straight line, indicating that on the average the growth increment

of the scales is a constant proportion of the giowth increment of the fish

maximum length than those taken during the main spawning period in the winter

and spring of 1927. This difference extends particularly to the older and larger

fish, only one drum above 58 centimeters (22.8 inches) being taken during 1926,

compared with many secured in 1927 by the writer and by commercial fishermen.

This condition is unaccounted for at present. One possibihty, however, is that many
of the youngest maturing fish (I class) reach sexual maturity either several months

prior to or after the older classes spawn.
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While not all the drum captured from the adult age groups during 1927 were in

a ripening condition (as judged by the writer), a much larger percentage was recorded

than during July to October, 1926. From July 11 to October 10, 1926, approximately
490 adult fish were taken (all drum above 29 centimeters considered adult), but only
67 fish, or 13 per cent, were in a ripening condition as indicated by granular roe and

running milt. From March 6 to May 1, 1927, 151 adults were secured (all fish above
34 centimeters 'considered adult), 121 of which, or 80 per cent, were in a ripening
state. While these figures are subject to slight error because of the difficulty expe-
rienced in determining the state of maturity, the percentages indicate, in a rough
way, the seasonal abundance of spawning fish.

Table 16.—Size at malurily of the black drum

[Only flsh with ripeningroeormiltwereseied. The 1926 period was fromjuly to October; the 1927 period from February to May]

Length, eentimetei-s
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Present knowledge of the exact causes for the voluntary response of young
fishes to a certain type of environment is too inadequate to permit a conjecture as

to the possible factors that cause the determined effort of the young drum to reach

definite isolated bays and lagoons wherein verj' few species of marine fish dwell.

The fact remains, however, that these young drum are attracted to a particular

type of aquatic environment soon after coming in from the Gulf of Mexico, to such

a degree as to render the absence of the small fish in other types of coastal waters

most noticeable.

The young drum generally remain within their favorite bays until they attain

a length of at least 10 centimeters (4 inches), when many of them gradually move
out into the deeper bays and, to a slight extent, into the Gulf of Mexico. The

young drum (fish under 10 centimeters) are more prone than redfish to stay away
from the open shores of the Gulf. Most of the drum population, however, appears
to reside imtil matuiity (spawning time) within the shallow waters chiefly of Laguna
Madre and Oso and Nueces Bays, but relatively few fish roaming into the deeper
waters.

The spawning migration of the adult drum from the shallow intercoastal waters

to the Gulf of Mexico is most pronounced in the vicinity of Oso and Nueces Bays
and Laguna Madre, where, from late January to May, special gill nets are employed
to intercept and capture the schools of migrating fish. From personal observations

it would seem that the greater part of this movement from the bays takes place at

night. The distance to be traveled from such waters as Oso or Nueces Bay to the

nearest pass to the Gulf of Mexico may lie, roughly, between 20 and 30 miles. Such

a distance might easily be covered by the drum within a few days, which perhaps

explains the nearly ripe condition of most drums before they leave the bays.

After spawning outside the passes the spent adults that survive appear to come

closer inshore to seek their way back into the bays. Considerable numbers of these

spent drum were taken in the late spring of 1927 along the Gulf beaches near the

passes as well as immediately within some of the passes. No collections of spent

adults were obtained at any time within the confines of either Oso or Nueces Bay,
which fact in itself would indicate that spawning does not take place in these bays.

The drimis are extremely persistent in remaining within the shallow intercoastal

waters, both during the excessive heat and salinity of the water in summer and the

sudden-killing cold waves in winter. With the shallow bays preferred by the drum

nearly completely isolated from the deeper ones, escape in times of danger is not

accomplished readil3^ Navigation within these shallow waters is difficult, and

many of the migrating adults have their bellies badly lacerated from the continual

friction in passing over oyster reefs, particularly during the excitement of breeding.

It has been said that in past years farmers were accustomed to chase the large 10

to 40 pound drum over the shallow mud flats with pitchforks, such chase, of course,

furnishing a considerable amount of thrill as well as fish.

During the summer the waters in the vicinity of Baffin Bay (Laguna Madre)
often become extremely saline, with the result that many fish, particularly black drum,
die. Cold waves in winter, which chill the shallow water rapidly, are said to work
destruction with the species because of the inability of the fish to reach more favorable

environments.
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The writer feels that future scientific research into the Ufe history of the black

dnim might take up, with profit, a more intensive study of the various seasonal

movements or migrations of the species than was possible during this investigation.

FOOD HABITS

The feeding habits of the black drum bear out the belief that the fish is generally

a strictly bottom feeder. Possessing heavily paved pharyngeal teeth, the species

has long been known to frequent oyster beds or reefs, the supposition being that the

young oysters are crushed and eaten in great quantities. Observations on the stom-

ach contents of many Texas drum, particularly those of a large size, failed to show
that oysters of any size make up any considerable percentage of the regular diet.

The main food of the drum after it has attained a length of about 20 centimeters

(7.8 inches) is a small mollusk or "clam"—Mulinia transversa corbuloides—which

abounds in the more muddy and shallow bays, such as Nueces and Oso, in the vicinity

of Corpus Christi. Bottoms containing this mollusk invariably are covered with heavy

mud, and along such bottoms the drum delights to feed. Certain localities in the

more or less grassj^-bottomed coves are well known as good "drum hauls" because

the drum usually may be found feeding in these localities, which in all cases possess

a clear but muddy bottom in which Mulinia may be found in varying abundance.

The mollusks lie deeply buried in the mud but are sucked up by the drum, which

retains them and proceeds to crush the shells by means of its strong pharyngeal

teeth. As much as 2 pounds of broken shell from this small mollusk have been taken

from a large fish. Whether or not the fish swallows dead shells can not be stated

definitely, but in great numbers of fish examined, the intestines literally were filled

with hundreds of fragments of the thin shell of Mulinia. The drum often nearly

stand on their heads in feeding, with their tails out of water, so shallow is the water

and so intent are the fish on sucking up the mud.

Various other mollusks, such as mussels (Mytilus) and oysters (Ostrea), are

eaten in some abundance. Small crabs rank second in quantity to Mulinia, and

shrimp also are consumed at times. The smaller-sized drum (under 20 centimeters,

or 7.8 inches), with less powerful crushing teeth, tends to prey upon the softer food

organisms, such as small fishes, annelid worms, and the smaller crustaceans. Surf

fishing along the Gulf beaches, with dead mullet or shrimp for bait, yields catches

of drum.

Table 17.—Food preference of 117 black drum, presented in percentages of total number of fish in each

length group that feed exclusively on the various organisms, the food named in the parentheses occurring
most commonly

[Forty
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Table 17 shows the changing food habits of the drum according to its size. The
smaller drum feed largely on fish and annelids, represented by 36 and 32 per cent;

the medium-sized drum cease feeding on the softer foods and consume larger amounts
of mollusks (33 per cent) and crabs and shrimp (28 per cent), a 37 per cent mixed-

food content consisting of mollusks and crabs; and the older drum confine their

food largely to the mollusks (74 per cent) and crabs (16 per cent). In general, the

food habits of the black drum may be correlated with the environment. In the more

shallow, muddy lagoons and bays the greatest numbers of Mulinia are found, and it is

in such waters that drum Uve in the greatest abundance. In an environment where

extremely turbid water prevails throughout the year; where the water temperature

ranges from 80 to 90° F. in summer and as low as 40° F. in winter; where during the

^
summer salinity often is twice as great as that of ordinary sea water and during the

rainy season a brackish condition exists; and where the average depth rarely is

more than 4 feet, the black drum attains its greatest abundance along the coast of

Texas.
COMMERCIAL CONSIDERATIONS

Texas produces about 70 per cent of the total annual black-drum catch of the

United States. The species attains its greatest abundance in the Gulf States,

although it occurs in commercial quantities as far north as New York. The trade

always has had some aversion for the drum because the larger adults are likely to

become infested with parasitic worms, which virtually destroy the marketability of

the fish unless the flesh is cut into fillets or steaks. In most sections of Texas the

drum is sold under the name of rockfish. The smaller fish (one-half to 3 pounds)
are preferred by many people to either the redfish or the spotted sea trout.

The following record of commercial catch, taken from the publications of the

United States Bureau of Fisheries, shows the extent of the fishery :

Table 18.—Catch of black drum (Pogonias crornis) in the United States

State
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Owing to its relative abundance in Texas coastal waters and its low market

value, the drum has not been protected by any special legislative measures. The

fact that sport fishermen and commercial hook-and-line fishermen seldom catch this

species has caused but little interest to be shown in a rational system of conservation

of the fishery. The legal closure in recent years of many of the smaller bays, such

as Oso and Nueces, in the vicinity of Corpus Christi has afforded the drum con-

siderable protection because the species spends a greater part of its life in the more

shallow, muddy bays and lagoons than elsewhere. At present, however, this

attempt at conservation is partly nullified by certain fishing practices that appear to

be unduly destructive in proportion to the actual value of the catch.

From late January to May a fishery is operated in Corpus Christi Bay and

northern Laguna Madre for the nearly ripe drum that leave their favorite feeding ^

grounds (such as Oso and Nueces Bay and southern Laguna Madre) for the spawn-

ing grounds in the Gulf of Mexico. This fishery is conducted largely by means of

anchored gill nets with a large mesh (4 to 5 inches square) customarily set as near

the entrances into Nueces and Oso Bays (in Corpus Christi Bay) and the deeper

channels in northern Laguna Madre as is legally possible. The larger adult drum

are secured in abundance, the flesh selling at wholesale at 10 cents a pound and the

female roes (weighing about 2 pounds apiece) being supplied to the restaurant trade

at 25 cents a pound. The fact that these gill nets secure the drum when they are

preparing to spawn and are seeking their way out of restricted areas, together with

the fact that most of the drum population congregate in a few small bays and lagoons

and are forced to leave them through narrow exits in order to spawn, brings up a

serious question as to the desirability in permitting this type of fishery to exist.

On the basis of the relatively slight food value of these large adult drum and the

fact that such fish must be of considerable value in replenishing the drum stock, it

would seem that their ultimate worth as spawners far surpasses their value as food.

The writer, in seeking a way to increase the natural supply of black drum in Texas

waters, recommends that suitable protection be afforded to the larger sizes of drum

at all times of the year.

The establishment of a maximum legal size limit which operates favorably in the

case of the redfish, would appear to be a logical way of protecting these larger drum

against possible depletion. Usually all drum above 20 inches in total length (50 centi-

meters) are released from the drag seines because of the unwillingness of the fish dealers

to handle the larger, less profitable sizes. The adoption of a maximum size limit at 20

inches (50 centimeters) would work little hardship to the fishing industry (in fact, it

would be a boon to many dealers now forced to accept the nigh worthless large drum)

and unquestionably would serve to increase the proportion of spawning adults. Of

course, an end would be put to the wasteful gill-net fisheries at the mouths of Oso

and Nueces Bays.
While no minimum legal size limit has been set for the drum, as has been done

for the redfish and spotted sea trout, it would appear advisable to place some restric-

tion upon the smallest size that might be marketed, since it is highly probable that

attempts will be made to market fish of such small size as to be nearly worthless as

food. A minimum size limit at 8 inches (20 centimeters) should not meet with any

serious objection, at least from the fish dealers who have the task of selling the fish.



NATURAL HISTORY OF REDFISH, ETC., OF TEXAS 177

The closing of both Oso and Nueces Bays, as well as the southern part of Laguna

Madre, to seine fishermen has destroyed the income of the fishing industry, as well as

of the entire State of Texas, from some of the best drum-fishing waters along the coast

of Texas. While an overflow of drum from these waters into open territory may result

in some benefit, it has been shown that the fish prefer to dwell most of the time within

such closed areas. Few species of food fish other than drum and croakers frequent

Oso or Nueces Bay, and the former fishery in these bays was almost entirely for the

black drum. Allowing a suitable area around the entrances to these two bays to

permit the fish ingress or egress it would appear desirable to allow a return of seine

fishing within the bays. With the larger adult drum protected by reason of a legal

size limit, there seems httle basis for expecting serious depletion of the drum from the

opening of these waters.

Laguna Madre long has been a battle ground for commercial fishing interests

and conservation forces, for no apparent reason save that this long, narrow lagoon

constitutes a favorite feeding ground for several species of marine food fishes, par-

ticularly in summer. The ease with which fish generally may be captured with

seines in the shallow waters of the lagoon has alarmed many sport fishermen, who

fear the gradual extinction of their favorite game fish. With the sportsmen in the great

majority and the general public knowing little of the problems confronting the fishing

industry, pressure in legislative circles has resulted in the closure of much of Laguna
Madre to any form of net fishing.

The writer, considering the intelligent conservation and utilization of the fish of

commercial importance along the coast, sees no legitimate reason for continuing the

closure of the southern part of Laguna Madre, particularly in and around the waters

of BafiBn and Alazan Bays. As mentioned previously, during exceedingly hot and

dry summers, when its waters become excessively saline, Laguna Madre becomes

the death place of thousands of food fish. To remedy this condition, it has been sug-

gested by many that an artificial channel or pass be cut through Padre Island from

the Gulf of Mexico to Laguna Madre in the vicinity of Baffin Bay, and thus allow

(at least theoretically) fresh Gulf water to mingle with the excessively salt water

within the lagoon. While the construction of such a pass might be possible from an

engineering standpoint, there is no evidence that the expense would be warranted

under present conditions. In fact, such a pass might bring about a marked biological

change in environmental conditions, which would reduce naturally the present supply
of some species within the lagoon, particularly the black drum. It would appear to

be more practical, from an economic standpoint (perhaps from a biological one as

well), to allow unrestricted seine fishing within all of Laguna Madre (except around

Corpus Christi Pass) in an attempt to reduce the amount of loss suffered during a

period of natural mortality, than to attempt a costly and perhaps futile experiment

by making an artificial pass. Removal of restrictions in Laguna Madre would result

in the utilization of many of the fish that now perish during the summer months, and

it would also result in partly satisfying those who now advocate an artificial pass in

the belief that fishery conditions might be benefited.
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SUMMARY

1. The black drum spawns in the Gulf of Mexico near the entrances to the bays
and lagoons. The young drum enter the inland bays through the various passes
soon after hatching and make for definite localities within the inland waters.

2. The spawning period occurs mainly from February to May and is preceded
by a marked migration of ripening adults from the bays and lagoons to the waters of

the Gulf. A secondary spawning period may occur in late summer and early fall

with some of the younger age classes.

3. The black drum reach a total length of about 25 centimeters (9.8 inches)

by the end of the first year and about 37 centimeters (14.5 inches) by the end of the

second year, with scale study indicating that five years of age may be attained by
the time a length of 60 centimeters (23.3 inches) is reached.

4. Sexual maturity is reached at the end of the second year, when the fish

generally has attained a total length of 35 centimeters (13.7 inches).

5. The food of the younger drum consists largely of annelids and small fish,

while the older fish prefer molhisks and small crabs. A small mollusk, Mulinia, is

eaten almost exclusively by the larger-sized drum.

6. The recommendation of a minimum legal size limit at 20 centimeters (8

inches) and a maximum legal size limit at 51 centimeters (20 inches) is made primarily
in order to conserve the smaller, less marketable fish as well as the larger, more

prolific drum that are caught in great numbers and are of relatively slight market
value.

7. The recommendation is made also to allow stjine fishermen to fish in the present
closed waters of Nueces and Oso Bays, as well as Laguna Madre, after minimum and

maximum legal size limits have been adopted.

NATURAL HISTORY OF THE SPOTTED TROUT, CYNOSCION NEBULOSUS
CUVIER AND VALENCIENNES

Spotted Sea Trout or Squeteague

OtUithua nebutosus Cuvier and|Valenciennes, Hist. Nat. Pois., V, 1830, p. 79.

Cynoscion carolinensis McDonald, 1882, p. 12.

Ci(noscii)7i nebuloma Jordan and Evermann, 1896-1900, p. 1409; Welsh and Breder, 1923, p. 164; Hildebrand and Schroeder, 1928,

p. 296.

DESCRIPTION OF ADULT

The adult spotted trout has an elongate body, large, oblique mouth, and pro-

truding lower jaw. The teeth are sharp; two enlarged ones occur at the tip of the

upper jaw. The color is characteristic and serves generally to identify the species

in its adult stage. The upper half of the body is dark gray with sky-blue reflections,

while the lower half is pale silvery. The upper sides are marked with many round

black spots, which extend to the dorsal and caudal fins. (See fig. 28.)

DESCRIPTION OF YOUNG

The young of the species differ markedly from the adults, both in color and

shape of the caudal or tail fin. Young above 3 inches (8 centimeters) in length are

recognized easily, however, by the round black spots on the upper parts of the body
as well as on the dorsal and caudal fins.
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The smallest specimen obtained in Texas waters measures 7.8 millimeters (about

0.25 inch). This fish has the general elongate shape of the species, and the long,

acute snout is particularly marked. The vertical fins arc well differentiated, the

larval fin fold extending from the vent to the spinous anal fin as well as along the

caudal peduncle, both dorsally and ventrally. A pronounced series of dark brown

chromatophores is placed in the center of the body and extends approximately from

the soft dorsal fin to the caudal peduncle. This series of markings is the beginning
of the broad, dark, lateral band, characteristic of fish from 15 to 35 millimeters in

length. Another smaller group of chromatophores lies along the ventral edge of the

caudal peduncle, a distinctive group of darker pigmentations being present on the

,
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Fig. 24.—Young spotted trout. ActUiJ length, 7.8 millimeters

"^^^^^

Fig. 25.—Young spotted trout. Actual length, 13 millimeters

Fig. 26.—Young spotted trout, .\ctual length, 4.1 centimeters

lower anterior caudal fin. Fine punctulations are apparent behind and above the

pectoral fins, as well as from the eye to the snout. (See figs. 24 and 25.)

Young spotted trout from 15 to 30 millimeters have the lateral black stripe most
prominent and extending from the snout to the caudal fin in a continuous line. The
ground color of the body is light, tinged with yellow and bluish reflections above and
with a silvery sheen below. The caudal fin possesses a heavily marked, triangular,
blackish area, the apex of which is near the tip of the fin. Fresh specimens have the
iris of the eye colored a brilliant golden yellow, which disappears soon after death.
The caudal is more sharply pointed in fish under 35 millimeters (1.3 inches). (See

figs._26 and 27.)
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SPAWNING AND EARLY DISTRIBUTION OF YOUNG

The spotted trout spawns largely, if not entirely, within the bays and lagoons
along the coast of Texas, in contrast to the redfish and black drum, which spawn (prob-
ably exclusively) within the Gulf of Mexico. The spawning season of the trout begins
in early spring (not before March) and continues as late in the summer as October.
The spotted trout do not appear to scatter their eggs within a relatively short period
of time, as is the case with the redfish or drum, for individual fish are found in all

stages of sexual development throughout the spring and summer and probably
spawn for some weeks. The height of the spawning season occurs in April and May,
however.

Fig. 27.—Young spotted trout. Actual length, 12 centimeters

Fig. 28.—Adult spotted trout

The first collection of trout spawned in 1926 was taken on May 13, 1926, along
the grassy shore line of Corpus Christi Bay near the channel entrance to Oso Bay.
Several young, 10 to 22 millimeters long (under 1 inch), were secured in a few feet
of water in the same approximate locahty where large numbers of ripe and apparently
spawning adult trout were being captured. Four days later another small fish,
18 millimeters long, was seined on the shore of Harbor Island about 13^ miles from
Aransas Pass. (See Table 19.) Since Harbor Island was suppHed with large numbers
of marine organisms brought in from the Gulf of Mexico by the tidal currents, it

was thought possible that this fish had been hatched in the Gulf and had entered th^
intercoastal waters through the pass.
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Table 19. -Collections of larval and young spotted sea trout (Cynoscion nebulosiis) taken in 19S6
and 1927

Date
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39
LENGTH- INCHES
7.8 11.8 15.7 19.6 Zi6 ^Z5

remote bays throughout the spring and summer indicated conchisively that the species

spawns within intercoastal waters.

Throughout the period of collection no spotted trout under 10 centimeters long

(4 inches) were obtained from the Gulf of Mexico or from the immediate vicinity of any
of the passes. This is in strong contrast with the large numbers of young redfish, drum,

croakers, and spots spawned in the Gulf and that could be obtained either in the Gulf

waters or about the passes. The fact that rela-

tively few larval and post-larval spotted trout were

secured by the investigator, compared with the abun-

dant collections of other species, can be accounted

for by the nature of the environment in which

spawning occurs.

Since the eggs of the redfish and black drum
were deposited, probably within a short period of

time, in a limited area at the mouth of the passes,

natural concentration of eggs and larval fish occurred,

particularly when the young were carried into the

channels of the passes. This concentration made

possible large catches of the young fish around the

passes. The spawning season of the spotted trout,

on the other hand, was observed to be long, and the

spawning ground covered wide areas in suitable bays
and lagoons. Obviously, no concentration of young
fish could result.

Spawning of the spotted trout probably occurs

somewhat offshore in the various bays, in water not

over 10 to 15 feet deep, although ripe and apparently

spawning adults may be taken during the night close

to shore. The eggs probably are buoyant and soon

drift and hatch over the grassy-bottomed, shallow

water, the young seeking protection in the thick

aquatic vegetation. The concentration of young in

patches of grass was noticeable. Smith (1907, p. 312)

stated that the spawning grounds of the spotted
trout in North Carolina are in the bays and sounds

and that the egg hatches in 40 hours in water with a

temperature of 77° F.
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to a scries of length measurements made in 1925 upon several hundred spotted trout

taken in Pamlico Sound, N. C. (Higgins and Pearson, 1927, p. 56.)

Tablk 20.—Lengih-jrequeney distribution of spotted sea trout {Cynoscion nebtdosus) taken in Texas

May, 1926, to May, 1927
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Table 20.—Length-frequency distribution of spotted aea trout (Cynoscion nebulosus) taken in Texas

May, 1926, to May, 1927—Continued
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end of May, 1927, this year class (about 1 year old) reached a modal length of 19 to

20 centimeters (7.4 to 7.8 inches).

Study of the scales of the spotted trout was undertaken in the hope that seasonal-

growth checks might be found and from them the annual growth and age of the

species determined to a greater degree of accuracy than was possible from inspection

of the length frequencies. From annual winter-growth checks (found to have been

formed on most of the trout scales examined) it was possible to arrive at a reliable

estimate of the age and growth of this species up to the seventh or eighth year of life.

The age of a fish, in years, according to the scale method of age determination,

generally is found by counting the annuli or annual winter bands or checks, which

supposedly are produced by a slower rate of growth during the cold months of the

year. The length of the fish at the end of each year of life is computed from the

series of measurements of a scale from a fish of known length. Given the total

length of the scale, the length included in its annulus of year X, and the length of the

fish from which the scale is taken, the length attained by the fish at the end of year X
is determined by the use of the following [formula,^in which the jthird term is the

unknown.

Length of scale included in annulus of year X
Total length of scale

Length of fish at end of year X
Length of fish at time of capture

Repeating the above formula for the annulus of each evident year of life, the

length attained by the fish at the end of each successive year is computed. From
these lengths the annual increment in growth is obtained by simple subtraction.

It is not within the scope of the present paper to discuss in detail the various

phases of the scale method of age determination. Most workers have found the

scale method to be essentially correct, and it is upon this assumption that the writer

presents the results obtained from a study of spotted-trout scales. The scales of

the gray trout (Cynoscion regalis) provided material for a paper by Taylor (1916),

and the reader is referred to Taylor's work for such information as may be of interest

pertaining to the more theoretical aspects of scale study applied to the sea trouts

(Cynoscion regalis and nebulosus).

The spotted sea trout is a typical warm-water shore fish, which appears very
sensitive to the cold and which customarily departs into deeper and warmer water

throughout its range on the coming of winter. Along the Texas coast, even as far

south as the Rio Grande, this movement into deeper water is evident in the late fall

and winter. A cessation of growth probably accompanies lowering of temperature
and is reflected on the scale of the fish by a marked change in pattern and structure.

The general character of these annual winter scale-growth checks consists in the

formation of incomplete bilateral circuli that tend to become compressed, coalesced,

or broken. A certain lack of distinctness is apparent in many of these winter checks

(annuli), probably due to the intermittent cold weather that obtains along the Texas

coast.

From approximately 2,000 unselected spotted trout taken with experimental

fishing gear (excluding about 1,000 fish under 10 centimeters (3.9 inches) in length.
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obviously in the O year class and not having reached one winter), 554 fish were
examined for age by the scale method. From 4 to 6 individual, unselected scales

from each of the 554 fish were mounted on a glass slide, the smooth side of the scales

being moistened slightly with a mixture of mucilage and glycerine to cause adhesion
to the glass. In all cases the scales were taken from the upper forward left side of

the fish. The actual counting of the annuli and measurement of the scale with its

annual checks was done by two distinct methods of magnification and measure-
ment. Thus, a rehable check was made upon each method employed, as well as

on the personal judgment of the writer. It should be stated, however, that knowl-

edge of the Ufe of the species of fish, particularly the time of spawning, assists greatly
in imderstanding many of the annual checks that might appear confusing to one
who knows and sees nothing of the fish save several scales, abstractly presented.

The first method used consisted in examining all scales through a binocular

microscope at various magnifications and in selecting one typical scale for measure-
ment by means of an ocular micrometer at a standard magnification of about SOX .

Upon examination many scales were found to be useless for accurate age determina-

tion, some having broken edges, regenerated centers, or other abnormalities. A
scale was judged "typical" by the ease with which it could be read and the support
obtained from comparison with the other scales on the slide.

The results of the first method, while appearing reasonable, did not seem to be

as accurate as would have been the case if a more refined measurement of the scale

and its checks had been made. Two hundred of the original 554 fish had to be

omitted from the calculations, either because of the imperfections of the scales or the

inability of the writer to distinguish the annuli.

The second method, conducted independent of the results obtained from the

first method, gave more accurate readings and measurements, in the writer's opinion,

although a comparison of the two showed no serious differences. By means of a

projection apparatus the image of the scale was projected on a white wall, and each

scale annulus was counted and measured at a magnification of about lOOX. The
various scale and annuli lengths were recorded on adding-machine tape, and the

distances were measured later with a millimeter rule. In many cases two scales

from the same fish were read and measured for comparison. (See Table 22.) In

both methods of scale measurement the distances usually were measured from the

center of the focus, along the radius nearest the periphery of the scale.

Of the 554 trout, 452 were read for age and measured for annual growth by
the projection method. Of the 452 individuals, 56 were discarded because of apparent

discrepancies in the calculated measurements; and while the inclusion of these

doubtful 56 fish did not affect the final results appreciably, it was believed desirable

to eliminate obvious errors. In the final calculations 396 trout were analyzed by
the second method, while 354 were analyzed by the first. The fact that about 283^

per cent of the original nimiber of fish scales were omitted because the writer was

unable to read them can hardly be considered serious, since it was thought better

to omit questionable scales rather than obtain doubtful calculations.

The spotted-trout scales were collected from April, 1926, to June, 1927. Con-

sequently, the various age classes of fish passed through one observed winter's growth

check, The fish taken from AprU, 1926, to March 1, 1927, show one less winter
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check on the scales than do fish secured from March to June, 1927 (the winter scale

check usually is formed by March 1). Obviously, a fish 2 years old in 1926 would

be 3 years old in 1927.

Table 21, containing the averaged calculated lengths of 396 trout at the time

of the formation of the various winter checks, has two divisions—one presenting

the averaged calculated lengths of fish of all ages taken from April, 1926, to March 1,

1927, and the other (bottom of table), the averaged calculated lengths of trout taken

from March 1 to June 1, 1927. The latter group naturally show the additional

winter check formed during the winter of 1926-27.

Table 21. -Averaged calculated total lengths of 396 spotted trout at formation of winter checks on the

scales
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lengths. Several natural factors may have caused this phenomenon, directly op-

posed to Lee's phenomenon of apparent change of growth rate.

Table 22.—Comparison of the averaged calculated lengths of spotted trout, derived from measurements

of two scales from the same Jish

[Scales measured by projection method and the total lengths expressed in centimeters. Fish collected from May, 1926, to May,
1927, and selected at random from fish represented in Table 21]

Scale read-
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ovalis, that generally caused the fish to be undersized, compared with modal lengths

for the particular year class) and that older fish were singularly free from them. A

greater number of such dwarfed or undersized trout may be expected during the

early years, which lowers the averaged calculated lengths for the youngest fish.

While it is impossible at present to attribute any definite cause to this observed

difference in calculated lengths according to the age of the fish, aside from the possible

error in omitting the first winter's check of more of the older fish than of the younger,

the differences among the various calculated lengths at the same age are hardly

large enough to vitiate the general conclusions on the age and rate of growth of the

species.
Table 23.—Calculated and actual lengths of spotted trout compared

ICalculated lengths, derived from scale-growth checks generally evident by March, given tor fish collected from April, 1926, to

February, 1927; actual lengths include only flsh taken during March, 1927. The calculated lengths should approximate the

actual lengths, but the latter should be slightly larger, since flsh taken in March have a newly termed winter scale check plu.s

some additional growth. The calculated lengths for March flsh are also presented]

Age in
winters
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(17.7 inches), while 71 females longer than this were secured. The average mean

length of the females exceeded that of the males by 6 centimeters (2.3 inches). The
number of females obtained from the sexed 567 fish was 389, a ratio of two females to

one male. Many matured fish were under the minimum legal size limit of 12 inches.

Results obtained from the study of the age of the spotted trout would indicate

that maturity is attained and spawning occurs for the first time at the end of the second

year of life, although it is probable that many fish do not mature and spawn until

the end of their third year.

The approximate number of eggs in two nearly ripe trout 48 and 62 centimeters

in length (18.9 and 24.4 inches) was 427,819 for the smaller fish and 1,118,000 for

the larger one.

Length of fish, in inches (62 centimeters) 24. 4

Total weight of eggs, in grams 238

Total weight of 141 unselected eggs, in milligrams 30

Number of eggs in 1 gram 4, 700

Number of eggs in total of 238 grams 1, 118,000

Length of fish, in inches (48 centimeters) 18. 9

Total weight of eggs, in grams 87. 3

Total weight of 141 unselected eggs, in milligrams 29

Number of eggs in 1 gram 4, 900

Number of eggs in total of 87.3 grams 427, 819

Figure 32 presents the relation of weight to length in 154 trout. The fish gener-

ally reach maturity before a weight of 1 pound is attained. A weight of about 3

pounds is reached by the end of 7 or 8 years.

SEASONAL DISTRIBUTION AND MOVEMENTS

The spotted trout may be taken throughout the year in nearly all of the bays and

lagoons along the Texas coast, as well as along the Gulf beaches in proximity to the

passes. The species prefers the less turbid, grassy-bottomed areas, and large fish

are secured rarely in such muddy waters as Oso and Nueces Bays. Quiet, shallow

lagoons and coves, possessing a heavy grass bottom, are the favorite localities for

the young trout; while the adult fish generally remain in deeper water, although

frequently they come close inshore to feed and possibly to spawn. The young, being

spawned within the bays, seldom seek the waters of the Gulf of Mexico until maturity

is reached, at about 25 centimeters (9.8 inches), although many adults linger around

the entrances to the passes at all times of the year. On the arrival of cold weather

most of the trout move off into the deeper waters of the bays or the Gulf. Deep
holes or channels that are fished during freezing weather are found to be filled with

fish. An example of the movement of trout into deep water during cold waves was

afforded during the winter of 1926-27, when a newly completed ship channel near

Corpus Christi, at the/ mouth of the extremely shallow Nueces Bay, became crowded

with fish during each cold period. Anglers who fished around the edges of this channel

secured heavy catches of trout during the cold weather, but when warm days arrived

the fish would scatter over the shallow waters and the fishermen's catches would de-

crease. Many trout are said to die when caught unawares in shallow lagoons during

sudden cold weather, so sensitive are they to the cold.
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Many of the larger trout leave for the warm waters of the Gulf of Mexico in

winter and in early spring enter the bays in order to spawn and feed. Commercial

line fishermen take advantage of this pronounced jnovement into the bays by fishing

in the more shallow passes, such as Corpus Christi, during the early spring months.

By May the movement virtually ceases, and the adults distribute themselves through

most of the bays. Many trout, both young and old, wander into brackish water, as

abundant collections of fish from such local-

ities as Aransas and Copano Creeks show.

In Chesapeake Bay, the northern

range of the species, Hildebrand and

Schroeder (1928, p. 297) observed two defi-

nite periods of abundance—from March
to May and from September to November.

This fact probably is due to the same gen-

eral seasonal movements as were observed

along the Texas coast—the fish coming into

the shallower waters during the spring for

spawning and feeding and leaving in the

fall for deeper, warmer waters. In the vi-

cinity of Corpus Christi the warm waters

of the Gulf are near at hand, and conse-

quently all seasonal movements are less

pronounced than in the more northern

regions.

Definite schooling prior to and during

spawning must occur to some extent, al-

though no very satisfactory evidence could

be obtained by the writer. It would ap-

pear from collections that small groups of

fish make up the spawning units at various

localities. This view would seem reason-

able for the extended spawning season is

hardly in accord with continued schooling
of adult fish.

The larger trout travel in small

schools, as do the redfish, drum, and croak- fig. 32.

ers, but the movements of these schools are

difficult to follow, possibly because of their aimlessness. Young, immature fish

usually are well scattered but generally are found in certain localities at all times.

FOOD HABITS

The food of the spotted trout, as indicated by an examination of the stomach
contents of 220 fish ranging in length from 6 to 60 centimeters (2.3 to 23.6 inches),
is composed largely of various species of marine shrimp and fish. Table 25 presents,
in percentages of the total number of fish in various length groupings, the preference
for definite organisms and also the percentage of the total number of fish of all sizes

15499—29 5
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that feed exclusively on these definite forms. Of the 220 trout, 61 per cent had been

feeding on shrimp exclusively, usually Peneus, 24 per cent had eaten fish, 1 per cent

crabs, and 14 per cent mixed organisms. The mixed food usually was composed of

shrimp and fish. The food of the trout, according to the size of the fish (6 to 60

centimeters), appears to be fairly uniform in character.

Table 25.—Food preference of 220 spotted trout

[Mixed food usually consisted of shrimp.'; and fish. AH fish talcen February to May, 1927]

I^ength in centimeters
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The spotted trout is the most valuable marine food fish of Texas. Its popularity,
both as a game and a market species, has lead to many controversies as to the best

method for protecting the fish against overfishing.

The commercial catch is made principally with hook and line in and about the

passes and channels (which are closed to net fishing) and with drag seines in the more
remote open bays and lagoons. A small amount of gill-net and trammel-net fishing

is done during the winter, principally along the northern Texas coast, while a few

fish are taken at times with light surf seines along the beaches in the Gulf of Mexico.

The drag seines, because of their superior efficiency, account for the greater part of

the commercial catch.

Besides by the closing of extensive areas to net fishing, the spotted trout are

protected by a minimum legal size limit of 12 inches (30.5 centimeters). This limit,

in general, allows the species to reach maturity unmolested, as well as to attain an

adequate market length.

While the imposition of a minimum legal size limit appears to be justified, both

from an economic and a biologic standpoint, there is some question as to the actual

value to be derived from closing extensive marine areas to net fishermen while per-

mitting commercial hook-and-line men to operate anywhere at all times of the year.

The closure of most of the inland bays (excepting Oso and Nueces) was prompted by
a desire to allow the spotted trout to spawn unmolested. Line fishermen assert

that when drag seines are allowed to operate in the bays they destroy young trout

as well as other food fishes. No concrete evidence in support of this supposition

exists, however, since few impartial observers have witnessed extensive seining

operations. The usual method of fishing with drag seines within the Texas bays and

lagoons allows the entire net to be in the water until all fish are removed. The

gradual hauling of the seine permits most of the illegal fish to escape through the

meshes, while any illegal-sized fish that may have gilled are removed and thrown

back into the water. Extensive fishing operations conducted by the writer in favor-

able spotted-trout localities failed to reveal the destruction of any appreciable

quantity of young fish (the net used was a standard Texas drag seine, such as is

employed in the commercial fisheries). While some young fish (not food species in

particular) may be dragged along in the detached bottom vegetation, there is little

reason for supposing that these fish die when they come into contact with small

quantities of this vegetation. By law, as well as from the needs of the fishery,

seines full of fish can not be dragged upon dry land. Since such a practice does not

exist, to the writer's knowledge, no great destruction of young, unmarketable trout

can be possible.

The small, natural passes should be closed to all fishing operations, whether sport
or commercial, for extended movements of trout as well as other food fish necessitate

the use of these passes. Commercial and sport hook-and-line fishermen congregate
in large numbers about the shallower passes, such as Corpus Christi, to take toll of

the ripening or migrating trout on their way to or from the bays and lagoons. Such a

condition is not favorable to the fish and consequently is detrimental to the fisheries

as a whole.

Higgins and Lord (192G, p. 180) pointed out that no evidence could be found that

would indicate that the stock of spotted trout along the Texas coast is undergoing
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depletion. As stated before, it is not known how to determine the extent to which a

fishery may be prosecuted except by actual trial by unrestricted fishing effort. With
the present tendency to discourage the use of the most efficient types of fishing gear
in Texas, it can not be expected that the annual catch of trout will be increased to

any great degree.
SUMMARY

1. The spawning grounds of the spotted trout in Texas lie within the inland

bays and lagoons, often close to the passes and the Gulf of Mexico. The spawning
season extends from early April to September, and the height of the season is reached

in April and May.
2. The young trout are found in large numbers along the grassy-bottomed shore

lines in more or less definite localities prefered by the adults as spawning areas.

3. The species attains an average length of approximately 6, 10, 12, 14, 16, 18,

19, and 20 inches by the end of the first to the eighth winter, as indicated by scale

study. The extended spawning season, however, causes a wide overlapping of age
classes.

4. Sexual maturity is reached by the end of the second or third year, at a time

when the fish generally attain a legal market length of 12 inches.

5. The food of the spotted trout consists largely of shrimp and small fishes.

6. The natural passes, such as Corpus Christi, should be closed to all forms of

fishing, since they constitute necessary passageways for the trout, as well as other

food fish, from the bays into the Gulf of Mexico, and vice versa.

NATURAL HISTORY OF THE CROAKER, MICROPOGON UNDULATUS
(LINN/€US)

Ceoaker, Hardhead

Perca undtUatus Linnffius, Syst. Nat., ed. XH, 1766, p. 483; South Carolina.

Micropogonunduiatm; JoTdanand Evermann, 1896-1900, p. 1461, PI. CCXXIV, flg. 570; Welsh and Breder, 1923, p. 180; HUdebrand

and Schroeder, 1928, p. 283.

DESCRIPTION OF ADULT

The adult croaker has a rather robust body with a somewhat elevated and com-

pressed back. The mouth is horizontal and inferior, and the chin has several pores
and a row of short, slender barbels on each side. All jaw teeth are small. The
color is generally grayish silvery above and silvery white below; the upper part of

body is highly irridescent in life. The back and sides have many brassy or brownish

spots arranged in irregular, wavy, clique bars on the sides. Both sexes are capable
of making a croaking sound, which may be heard when the fish is under the water

or after it has been removed from the water. (See fig. 36.)

DESCRIPTION OF YOUNG

The larval croaker of about 6 millimeters length is transparent, and the larval

fin fold, or membrane, extends from the vent to the anal fin and along the caudal

peduncle, both dorsaUy and ventrally. The vertical fins are fairly well differentiated,

the anal rays being distinct and usually having a count of II-8. The dorsal soft rays

are not so well developed, and the spines are not yet visible. The pectorals and
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Fig. 33.—Larval croaker. Actual length, 6.5 millimeters

Flo. 34.—Larval croaker. Actual lenirtli, 1.225 centimeters

Fig. 35.—Young croaker. Actual length, 3.4 centimeters
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Fig. 30.—Adult croaker
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ventrals are inconspicuous. The pigmentation is quite distinctive and helps to

identify the larval and post-larval croakers from larval and post-larval redfish

and black drum. Two very small chromatophores are at the base of the anal fin—
one generally between the first and second soft rays, the other directly posterior to

the last ray. The presence of these two markings seems to be constant in all speci-

mens examined, up to a length, at least, at which little doubt exists as to the correct

fin-ray count. Three to five small chromatophores lie posterior to the anal fin

along the ventral edge of the caudal peduncle. No dorsal chromatophores are

evident. (See fig. 33.)

At a length of 11 millimeters a croaker has all rays in the vertical fin distinct,

with the usual count of II-8 for the anal and X, 1-29 for the dorsal. The fin fold

has disappeared, and the caudal fin is now considerably produced, a condition that

at once separates the species from the spot (Leiostomus xanthurus). Pectorals and

ventrals are distinct but not prominent. The ventral chromatophores may or may
not be present, but usually are, with the addition of several smaller ones at the base

of the caudal fin. Teeth and opercle spines are well developed. (See fig. 34.)

When Texas croakers reach a length of about 30 millimeters (1.1 inches), they

closely resemble a 30-millimeter specimen described by Welsh and Breder (1923,

p. 182), and their description is given in part. (See fig. 35.)

A croaker 30 millimeters long has the spiny armature of the head strongly

developed, the mandibular barbels are in evidence, and the shape of the body ap-

proaches that of the adult. The caudal has a flowing extension of the lower rays,

the longest ray being about equal to the length of the head. The color (in preserved

examples) is pale throughout, punctuated with groups of brownish chromatophores

in regular rows, 8 on the dorsal line from head to base of caudal, 8 to 10 on a line from

the opercular flap to caudal, a less distinct row lying between these. (In Texas

specimens the dorsal row always appears the most pronounced.) The snout, pre-

maxillary, tip of spinous dorsal, base of anal, and base of caudal rays are punctulate

with brownish. The adult color pattern is assumed gradually after a length of 3

centimeters is reached, but the fish retains its greatly lengthened caudal fin until a

much larger size.

SPAWNING AND EARLY DISTRIBUTION OF YOUNG

Along the coast of Texas the croaker ( Micropogon undulatus) spawns in the late

fall in the open Gulf of Mexico near the mouths of the various passes that lead into

the shallow bays and lagoons. Together with the spot {Leiostomus xanthurus) this

species greatly outnumbers in natural abundance the other members of the Scisenidae;

and, as a result of this abundance, particularly of young, observations on the spawning

and distribution of larval and post-larval fish were clear cut and informing.

Soon after the first larval redfish had been discovered in the vicinity of Aransas

Pass, Tex., in October, 1926, a deluge of larval croakers filled the pass on each incoming

tide. The concentration of the young fish was most remarkable. Thousands were

obtained in a short haul with a sUk tow net in the deeper waters of the pass itself

and thousands more were obtained along the Gulf beach adjoining the pass by means

of a small minnow seine hauled along the surf line in a few feet of water. (See

Table 27.)
,
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Table 27.—Collections of larral and young croakem {Micropogon undulaliis) in Texas 1.926 and 1927
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ever were obtained. This concentration was most noticeable during flood or incom-

ing tide, while the ebb tide had the effect of taking the young fish offshore.

While no definite reason for this curious fact was ascertained, it is believed by
the writer (in the light of later observations made on the young spots, as well as

observations at the time) that this concentration of young on the north side of the

pass only was induced by the heavy^ northerly winds, which caused a more violent

surf along the north beach shore than on the protected south side of the pass. This

surf probably caused the young to be thrown farther inshore and out of range of the

pass inlet, which lies about 1 mile ofl^shore in the case of Aransas Pass. The incom-

ing tide probably would be felt for some distance around the mouth of the pass and
would tend to take in all fish within range of its influence. With the surf, plus the

movement of water inshore, being particularly strong along the north side of the

pass, many young could not get into the current coming in through the pass perhaps
and consequently were caused to drift inshore by the angle of the jetty, where they
had to remain until the next outgoing tide, which would carry them offshore and
nearer the entrance to the pass.

The capture of larval and post larval croakers from October to February (Table

27) indicates that the spawning season extends over a considerable period of time.

The great abundance of fish in November, 1926, however, would place the height of

the spawning in this month. Welsh and Breder (1923, p. 180) stated that the

spawning season of the species is a long one, extending from August to December
and possibly later in southern waters. Hildebrand and Schroeder (1928, p. 284)
believe that the early part of November is the principal spawning period in Chesa-

peake Bay, which estimate agrees with the observations made along the Texas coast

by the writer.

GROWTH AND AGE

The growth of the croaker during the first two years of life was determined on the

basis of the length-frequency distribution of 3,378 fish collected during the course of

the investigation. Following a smoothed length distribution of monthly collections,

by means of Figure 37, the first period in April, 1926, gave two distinct groups of

fish with modal lengths at 9 and 17 centimeters (3.5 and 6.7 inches). The collections

made during May brought these modes up to 11 and 18 centimeters (4.3 and 7.1

inches), with considerable overlapping between these two groups of fish (probably of

the first and second year classes.) During July, small numbers of fish of the older

year classes appeared in the catches, with faint modes at arovmd 21 and 25 centi-

meters (8.2 and 9.8 inches). These two larger modes probably represented the third

and the fourth year classes. Serious overlapping of size groups during August and

September throws little light on the growth of any particular year class. During
October, a newly spawned year class of fish entered the catch, with a mode around

1 centimeter; while the third year class was represented strongly by a mode at 22

centimeters (8.6 inches). In the winter months of November, December, and

January only fish of the new or year class were taken, owing largely to the fact that

all fish above the second year class had gone to the Gulf of Mexico the previous fall
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for spawning purposes. During March, 1927, the second year class, spawned in the

late fall of 1925, again appeared, possessing a modal length at about 14 centimeters

(5.5 inches), and this class became very abundant during the following spring months.

NO. LENaTH-lNCHES
'''SHo 3.9 7.8 n.8 15.7 3.9 7.8 lib 15.7 3.9 7.8 11.8 15.7

40i

'0 W 20 50 AO 10 20 30 40 10 20 30 40
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riG. 37.—Ijength-frequency distribution of croakers in Texas, 1926-27. Actual frequencies have been

smoothed by a moving average of threes

The third year class, with a mode at 22 centimeters in October, 1926, grew little

during the winter but apparently attained a length of about 24 centimeters (9.4

inches) by the end of May, 1927. (See table 28.)
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Table 28,
—

Length-frequency dislribulion of croakers {Micropogon undulatas) taken in Texas, April,
1926, to May, 1927
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SIZE AND AGE AT MATURITY

The first collection of croakers with well developed roe and evidently preparing

to spawn was taken on September 28, 1926, in Laguna Madre near Corpus Christi

Pass, while the last sample of ripe or nearly ripe fish was secured about a month later

in the same general locality.

Table 29, giving the length distribution of 230 matured croakers, shows a range
in length from 14 to 37 centimeters (5.5 to 14.5 inches) and a modal length for the

entire group of 22 centimeters (8.6 inches). This mode corresponds with the actual

length-frequency mode for fish caught in October, 1926, and judged to be at the end
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Welsh and Brcder (1923, p. 183) stated that maturity is reached at the age of 3

or 4 years in the case of the Atlantic-coast fish, but did not explain whether spawning
took place at the beginning or at the end of the third or fourth year. Hildebrand

and Schroeder (1928, p. 284) estimated the roe of a female croaker, 39 centimeters

long (15.3 inches), taken in October, 1921, in Chesapeake Bay, to contain approxi-

mately 180,000 eggs of imiform development.

SEASONAL DISTRIBUTION AND MOVEMENTS

After entering the bays and lagoons the young croakers, voluntarily and other-

wise, are distributed throughout most of the inland waters. So abundant are they
and so hardy are the young that hardly a locality seined or trawled, either within the

bays or in the open Gulf, failed to yield large catches. Unlike the redfish and black

drum, large numbers of the young croakers remain in the Gulf, although shallow,

muddy, brackish-water lagoons and bays hold thousands of the young fish. The

young croaker when a year old on the approach of their second winter go into the

deeper waters of the bays and Gulf in large numbers, where many of them are caught
in the shrimp trawls that operate extensively at this time of year.

By the end of the second year a marked reduction has taken place in the natural

abundance of the species. At this time a migration of the matured fish takes place

from the bays and lagoons to the Gulf, where the fish remain during the spawning
season and the following winter, to return again in small numbers the following

spring. Table 29 was compiled from miscellaneous catches of ripe croakers taken

from schools of fish on their way to the Gulf for spawning. Near Corpus Christi

P^ss is situated a large hole or depression in the channel leading into Laguna Madre

proper (Packery Channel), which at low tides is almost cut off from the waters of

the pass and the lagoon. During the fall of 1925 many ripening croakers temporarily

congregated in this hole on coming out of Laguna Madre on their way to the Gulf.

Fishing the depression at low tide would give large catches of these croakers, while

fishing after the following high tide would reveal that most of them had departed

through the pass into the Gulf.

The causes for the probable great mortality after the first and second years of

life are unknown, but it is known that the fish seldom reach a desirable market size in

Texas waters. It may be that most of the croakers die after spawning, which would

explain the sudden decrease in abundance after the second winter. The following

quotations from Hubbs (1926, p. 59) may indicate some points to be considered in

explaining the smaller size of Texas croakers as compared with fish that dwell farther

north.

The general growth inhibitions often ;ire associated with the ripening of gonads, the attain-

ment of maturity being marked by a cessation of growth in warm-blooded animals, and usually by
a sharp decline in the growth rate in the case of fishes and other animals exhibiting indeterminate

growth. Accelerating conditions hasten the inception of maturity and the associated decline in

growth rate * * * the abrupt and extensive retardation of growth under accelerating condi-

tions of development explains the general observation that fishes of cold or saline waters usually

attain a larger size than do individuals or races of the same species inhabiting warm or brackish

water, or both.
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FOOD HABITS

Of 60 Texas croakers 21 to 35 centimeters (8.2 to 13.7 inches) long, 55 per cent had

eaten shrimp; 13 per cent, anneUds; 12 per cent, fish; 5 per cent, crabs; 5 per cent,

mollusks; and 10 per cent had a mixed diet. Of 19 fish 14 to 20 centimeters (5.5 to 7.8

inches) long, 21 per cent had eaten shrimp; 63 per cent, annelids; 5 per cent, fish;

and 11 per cent had a mixed diet. The smaller fish had eaten mainly annelids,

particularly polychaet worms, but no crabs or mollusks. Small bottom-dwelling

fish, such as gobies and even small croakers, also were found to be the food of some of

the fish. Hildebrand and Schroeder (1928, p. 284) stated that the food of croakers in

Chesapeake Bay, as shown by 39^ stomachs, consists of crustaceans, annelids,

mollusks, ascidians, and fish.

COMMERCIAL CONSIDERATIONS

While the croaker is one of the most abundant and valued food fishes of the Middle
and South Atlantic States (the average annual catch is about 25,000,000 pounds),
the species is hardly represented in the commercial catch in Texas waters. Along
the more northern part of the coast a few thousand pounds of small fish are marketed

annually, but they are very inferior in size, usually averaging about 22 centimeters

in length (8.6 inches) and 3.7 ounces in weight. The lack of any considerable number
of croakers above 25 centimeters (9.8 inches) in Texas waters would seem to indicate

that the species can never become a leading source of fish supply, in spite of intensive

fishing effort. However, the smaller fish, which are marketed to some extent at present,

provide a cheap grade of food for those who can not afford the higher prices demanded
for the more popular redfish, spotted trout, and Spanish mackerel, and should be

utihzed whenever possible.

SUMMARY

1. The croaker spawns along the Texas coast from October to February; the

height of the season is in November.
2. Spawning takes place in the Gulf of Mexico, and the young fish enter the inter-

coastal waters or remain along the Gulf beaches in the vicinity of the passes.
3. A total length of about 15 centimeters (6 inches) is reached by the end of the

first year, while about 22 centimeters (8.6 inches) is attained by the end of the second

year.

4. Maturity is attained at the end of the second year, and few fish appear to live

after the first spawning.
5. The croaker is marketed only in small quantities, owing to its inferior size

and lack of popularity.
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NATURAL HISTORY OF THE SPOT, LEIOSTOMUS XANTHURUS
(LACEPEDE)

Spot; Flat croaker; Lafayette

Leiostomui lanthuTus Lac^pede, Hist. Nat. Poiss., IV, 1803, p. 439; Jordan and Everraann. 1896-1900. p. 1458, PI. CCXXIII, fig

5r,9; VVelsli and Breder, 1923, p. 177; Hildehrand and Schroeder, 1928, p. 271.

DESCRIPTION OF ADULT

The adult spot may be distinguished from other closely related species by its

comparatively short compressed body, elevated back, short head, blunt snout, and
small horizontal mouth. The color above is 'bluish gray with golden refections;

silvery beneath; the sides have from 12 to 15 oblique yellowish (dusky in preserved

specimens) bars in fish above 50 millimeters (2 inches). A large yellowish black

spot is found on the shoulder, and the fins generally are pale. (See fig. 42.)

DESCRIPTION OF YOUNG

Young fish, 7 to 15 millimeters long, generally are more slender than the adults

and usually are lacking in pronounced pigmentation, which distinguishes them from

related species. A specimen measuring 7 millimeters had the larval fin fold extending
from the vent to the anal fin, as well as both dors^lly and ventrally along the caudal

peduncle. The presence of 12 anal rays and the lack of pigmentation on the body
separate the fish from other sciaenoids. A truncate caudal fin also is a character

that serves to distinguish the species in its young stages. (See figs. 39 and 40.)

Young spots 20 to 50 millimeters (0.8 to 2 inches) long are quite pale, with the sides

of the head silvery and the sides of the body and back with a row of dark blotches

composed of dusky punctulations. (See fig. 41.)

SPAWNING AND EARLY DISTRIBUTION OF YOUNG

Along the Texas coast the spot spawns in the Gulf of Mexico in close pro.ximity

to the mouths of the passes that lead into the intercoastal waters. The spawning
season is extended from late December until the last of March, but the height of the

period is reached during January and February. The larval and post larval fish

enter the bays and lagoon in great numbers and become distributed over a large

extent of territory in a manner comparable to that of the croaker.

The first collection of larval and post larval fish that resulted from the spawning
season of 1926-27 was secured on December 23, 1926, in the Gulf of Mexico outside

of Aransas Pass by means of a small seine that was swept along the shore north of

the rock jetties. A few weeks previous this locality yielded large numbers of larval

and post larval croakers, and it was soon learned that the young spots could be

taken in the same localities where the croakers were a short time before. The newly
hatched spots were extremely abundant around both Aransas and Corpus Christi

Passes throughout January and February, and the young spread rapidly throughout
all the bays and lagoons. (See Table 30.)
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Fill. 39.—Young spot. Actual lonRth, 10.5 millimeter.s

Fig. 40.—Young spot. Actual length, 13.5 millimeters

Fig. 41.—Young spot. Actual length, 2.9 centimeters

"-sas^s^

'^

Fig. 42.—Adult spot. Actual length, 1G.4 centimeters
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Table 30.—Collections of young spots taken in Texas

Date
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T.\Bi.K 31.—Length-frequeue// distribiUion of the spot {Leioslomus xanthurus) taken in Texas from
March, 1926, to May, 1927

Length, centi-

meters
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During the early part of 1926 two distinct modes usually served to distinguish

the first two year classes, but after May, 1926, a considerable overlapping between

the first and Ihe second year classes resulted, probably owing to the greater rate of

NO.

60^

LENGTH-INCHES
IS 5.9 59 7.5 9.6 1.9 3.9 5.9 7.5 9.5 M
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Fig. 43.—Length-frequency distribution of spots in Texas, 1926-27. Actual fretiucncics iiavc

been smoothed by a moving average of threes. Roman numerals indicate year classes

growth of the youngest or O class and the reduced rate of growth of the second or I

class. An unusual feature in the length frequencies is the presence in the catch from

MaySOto June 27, 1926, of an unusually large number of spots at 13 to 14 centi-
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meters (5.1 to 5.5 iuches) when the true modes for the two classes would appear, from

other collections, to be at 8 and 19 centimeters (3.1 and 7.4 inches). It is assumed

that the fish making up this 13 to 14 centimeter mode were composed of rapidly grow-

ing fish of the O class or unusually small tish of the I class, or both.

HUdebrand and Schroeder (1928, p. 274) estimated that the spot in Chesapeake

Bay attained a length of about 13 centimeters (5.1 inches) at 1 year of age. This

is but slightly less than the size reached by the Texas spots, which is about 13 to 14

centimeters (5.1 to 5.5 inches) by the end of the first year and 19 to 21 centimeters

(7.4 to 8.2 inches) by the end of the second year. The ma.xiraum length attained by
the spot is recorded for Chesapeake Bay fish by Hildebrand and Schroeder (1928,

p. 276) at about 34 centimeters (13.4 inches). Welsh and Breder (1923, p. 179)

stated that fish from 26 to 28 centimeters long, and probably in their third year,

were taken abundantly at Atlantic City, N. J., in the summer of 1920. Collections

of Texas spots revealed but 3 fish out of 3,471 that were over 25 centimeters (9.8

inches) in length. It must be concluded, therefore, that few fish reach an age of

over 2 years in Texas coastal waters.

SIZE AND AGE AT MATURITY

With few Texas spots reaching an age of over 2 years, it seems probable that most

of the annual spawning must be done at the end of the second year. Small numbers

of ripening adult spots were taken in early December, 1926, near the Passes, and the

length distributions of these fish indicated that they belonged to the I class at the

approach of the end of the second year. The lengths of the fish ranged from 17

to 21 centimeters (6.7 to 8.2 inches). The migration of the spawning fish out of the

bays prevented the taking of large collections of adults.

SEASONAL DISTRIBUTION AND MOVEMENTS

During its first year the spot is extremely abundant in all of the intercoastal

waters, as well as in the Gulf of Mexico in the vicinity of the Passes. After entering

the bays the larval and young fish tend to remain in the shallower lagoons and coves

until the coming of cold weather (the winter following hatching), when many fish move

into the deeper waters of the bays and Gulf. Trawls operated in the deeper waters

of the bays secure many spots in winter and spring. The young spots, Uke the young

croakers, do not all come into the bays, for many are secured around the Passes

throughout most of the year.

A great decrease in natural abundance occurs between the first and second years

and particularly at the end of the second year. Along the Atlantic coast the spot

has long been known to make a spawning migration in the fall of the year, evidently

going out into the deeper waters of the ocean to spawn and for winter protection.

This spawning migration takes place along the Texas coast, likewise, and with the

general exodus of the 2-year-olds from the bays they disappear forever, for the most

part into the Gulf of Mexico.

Hildebrand and Schroeder (1928, p. 274) noticed that spots are very thin and poor

in Chesapeake Bay in the spring of the year, indicating that much energy has been

spent in the process of reproduction. It may be safe to state that the majority of

the spawning 2-year-old Texas spots fail to survive after the first spawning.
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FOOD HABITS

No examination was made on the food of the Texas spots. Hildebrand and
Schroeder (1928, p. 272) recorded the stomach contents of 157 spots from Chesapeake
Bay as consisting mainly of small minute crustaceans and annelids, together with

smaller amounts of small mollusks, fish, and vegetable debris. Welsh and Breder

(1923, p. 179) mentioned that Florida spots had principally small crustaceans, such

as amphipods and ostracods, in their stomachs.

COMMERCIAL CONSIDERATIONS

The spot is not marketed along the coast of Texas to any great extent for the

chief reason that few fish of suitable market size are taken in the nets of the fishermen.

Occasionally a few fish about 25 centimeters long (9.8 inches) are marketed with

mixed catches of fish, but from Corpus Christi to the Rio Grande the species is
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SUMMARY OF RECOMMENDATIONS

While ("ertain ilefiiiitc recommendations as to conservation and development
of the Texas coastal fisheries have been offered for each species of fish considered in

this paper, it seems desirable to present a summarized discussion of them.

At the present time the State of Texas relics upon two major methods of fishery

conservation— (1) the imposition of a minimum and maximum legal size limit on

certain species of fish and (2) the closing of extensive areas of marine waters to net

fishing. The former method, which prohibits the sale or possession of the less valuable

redfish under 14 and over 32 inches in length, and the spotted trout under 12 inches,

undoubtedly has proved of value both to the fish and to the industry, for it allows

the redfish and trout to reach a profitable market size and (in the case of the redfish)

protects nearly all of the adult or matured fish.

The black drum never has had the advantage of either a minimum or a maximum
size market limit, principally because it has been so abundant in the past and because

of its low market value. The day is rapidly approaching, however, when the black-

drum stock will be subjected to more intensive fishing than in the past. While

several bays that support fish populations consisting largely of drum have been

closed to net fishing (Oso and Nueces Bays and Laguna Madre), this protection is

offset largely, at the present time, by a fishery operated by a few individuals to

capture the large, migrating drum on their way to the spawning grounds. This

fishery has been described on page 176. The larger black drum, like the larger red-

fish, have very little market value but constitute an important element in the annual

replenishment of the species. Moreover, many of these larger fish are wasted by the

fishery. At the present time sport fishermen and commercial hook-and-line fisher-

men cast quantities of them upon the beaches to die, and in late winter the local

gill-net fishery in Corpus Christi Bay utilizes only the female roes and a small amount
of the coarse flesh of the larger fish, which frequently is infested with parasitic worms.

It seems logical, from an economic and biological standpoint, to place a maximum
legal size limit on the black drum. This limit should be about 20 inches total length,
since few drum larger than this are handled by the more conservative fish dealers,

who recognize their general unpopularity and undesirability. As in the case of the

redfish, this limit should insure, primarily, a permanent supply of spawning fish.

There should be no serious objection to this proposed limit, for it is well known that

drum above 20 inches in length are extremely prolific as compared with the younger
mature sizes, and that such fish are of slight value to the industry. The further

imposition of a minimum legal size limit at 8 inches total length is suggested in order

to save the young fish until a time when an adequate market value can be realized.

Along with the imposition of these legal size limits for black drum, it is recom-

mended that Oso and Nueces Bays and Laguna Madre be opened so that the fishing

industry may utilize more of the black drum before they attain an undesirably

large size. Oso and Nueces Bays yielded fairly large quantities of drum in the

past, and the writer beUeves that if the recommended legal size limits are adopted,
commercial seining in these bays can be resumed. The presence in these waters of

large areas in which fishing operations can not be conducted (owing to mud bottom,

oyster reefs, and debris) will give all the fish a certain amount of protection. While
it will cause the fishermen a little trouble to liberate all drum under 8 inches and over
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20 inches, it is believed that they would be willing to go to this trouble to secure

market catches of the more valuable sizes. Gill nets, or forms of prpar that generally

cause the quick death of the fish, should be forbidden in both Oso and Nueces Bays

and similar waters. Likewise, the opening of Laguna Madre south to and including

Baffin and Alazan Bays is recommended. The excessive salinity that occurs at times

within the closed section of this lagoon destroys great quantities of fish with no

benefit whatsoever to the State of Texas, and better utilization of those fish within

the lagoon (mainly black drum) undoubtedly could result from more intensive

fishing than is permitted at the present time.

The closing of many inland bays to net fishing has afforded considerable protec-

tion to the spotted trout throughout the year. The greater part of the closed terri-

tory is considered spawning ground for the trout, although it is known that the

closing of such territory throughout the year prevents the taking not only of non-

spawning trout but of all other species of fish that come into the closed areas. The

assertion has been made (usually by commercial line fishermen, who are allowed to

operate in all closed waters) that the bays were closed to net fishing primarily on

account of the destructiveness of the drag seines. This view, as stated on page 193,

seems to have little foundation, for from extensive tests with commercial seines and

from examination of commercial catches the writer found no evidence of serious waste

of fish from the use of the drag seines.

The closing of marine waters to the most efficient types of gear brings up the

question of whether such a method is the most valuable for properly conserving the

spotted trout or whether some better means can be devised, whereby the closed bays

may be opened for part of the year. At present large numbers of ripening and ripe

trout are captured in open territory by seines and about the passes and in closed

waters by hook-and-line fishermen. A closed season during the summer was in

eft'ect at one time in Texas, but such a method has the serious disadvantage in a

mixed fishery of not only stopping the capture of trout but of all other species of fish

as well. The virtual abolition of the entire bay and lagoon fishery during the period

of the closed season renders this method decidedly impractical. It is probable that

the continued closure of the present closed areas (with the exception of Oso and Nueces

Bays, Laguna Madre, and Padre Island Beach) is a better means of conserving the

trout, with least harm to the industry as a whole, than any other.

In addition to the continued closure of certain bays, it is urged that the immediate

vicinity of all the natural passes, particularly Corpus Christi, be closed to all methods

of fishing. It has been pointed out in previous chapters that it is necessary for the

redfish, black drum, and spotted trout to use the passes during spawning or seasonal

migrations. The passes are the key to the inland waters, and disturbances caused by

fishermen and tourists about the smaller, shallower natural passes produce conditions

unfavorable to the movement of these fish into or out of the bays and lagoons.

The complete closure of Padre Island beach is believed to be unwarranted, and

the opening of this 180-mile stretch of nearly virgin fishing territory to all forms of

gear is strongly recommended. Large quantities of food fish of species seldom found

elsewhere along the Texas coast occur along this shore line. Robalo or Gulf "pike,"

pompano, Spanish mackerel, redfish, and spotted trout are found here in considerable

numbers.' Pound for pound, the most valuable Texas fish, the pompano, occurs in

commcjrcial Quantities only along the Gulf beaches. Large schools of these fish often
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are seen by fishermen along Padre Island, and abundant collections of young made by

the writer in 1926 and 1927 near the passes indicate the presence of many adults in

the Gulf surf. With the opening of Padre Island, modern surf-fishing gear should be

employed by the fishing industry to secure the largest catches of fish. While it is

recognized that hordes of sharks and other predaceous fish render fishing here more

difficult than in the inland bays, such gear as that used along the coast of Florida

certainly would make profitable catches at certain times of the year.

In the above discussion the writer has attempted to present a few recommenda-

tions as to practices that he believes will benefit the Texas coastal fishes and fisheries.

The proper regulation and development of any fishery, however simple, is a difficult

matter, particularly when the many biological and economic factors affecting the

fishery change constantly. Some sort of an indicator is necessary to show the trend

of abimdance of any particular fish stock. Such an indicator is provided in adequate

fishery statistics. Should the redfish stock be overfished, this condition would be

reflected in the decline of catch per unit of gear, with the result that effort could be

made to rehabilitate the stock.

The writer urges the passage of a law requiring the collection of statistical data

in Texas, so that the future trends in abundance of the various species of food fishes

may be discerned more easily than is possible at the present time. There is no way
at present to determine the actual annual catch of any particular species of fish along

the Texas coast in any locahty, except from statistics collected by the United States

Bureau of Fisheries every five years.

For some time several States have successfully operated s,ystems of collecting

fishery statistics, which in their general features might be used advantageoush^ by
the State of Texas. The most suitable of these consists essentially in securing original

records of the daily catch of each species of fish made by each individual fishing boat

or unit of gear. Such a record could be collected easily by providing each dealer

with manifolding receipt books, in which the landings or original sales of fish should

be recorded. A duplicate copy of the receipt shoidd be the property of the State, to

be collected and filed for compilation and analysis.

The various facts in the life histories of the redfish, black drum, and spotted

trout, as presented in this paper, suggest many new lines for biological investigation

of the fisheries. The need for scientific research to determine the exact biological

relationship between the Gulf of Mexico and the inland waters, the distribution of

fish eggs and young prior to their entrance into the bays and lagoons, and the possi-

bihties in developing a practical method of artificial propagation of the leading

marine food fishes offers an abundant field for study. In conclusion, a condensed

summary of the above recommendations is given.

1. The establishment of minimum and maximum legal size limits for black

drum (the minimum length at 8 inches, the maximum at 20 inches).

2. The opening of Oso and Nueces Bays and Laguna Madre to seine fishing ii;i

order to utilize black drum of the more valuable sizes and to prevent the economic

waste (in the case of Laguna Madre) of many food fish that now perish as a result of

occasional cold weather and excessive salinity.

3. The opening to all forms of fishing gear of Padre Island Beach along the

shores of the Gulf of Mexico in order to utilize the large quantity of food fish occurring
in this territory.
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4. The closing of the immediate vicinity of the smaller natural passes (particu-

larly Corpus Christi Pass) to all methods of fishing, since most of the shore fishes

utilize these passes during spawning or seasonal migrations.

5. The adoption of an adequate system of collecting fishery statistics to provide
means for learning the trend of abundance of the various species of marine food

fishes and to indicate the possible need for modifying existing regulations.

6. The continuing of biological research along the Texas coast to determine the

practicabihty of artificial propagation of the leading food fishes and devising better

methods for conserving and utilizing the marine resources of the State.
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INTRODUCTION

As one of the most important means of studying the life histories of sahnon, the

Bureau of Fisheries, in cooperation with the Oregon Fish Commission, has conducted

an extensive series of marking experiments during the past 11 years. In these experi-

ments young, artificially reared salmon were marked by removing certain of the fins

and then were liberated in the streams on which the various hatcheries are situated.

The experiments that were begun during 1916 and 1917 were described in United

States Bureau of Fisheries Economic Circular No. 45. Other experiments have been

initiated since then and are described here for the first time.

215
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In this report are presented the data collected up to and including the season of 1 927
as the result of marking young cliinook salmon. Additional returns are to be expected

during the next two or three years from some of the experiments described herein, and
a number of experiments have been started from which no returns are yet due.

4^

16

44

122°

Fig, 1.—a portion of the Polunihia River and its tributaries, showing the location of hatchei-ies and the localities in which
marked salmon were recovered

The experiments have been planned with the advice and cooperation of Dr. C H.

Gilbert, Commissioner of Fisheries Hemy O'Malley, and R. E. Clanton, formerly
director of hatcheries for the State of Oregon, and the success of the work has de-

pended largely upon the aid received from these officials. The actual marldng of the

young fish was under the direct supervision of the writers, who were assisted ably by
numerous hatchery operatives.



Bull., U. S. B. F., 1928. (Doc. 1047.)
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Fig. 2.—Chinook salmon marked by Ilie removal of the adipose fin and the right ventral fin. Ilhistiating a typical scar resulting
from the removal of a ventral fin

Fig. 3.—a typical scar resulting from the removal of the posterior half of the dorsal fin





CHINOOK SALMON MARKING, COLUMBIA RIVER 217

It had previously been determined that the rayed fins regenerated if not removed

very close to the body of the fish, regeneration being most complete when only a

part of the distal portion of a fin was removed. When the fins were carefully re-

moved without leaving any stubs of the rays, there was shght regeneration of a

soft, fleshy tissue but no indication of regeneration of fin rays. The appearance of

the scars on the adult fish recovered gives further evidence of the slight amount
of regeneration. In these the point where the removed fins were inserted is typically

represented by a shght growth of flat or slightty projecting, soft scar tissue, the

surface of which is invariably smooth and bears no scales. In some cases, fin rays
have partly regenerated, but even in extreme cases the regenerated stub consists

of only three or four rays less than one third the length of those of a normal fin.

A typical scar resulting from the removal of one ventral fin is shown in Figure 2.

The appearance of the dorsal fin when the posterior half has been removed, as in

experiment No. 4, is shown in Figure 3.

In order to test the immediate effects of the marking some of the marked fis*h

in each case and as a matter of routine were retained in the hatchery until they had
recovered fully. It was necessary to take this precaution in order that the per-

centage of return might not be affected by an unusually high mortality resulting

from the operation and the handling incidental to marking. In two instances

experiments were begun that had to be abandoned on account of the high mortality.
These two, however, presented unusual conditions, for in all other instances there

was no serious mortality; in fact, in most cases the fish showed no signs of injury
from the operation.

The removal of fins from young salmon as a means of marking them for identi-

fication when they return to fresh water to spawn has been practiced for many years.
The earlier investigators who employed this method used marks that were duplicated

easily in nature or that did not persist throughout the life of the fish. As a result,

the reported returns from their experunents seem to have consisted, for the greater

part, of fish whose fins had been mutilated accidentally. The conclusions based

upon this erroneous evidence have since been shown to be incorrect, and the reliability

of this method of marking has been questioned. It therefore seems advisable to

point out the causes of error in the earlier experiments and to emphasize the precau-
tions taken in this series of experiments to assure positive identification of the marked
fish and thus to prevent similar confusion.

The greatest cause of error in the earlier experiments was the failure of the

investigators to realize that salmon occasionally lose one or more of their fins in

other ways, and that as a result, if only one fin is removed experimentally, the mark

may be duplicated accidentally. For example, Hubbard removed the adipose fin

from chinook fingerhngs at the Clackamas hatchery in Oregon in 1895.' The re-

ported returns from this marking are so greatly opposed to the known facts of the hie

history and growth of chinook salmon that they are obviously in error, and there

can be no question that they included fish not marked by Hubbard. In 1903

Chamberlain marked sockej^e salmon at Naha Kiv^er, Alaska, by removing the two
ventral fins.^ Returns from this marking were reported as late as 1911, when the

' For a description o! the experiment and returns, see Oregon Fisheries Department C1898 and 1900) and Gilbert (1913).
' For a description of the experiment and returns, see Marsh and Cobb (1908, 1909, 1910, and 1911); and Chamberlain and

Bower (1913).
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fish would have been in their ninth year, an age greater than tlie maximum attained

by sockeye salmon. Chambei'lain later observed fish with both ventrals lacking
and concluded that they were not of his marking.^

Another unsatisfactory mark, which has been used on several occasions on the

Columbia River, is the removal of a small piece of the caudal fin. In some cases

the tip of the dorsal lobe of the fin was removed, but more frequently a small

U-shaped piece was clipped out of the posterior margin of the fin. These marks
are unsatisfactory for two reasons: First, because the caudal fin frequently is muti-

lated in nature; and second, because, as mentioned above, fin rays regenerate rapidly

unless they are removed at their base. Supposed marks of this nature are brought
to the attention of the authors every season. They have been found on all species

of salmon and on the steelhead and cutthroat trout, although no such marks have

been applied to any but chinook sahnon. The condition observed most frequently is a

U or V shaped notch in the posterior margin of the fin. The rays that form the margm
of the notch generally are bent and distorted. Occasionally tlie distortion extends for

a considerable distance back into the fin, indicating that the notch was much larger

originally and that it was reduced by regeneration. Some of these supposed marks

obviously are the results of attacks by seals or sea lions. In some cases this is indi-

cated clearly by tooth marks, which can be traced across the side of the fish and

across the caudal fin to the apex of the notch.

By marldng two or more widely separated fins in the present series of experiments

we believe we have obviated, as nearly as may be, the possiblity of having our marks

dupHcated by accidental means. The validity of every record of recovery of marked

fish has been checked by careful examination of the scars resulting from the removal

of the fins. Where there has been any question as to the validity of the marks the

records have been excluded. The scars, particularly those resulting from the removal

of the ventral fins, have been found to be so uniform and characteristic in appearance
as to make it seem almost impossible for them to be produced by other means than

amputation with a clean-cuttmg instrument. It is not hard to conceive that an

occasional fish might lose one or more of its fins as the result of attack by enemies,

or that among the many thousands of salmon there might be a few that would fail

to have the full quota of fins at bu-th; but it is difficult to imagine how such loss

could result in scars that indicate the removal of the fins at their very insertion and

leave the surrounding tissue and pelvic bones normal. It is inconceivable, also,

that such improbable accidental loss could occur to hundreds of salmon at the same

time and in just such a manner as to confoimd the results of our experiments.

Fm-thermore, the evidence of scale readings entirely corroborates the evidence

of our marks—a most unlikely occurrence if the scars were the result of accidental

mutilation.

Marsh and Cobb (1908), in discussing the returns from Chamberlain's experi-

ments, describe the "scars" of the two ventral fins as follows: "In most cases there

was scarcely a trace of the missing fins, the skiu at the site of the base of this pair of

fins being overgrown with scales." In no case in the present series of experiments

have the scars resulting from the removal of the ventral fins been overgrown with

" Cliumberlain and Bower, 1913, pp. 29-31.
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scales, and the locations of the fins are indicated clearly by an abrupt change in the

contour of the body at that point and by a slight growth of scar tissue. Fish lacking
the ventral fins and appearing as those described by Marsh and Cobb have been

observed by the present authors, but invariablj' these fish have had all other fins

present and normal, indicating that they were not marked fish of this series. Further-

more, the pelvic bones invariably were absent, which would indicate further that

the scars were not the result of amputation but probably were caused by abnormal

development. During the marking of many hundreds of thousands of young salmon

we have observed fish occasionally with one or both ventral fins missing. Possibly
one fish in ten thousand will show this abnormality. It has been noted also that the

adipose fin is missing in about the same number of fish, but we have never observed

a case in which both the adipose and the ventrals were affected. The theoretical

probability of finding such a case in nature wou'd be about one in one hundred million,

a contingency so remote as to be of no practical importance whatsoever.

During the years that the Columbia River marking experiments have been in prog-

ress. Dr. J. O. Snyder, of Stanford University, has conducted a similar but less extensive

series of experiments in California.'' His method of marking and other details of his

experiments have been nearly identical with ours, and his results also have been

approximately the same. The outstanding features of his results are as follows:

Salmon marked on the Ivlamath River were found in the ocean as far south as Mon-
terey Bay; those marked on the Sacramento River were found in the ocean both north

and south of the mouth of that river. Notwithstanding this extensive migration, all

returned at maturity to the river system in which they were liberated. The pro-

portion of marked fish recovered was approximately the same as in the Columbia
River experiments. The scales of the adult fish have been found to be a correct and
reliable record of the age and life history of the fish.

Snyder recently conducted an experiment designated to determine the more
minute details of the homing instinct of salmon. Satisfactory returns were obtained

from this experiment during the seasons of 1926 and 1927, but the results have not
been published.

The collection of data from returning adults has proved difficult. One of the

authors or some other representative of the Bureau of Fisheries has spent the greater

part of each season in the commercial fishing district searching for marked salmon;

however, the one or two persons could observe only a small proportion of the salmon
taken from the river, as the fish are divided between about 20 canneries distributed

along 200 miles of the river. It has been necessary, therefore, to depend largely

upon assistance from fishermen, cannery employees, and hatchery men. Theodore
F. Rich and W. H. Spaulding aided materially in this work during the seasons of 1919

and 1920. The greatest assistance was rendered by the Oregon Fish Commission,
which since 1920 has paid i-ewards for records of the recovery of marked fish. During
1920 and 1921 a reward of 50 cents for each record was offered. From that time until

about the middle of the season of 1926 the reward was $1, but because of the many
records of marked sockeye salmon recovered during 1926 it became necessary to

reduce the rewards to 50 cents during the latter half of the season. A reward of 50

< See Snyder, 1921, 1022, 1923, and 1924.
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cents was paid during the season of 1927. Most of the returns have come as a result

of these rewards.

On account of the manner in which the data were collected it is necessary to

accept the measurements of the fish with some reservation. In all probability the

data as to sex are reliable, but those as to length, weight, and time of capture are

less dependable. Measurements of length and weight were made by persons usually

untrained, and it is more than likely that instruments for taking accurate measure-

ments were not available to them. It is also pos-
sible that the length was measured differently; for

example, the rays of the caudal fin may have been

included in some measurements and excluded from
others.

These experiments were planned with several

purposes in mind. First and foremost they were

designed for the very practical purpose of testing

the relative efficiency of various procedures in

artificial propagation. It is believed that this

method of investigation, more than any other,

promises information of vital importance in the

upbuilding and improvement of current hatchery

practices. The experiments also bear upon impor-
tant problems in the life history of the salmon, such

as the home-stream theory both as apphed to entire

branchioste9al rays river systems and to the tributaries of a single
Fig. 4.-Diagram of the gui cover of a salmon, system, the factors afi'ecting the age at maturity,
showing extent of injury and regeneration in . . .

i i i i •

'

the case of yearlings marked with a clip in the the time oi entcrmg the I'lTcr, and the hereditary
gui cover at Bonneville hatchery during the eharacter of the quality of the flcsh. And finally,
spring of I9I6. Experiment 1. Broken line, . .

X— X. indicates approximately the original an examination of the scales of marked fish, the
mark as placed on the young fish. The dotted v*i„r i.-u*i _ -i i*ii • ^i

lines indicate the edges of the bones, and the history of which IS luiown aids materially m the

stippled areas the parts filled in with soft tissue interpretation of various difficult tyi^cs of scales fre-
on the gill cover of the returned adult fish

,
,

, , . i I'l
 

,. . ,

quently encountered in general collections from the

regular runs. On this account special attention has been paid to the scales and detailed

measurements and ling counts are given in the accounts of the several experiments.

EXPERIMENT NO. 1. BONNEVILLE HATCHERY, FEBRUARY-APRIL, 1916

Eggs from: Willamette River, 1914.

Reared and marked at: Bontieville hatchery.''

Mark used: Removal of adipose fin and U-shaped clip in right gill cover.

Number marked: 4,000.

Liberated: In Tanner Creek during February, March, and April, 1916.

Age: Approximately 18 months.'

These fish had been reared in the ponds at the hatcherj'^ with a much larger
number of sockeyes of the same age. It was during the course of the marking of

50,000 of the sockeyes that these few yearling chinooks were marked incidentally.
As no special attempt was made to select chinooks, comparatively few were handled.

4 For location of hatcheries and fishery locations, see fig. 1.

• The ages given are counted from the time the eggs were takeu and include the period of incubation. This is done on account

of the confusion
arisinjs

in counting the age from the time of hatching, due to the variable length of the incubation period, which is

dependent upon temperature.
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For the same reason the mark adopted was not the best. It was felt that the cUp
in the gill cover would not prove so tisfactorj^ and that nearly complete regeneration

might be expected. The results have shown this to be the case. In order to reduce

the possibility of complete regeneration the clip was placed low on the opercle, so as

to cut through the branchiostegal rays, the interopercle, and into the preopercle. The
line X——X on the diagram (fig. 4) indicates the approximate extent of this clip.

A number of specimens were held in a tank at the hatchery for several months

and the process of regeneration noted. At the end of about four months the clipped

section was regenerated almost completely, so that but a slight indentation of the

margin of the gill cover remained. This regenerated tissue seemed to be mainly soft,

however, while the bones apparently were regenerated more slowty.

Fifty specimens were preserved for reference during the course of the marking.
These average 134.6 millimeters (5.3 inches) in length. The scales show a more or

less well-defined gi'owth of the first year, followed by a band of wider rings repre-

senting the second year's growth. Figure 5 illustrates a scale showing a well-defined

winter band terminating the first j'ear's growth, and Figure 6 a more typical scale in

which the boundary between the fii'st and second years is not shown so definitely.

The average number of rings in the first year's growth is 15.2 and in the second 6.6.

46 5
The average length of the anterior radius of the scale is j^^ millimeter to the end

CO Q
of the first year and j^^ millimeter to the periphery.^

collection are given in Table 1 .

The complete data for this

T.4.BLE ].—Chinook-salmon yearlings marked at Bonneville hatchery March 2 and 11, 1916
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Table 1.—Chinook-salmon yearlings marked at Bonneville hatchery March 2 and 11, 1916—Contd.
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closely to the scales of the young fish preserved at the time of marking. Figure 7

shows a scale from the one undoubted marked fish, and Figure 8 shows the nuclear

area enlarged. The margins of the scale arc rather badly absorbed, and the Avinter

band of the fifth year and the beginning of the sixth year's growth do not show.

The width of the outer (fifth) summer band is conclusive evidence, however, that

the fish was actually in the sixth year and not in the fifth, as might appear to be the

case. In the majority of fish taken at this time of year, whose scales are complete,

the new growth of the current year has seldom more than three or four rings. Fre-

quently the marginal rings are those of the preceding Avinter. The marginal band

of sunmier rings sho\vn on the scales of this fish is virtually as wide as the summer
band of the preceding (fourth) year and particularly in view of the fact that serious

absorption of the scale had taken place, could not possibly be interpreted as being

the new growth of the current year. The remainder of the scale offers no difficulty

whatever to interpretation.

EXPERIMENT NO. 2. KLASKANINE HATCHERY, JULY AND AUGUST, 1916

Eggs from: Willamette River, 1915.

Reared and marked at: Klaskanine hatchery.
Mark used: Removal of right ventral fin and anterior half of dorsal fin.

Number marked: 50,000.
Liberated: In Klaskanine River during July and August, 1916.

Age: Approximately 11 months.

A collection of 50 specimens was preserved on July 16, 1916. The average

length is 81.8 millimeters (3.2 inches). Their scales vary but slightly in general

appearance. In general the rings are strong and well spaced, indicating that a

vigorous and uniform growth had l^een maintained. In this respect these scales

resemble closely those of wild fish, although as a rule the scales of hatchery fish show
a more irregular growth. ^Vn occasional incidental check is found (see fig. 10), and

in many the narrower marginal rings indicate that the slower growth of the fall and

winter had begun. Figure 9 shows a typical scale. The average number of rings

36.2
is 9.3, and the average length of the anterior radius is ^^ millimeters. The detailed

data are given in Table 2.

Table 2.—Chinook-salmon fingerlings marked at Klaskanine hatchery July 16, 1916
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Only one individual with this mark was recovered. This fish was found by a

Chinese butcher at one of the canneries in Astoria, who preserved the scars but no

other data. The mark is perfectly clear, although it is worthy of note that the

posterior half of the dorsal fin had not grown normally. The rays were short, and

their tips bent backward as though the resistance of the water had modified the

growth as the growth of trees is modified by the prevailing winds. The exact date

of capture is not known, but it was some time between May 25 and June 21, 1920.

The scales of the adult fish (fig. 11) show clearly the four complete years of

growth and a narrow marginal band of M'ide "summer" rings, which represent the

beginning of the fifth year's growth. vScales from the skin attached to the scars were

the only ones available for study, as a sample of scales taken from the central por-

tion of the body was not preserved. While the details of the life liistory may be as

readily obtained from perfect scales taken from unusual regions of, the body as from

the more typical ones taken from the central portion, they are not as satisfactory

for comparative studies. In this case, for instance, it is not as easy to compare the

nuclear portion of the adult scale with the scales taken from the young fish preserved

at the time of marking. Taking this into consideration, the nuclear portion of the

adult scale (fig. 12) does, however, correspond fairly well with the typical scales of

the young fish (figs. 9 and lOV

EXPERIMENT NO. 3.—LITTLE WHITE SALMON RIVER HATCHERY, JULY AND AUGUST,
1916

Eggs from: Little White Salmon River, 1915.

Reared and marked at: Little Wliite Salmon River hatcliery.

Mark xised: Removal of left ventral fin and the po.sterior half of dorsal fin.

Number marked: .50,000.

liberated: In Little White Salmon River during .July and .\ugust, 1916.

Age: .Approximately 10 months.

The average length of 50 unselected specimens preserved on July 2S, 1916, is

54.4 millimeters (2.1 inches). The scales have an average of 4.8 rings and an aver-

20 2 . . ...
age anterior radius of ^^ millimeters. Table 3 gives in detail the data relative to

these fish. Figure 13 shows a typical scale from an individual 60 millimeters in

length.

Table 3.—Chinook-salmon fingerlings marked at Ldttle White Salmon River hatchery July 28, 1916
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Adults developing from these marked fish were found among the spawning
fish taken for purposes of artificial propagation in the Little White Salmon River in

191S, 1919, and 1920, when the fish were in their third to fifth years. One 3-year-old,

four 4-year-old3, and one 5-year-old were recovered in this way. In addition to

those taken in the parent tributary, one was taken in the lower Columbia in 1919

and another was. taken by purse seine in the ocean near the mouth of the Columbia
in 1920. Table 4 gives the detailed data regarding the adult fish.

T.vBLE 4.—Chinook salmon marked at Little White Salmon River hatchery during the summer o] 1916,
when approximately 10 months old, and recovered during the seasons of 1918, 1919, and 1920
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a large proportion of cases the scales are characterized by a distinct nan-owing, an
incidental check, some five or six rings from the center. A narrowing of the marginal

rings is typically present also, indicating the beginning of the slower winter growth.

Figure 21 shows a typical scale with a distinct incidental check five rings from the

center and the narrower winter rings at the margin. Figure 20 shows a scale from the

smallest fish of the collection. This fish was only 47 millimeters (a little less than 2

inches) in length, and the scale shows only five rings, with no indication of either the

incidental check or the marginal winter rings.

Table 5.—Chinook-salmon fingerlings marked at Bonneville hatchery September IS, 1916
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Table (.1.
—Chinook salmon marked at Bonneville hatchery during the fall of 1910, when approximately

12 months old, and recovered diiring the season of 1920
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or less distinct baud of intermediate rings, whicli in turn is surrounded by the wider

rings of ocean growth formed during the second year. Although the scales are all

similar, there is considerable variation, which it is important to consider in some

detail.

The true stream growth is relatively small, as compared with the usual size of

stream nuclei, and is often poorly defined with marginal winter rings that are not as

typical as those on the scales of wild fish. An incidental check was found on the

scales of 13 individuals. The number of rings within the incidental check ranges

from 4 to 9 and averages 5.8. The general appearance of the stream growth in these

adult scales corresponds exactly with that of typical scales from the yoimg fish

preserved at the time of marking. (Compare figs. 20 and 21 with the stream growths
in figs. 23, 25, 27, 29, 30, and 31 .) The average number of rings in the stream growth
of the adult scales (see Table 6) is 11, as compared ^\^th an average of 9.2 on the

scales of the young fish. The average length of the anterior radius to the edge of the
QA 1 31 8

trae stream growth is y^ millimeters, as compared with ^r~ millimeters for the

young fish. It is apparent from these figures that the check considered here as

terminating the true stream growth was formed at approximately the time when

the fish were liberated at the hatchery. Immediately outside of this true stream

growth is usually found a band of distinctly wider rings forming the intermediate

growth. The term "intermediate" has been applied by Gilbert and others to the

band of rings frequently encountered between the true stream and the undoubted

ocean growth, the rings of which are intermediate in width between the stream and

ocean rings. It frequently, though not always, is developed during the time spent
in the brackish water of the estuaries during the seaward migration. The inter-

mediate growth shown on the scales of the marked fish of this lot is usually fairly

wide, averagLag 9 rings and ranging from none (fig. 29) to 15 rings (fig. 27). Not

infrequently the outer rings of the intermediate band widen gradually and merge
into the ocean growth, so that it is difficult to set a definite boundar}^ between the

two (fig. 23). In extreme cases, where both the stream and the intermediate bands

are poorly defined, the true character of the nucleus is so obscured that were the

scales presented without additional data the nuclei might be mistaken for the ocean

type. Figures 29 and 31 show such nuclei. These scales show considerable grada-

tion from a pure stream type of nucleus to what we have designated a "composite
nucleus." This type will be discussed in more detail later in this report in connection

with another experiment, which throws light on the interpretation of these scales.

EXPERIMENT NO. 5. LITTLE WHITE SALMON RIVER HATCHERY, JUNE AND JULY, 1917

Eggs from: McKenzie River, 1916.

Reared and marked at: Little White Salmon River hatchery.

Mark used: Removal of adipose fin and dorsal fin.

Number marked: 44,500.

Liberated: In Little White Salmon River during June and July, 1917.

Age: Approximately 10 months.

The average length of 45 unselected specimens of young fish preserved on July

18, 1917, is 47.4 millimeters (1. 9 inches). The scales have an average of 4.4 rings.
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1 fi n

and the average length of their anterior radii is ^ millimeters. No peculiarities

are noticeable in the scale growth. A typical scale is shown in Figure 32. The

detailed data for these 45 specimens are given in Table 7.

T xB-LVi 7.—Chinook-salmon fingerlings marked at Little White Salmon River hatchery July 18, 1917
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White Salmon River. Apparently there has been a tendency for the fish hatched
from eggs taken from early-running fish to enter the fresh water early, even though
planted in a stream typically inhabited by a late-running race. A more complete
discussion of this question is given in connection with later experiments, which offer

more conclusive evidence.

EXPERIMENT NO. G.—HERMAN CREEK HATCHERY, MARCH, 1920

Eggs from: Willamette and McKenzie Rivers, 1918.

Reared and marked at: Herman Creek hatchery.
Mark used: Removal of both ventral fins and the adipose fin.

Number marked: 20,000.

Liberated: In Herman Creek during March, 1920.

Age: Appro.ximatel}' 18 months.

The eggs from which these fish developed were hatched at Bonneville and the

fry were transferred to Herman Creek soon after hatching. Duiing Jime, 1919,
the greater number of the fish in the ponds were liberated, but those marked in this

experiment lingered in the pond and became mixed with sockeyes of the same age,
which had been placed in the ponds a few days after the chiaooks were liberated.

It was in the course of the marking of the sockeyes that the chinooks were segregated
and marked.

Twenty-nine specimens preserved during the course of the marking average
107.5 millimeters (4.2 inches) in length. Their scales have an avei'age of 13.8 rings

42 2
and an average anterior radius of j^. millimeters. (See Table 8.) Scales from

26 of the 29 individuals have an incidental check inclosing an average of 8.4 rings
30 1

(radius y^ millimeters). The winter check usually is absent but is represented on

a few scales by one or two broken rings at the margin of the scale. Two specimens
have a faii'ly distinct winter check followed by a couple of rings of the rapid growth
of the second year. (See fig. 35.) Figure 34 illustrates a scale in which both the

incidental check and the winter check are lacking.

Table 8.—Chinook-salmon yearlings marked at Herman Creek hatchery during March, 1920
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One adult fish that returned to spawn in its fourth year was taken during the

season of 1922; 29 five-year-olds were reported during the season of 1923, and 18

were taken durinp; the season of 1924, when they were in their sixth year. Tables

9 and 10 give the data regarding these captures.

Table 9.—Chinook salmon marked at Herman Creek hatchery during the spring of 1920, ivhen approx-

imately IS months old, and recovered during the seasons of 1922, 1923, and 1924

Date of capture

1922: Sept. 10-19-

1923:

May 1-5

May 1-5

May 1-5

May 1-5

May 1-5

May3--
May3--
May4-.
May 4_.

May e.-

May 7--

May8..
Mays..
May 9-.

May 9..

May 10-

May 13-

May 14-

May 17.

May 17-

May20.
May 22.

May 25-

May 26.

May 26.

May 28-
June 17.

July 31..

Oct. 1...

Place of capture

Cascade Locks—
Lower Columbia.

do---
do
do
do

do
Westport

do
Lower Columbia-.
Tongue Point

Astoria
Rainier
Bonneville
Eainier
Sand Island

Westport.-
Cascade Loclis...
Altoona
Smith Point

do

May 3

May 4

Maya
May 6
May 6

May 6

May 7

May 9......

May 10

May 10

May 20

May 23

May 26

May 15-31-
June 7

June 28
June 29

July 15

Ellsworth -- -

Bonneville
Sand Island

do
Tongue Point

Lower Columbia
Mouth Herman Creek.
Cascade Locks
Herman Creek---

Ranier
The Dalles -.

Warrendale
The Dalles -..

Corbett
Lower Columbia.

Clatskanie--
The Dalles
Warrendale
The Dalles
Bonneville

do

do
The Dalles..
Warrendale -

Bonneville..
The Dalles-
Chinook

Female.
Male
-do.--.
Female.
..do..--

..do.--.

Male—.
Female.
Male

...do..-
..do...-
...do....
...do—.
Female.

...do
Male
Female.
..do....

Male..
do.

Female.
..do....
.-do

Male
Female -

Female.
...do....
...do....
Male

Female.
Male
Female.

Male

Female.
..do
Male
Female.
...do....
...do....

Length,
in inches

Weight,
in pounds

36
30
36
25
36

36
33
34
35
26.5

34.76
36.5

35.5
38

41
26
35
36
36

36
26.5
35
38.5
31

26.76
36
32

Scale record, first

year

18
11

17
11

19

17

13.5
14

22
19

20
21
18

21.5
20

28.6
10
19
17
18

15
8
15.5
23
13

7
16
15

Number
of rings

38
35
36.76
39.26
35.6
28

38
39.5
36
36.5
26
39.6

32

20
16
21
22.5
17.76
34

22
23
19.75
21

16
25

13

43.5
34.75

I

40
29

30.6
15
25
18.25

Length of

anterior

radius, in

millime-
ters XI 20

52
52
44
44
44

33
44
39
37
52

62
41
67
47
52

41
60
45

36
65
41

32
41
46
54
42
60

64

20
18
16
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«

This experiment adds more conclusive evidence to that given by experiment
No 5 regarding the influence of heredity on the time when the adult salmon return to

fresh water. In this experiment, as in experiment No. 5, the progeny of salmon that

enter the river in the spring were liberated in a tributary normally inhabited by fall-

running chinooks. Of the 47 recaptures reported from the commercial fishery, 40

were taken during May, and two-thirds of these were taken during the first 10 days
of the month. In other words, the run seems to have been well under way when the

season opened on May 1. With the exception of the one fish taken on July 15, 1924,

even those caught during June and July probably entered the river during May, as

their scales were greatly absorbed and the fish themselves were reported to be dull,

soft, and thin rather than plump and bright, as are fish that have recently left the

ocean. The condition of the fish taken on July 15 was not reported, but judging
from its scales, which were less absorbed than those of many of the fish taken during

May, there is no reason to believe that it had been in the river for any length of time.

The scales of the fish taken during September, 1922, were absorbed to an extent

indicatmg that the fish had entered the river some time before being caught; but

this alone is not sufiicient evidence to justify the conclusion that it left the ocean as

early as the majority of the fish returning from this marking. In view of the fact that

such a large proportion of the fish are known to have entered the river durmg a very

short period in the spring, the two possible exceptions need not affect the general

conclusion that the factors determining the time of entering fresh water are hereditary

and are not altered by conditions of early environment. Additional data regardmg
this important question are furnished by later experiments.

The fact that salmon return to spawn in the river system from which they

migrated as fry or fingerlings, even though the eggs from which they developed may
have been taken from another river, has been demonstrated in many instances.

Gilbert (1919) has shown that sockeye salmon, of the Frazer River at least, return

to the particular spawning district in which they spent their early life. The authors

have numerous unpublished data that indicate that the same is true in general of

the chinook salmon of the Columbia. This series of experiments offers an unusual

opportunity to observe this tendency, both as regards natural and transplanted

runs. In this particular experiment fish were transplanted from one tributary to

another of the same system. The absence of heredity as a factor in determining

which tributary the resulting adult fish chose to enter is shown by the fact that a

constant search at the Willamette and McKenzie egg-taking stations (where the

eggs from which these fish developed were taken) revealed no marked fish. Their

failure to enter the WiUamette is shown further by the fact that the majority of

those recaptured were taken in the main Columbia River above the mouth of the

Willamette. Not only did they fail to return to the tributary in which they origmated,

but the majority also failed to return to the tributary in which they were reared

and liberated. Only one entered Herman Creek. This one, a female, was found

about 1 mile above the mouth of the creek on October 1, 1923.

Herman Creek was observed on several occasions during the season of 1923, but

prior to the visit of October 1 it had not seemed necessary to look for fish above

the hatchery station, because a small dam used to divert water into the rearing

ponds had b^en impassable since late in May. The appearance of at least a dozen
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adult fish in tlio rearin<r ponds (which they had entered with the intake water)

prompted a more thorough investijiation of the creek. Between the hatclaery

station and a small power dam, about 1 mile above, 5 living and 14 dead fish were

found. All were inspected carefully for the absence of fins, but only one marked
fish was found. Unquestionably these fish entered the creek early in the spring,

because not only was the dam impassable, but the creek became so low early in the

summer that nearly all of the water was diverted through the ponds, leaving the

creek virtually dry for a distance of several hundred feet.

The appearance of an occasional adult chinook salmon in Herman Creek during
the spring is not an unusual occurrence, but this was the first time that any number
of spring chinooks had been reported from there. A second run was reported in

1926, when 130 spring chinooks ran into the creek.

Additional data regarding the tendency of salmon to return to a particular

tributary to spawn were secured from later experiments.

The scales of the adult fish present nothing unusual. Their nuclei are typical

of the stream type and are identical with the scales of the young fish at the time of

liberation. (See figs. 37 and 39.) The majority of those haviiig perfect scales

show an incidental check inclosing an area marked by an average of 8 rings and

28 4 . .

having an average anterior radius of y^ millimeters. As mentioned above, the

scales of the young fish showed an incidental check inclosing an average of 8.4 rings

The

47.5

30 1

and with a radius of ysW millimeters—a remarkably close correspondence. The
1 ^U

average total number of nuclear rings is 16.2, and the average total radius is

millimeters. (See Table 9.) The scales of the adult fish are characterized further

by a comparatively small growth during the first year in the ocean. Figures 36

and 38 illustrate typical scales from mature fish in their fifth and sixth years,

respectively.

EXPERIMENT NO. 7. BONNEVILLE HATCHERY, OCTOBER, 1920

Eggs from: Willamette, McKenzie, and Santiam Rivers, 1919.

Reared and marked at: Bonneville hatchery.

Mark used: Removal of adipose fin and right ventral fin.

Number marked: 65,000.

Liberated: In Tanner Creek during October, 1920.

Age: Approximately 13 months.

A sample of 50 fingerlings preserved on October 14, 1920, averages 96.6 centi-

meters (3.8 inches) in length. The rings of the scales are regular in shape and evenly

spaced, giving evidence of comparatively rapid and uninterrupted growth. The

average number of rings is 15.3, and the average length of the anterior radius is

Yi^ millimeters. A typical scale is shown in Figure 40. The complete scale and

length records are given in Table 11,
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Table 11.—Chinook-salmon fingerlings marked at Bonneville hatchery October I4, 1920

,1 -- . .
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Table 13.—Chinook salmon marked at Bonneville hatchery during the fall of 19£0, when approxi-

mately 13 months old, and recovered during the season of 1924
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Table 16.—Chinook salmon tnarked at Bonneville hatchery during the fall of 1U20, xohen approxi-
mately 13 months old, and recovered during the seasons of 1923, 192%, and 1925

Age
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lated in Table 17. The average number of rings was 18.4; the average length of the

anterior radius was^ millimeters. These measurements are slightly greater than

,. ,46.6 .,,.

those for the fingerling scales, which averaged 15.3 iings and a radms of
Y20

"i""^"

meters. As a rule the rings were very regularly spaced and unbroken, but there was

an occasional incidental check, which probably was formed at the time of planting.

In a few cases the typical stream and ocean growths were separated by a few rings

of mtermediates. Nuclei of average, large, and small size are illustrated in Figures

44, 46, and 47, respectively.

Table 17.—Chinook salmon marked at Bonneville hatchery during the fall of 1920, when approxi-

mately IS months old, and recovered during the season of 19S4

Scale record, first year
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could not be due to error in recognition of the sexes, as the gonads, though small,
are distinctly differentiated and independent determinations by the two authors

agree in every case.

Table IS—Chinook-salmon fingerlings marked at Little White Salmon River hatchery dvrino July
and August, 1920
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Table 19.—Chinook saltnon marked at Lillle White Salmon River hatchery during the summer of

1920, when approximately 10 months old, and recovered during the seasons of 1923 and 1924—Con. "^



240 BULLETIN OF THE BUREAU OF FISHERIES

This was the first experiment in which any number of the adult marked fish

returned to the tributary in which they had been liberated as fingerlings. There

appears here to be some significance in the fact that the fingerlings were liberated

in their native tributary. In most of the other experiments the fingerlings were

liberated in a tributary other than that from which the eggs were secured. Even
in this experiment the homing was not perfect, as is shown by the recovery of one

of the fish in the Big White Salmon River.

The nuclei of the scales of the adult fish from this experiment are of particular

interest because of their wide variation and the light these variations throw on the

interpretation of the scales of wild fish of unknown history. Scales with typical

stream and ocean nuclei, representing, respectively, migration to the ocean before the

scales are formed and after the first year's growth is completed, are identified easily

and offer no particular problems; but as the senior author has shown (Rich, 1920),

the seaward migration of chinooks in the Columbia is not confined to these two

periods but is distributed throughout the year. In view of this variation in the time

of migration one would expect to find corresponding variations in the scales, ranging
from the typical stream type to the typical ocean type, with transitional stages

having varying proportions of stream and ocean growth. A third possible variable in

the nature of the scale rings is to be expected as a result of the intermediate environ-

ment of the estuary, under the influence of which the fish grow more rapidly than in

fresh water but not as rapidly as in the ocean. Such variations in the scales have

been observed. Gilbert draws attention to them in his first paper on the scales of the

Pacific salmon (Gilbert, 1913). The senior author, in extending the work of Gilbert

to a more comprehensive study of the chinook salmon of the Columbia River,

encountered such a wide range of variation in the nuclear types that he found it neces-

sary to make a careful study of the seaward migrants before continuing with the

study of adult scales. The study of the seaward migrants was necessarily confined

to the stream and estuary growth, and it was impossible to trace the growth and move-

ment of particular individuals through their life in the ocean. This opportunity to

study the scales of mature fish of known age and early history is therefore of great

value.

The nuclei of the scales of all of the adult fish in this experiment have a central

portion of closely spaced rings, which is set off from the remainder of the scales by an

incidental check formed by a slight narrovdng of the rings or by contrast with the

wider rings immediately following. The cause of this check is not evident. Its

formation does not seem to have been coincident with marking or liberation, as the scales

of the fingerlings at the time of marking had 3 to 5 rings, whereas there were 5 to 13

rings when the check was formed. It is sufficient in this connection to note that this

incidental check is present in all cases and that the portion inclosed by it is typical of

stream growth.
The area of the scale between this incidental check and the first winter check

shows a wide range of variation. One extreme of variation is shown in Figure 49,

which illustrates a scale in which the band following the incidental check consists of
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rings similar to those inclosed by it. These two bands, representing the entire first

year's growth, form a fairly typical stream nucleus. The opposite extreme is illus-

trated by Figure .50. E.xcept for the small central portion of stream growth, this

scale is typical of the ocean type. The band following the first incidental check in

this case is more than twice the width of that in Figure 49, and the rings are spaced
more widely. This nucleus is fairly representative of a type very commonly found

among the chinook salmon of the Columbia River and for which the term "composite
nucleus" is proposed. This term will be used to designate nuclei comprised of both
stream and ocean growth.

Many intergrading stages of composite nuclei are found among the scales of this

collectior. The transition from the typical stream type toward the ocean type is so

gradual as to make it impossible to divide the group of nuclei into two classes on the
basis of the presence or absence of ocean growth during the first year. Two nuclei
that fall about midway between the two extremes of variation are shown in Figures 51
and 52. Some of these intergrading stages probably involve estuary growth. A fish

may have spent a part of the first year in each of the thi'ee environments, or it may
have remained in the estuary dvu-ing the latter part of the first year. A second
incidental check, which is to be found in many of the nuclei, may represent the

change from the stream to the estuary or from the estuary to the ocean.

Typical scales of adult fish in their fourth and fifth years are shown in Figures
53 and 54. These also show further variations in the composite type of nucleus.

Returning now to a consideration of the scales of the mature fish in experiment
No. 3 we find nuclei similar to some of those in this collection. Eight adult fish were
recaptured, the scales of all of which have a central area that unquestionably is

stream growth. In all but one this area appears to represent nearly the entire first

year's growth but is not terminated by the winter check, which usually is found at the

margin of the stream type of nucleus. (See figs. 14 to IS.) This condition, combined
with the presence of rings of only moderate width surrounding the stream growth
suggests that the fish may have entered the ocean or at least the estuary before the
winter check was formed. The check at the twenty-third ring in Figures 17 and 18

may represent the winter check in that scale. In the others the boundary of the
first year's growth is not shown definitely.

The stream growth in seven of these is broken by an incidental check at the fifth

to seventh rings. (See Table 4 and figs. 14 to 18.) The area inclosed by this check

evidently represents the margin of the scale at the time the fish were marked and
liberated.

In the eighth scale of this collection (fig. 19) the stream growth extends only to

a point corresponding to the first incidental check in the other seven. From tfiis

point the rings widen gradually into the second year's growth, leaving no mark to
indicate the termination of the first year's growth. This nucleus is more typically
a composite type than are the other seven.
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EXPERIMENT NO. 9.~BONNEVILLE HATCHERY, SEPTEMBER AND OCTOBER, 1921

Eggs from: McKenzie River, 1920.

Reared and marked at: Bonneville hatchery.

Mark used: Removal of adipose fin and both ventral fins.

Number marked: 50,000.

Ldberaied: In Tanner Creek during September and October, 1921.

Age: Approximately 13 months.

A sample of 50 fingerlings preserved on August 24, 1921, averages 93.3 milli-

meters (3.7 inches) in length. The average number of rings on the scales is 13.1,

. 43 9
and the average length of the anterior radius of the scales is —^ millimeters. (See

table 21.) An incidental check at 6 to 10 rings from the center is to be found in about

half of the scales (see fig. 55) ;
in others (see fig. 56) there is a slight crowding of the

rings, which is not sufficiently pronounced to be termed a check.

Table 21.—Chinook-salmon fingerlings marked at Bonneville hatchery August ^4, 19^1
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Table 22.—Chinook salmon marked at Bonneville hatchery during the fall of 1921, when approximately
IS months old, and recovered during the seasons of 1924, 1926, and 19S6

Date of capture

1924:

May 6,.

May 17.

May 14-

May 2...

May 3--.

May 4..
Do..
Do..
Do..
Do..
Do..
Do..
Do..

May 5_.
Do..
Do..

May 6.-
Do..
Do..

Mays..
Do..

May 11-

May 12.

May 16-

May 29-
Do..

Jane 2. .

June 18.

Date of capture not

reported

February.
May 2

May 4

May 5

May 14...

May 27...

Place of capture

Warrendale
Astoria cannery
Warrendale cannery.

....do
Astoria cannery
...-do .--

Sand Island
St. Helens -.

.-..do
Rainier.
Ellsworth cannery. . .

do
Bonneville
Astoria cannery
Ellsworth cannery...
Bonneville
Ellsworth cannery...
Warrendale cannery .

do
Dahlia, Wash
The Dalles..
Warrendale cannery .

Ellsworth cannery.-.
do -.

Bonneville cannery. -

Warrendale cannery .

do -.

Astoria cannery
Pillar Rock...
Pillar Rock cannery.
Ellsworth cannery. . .

Warrendale cannery -

....do

....do

....do

..-.do

Clatskanie, Oreg...
Ellsworth cannery.

do
Cascade Locks
Ellsworth cannery.

do.--

Se:
Length,

in
inches

Male.
..do.,
.-do-.

..do

..do
Female..
..do
..do
-.do
..do
-.do
Male
Female. -

..do

.-do
Male
..do

25.75
36.5

25.4
34.5
36

Male
Female -

..do....

.-do

.-do....
Male

Female
..do
Male
..do
...do
Female

Male-

Female
...do...
Male...

35.5
27.26
35
37
26
37.5
30
32
32.75
36.5
36.6
35
41
35
38
32.5
37
23.5
37
36
30
28
38
22
37
37.5

Scale record first

year

37
44

42
37
36
41
36.5
37

13

18

31
20
20

8.5
30.25
15

28
17.5
17.5
12.6
24.5
11.25
27.75
17
17

29
18
18
20
26
14.5
16
16

22
17
19

21

21
34

37
32
17
27
24
23.5

54
63
73

51
66
54
39
51
44

66
54
69
44
39
69
42
62
56
59
47
54
60
48
53

20
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has been selected. (See fig. 61.) It will be noted here that the winter check of the

fifth year is represented by only a slight narrowing of the marginal rings and that no

new growth of the sixth year is present.

The scales of one of the fish recovered during 1924 are very unusual. One of

them is shown in Figure 58. The nucleus of this scale is the largest in the collection,

and the radius of the scale to the second winter check is unusually small. This makes

the second year's growth appear extremely slight. The cause of such unusual growth

proportions is unknown. It is possible that this fish remained in fresh water for a

part of the second year, in which case the nucleus would represent more than the

first year. A more typical scale of a fish in its fourth year is shown in Figure 57.

This experiment is nearly an exact duplicate of experiment No. 7. Both involved

the progeny of the spring run of chinooks that spawn in the headwaters of the Willa-

mette River. The fingerliugs in both cases were reared at Bonneville and liberated

at approximately the same time of the year. The fingerlings preserved in experiment
No. 7 are sUghtly larger than those in experiment No. 9, but this difference may
well be due to the difference of about six weeks in the dates on which the samples were

preserved. The size of the fish at the end of the first year, as shown by the size of

the nuclei, was nearly identical.

The number of returns from these experiments, however, differs widely. The

recoveries from experiment No. 7. represent 0.39 per cent of the fingerlings marked,
whereas only 0.08 per cent (less than one-fourth as many) were recovered from

experiment No. 9. No satisfactory explanation for this difference has been suggested.

It could not have been due to a failure of our data to be representative of the actual

returns. This may be seen by comparing the returns from the two experiments dur-

ing the season of 1925. The 5-year-olds that returned from experiment No. 9 were

nearly equaled by the 6-year-olds in experiment No. 7, whereas invariably a much

larger proportion of fish from any brood mature during theu" fifth year than during

the sixth. These two groups of fish were running simultaneously, and there is no

reason to believe that the cannery employees and others who were searching for

marked salmon selected one mark in preference to the other.

EXPERIMENT NO. 10.—BONNEVILLE HATCHERY, AUGUST AND SEPTEMBER, 1922

Eggs: McKenzie and Santiam Rivers, 1921.

Reared and marked at: Bonneville hatcliery.

Mark used: Removal of adipose fin and right ventral fin.

Number marked: 100,000.

Liberated: In Tanner Creek during August and September, 1922.

Age: Approximately 12 months.

A sample of 25 of the fingerlings preserved on August 28, 1922, averages 76

millimeters (3 inches) in length. Their scales have an average of 11.6 rings and an
33 9

average anterior radius of j^ millimeters. The scales of all but two of the finger-

lings show an incidental check about 7 rings from the center. The incidental check

is followed typically by 3 to 5 rings, which stand out as distinctly heavier and more

widely spaced than those preceding the check. (See fig. 62.) The length and scale

data are given in Table 23.
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Table 23.—Chinook-salmon fingerlings marked at Bonneville hatchery August 28, 1922
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Table 24.—Chinook-salmon fingerlings marked at Bonneville hatchery during the fall of 19SS, when
approximately 12 months old, and recovered during the seasons of 1924, 1925, and 1926—Contd.
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were reported during the first week of the commercial fishing season. Only 14 of the

75 recoveries were made after the middle of May.
One of the 6-year-olds, which was caught on September 23, represents an excep-

tion to this rule. As only one other exception was found, this record has been

checked carefully to determine if it is authentic. The scars were found to be typical

of those produced by marking, and no reason for questioning any part of the data

presented itself. The nuclei of the scales from this fish do not agree exactly with

those of the other fish recovered from this experiment; but the record could not be

invalidated on this score, because the nuclei in the collection show a wide range of

variation, one extreme of which might be represented by the scale in question. The

age indicated by the scales is correct.

Three possible explanations for the irregularity of this record might be sug-

gested : 1 . It may be an authentic exception to the rule that the progeny of the spring

run return in the spring. 2. The fingerling from which this fish developed may have

been one from the fall run of chinooks that by accident became mixed with the

spring chinooks at the hatchery. 3. The fish may have lost the fins by some other

means. As there is no evidence that the second or third possibility is true, the first

must be accepted tentatively.

One of the .5-year-olds returned to Tanner Creek and was recovered in the

spillway from the hatchery ponds in which it was reared as a fingerling. This is the

fourth of the marked spring chinooks that has returned to the tributary in which

it was liberated.

The nuclei of the scales of the adult fish in this collection are more variable than

those of any other marked spring chinooks. Most of the variations may be grouped

into a single general type, however. In this general type the nucleus consists pre-

dominately of stream growth surrounded by a narrow band of intermediates. (See

Table 24.) The presence of the band of intermediates at the end of the first year

typically results in a gradual transition in the nature of the rings and obscures the

points of demarcation, both between the stream and intermediate growth and

between the intermediate and ocean growth. The scale shown in Figure 63 is a good

example of this condition. A scale with the three types of growth more clearly

differentiated is illustrated in Figure 64. In some cases the intermediates are dis-

tinctly differentiated from the ocean growth but closely resemble the rings of stream

growth. A scale of this nature is illustrated in Figure 65. Without a series of

scales with which to compare it, this nucleus might be considered as a pure stream

type.

The band of intermediates varies in width from a maximum of 12 rings, as shown

in Figure 66, to none, as shown in Figure 67. Figures 63 and 64 show more average

widths. The apparent absence of intermediates in some cases may be due to a lack

of contrast between them and the rings of stream or ocean growth. It is especially

difficult to distinguish the intermediates when they are only 1, 2, or 3 in number.

An extremely wide band of intermediates combined with a slight contrast between the

stream and intermediate growths gives the nucleus in Figure 66 the appearance of an

ocean type, and it is possible that the outer rings of this nucleus actually were formed

in the ocean. If this be the case, the nucleus should be classed as a composite type.
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The stream gi'owth shown on these scales generally is divided into two parts

by an incidental check, the inner of which corresponds to a similar portion observed

on the scales of the fingerUngs.

The presence of the band of intermediates within the nucleus of these scales

indicates that the fish migrated, at least to the estuar_y, during their first year. Spring
chinooks normally remain in the stream for their entire first year, and it is believed

that the probable reason for these fish leaving fresh water before that time was
the unfavorable nature of conditions in Tanner Creek, where the fingerlings were

Uberated. It would be impossible for this small creek to support the large numbers of

fingerUngs that are liberated in it each year from the hatchery. Similar conditions

and scale peculiarities were found in experiment No. 5. Intermediate rings have

not been found among the other marked spring chinooks, probably because they were

liberated at about the end of the growing season.

Typical scales of mature fish in their third, fourth, and fifth years are shown in

Figures 68, 69, and 70.

EXPERIMENT NO. 11.—KLASKANINE HATCHERY, AUGUST, 1922

Eggs from: Willamette River system, 1921.

Reared and marked at: Ivla.skanine hatcherj'.

Mark used: Removal of adipose fin and dorsal fin.

Number marked: 50,000.

Liberated: In Klaskanine River during August, 1922.

Age: Approximately 10 months.

An unselected sample of 20 fingerlings preserved on August IS, 1922, averages

73.5 millimeters in length. The anterior radius of the scales of these fish averages
.31 . . .

-:j-x7r
millimeters in length. The average number of rings is 9.8. All l)ut two of

the scales have an iacidental check, which incloses 5 to 9 rings and is followed by
1 to 5 more widely spaced rings. The size and scale data are given in Table 25.

A typical scale is illustrated in Figure 71.

Table 25.—Chinook-salmon fingerUngs marked at Klaskanine hatchery August IS, 1922
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Only ouo adult fish that could be identified as belonging to this experiment
has been recovered. This one, a 5-year-old, was found during the spring of 1926

in the spillway from the rearing ponds at the Klaskanine hatchery. The scales of

this fish are absorbed at the margin, but at least a trace of the fourth winter check

is to be found at some points. The nucleus is of the composite type. (See figs.

72 and 73.) The bands of stream and ocean growth in the nucleus are of about

107
equal widths, the combined radius being ry^ millimeter. At the margin of the

stream growth are five rings, which may be intermediates.

It is interesting to note that here, as in experiment No. 10, a spring chinook,

upon being liberated in a tributary that normally supports only a fall run, left

fresh water before the end of the first year.

EXPERIMENT NO. 12.—BIG WHITE SALMON RIVER HATCHERY, MAY AND JUNE, 1923

Eggs from: Big White Salmon River and Spring Creek, 1922.

Reared and marked at: Big White Salmon River hatcherj'.

Mark used: Removal of adipose fin and left ventral fin.

Number marked: 100,000.

Liberated: In Columbia River at Big White Salmon River hatchery during May and June, 1923.

Aye: Appro.ximately 8 months.

The Big White Salmon River hatchery is situated at the mouth of a small creek

(Spring Creek) that empties into the Columbia River about 1 mile below the mouth
of the Big White Salmon River. At this point the Columbia River is paralleled

closely bj^ a high cliff, and at the base of this cliff a large spring breaks out and forms

a small creek, which flows for only a few hundred yards across a sand bar to the

Columbia River. It is from this spring that the creek derives its name. By con-

structing a dam across the mouth of the creek a rearing pond for salmon fingerlings

was formed. The same pond is used for holding adult salmon from the time they
reach the creek until they are ready to spawn. In its natural condition the creek

was not accessible to salmon and none were known to attempt to enter it, but since

the hatchery has been operated there a thousand or more adult chinooks annually

attemi)t to find spawning grounds there, and their eggs are taken for artificial

propagation. No attempt is made to keep the eggs taken in Spring Creek separate
from thos(^. taken in the Big White Salmon River. As a result the fingerlings marked
in this experiment developed from eggs taken at both places.

The first few thousand marked fingerlings were liberated in Spring Creek, but
at the mouth of the creek they were attacked by predatory fishes (probably the

squawfish, Pfychocheilus oregonensis) , which congregated there in large numbers,
presumably attracted by food drifting out from the pond and occasional fingerlings

that escaped from the hatchery. The rest of the marked fingerlings were carried

to a little cove in the Columbia about 100 yards below the mouth of the creek,
where apparently they were not molested by predatory fishes.

A sam|)le of 50 fingerlings preserved on June 12, 1923, averages 52.2 millimeters

(2 inches) in length. Their scales have an average of 5.9 rings and an average anterior
on c

radius of
-..-,'q

millimeters. A typical scale is illustrated in Figure 74. The detailed

data are given in Table 26.
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Table 26.—Chinook-salmon fingerlings marked at Big White Salmon River hatchery June 12, 192S
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Table 27.—Chinook salmon marked at Big White Salmon River hatchery during the spring of 192S,
when approximately S months old, and recovered during the seasons of 1924, 19ZB, and 19S6

Place and date of capture

Ocean:
May 22..

June 14_.

July 22.-

July 26..

Aug. 4...

Aug. 6...

Aug. 9-.-

Aug. 14..

Aug. 22..

Aug. 25 I.

Sept. I..

Sept. 12..

No date.

Total..

Lower Columbia:
June IG

Aug. 2

Aug. 4

Aug. 6

.^.Ug. 7

Aug. 8

Aug. 9 -.

Aug. 10 -

Aug. 11

Aug. 12

Aug. 13 --

Aug. 14 --

Aug. 15

Aug. lb -

Aug. 17

Aug. 18

.^.ug. 19

Aug. 20

Aug. 21

Aug. 22

.\ug. 23

Aug. 24

Aug. 25'
Aug. 29

Sept. 2

Sept. 10

Sept. 11

Sept. 12

Sept. 13 -

Sept. 14

Sept. 15

Sept. 16

Sept. 17

Sept. 18

Sept. 20

Sept. 21

Sept. 23

Sept. 25

1924 1925 Place and date of capture

Lower Columbia—Continued.
Sept. 26

Oct. 2
No date .-.

Total.

Upper Columbia:
Sept. 12

Sept. 13

Sept. 14

Sept. 15

Sept. 16

Sept. 17 -

Sept. 18

Sept. 20

Sept. 21

Sept. 22

.Sept. 23

No date

Total.

Spring Creek:
Sept. 8.--

Sept. 10...

Sept. 11...

Sept. 14..

Sept. 15-.

Sept. 16--.

Sept. 19-..

Sept. 20..

Sept. 25...

Sept. 26-.
Sept. 27--

Sept. 29...

Oct. 1

Oct. 2
Oct. 4
Oct. 6

Oct. 6

Oct. 7

Oct. 8

Oct. 11...
No date.-

Total-,

Big White Salmon River:

Sept. 30
Oct. 5

Total

Little White Salmon River: Sept. 29.

Tanner Creeli: No date

1925

37

1926

183

47

1

10

66

1

"i

"i

"I

"is

• A closed season for commercial fishing accounts for the absence of records from the Columbia River during the period Aug. 2.'i

to Sept. 10.
* The place of capture for this recovery was not reported. As it is from a cannery that handles a large quantity of troll-caught

salmon, this fish probably was caught in the ocean.

The length and weight data for the adult fish appear in Tables 28 and 29. Because

of the iinrehability of measurements made by so large a number of persons as have

reported marked salmon, lengths and weights were not required during the season

of 1927. This accounts for the relatively few size data for that season.
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Table 28.—Chinook salmon marked at Big While Salmon River hatchery during the spring of 1923,
when approximately 8 months old, and recovered during the seasons of 1924, 1925, and 1926

Length, in inches (mid-value of class)
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Columbia River ports. Tliese records indicate that soiue of these fisli were to be

found within a short distance of the naouth of the Columbia during the entire fishing

season of each year. Recoveries from this district range in date from May to Sep-

tember. The two remaining records of recoveries in the ocean are from more remote

locahties. Both are from the west coast of Vancouver Island—^one froni near

Barklcy Sound, taken on August 6, 1926, the other from near Ucluelet, British

Coliunbia, taken on August 9, 1926. These two recoveries agree with data obtained

from tagging experiments in showing that fish that will enter the Columbia River

during the fall may be found only a short time before at a considerable distance

up the coast.

The data for the recoveries of 4-year-olds give the best indication of the time of

the spawning migration. Appearing first at the mouth of the Colimibia River

during the first week of August, these fish increased in abundance up to August 25,

when a closed season for commercial fishing cut off our records. When fishing was
resumed on Septemer 10 they were caught at the mouth of the river in even greater

nimibers than during August, and they appeared for the first tme in the vicinity of

Cascade Locks. About the middle of September the run began to drop oft", and by
the 1st of October the fish disappeared completely from the commercial fishery.

The dates of recovery at Spring Creek give little indication of the time at which

the fish reach the creek, because most of them were not discovered until spawning
time. The hatchery records of the general run into Spring Creek are more reliable

for this purpose. These records show that the majority of the fish enter the creek

during September. Starting early in the month, about half of the run has passed

by the 20th and only a few come in after the 1st of October. The fish are nearly

ready to spawn at the time they enter the creek, but, in the absence of a gravel

bottom on which to spawn, they retain their eggs and sperm. This makes it possible

to delay the stripping process until most of the fish have matured. The bulk of the

eggs then are taken in one or two days. This restricted egg-taking period accounts

for the bunching of recoveries at Spring Creek.

The data at hand indicate that most of the adult fish that escaped the com-
mercial fishery returned to Spring Creek to spawn. Eighty-two were recovered in

that creek, and only four are known to have chosen other tributaries. The records

from the commercial fishery of the upper Columbia are such that it is impossible to

determine whether the fish were caught above or below the mouth of Spring Creek,
but none was reported definitely from above that point, and one of the best fishermen

from that region has reported that he searched for marked salmon but found none.

Although a few of the fish have gone astray, there can be no question that most of

them sought and, if not previously captured, found the very small tributary from

whence they came.

The scales of these adult marked fish present an interesting series of composite

nuclei, which, when studied as a group, offer no problems to one who is familiar with

scales of this type. To the inexperienced observer, however, the many incidental

checks that characterize this type would constitute a perplexing problem. A scale

that is representative of this collection is illustrated in Figures 75 and 76. The inner-

most 5 or 6 rings of this scale are slightly lighter and more closely spaced than those

immediately surrounding them. This portion of the scale corresponds exactly with

the entire scale of the fingerlings at the time of liberation. (See table 26 and fig. 74.)

At about 15 rings from the center a second break in the continuity of the rings (an
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incidental check) may be seen. Still a third break is to be found at 35 rings. From
this point there is a gradual widening of the rings into the rings of rapid growth of

the second year. Following this second summer's growth is a band of closely spaced
rings representing the second winter. This is followed in turn by the rapid growth of

the third summer, the third winter check, and finally by a narrow marginal band of

more widely spaced rings of the fourth summer. The last band and in some places
even the third winter check have been removed Ity absorption.

An inexperienced observer might find difficulty in determining which check on

this scale represents the first winter. If he decided upon the second check (at 15

rings), he would be forced to consider the third ch(H-k (at 35 rings) as representing
the second winter. His interpretation then would be that the fish was in its fifth

rather than its fourth year. An experienced observer would not have this difTiculty.

His interpretation would be based upon a knowledge of the general nature of the

different types of nuclei and the impression he gained from the appearance of the

whole scale, neither of which is described easily. In this particular case the portion
of the scale inclosed by the second check does not resemble a stream nucleus and it is

too small to represent an ocean nucleus. Futhermore, the hand between the second

and third checks (in comparison to the other summer bands) is too narrow to represent
a second year's growth in the ocean. Even a relatively inexperienced person probably
would interpret correctly the age of this scale if he compared it with a series of scales

of the same general type.

Table 30.—Chinook salmon marked at Big White Salmon Riner hatchery during the spring of 1923,
when approximately S months old, and recovered during the seasons of 1924, 1925, and 1926
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Table 31.—Chinook salmon marked at Big White Salmon River hatchery during the spring of 1923,
when approximately 8 months old, and recovered during the seasons of 1924, 1925, and 1926



256 BULLETIN OF THE BUREAU OF FISHERIES

EXPERIMENT NO. 13. SALMON (IDAHO) HATCHERY, AUGUST. 19 24

Eggs from: Little White Salmon River, 1923.

Reared and marked at: Salmon (Idaho) hatchery.
Mark used: Removal of both ventral fins and the adipo.se fin.

Number marked: 50,000.
Liberated: In the Lemhi River on August 22, 1924.

Age: Approximately 11 month,s.

A sample of fingerlings preserved at the time the remainder were Uberated

22.2
averages 58.1 millimeters in length. The scales average .-^ millimeters in radius

and have an average of 7.8 rings. The innermost three or four rings frequently
are conspicuously finer and more closely spaced than those nearer the periphery.
A typical scale from a fingerling of average size is shown in Figure 82. The size

and scale data are tabulated in Table 32.

Table 32.—Chinook-salmon jiiigerlings marked at Salmon (Idaho) hatchery August 22, 192Jf
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The chief purpose of this experiment was to furnish further information regard-

ing the conditions that determine whether a given chinook will return at maturity

as a part of the so-called spring or fall runs. Several experiments with the progeny
of the spring run have shown that a change in the early environment does not alter

the time of year at which the mature fish will start their spawning migration. This

experiment furnishes similar evidence regarding chinooks of the fall run. In this

case eggs from a run that enters the Columbia River during August and September
and spawns at a distance of approximately 150 miles from the ocean were trans-

ferred to a station at approximately five times that distance from the ocean, where

only a spring run of chinooks naturally spawns.
If these fish were to become adapted to the conditions under which they spent

their early life, they would be expected to return to spawn in the headwaters where

they were liberated. They would be expected to store in their bodies a quantity of

fat sufficient to furnish energy for the long migration in fresh water. They would

also be expected to leave the ocean early enough to allow time for the long migration

before spawning time. None of these conditions seems to have prevailed. The

time at which they passed through the lower Columbia on their spawning migration

was no earlier than that of the Little Wliite Salmon River chinooks that remained

under natural conditions. As in the case of the latter, they appeared in the com-

mercial catches of the lower Columbia during the last two-thirds of August. None
of these fish returned to the Lemhi River, where they were liberated, nor did any
enter the Little White Salmon River, where the eggs were taken. In fact, none were

recovered as spawners. If any of them succeeded in passing the commercial-fishing

district, we have no knowledge of where they went or whether they succeeded in

reacliing suitable spawning grounds. Records of the quantity of fat stored in the

body of the fish were obtained for only four individuals. Although these records

were merely approximations based upon the appearance of the flesh, they indicate

that the quantity of fat was about average for fish of the fall run, which is much
less than that of chinooks of the spring run.

The nuclei of the scales of the fish that were recovered in this experiment show

very httle variation. All have a central area of 12 to 19 rings (anterior radius

r^ to rKr. millimeters) of stream growth, which in most cases is surrounded by a

band of from 5 to 10 rings of intermediates. (See Table 33.) The stream growth
is broken by an incidental check, which incloses from 4 to 9 rings. A typical

nucleus is shown in Figure 85. Scales from fish recovered during th(>ir third and

fourth years are shown in Figures 83 and 84.

CONCLUSIONS

PERCENTAGE OF RETURN

The reported returns from these experiments range from 1 out of 50,000 liberated

to 1 out of each 300 liberated. These figures have very little significance, however,

because they represent not the total returns but an unknown and varying proportion

of the total. As has been pointed out in the introduction, the authors and other

emploj-^ees of the Bureau of Fisheries who have assisted them with the collection of

data have been unable to observe personally more than n small fractio7i of the fish
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taken from the Columbia during the time when these experiments were in progress.

It has been necessary, therefore, to depend upon fishermen and cannery employees
for most of the records of returning marked fish. The number of persons who have

searched for marked fish and the conditions that affect the efficiency of their efforts

have varied so greatly as to make it impossible even to estimate with any degree of

accuracy what proportion of the total recaptures have been reported. The apparent
failure of some of the early experiments probably was due in part to the fact that no

inducement was offered to those finding marked salmon to report their captures.

The first real interest on the part of fishermen and cannery employees came in 1920

as a residt of the Oregon fish commission's offer of a reward of 50 cents for each record

of the capture of a marked fish. An increase in the reward to $1 in 1922 caused a

greater response from those connected with the industry, but even with this induce-

ment a great deal of encouragement and publicity was required to get people started

reporting their captures. The system of collecting data has been improved con-

stantly, until daring the last few years it is believed that most of the recoveries have

been reported.
Another source of error is in connection with the escapement; that is, those

fish that succeeded in evading the commercial gear and continued on to the spawning

grounds. In the experiments involving fish from Little White Salmon River and

Big White Salmon River, nearly all of the escaped fish probably returned to their

parent tributary and were caught in the course of the egg-taking operations. This

is not true, however, of experiments involving chinooks of the spring run, the greater

part of which did not enter the tributary in which they were liberated but continued

on up the Columbia. No record is available of those that succeeded in passing the

upper limit of the commercial fishery.

In view of the many sources of error it is useless to assign the experiments to

rank in the order of success; but so little is known of the residts of either natural or

artificial propagation that even an approximation of the general success of these

experiments will be of interest. Experiment No. 12 was the most successful, the

reported recoveries representing 0.45 per cent of the fingerliugs liberated. Experi-

ment No. 7, with the reported recoveries representing 0.39 per cent of the liberation,

stands second. The records of this experiment are not accurate, in that they do not

include the escapement, which continued on up the main Columbia beyond the

commercial-fishing district. Third in success is experiment No. 6, with 0.24 per cent

recovered. Here again the escapement is not represented. Experiment No. 8,

with 0.18 per cent recovered, is fourth. In these four experiments the records from

the commercial fishery are believed to represent the majority of the marked fish

that were caught. The returns that have not come to our attention certainly would

ndt add enough to make the totals more than 1 or 2 per cent of the liberation.

SUCCESS OF LONG AND SHORT PERIODS OF REARING

One of the most important problems confronting those interested in the artificial

propagation of salmon is the determination of the length of time the fingerlings should

be held at the hatchery in order to get the greatest return. Some hatchery men

prefer to liberate theu- fingerlings very soon after the yolk sack is absorbed, whereas

others are of the opinion that best results are obtained from much longer rearing.
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Two of the more recent marking experiments were designed to provide an answer to

this question. Each of these involved five lots of marked fingerlings, which were

liberated at varying ages. None of the fish in these experiments have reached

maturity to date and have not been discussed in this report; but even the compara-

tively um-eliable records of return from the various experiments herein described

give some indication of the relative success of the long and short periods of re&ring.

For consideration thereof the experiments may be arranged in groups. Those

involving the progeny of the spring run into the Willamette River may be taken

as one group. This will include experiments Nos. 1, 2, 5, 6, 7, 9, 10, and 11. In

this category the longer periods of rearing have given the best results, virtually

no returns having been obtained from fingerlings liberated during midsummer.

Experiments Nos. 3, 8, and 12, which involved fingerlings derived from the fall

runs into the Little White Salmon and Big White Salmon llivers, form another

gi-oup. In this case better results have come from a very short period of rear-

ing than from liberating during midsummer. The success of the longer periods
of rearing has not been determined for this group. On the basis of what is known
of the habits of these two classes of chinooks we might have expected such results

as have been obtained. As fingerlings of the spring run normally spend the entire

first year in fresh water, best returns would be expected from the longer

period of rearing. This is especially true if the fingerlings are forced by unfavorable

conditions to leave the river as soon as liberated. In the case of the fall chinooks,
which normally leave the stream soon after the yolk sac is absorbed, the shorter

period of rearing might be expected to be the most successful.

INTERPRETATION OF SCALES

It is hardly necessary now to argue for the validity of the methods developed
for determining the age and other features of the life history of salmon by means of a

microscopic examination of their scales. These methods already have given abundant

proof of their value, especially through the careful and extensive researches of Gilbert

on the sockeye salmon. It is important to note, however, that the scales of these

fish of known history corroborate fully the theory that the arrangement of the con-

centric rings (circuli) provides an accurate record of the previous history.

Moreover, a study of the scales of these marked fish has aided materially to

solve the numy perplexing problems that have arisen in the interpretation of the

scales of the chinook salmon, particularly in connection with the early history as

recorded in the nuclear area of the scales. Frequent mention of these matters has
been made in the discussion of the returns obtained from the various experiments.
It has been shown, particularly, that the growth of the first year (the "nuclear"

growth) is subject to numerous variations, which intergrade so completely that it is

impossible to draw any sharp line of distinction. At one end of the series we have
the typical stream nucleus, denoting that the first year was spent entirely in fresh

water, and at the other end the typical ocean nucleus, denoting that the fish ran out to

the ocean immediately after emerging from the gravel of the spawning beds and
spent the entire first year there. The majority of the Columbia River chinooks,
however, have neither typical stream nor typical ocean nuclei but apparently have

spent part of the first year in fresh water and part in the ocean. The result has been

\
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a nuclear area composed in part of stream growth, with fine, narrow rings, and in

part of ocean growth, with wide, strongly marked rings. This is amply explained by
the habit of the young fish in the Columbia of migrating throughout the year and not,

as in many other cases, during a definite and restricted season (Rich, 1920). Ac-

cording as the length of time in fresh water is short or long, the amount of stream

growth is less or greater; in the first instance the nuclei approach the ocean type

and in the second they approach the stream type, and the intergradations appar-

ently are complete. For these nuclei, composed in part of stream and in part of

ocean growth, we propose the term "composite nuclei."

A further complication arises as a result of the presence on many scales of

"intermediate" growth—that formed during the life in the estuary while on the

seaward migration. The rings formed at this time are "intermediate" in position

and in appearance between the stream and ocean rings and vary so materially that it

is difficult to distinguish them with certainty, sometimes from the stream rings and

at other times from the ocean rings. Nuclei composed only of stream rings and

intermediates blend indistinguishably with certain types of composite nuclei.

As a result of these variations the first year's growth on the scales of Columbia

River chinooks frequently is very confusing and presents, in extreme cases, as many as

four or five checks, each of which might easily be mistaken for an annulus by an

inexperienced observer. As a matter of fact, however, with experience this confusion

is eliminated almost completely, at least in so far as the determination of age is con-

cerned. It may never be possible to interpret correctly the details of history recorded

in a complicated composite type of nucleus, but that is relatively immaterial for

practical purposes as long as there is no error in age determination, and our experience

with the scales of fish of known history has provided sufficient information so that

such errors raiay be eliminated almost entirely.

TIME OF ENTERING FRESH WATER

Perhaps the most important contribution which these experiments have made to

our knowledge of the biology of the salmon is that relating to the hereditary char-

acter of the factors that determine the time of year when the adults enter fresh water

and begin their migration to the spawning grounds. The great practical value of

determining beyond question whether this is strictly an hereditary character or not

is associated with the fact that the early run of chinooks (spring chinooks) is of much
better quality and is, consequently, of much greater value to the fishery than the

later run (fall chinooks). The spring fish are sought most earnestly, and the main-

tenance of the spring run has been the chief concern of those interested in practical

conservation. This question has been asked frequently: Is it necessary to breed from

fish of the spring run in order to produce spring fish, or is it possible, by proper han-

dling of the progeny of the fall run, to produce fish that will return as adults to fresh

water early in the spring?
The evidence of these marking experiments shows beyond question the heritable

quality of this character. In 8 of the 13 experiments the young fish were derived from

eggs taken either on the Willamette River or its tributaries, the McKenzie and the



CHINOOK SALMON MARKING, COLUMBIA RIVER 261

Santiam, where the spawning runs are composed exclusively of salmon that enter the

Columbia early in the spring. The fish were reared and liberated on tributaries of

the Columbia that normally are inhabited by fall-running salmon only, but the

marked fish returned to the river as adults during the spring. Of the 390 adults that

have been recovered from these experiments, 365 were taken before June 1, and there

is some evidence that all but two of those taken after that date had entered the river

some time before they were caught. These fish not only were subjected to an unna-

tural environment during their early lives but also were liberated at various ages,

ranging from 7 to 18 months. Neither of these conditions seems to have changed

the time of their return to fresh water.

A converse experiment (experiment No. 13), in which the progeny of fall chinooks

were reared and liberated under conditions normal to spring chinooks, has given sim-

ilar results. All of 16 mature fish recovered from this experiment started their spawn-

ing migration in the fall.

Another interesting feature of the spawning migration demonstrated by these

experiments is the comparatively short time during which the fish from each tributary

leave the ocean. As has been pointed out, chinooks that spawn in the Willamette,

McKenzie, and Santiam Rivers with but few exceptions enter the Columbia River

before the 1st of June. The fish that developed from eggs taken on the Little White

Salmon and Big White Salmon Rivers were found to be passing though the com-

mercial fishing district in August and September. All the fish in experiment No. 4,

which were introduced from the Umpqua River, were caught during a period of less

than a month, beginning May 13. It seems fairly clear that the fish belonging to any

given tributary enter the main river from the ocean at a definite and characteristic

time. This is an important point, as it gives additional evidence of the existence of

local races in the tributary streams and shows that each race is present in the main

river only a comparatively short time. Knowing, further, that each race is self-

propagating, it becomes perfectly apparent that all parts of the salmon run in the

Columbia River must be given adequate protection if the rim as a whole is to be

maintained. The protection of only one or two portions of the run will not be

sufficient, inasmuch as certain races will be left entirely unprotected.

AGE AT MATURITY

The relation between the reported returns and the actual returns has varied so

greatly as to make only a general consijieration of the age at maturity justifiable.

For this purpose the experiments agam may be divided into two classes—those in-

volving spring chinooks from eggs taken on the Willamette River and its tributaries

and those involving salmon from the Big White Salmon and Little White Salmon

Rivers, which enter fresh water during the latter part of the season.

Mature spring chinooks that were in their third to sixth years have been re-

covered. In every case the greatest number matured in their fifth year. The 6-year-

olds have always exceeded the 4-year-olds, and the 3-year-olds are represented by

only two recoveries.

The data relating to the fall chinooks are very inadequate, but they indicate that

the fourth and fifth years are the prevailing ages at maturity. On the whole, the fish

of this class mature one year younger than the spring chinooks. A few males mature

105107—29 4
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in their second year, and a significant number of both males and females return in

their third. No 6-year-olds have been recovered as yet. From the standpoint of

growth, however, there is very little difference Ln the time of maturing; that is, the

two classes mature after appro.ximately equal intervals of rapid growth. The rate of

growth in fresh water is so low, in comparison to that in the ocean, that a year of fresh-

water growth is insignificant in comparison to two or more years of ocean growth.
The size attained, therefore, is proportional to the length of time spent in the ocean.

The fall chinooks normally enter the ocean early in their first year, whereas the

spring chinooks remain in the streams for an entire year before going to the ocean.

In addition, the former remain in the ocean for three or four months of the rapid-

growing season of the year in which they mature, whereas the spring chinooks start

their spawning migration so early in the year that they make little or no growth
during the last season. As a result of the earlier seaward migration and later spawn-

ing migration the fall fish spend approximately one full growing season more in the

ocean than do the spring chinooks of the same age and have spent about the same time

in the ocean as spring chinooks one year older. The relation between ocean residence

and time of maturing is therefore about the same for the two classes.

HOMING INSTINCT

The so-called "parent-stream" theory or "home-stream" theory is now sub-

stantiated by such a wealth of evidence that it seems nearly superfluous to state that

none of the salmon marked on the Columbia have been recovered in any other river

system.
The records of marked Columbia River chinooks taken off the coast of British

Columbia and southeastern Alaska show something of the wide oceanic migrations

of these fish and are in agreement with the results of the tagging experiments. The

tagging experiments in British Columbia in 1925 (WilUamson, 1927) showed conclu-

sively that a large percentage of the spring (chinook) salmon caught by troll in these

northern waters originated in the Columbia River. In view of this wide range in

the ocean, the fact that no marked fish were reported in any other stream than the

Columbia indicates clearly the force and discrimination of the homing instinct as it

affects the return to the home stream.

It is evident, furthermore, that under normal circumstances salmon predomi-

nantly return to spawn in the tributary in which they spent the early part of their

lives, although they have been shown not to do so in some instances. It is important
to note, in this connection, that the transplanted fish have shown no tendency to

return to the stream from which the eggs were taken. The homing instinct is not a

purely hereditary matter, therefore, but is determined largely by the early environ-

ment. These experiments have shown that under certain circumstances the return

to the home tributary is by no means invariable and that the major part of a run may
fail to return to the tributary in which it was reared and hberated. Experiment

No. 7 gave the most conclusive evidence on this point. Nearly half of the 252 adults

recovered from this experiment were taken in the Columbia River several miles above

the mouth of Tanner Creek, where the fingerhngs were hberated. As only three

were taken in Tanner Creek, it is apparent that the majority chose not to enter that
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tributary and continued up the main river. Six other experiments, which, Hke

experiment No. 7, involved spring chinooks that were liberated in tributaries other

than the one in which the eggs from which they developed were taken, have given

similar results. From these experiments only four returns to the place of liberation

have been reported. It may be concluded tentatively that, in part at least, some

element in the complex known as the homing instinct is hereditary, so that the

instinct does not function perfectly in the case of transplanted fish. It seems pos-

sible that this might be a determining factor in the establishment or rehabiHtation

of salmon runs by means of artificial propagation.

The experiments with chinooks of the fall run have resulted in much greater

returns to the place of Hberation. Ninety-nine of the 504 recoveries recorded for

the experiments with salmon of this group were caught at the hatcheries at which

the fingerlings were reared and liberated. Five of these fish entered near-by tribu-

taries, but no others are definitely known to have strayed, the remainder having
been taken either in the ocean or in the Columbia River below the mouth of the

home tributary. The most striking instance of this return to the home stream is

that to Spring Creek. This stream is so extremely small that it is diflacult to see

how the salmon could find it at all, and yet 82 of the fish marked here were recaptured
here as adults, while only 4 were taken in other spawning tributaries. This is the

most definite evidence known to us of the validity of the home-stream theory as

applied to tributaries.

The reason for this difference in the homing of the spring and fall chinooks is

not shown conclusively by the data at hand. It seems, however, that the homing
instinct is disturbed to some extent by transplanting the eggs from one tributary to

another, the disturbance being greatest when the eggs are transferred to tributaries

that offer least favorable conditions for the returning mature fish. The marked spring

chinooks in every experiment were transplanted in tributaries that could not support
a spring run. The fall chinooks, on the other hand, were liberated in either their

native stream or another that ofiered favorable conditions for a fall run. While by
no means conclusive, the evidence indicates that the transplanting of eggs from one

tributary to another has an unfavorable influence on the homing instinct of the

resulting fish. This is a matter of considerable importance in fish-cultural opera-

tions, particularly in cases where attempts are made to rehabilitate runs by trans-

plantation from other streams. So far as these experiments go, they indicate that a

better practice would be to stock each stream with eggs native to that stream.
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EXPERIMEXT 1

Fig. 5.—Yearling. 132 millimeters. Bonneville hatchery, March 2, 1926. showing well defined winter check. X 25
Fig. 6.— Yearling. 122 millimeters long, marked at Bonneville hatchery, March 11, 1916. Typical scale showing poorly

defined incidental and winter checks. X 25
Fig. 7.—Marked at Bonneville hatchery during the spring of 1916 as a yearling. Recovered near The Dalles, Oreg., May

4, 1920, in its sixth year. Male, 48 pounds in weight. The scale is absorbed to such an extent that the winter band
of the fifth year and whatever may have been formed of the sixth year's growth do not show. X 13

Fig. 8.—Xuclear region of the scale shown in Figure 7. X 25

Experiment 2

Fig. 9.— Fingerling, 81 milimeters. Klaskanine hatchery. July 16, 1916. A typical scale with no incidental check. X 25
Fig. 10.— Fingerling. 94 millimeters long, marked at Klaskanine hatchery, July 16. 1916, showing incidental check. X 25
Fig. 11.—Marked at Klaskanine hatchery during the summer of 1916, when approximately U months old. Recovered

at Astoria, Oreg., between May 25 and June 21, 1920, in its fifth year. This scale was taken from the skin attached to
the scar of the dorsal fin, which accounts for its small size. X 13

FrG. 12.—Xuclear region of scale shown in Figure 11. X 25



Bull., T. S. H. F., 1928. (Doc. 1047.)

ExPERlxMENT 3

Fig. i:i.— Fingerling, 60 millimeters long, marked at Little White Salmon River hatchery July
28, 1<)16. X 25

Fig. 14.—Marked at Little White Salmon River hatchery during the summer of 1916 when about
10 months old. Recovered as a spawning fisli in the Little White Salmon River during the
fall of 1918, in its third year. Male, 19.5 inches long. A considerable portion of the third
year's growth has been lost by absorption. X 25

Fig. 15.—Marked at Little White Salmon River hatchery during the summer of 1916, when about
10 months old. Recovered at Astoria, Oreg., August 25, l!*iy, in its fourth year. Female.
No data as to size. X 13
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EXPEKIMENT 3

Fig. 16.—Nuclear region of scale shown in Figure 15. X 25
Fig. 17.—Marked at Little White Salmon River hatchery during the summer of 1916, when about 10 months old. Re-

covered hy purse seine off the mouth of the Columbia River, August 21, 1920, in its fifth year. Female, 39 inches

long and weighing 27 pounds. X 13

Fig. 18.—Nuclear region of scale shown in Figure 17. X 25
Fig. 19.—Marked at Little White Salmon River hatchery during the summer of 1916, when about 10 months old. Recov-

ered in the Little White Salmon Elver, September 27, 1920, in its fifth year. Female, 36.75 inches in length. X 25



Bull., U. S. B. F., 1928. (Doc. 1047.)

Experiment 4

Fig. 28.—Marked at Bonneville hatchery during September, 1916, when appro.ximatelv 12 months old. Recovered at
Astoria. Oreg., May 18, 1920, in its fifth year. Female, either 16 or 21 pounds in weight. This scale was taken from
the skin attached to the scar of the dorsal fin, which accounts for its small size. This is the most confusing scale in
the entire collection from marked Chinook salmon. In the absence of knowledge of the early history of the fish the
check marked 2 might have been mistaken for the first winter check. X 13

Fig. 29.—Nuclear region of scale shown in Figure 26. X 25
Fig. 30.—Marked at Bonneville hatchery during September, 1916, when approximately 12 months old. Recovered near

Altoona, Wash., June .5, 1920, in its fifth year. Female, 32 inches long and weighing 21 pounds, showing nucleus
lacking incidental check and having only two or three rings of intermediate growth. X 25

Fig. 31.—Marked at Bonneville liatchery during September, 1916. when approximately 12 months old. Recovered at
Ilwaco, Wash.. May 17, 1920. in its fifth year. Female, 35.4 inches long- and weighing 21.5 pounds, showing a
very poorly differeiitiateil nucleus. X 25
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Bull., U. S. B. F., 1928. (Doc. 1047.)

EXPERIMEXT 6

Fig. 38.—Harked at Herman Creek hatchery during the spring of 1920 when approximately 18
months old. Recovered at Clatskanie, Oreg., May 7, 1924, in its sixth year. Length", 38
inches; weight, 22 pounds. X 13

Fig. 39.—Nuclear region of scale shown in Figure 38. X 25
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Experiment 7

Fig. 43.—Marked at Bonneville hatchery during October, 1920. when appro.vimatelv 13
months old. Recovered at Westport, Oreg., May 1, 1924, in its fifth year. Female, 38
inches long and weighing 22 pounds. X 13

Fig . 44.—Nuclear region of scale shown in Figure 43, showing nucleus of average size. X 25
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Exi'EMMENT 7

Fig. 45.—Marked at Bonneville hatchery during October, 1920. when approximatelv 13 months old. Recovered
near Bonneville, Oreg., May 7, 1925, in its sixth year. Male, 40.5 inches long arid weighing 27 pounds. The
last half year's growth has been removed by absorption of the scale. X 13

Fig. 46.—Marked at Bonneville hatchery during October. 1920, when approximately 13 months old. Recovered
at Ca.scade Locks, Oreg., May 8, 1924, in its fifth year. Female, 32.5 inches long and weighing 13 pounds,
showing an extremely large nucleus, x 25

Fig. 47.—Marked at Bonneville hatchery during October, 1920, when approximately 13 months old. Recovered
at Corbett, Greg.. May 6, 1924, in its fifth year. Female, 34.5 inches long and weighing 18 pounds, showing
an extremely small nucleus. X 25



Bull., V. 8. B. F., 1028. (Doc. 1047

Experiment s

Fig. 48.— Fingerling, 50 millimeters, mnrked at Little White Salmon River hatchery summer of 1920. X 25
Fig. 49.—Marked at Little White Salmon River hatchery summer of 1920. when approximately 10 months old. Re-

covered at Astoria. Oreg.. August 22. 1923, in its fourth year. Male, 37 inches long and weighing 2^ pounds. X 25
Fig. 50.—Marked at Little White S;il!non River hatchery summer of 1920. when approximately 10 months old. Re-

covered at Sand Island. AtiLiust 14. 1923, in its fourth year. Male, 45.5 inches long and weighmg 42 pounds. X 25

Fig. 5L—Marked at Little White Salmon River hatchery summer of 1920, when appro-\iinately 10 months old. Re-
covered at Sand Island. August 23, 1923. in its fourth year. Female, 39 inches long and weighing 23 pounds. X 25

Fig. 52.—Marked at Little White Salmon River hatchery summer of 1920. when approximately 10 months old.

Recovered in the* lower Columbia, August 20. 1923, in its fourth year. Female, 26 inches long and weighing
10 pounds. X 25



HiLi... r. S. B. F., 1928. (Doc. 1047.)

EXPEHIME.XT 8

Fig. 53.—Marked at Little White Salmon River hatchery during the summer of 1H20. when ap-
proximately 10 months old. Recovered in the lower Columbia, August 17, 1923, in its fourth
year. Female. 39 inches long and weighing 24 pounds. X 13

Fio. 54.—Marked at Little White Salmon River hatchery during the summer of 1920, when ap-
pro.ximately 10 months old. Recovered at Sand Island, August 10, 1924, in its fifth year.
Male, 33.9 inches long and weighing 29 pounds. X 13
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Experiment 9
Fig. 60.—Marked at Bonneville hatchery tlurinR the full of 1(121, when approximately 13 months old. Recov-

ered at Dahlia, Wash., May 8, 1925, in its fifth year. .Male, 41 inches long and weighing 29 pounds. The
fourth winter band and whatever was formed during the spring of the fifth year have been removed by
absorption of the scale. X 13

Fig. 61.—-Marked at Bonneville hatchery during the fall of 1921, when approximately 13 months old. Kecov-
ered at Clatskanie, Oreg.. during February, 1926, in its sixth year. No data as to sex; length 42 inches,
weight 37 pounds. The rapid growth of the sixth year had not started at the time the fish was caught. X 13



Bull., V. S. B. F., 1928. (Doc. 1047.)

Experiment 10

Fig. 62.— Fingeiiing, 78 millimeters, marked at Bonneville hatchery August 28, 1922. A typical scale. X 25
Fig. 63.—Marked at Bonneville hatchery fall of 1922, when approximately 12 months old. "Recovered at CascadeLocks,

Oreg., May 5, 1926, in its fifth year. Female, 37 inches and 22 pounds. A poorly differentiated nucleus. X 25
Fig. 64.—Marked at Bonneville hatchery during the fall of 1922, when appro\imatt'iy 12 months old. Recovered in a

cannery at Warrendal;^, Oreg., May 10, 1926, in its fifth year. Male. 36 inches long and weighing 18 pounds, showing
a clearly differentiated nurlcns. < 25

Fni. 65.—Marked at Boniii'villi' hatclii'iy during the fall of 1922, when approximately 12 months old. Recovered in a

cannery at Ellsworth. Wash.. .May 7," 1926. in its fifth year. Male. 29.5 inches long and weighing 19.5 pounds, show-
ing intermi^diate growth th;it closely rosomhU'S stream growth. X 25

Fig. 66.—Marked at Bonneville hatiluTV dinin'.; the fall of 1922, when approximately 12 months old. Recovered in a

cannery at Ellsworth. Wash , May 4, li'L'*',, ui its fifth year. Female, 34 inches long and weighing 21 pounds, show-
ing a nucleus with an extremely wide I'and of interTnediate growth. X 25

Fig. 67.—Marked at Bonneville hatchery during the fall of 1922. when approximately 12 months old. Recovered in a

cannery at Ellsworth, Wash., May i:.. I'.i26, in its fifth year. Female. 32 inches long and weighing 17 pounds, show-
ing a nucleus with no intermediate growth. X 25

Fig. 68.—Marked at Bonneville hatchery during the fall of 1922, when approximately 12 mouths old. Recovered at

The Dalles, Oreg.. May 3, 1924, in its third year. Male, 18 inches long and weighing 3 pounds. X 13
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Experiment 12

Fig. 74.— Fingerlinp. 5fi millimeters in length, marked at Big Wliite Salmon River hatchery, June 12. 1923. X 25

Fig. 75.—Marked at Big White Salmon River hatcherv during the spring of 1<J2.3. when approximately S months old.

Recovered at Ihvaco, Wash., .^ugti.st l!i, 19215, in its fourth year. Male, 39.3 inches long and weighing 30 pounds. X 13

Fig. 76.—Nuclear region of scale shown in Figure 75. X 25



RuLL., r. S. n. F.. 192S. (Doc-. 1047.)

EXPERIMEXT 12

Fin. 77.—Marked at Big White Salmon River hatchery during the spring of 1923. when approximaiely s months old. Recov-
ered at Astoria. Greg., August 23, 192f). in its fourth year. Male, 39 inches long and weighmg 2s.'> iioimils, showing a

poorly differentiated composite nucleus. Tlie first year's growth blends so gradually into that of ihe second year that
it is impossible to determine where the first year ends and the second begins. X 25

Fio. 78.— Marked at Big White Salmon River hatchery during the spring of 1923. when approximately 8 months old. Recov-
ered at Pillar Rock, Wash.. August 2.5. 192.i. in its third year. Male. 26 inches long and weighing 12 pounds, showingan
incidental check in the second year, which is not sufficiently jironounced to be conTused as an annulus. X 13

Fig. 79.—Marked at Big White Salmon River hatchery during the spring of 1923. when approximately 8 months old. Recov-
ered at Astoria, Oreg., August 24. 1926, in its fourth year. Female, 37 inches long and weighing 22.25 pounds, showing
an incidental check in the second year, which might be mistaken for an annulus. A part of the fourth summer's growth
|has been removed by absorption of the scale. X 13

Fig. 80.—Nuclear region of the scale shown in Figure 78. X 25
Fig. 81.—Marked at Big White Salmon River hatchery during the spring of 1923, when approximately 8 months old. Recov-

ered at Astoria, Oreg., August 2. 1924, in its second year. Male. 22 inches long and weighing 5 pounds. X 13
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ExPEltlMENT 13

Fig. 82.—Fingerling, 58 millimeters long, marked at Salmon (Idaho) hatchery, August 22, 1924. X 25
Fig. 83.—Marked at Salmon (Idaho) hatchery during the fall of 1924. when approximately 11 months old. Recovered

in an Astoria cannery, August 10, 1921), in its third year. Male, 25 inches long and weighing 9 pounds. X 13

Fig. 84.—Marked at Salmon (Idaho) hatchery during the fall of 1924, when approximately II months old Recovered
in the ocean on July 25, 1927, in its fourth year. X 13

Fig. 85.—Nuclear region of scale shown in Figure 84. X 25
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INTRODUCTION

The most extensive inland fisheries of this country, those of the Great Lakes,

had an output in 1922 of more than 102,000,000 pounds, and the gross return to the

fishermen was some $6,500,000.' Statistics of the Great Lakes fisheries have been

collected for United States waters nine times, at intervals varying from three to

nine years. In 1893, 1899, and 1903 the whitefish and herring statistics were variously

combined in the several lakes with those of other species of fish. The statistics

collected in the other years show that on the average 49 per cent of the product has

consisted of species of whitefishes and herrings, fishes constituting the family Core-

gonidse. Attention has been called often to the depletion of the coregonid fisheries.

(See P. Reighard, 1910, and citations for the whitefish.) As the result of an exhaus-

tive study of the history of the coregonid fisheries of the Great Lakes recently com-

pleted for the United States Bureau of Fisheries, Dr. Walter Koelz (1926) concludes

that, on the whole, these species are dmiuiishing in varying degrees in all the Great

Lakes.

Proper measures of conservation or rehabilitation can be formulated only after

thorough study of all phases of the biology of the individual species and of the eft'ect

of the fishing industry on them. Doctor Koelz has laid the foundation by describing

the species and by collecting data on their occurrence and life history and on the

fisheries. The present study aims to contribute by other methods to our further

knowledge of the biology of the coregonids.

Many investigators in many countries have found it possible to determine the

age and rate of growth of fishes by a statistical study of the structure of the scales.

The same characters often have permitted the discrimination of local races not other-

wise distinguishable. The method is referred to currently as the scale method.

The results, embodied in a voluminous literature, have been used in formulating
fisheries regulations. The method has been used for determining the age of core-

gonids by Seligo (1908), Heide (1912), Jarvi (1920, 1924), Clemens (1922), Couch

(1922), Van Oosten (1923), Prawdin (192,5), and Riakhovsky (1925), and divergent
views have developed as to its validity. Before applying the method extensively to

the coregonids of the Great Lakes, therefore, it has seemed best to test its basic

assumptions and its applicability to a coregonid species.

THE PROBLEM

This paper, based on the structure of the scales and on the weights and measure-

ments of a single coregonid species, attempts (1) to determine whether the structural

characters of these scales are so clearly recognizable as to permit their use by the scale

method; (2) to determine from the same material, if usable, how far the fundamental

assumptions underlying the method are warranted (this involves a critical study of

' For detailed statistics see Sette (1925 and 1928) and U. S. Tariff Commission, Taritf Information .Series No. 36, 1927. For
statistics of the Canadian waters see the annual reports of the game and fisheries department of Ontario, Canada. The manu-
script for this paper was submitted to the bureau in June, 1927, and has not been revised to include data and reviews of

publications that have appeared since January, 1927.
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the technique of the method and of the errors involved in its use); and (3) to apply

the method, if found valid, in a study of the life history of the species.

Koelz (1929) recognizes 11 species of coregonids in the Great Lakes Basin (10

in the Great Lakes). Preliminary examination of the scales of these species shows

them to be so much alike that a method found valid for one species may be applied

with confidence to the others. The form selected for this study is the lake herring

(Leucichthys artedi Le Sueur) of Lake Huron, known also as blueback. (Fig. 15.) Its

abundance and cheapness and the accessibility of the extensive Lake Huron fisheries

determined the choice. Data on other coregonids of the Great Lakes have been

accumulated and will be used in later studies.

MATERIAL

All the lake-herring specunens collected by Doctor Koelz in 1917 and 1919 have

been at my disposal, and the scales of all have been studied. In order to have larger

series than were needed by Doctor Koelz for systematic purposes, I collected additional

material in 1921, 1922, 1923, and 1924 at Bay City, Mich, (see fig. 1), and in 1922 at

Oscoda near the mouth of the Au Sable River. Bay City ranks first in the herring

industry of Lake Huron, and I believed that with its protected Saginaw Bay it would

be more likely to furnish homogeneous material than the more open ports on the

lake proper. The Bay City material collected in 1921, 1922, and 1923 was taken by

pound nets set at Tobico, about 3 miles west of the mouth of the Saginaw River.

The 1924 material was taken from pound nets set on various sand bars (Tobico,

Nayanquing, Au Gres, and Gravelly Point) in Saginaw Bay.
The ports at which collections were made, with the dates and numbers of speci-

mens, arc given in Table 1. Of the 3,724 lake herring examined, 321 were taken bj-

Doctor Koelz at various ports and 3,403 by me in the region of Bay City and Oscoda.

Table 1.—Ports on Lake Huron at which herring were collected and their scales examined

Locality Date

Harbor Beach Dec.

Bay City Oct.
Do  

Oct.
Oct.
Nov
Nov,
Nov
Nov
Nov
Nov
Nov
Nov,
Nov.
Nov.
Nov.
Nov.
Nov.
Deo.
Oct.
Nov
Aug.
Sept
Sept
Sept

Bay City (Tobico)
Bay City

Do
Bay City (Tobico)

Do....
Do
Do
Do

Bay City (Nayanquing) . . .

Do
Do
Do

Bay City (Au Gres)
Bay City (Gravelly Point) .

Do
East Tawas
Oscoda
Alpena

Do
Do
Do

9, 1917

25, 1917

26,27. 1921.

29. 1921

. 3, 1921

.4, 1921

. 1, 1922

. 12, 1923....

. 23, 1924....

. 25, 192-1....

27, 28, 1924

.22, 1924....

24, 1924.-..
, 27. 1924....
, 28, 1924....

,21, 1924....

,30, 1924

4, 1924

22, 1917

2, 1922

13, 1917....

.5,1917

.8, 1917
. 10, lfcl7....

Number
taken

11

17
292
267
81
32

501
519
109

197

146

111

3

119
367
175
25

362
11

1

9
13

Locality

Alpena...
Do
Do
Do
Do
Do
Do

Rogers City
Cheboygan
St. Ignace..
Duck Islands
Lake Mindemoya.
Gorc Bay...
Kagawong

Do
Tobermory
Wiarton -

Do
Do

Killarney
Blind River

Total.

Date

Sept. 12,

Sept. 14,

Sept. 17,

Sept. 22,

Sept. 24,

Sept. 20.

Nov, 15
Oct. 14,

Sept. 29

July 17,
Oct. 22,

Nov. 12

Nov. 10
.do

1917..

1917..

1917..

1917..

1917..

, 1917..

1919..

1917...

,
1917..

1917..

1919..
1917..

1917..

Oct. 16, 1919..

Oct. 2, 1919...

Nov. 6, 1917..

July 29, 1919.

Dec. 3, 1919. .

Oct. 12, 1919.
Nov. 8, 1917..

Number
taken

2

4
6

19
2

70
II

12
2
3
1

3

14

6
14

41

6
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GENERAL CONSIDERATIONS

DESCRIPTION OF COREGONID SCALES

TYPICAL SCALES

In their general features the scales of coregonid species are so much alike that

the detailed description of a typical whitefish scale published elsewhere (VanOosten,

1923) suffices for the herrmg. It may be sufficient here to reproduce the explanatory

photograph of this whitefish scale and to point out briefly the significant structural

features. Figure 2 represents a typical scale of a whitefish 197 millimeters in length

captured October 22, 1917, at East Tawas, Mich., on Lake Huron.. Near the center

of the scale is a small clear area, the focus (F), which presumably represents the

original scale in the young specimen. Around this focus are numerous more or less

relieved striations, concentric, or nearly so, with the margin. These are termed

circuli (C) and mark successive stages in the growth of the scale. Rvmning from the

focus to the periphery of the scale are four more or less conspicuous radiating ridges

{AR, PR), which divide the surface of the scale into four roughly triangular areas

or fields. When the scale is in position in the fish, the area to the right in the figure,

the exposed area, is directed toward the tail and therefore is designated as the caudal

or posterior area (caudal). The area opposite the caudal is the anterior (anterior),

while the two areas that separate the caudal from the anterior are the lateral, or the

doi-sal (dorsal), and the ventral (ventral). The borders of these four areas, which

form the periphery of the scale, accordingly are termed the caudal, anterior, dorsal,

and ventral borders. The radiating ridges are either anterolateral (AR) or postero-

lateral (PR). The greatest anteroposterior diameter that bisects the caudal area of

the scale is its length {L-L).

By careful examination two distinct zones may be seen in this scale, an inner

characterized in general by more closely spaced lines and an outer in which the lines

are farther apart. The mner zone represents, according to current theory, the

entire growth of the first year, while the outer zone represents the growth

of the second summer. If the lines of growth in the lateral field be followed

from the center outward and downward along the anterolateral ridge, it may be

seen that the first 20 are complete and uniformly spaced. With occasional breaks

and irregularities, they may be traced entirely around the scale. The next sLx are

incomplete and the outermost of them ends (or begins) near the anterolateral ridge.

Following this last incomplete line to the anterior field a region is encoimtered within

which the mdividual circuli can no longer be traced with certainty, for they are less

distinct, much broken, anastomosed, and closer together. This zone of faint, approx-

imated, and much broken circuli, when contrasted with the preceding and succeeding

areas of strong, complete, and widely spaced circuli, often stands out as a rather sharply

defined band. This band may be traced around the whole scale and is, perhaps,

better defined in the posterior field, where it appears as a lighter zone vdth very

little detail. This band, representing retarded growth, is here called the annulus (A).

When the scale resumes its rapid growth, a complete circulus is formed again,

which, in the process of uniting, as it were, the incomplete lines, bends sharply at

the anterolateral ridge. This circulus is considered the limit of the annulus it incloses

and is employed so in the measurements of scales.
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Fio. 2.—Typical scale of Lake Huron whiteflsh (Cortgonus cliipenformis, Mitchill) from East

Tawas, Mich. Length of fish, 197 millimeters; capturei October 22, 1917. L-L, length of

scale; F, focus; C, circuli; .!, annulus of first winter; AK, anterolateral ridges; PR, postero-
lateral ridges; dorsal, ventral, anterior, and caudal border and area. X25

r;G. 3.—Scale of Lake Huron henius (i. urUdi) taken October 22. 1919, at Uuck Isle (Lake Huron).
Length, 232 millimeters. Female. .\ge VI (?). Scale shows a regenerated focus
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Fig. 4,~Sc':ile iif Lake Hiiion herring (L. artedi) taken October 22, 1919, at Duck Isle (Lake Hiinm). Lenglli,
2.12 millimeter.'!- Female. Age VI C). Scale sliows a rotateil nucleus or central area

Fig. 5.—Scale of Lake Huron herring (i. arlcdi) takeniNovember 1, 1922, at Bay City, Mich.
(Saginaw Bay). University of Michigan Museum No. .W829. Length, 262 millimeters.
Mature male. Age Vl. Scale shows near its focus a small scar, presumably a repaireii injury,
and at its margin a large clean-cut scar, presumably not a repaired injury, witli obscure
eirculi and well-defined typical annuli
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Fiii. 6.—Scale of Liike Huron herring (i. artcdi) taken Novemlier 1. ia'22, at Bay City, Mich.

(Saginaw Bay). University of .Alichigan Museum No. 585.''i7. Length, 230 millimeters.

Weight, .').2o ounces. Mature male. Age V (determinefi from other scales). Scale

shows accessory annuli in the second, third, and probably in the fifth summer's growth
zone.

Fi(^ 7.—Scale of Lake Huron herring (L. artcdi) taken October 27, 1921, at Bay City. Mich. (Saginaw
Bay). University of Michigan Museum No. .';4329. Length, 219 millimeters. Male. .\ge IH.
Scale shows a wide double annulus in the second year
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Fig. 8.—Scale of Lake Huron bening (L. arledi) taken October 27, 1921, at Bay ("ily, Mich. (Saginaw
Bay). Length, 227 millimeters. Mature female. Age \". Note the distinctness of the first

annulus. Compare with Figures 9 and 10

Fig 9.—Scale from the same individual of wliicli scales are .iliowii in Figure .s. Note the indistinct-

ness of the first annulus. Compare with Figures 8 and lu
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Fig. 10.—Scale from the same individual of which scales are shown in Figures 8 and 9. All trace

of the first annulus has disappeared. Compare with Figures 8 and 9

Fig. U.—Scale of Lake Huron herring (i. arledi) taken September 17, 1917. at .Mpena, Mich.

University of Michigan Museum No. .=i2220. Length, 108 millimeters. Immature. Age I.

No completed annulus shown on scale
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IRREGULARITIES IN SCALE STRUCTURE

Various irregularities may occur in the structure of coregonid scales.

1. The normally small, clear, well-defined focus may be replaced by an expanded

central area, devoid of circuli, rough or granular in appearance and irregular in out-

line, the relative size of which depends upon the recency of its formation. (Fig. 3).

Scales with such expanded centers are termed "regenerated scales," because they

have replaced those that are lost (Ryder 1884, Scott 1912, Creaser 1926).=

2. The first circulus, that which limits the normal focus, may assiune various

characteristics. It may be complete and entirely separate from other circuli (figs. 6,

8, etc.); it may be incomplete and continuous with other circuli, forming a spiral (fig.

9), or incomplete, with one half missing, so that it resembles a horseshoe.

3. Occasionally a condition is found that may be interpreted by assuming that

young scales sometimes become dislocated and rotate in their scale pockets. As later

growth is normal in direction, there results the appearance of a large scale with a

smaller one inset, the two with foci in different positions and main axes at different

angles. (Fig. 4.)

4. Small scars or patches conuuouly found on scales presmnably are the repaired

injuries of what was formerly the margin of the scale. These scars, like the expanded
centers of regenerated scales, are irregular in form, granular in appearance, and entirely

devoid of circuli or annuli. (Fig. 5 near focus.) Other patches clear, clean-cut, and

with obscure circuli occur very rarely. (Fig. 5 at margin.) These apparently are

not repaired injuries, as the lower layers in these patches of the scale appear normal

with well-defined and typically formed annuli, continuous with those of adjacent areas.

5. With respect to the annuli, various irregularities appear. Their circuli are

not always approximated. The divergence of the circuli is sometimes apparent in one

lateral field only. Approximated circuli often appear between two annuli, so as to

form "accessory annuli." Especially is this the case during the years with large

growth increments, when the scales show more clearly a retardation in growth at a

temporarily unfavorable tune. In the scales of some fish these "accessory annuli"

simulate the true annulus so closely as to make an accurate age determiuation impos-
sible. (Fig. 6.) In such cases the fish are discarded unless other more easily read

scales can be found on them. Very rarely two annuli form in the place of one (fig. 7),

so as to produce a wide, double annulus. This may be interpreted as due to a

resumption of growth following its retardation caused by some unusual circumstances

in the life of the individual, such as an injury, disease, starvation, etc. Still more

exceptional is the case in which an annulus fails to form on all the scales of the same
fish. The first annulus of the scale shown in Figure 8 is very distinct and ujiques-

tionably a true annulus. Figure 9 shows a scale of the same specmien, in which the

first annulus is less distinct but recognizable. A third scale (fig. 10) of this same fish

shows no trace of the first annulus. That all three scales actually belonged to the

same individual and that, therefore, no error occurred in technicjue, such as would

accidentally introduce a stray scale into the scale sample of the individual, can be

' According to Taylor (1916), Dahl (1910) was the first to explain correctly the significance of abnormally large foci in scales^

However, Reighard (1906) published a photograph of a regenerated scale of a whitefish and designated it as an "atypical" scale

"probably formed after the fish had grown to some size and in place of scales that had been lost [p. 51)."
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detoi-mined readily by a comparative studj' of the finer structures of tliese scales.

This is the only example of a disagreement in the number of annuli of easily read scales

of the same fish I have found in my material.

These irregularities in the structure of scales do not invalidate necessarily the

scale method but emphasize the necessity of examining several scales from each

individual.

SCALE METHOD AND ITS APPLICATION

By a study of the scales we may determine the age of a fish in years, the approxi-

mate length attained by it at the end of each year of its life, and its rate of growth for

each year of life. The age in years is found by counting the annuli. The length at

the end of each year of life is computed from a series of measurements of a scale of a

fish of known length. Given the total length of a scale, the length included in its

annulus of year X, and the length of the fish from which the scale is taken, the length

attained by the fish at the end of year X is determined by the use of the following

formula, in which the third term is the unknown:

Length of scale included in annulus of year X _ Length of fish at end of year X
Total length of scale Length of fish at time of capture

Repeating this formula for the annulus of each year, the length attained by the fish

at the end of each successive year of life is computed. From these lengths the rate of

growth for each year is obtained by a simple subtraction. The assumptions upon
which this formula rests are discussed in later sections.

METHODS OF MEASUREMENTS AND COUNTS

BODY MEASUREMENTS

Many of the fish used by me were preserved in formalin, transferred to 70 pen-

cent alcohol, and brought to the laboratory before they were measured or scales

removed from them. Others were measured in the field while fresh and discarded

after removal of scales for study. The method employed in measuring fish in the field

previous to 1924 consisted in laying a steel tape along the curvature of the body and

reading, to the nearest millimeter, the distance from the tip of the snout to the caudal

margin of the last perforate scale of the lateral line.^ In making measurements in the

laboratory it seemed best to get the length, not along the curvature of the body but,

in the usual way, parallel to the long axis of the body, and between verticals from that

axis through the tip of the snout and the posterior margin of the last perforate scale.

The fish was straightened, if need be, laid on its right side in a wooden tray, with its

snout lightly touching a pin driven into the tray. The measurement was made v/ith

the steel tape in a straight line between this pin and another stuck into the tray just

behind the last perforate lateral-line scale. The field measurements obtained before

1924 thus exceeded those made in the laboratory, for two reasons: They were made

along the curvature of the body instead of in a direct line and they were made on

fresh fish not shrunk by preservatives. To obtain the true length of the fresh fish

along its axis it is necessary to correct the field measurements, which are too high

3 In 1924 and thereafter length measurements were made in the field, not along the curvature of the body, but in a direct

line—the steel tape was held parallel with the long axis of the body. No corrections were made for lhe.se fish.
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because measured along the l)ody curvature. It is necessary to correct the labora-

tory measurements to those of fresh fish b}'^ making allowance for shrinkage in the

preservatives.

Table 2.—Errors in the measurements of length of Bay City herring, due to use of the field method and
due to shrinkage of the hody in formalin

Milli-
meters

.\verage length of 182 herring preserved in 4 per cent formalin lind measured Nov. 28, 1921, by field method
|

238. 28

.\verage length of the same 182 herring preserved in 4 per cent formalin and remeasured Nov. 28, 1921, by laboratorv
methods-..

'

232.98
Difference due to method of meas'urement
.Average length of 182 fre^h herring measured Oct. 26 and 27, 1921, by field method
.Werage length of the same 182 herring preserved in 4 per cent formalin and remeasured Nov. 28, 1921, by field method
DiUerence after shrinkage in formalin ._ _

Average length of 199 herring preserved Oct. 29, 1921, in 4 per cent formalin and measured Nov. 28, 1921, by field method..
Average length of the same 199 herring preserved Oct. 29, 1921, in 4 per cent formalin and remeasured Dec. 2, 1921, by

field method.
Difference due to error in measurements made by field method ,

Coeflicient for correcting lengths of fish measured by the field method. _

Coefficient for correcting lengths of fish preserved in formalin

5.30
242. 24
238.28
-3.96
238. 21

239.54
d=1.33

.978
1.016

To obtain a coefficient of correctiou for the length of fish measured along the

body curvature 182 preserved herring were measured on the same day by this method
and by the laboratory method. The difference between the averages, 238.28 for

the field method and 232.98 for the laboratory method (Table 2), was found to be

5. 30 millimeters. This mvolves an error of about + 0.022 millimeter for each

millimeter of the field measurement. The coefficient of curvature for correcting

field measurements is therefore 17^9' or 0.978. To obtain a coefficient for shrinkage

in preservation 182 fresh herring were measured by the field method and remeasured

by the same method after being a month in 4 per cent formalin. The difference of

tlie averages was 3.96 millimeters. (Table 2.) To learn whether this difference is

due to the errors involved in the method of measurement, 199 fish that had been in

formalin for about 30 days were measured and then remeasured after 4 days. The
difference between the two averages was found to be 1.33 millimeters. (Table 2.)

Thus, a fish of 242 millimeters apparently shrinks 3.96 ±1.33 millimeters through
the action of formalin, or 0.016 millimeter per milhmeter of body length. A shrink-

age coefficient of 1.016, therefore, was used for all preserved fish.

Errors due to shrinkage or body curvature generally have been ignored in life-

history work. According to Ssemundsson (1913), Schmidt reports an average shrink-

age of 0.5 centimeter in the length of fish (plaice?) upon death. Williamson (1914)

observed no significant shrinkage in the length of the marine herring preserved in

formalm. Johanseu (1915) corrected his plaice lengths, as follows: 0.5 centimeter for

shrinkage at death and 1.0 centimeter when the specimen had begun to putrefy, had

been salted, or been left to dry.
In the lake herring several other measurements besides total length were em-

ployed. H represents the length of the head as measured from the tip of the snout

to the most distant point on the margin of the bony suboperculum, excluding the

soft opercular membrane. Hi represents the length of the head as measured from

the tip of the snout to the most anterior point of the body proper on the projected
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lateral line and just posterior to the stipra-claviclc of the shoulder girdle. Ordinary
straight calipers were used for both measurements. To find the point on the body
proper for the Hi measurement the point of the caliper is inserted as far as possible
under the soft, posteriorly directed flap of the supraclavicle. This point of the body
is usually more dorsal than the one chosen on the suboperculum for H and is more
constant in position. The H head measurements were made by Doctor Koelz for

taxonomic purposes. The 11^ head measurements were made later by the writer,

as they represent more nearly the true head lengths as included in the length measure-

ments of the body. Hi measurements are more often parallel with the long axis of

the body than the H measurements. The head lengths were not corrected for

shrinkage. The distance between the caliper points was measured on a steel milli-

meter tape. T and Ti represent the length of the body proper, excludmg the head
and tail. They were obtained by substracting the head from the body length {K),
as follows : T= K- H; T, = K- Hi.

The weights of all fish were recorded to the nearest J^ ounce and were taken

with a sealed "Chatillon improved circular spring balance." It is assumed that the

readings of the balance were accurate. After it had been used for this work it was

damaged, unfortunately, before its error could be determined. The herring collected

at Bay City, Mich., in 1921, 1922, and 1924 were weighed on shore while fresh. In

order to determine whether the preservation of a herring in formalin and alcohol

materially alters its weight the herring collected and weighed November 1, 1922,

were weighed again individually in March, 1923, after having been hardened in

formalin and transferred to alcohol. Before weighing the j)reserved fish they were

piled in a tray to allow the excess alcohol to drip off. The 499 herring averaged 5.17

ounces before preservation and 4.96 ounces after preservation, a loss in average

weight of 0.21 ounce. As the weights were read fairly accurately to only ]4, ounce

the error involved in the weight of each individual should not have exceeded ±0.125

ounce, and average weights obtained by reweighing identical material should differ

by less than ±0.125 ounce. The above averages obtained by weighing before and

after preservation differ by 0.21 ounce, or about 4 per cent. There seems, therefore,

to have been some loss of weight in preservation. Jarvi (1920) found that specimens
of Coregonus alhula increased in weight after preservation in formalin. The average
increase for the sLx specimens employed amounted to 0.5 gram.

SCALE MEASUREMENTS AND COUNTS

All scales were removed from the left side of the body and whenever possible

from the area situated midway between the dorsal fin and the lateral line. This area

was chosen after a careful examination had shown that its scales were less variable

in shape and size, when compared one with another, than those of other parts of

the body. To compare the body-scale ratio of different fish corresponding scales

were thought to be possibly essential in order to eliminate the errors due to the vari-

ability of scales from different body regions. (See p. 311.) In the marine herring

Lea (1910) located corresponding scales by means of their position on a definite

myomere of a definite scale row. He found that, the caudal extremity excepted,

only one scale is superimposed upon a myomere. In the coregonids the scales do

not follow the myomeres so closely. I found, by enumerating both the myomeres
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and the scales superimposed upon thorn for portions of different scale rows on different

parts of the body, that the number of myomeres is usually less than the number of

the scales superimposed upon them. My corresponding or X scales were selected,

therefore, with reference to their general position on the body and not with reference

to any particular myomere. They were taken from the fourth longitudinal row
above the lateral line from the vertical drawn through the base of the first ray of

the dorsal fin.

In the field a dozen or more scales were removed from each fish with forceps
and preserved in the standard scale envelopes furnished by the Bureau of Fisheries.

The fish were not preserved. The following data were then entered upon the face

of each envelope, if required: Species, locality, date, length, weight, sex, stage of

sex organs, gear, and collector. Wlien ready to mount, three or four of the dried

scales of each specimen were scrubbed clean in water. By use of a binocular micro-

scope care was taken that only typical and good scales were selected. The scales

were cleaned best with a small brush made of the stout ends of shoemaker's bristles

tied to a stick. The scale was held in place during the scrubbing by the blunt end

of a teasing needle, which was also employed to remove the more adhesive pigment
cells or dirt. \Vlien the three or four scales were cleaned, warm glycerin-gelatin

solution was placed on a clean glass slide in amount deemed necessary to cover

completely the scales placed in it. If the gelatin and the pure glycerin are mixed
in such proportion

^ that a small amount stiffens immediately upon cooling, and if

a liberal amount of the solution is used, no evaporation occurs under the cover glass

and the mounts may be kept permanently without sealing. Some of the photo-

graphs shown are of scales that had been mounted for two years. A little carbolic

acid must be added to the glycerin-gelatin solution to insure its preservation.

All scales were mounted with the circuli or rough side up and with the caudal area

toward the lower edge of the slide.

The scale to be studied was projected upon the ground glass of an apparatus
constructed on the principle of a photomicrographic camera (Van Oosten, 1923).

All measurements of scales were made on this image, projected at a magnification of

19. On exploring the illuminated field covered by a scale image so magnified, I

found, by the use of a stage micrometer, that the magnification is everywhere uni-

form—there is no discoverable optical distortion.

In measuring the projected scale, a wooden ruler was placed along the diameter

that bisects the caudal area of the scale (Lr-L, fig. 2) and readings were taken (to

the nearest millimeter) at the center of the focus, at each annulus in both the anterior

and posterior area, and at the anterior margin of the scale. More accurate measure-

ment was not found possible. I found, by scratching a line drawn parallel with the

long axis of the body on a longitudinal series of consecutive scales in situ, that the

line on all the scales followed the anteroposterior diameter defined above. This

diameter, therefore, gives more easily comparable measurements than any other.

The measurements were made use of in computing the lengths of fish by the formula

given on page 272. AU computations were made with a slide rule or with a Monroe

calculating machine. The circuli of the anterior area were enumerated along the

* It was found by long experimentation that the fnlluwing formula gave the best results: Dissolve 8 ounces gelatin (WH, NOi

1866, Gcrmanyj in 850 cubic centimeters distilled water and add 250 cubic centimeters glyceria and a lew drops carbolic acid.
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edge of the ruler, all those that were separated being considered as complete circuli

even though they were connected with others a short distance from the ruler.

Scale counts were made along the lateral line on the left side of the body. I

enimierated the perforated scales only, which excluded, therefore, the small, irreg-

ularly placed scales at the extreme caudal end of the fish. Scale pockets were
counted for the lateral-line scales that were lost.

The age of a fish is usually indicated by a Roman numeral, representing the

year of life in which the fish was caught. Thus, a IV-year fish is one that, having
hatched in the spring, has passed its third winter following hatching; has, therefore,

three complete annuli on its scales and is somewhere in its fourth year.

GENERAL HISTORICAL REVIEW

The early scale investigators were concerned principally with the development'
the structure, and the chemical composition of scales and with their relation to

taxonomy. Thus, they paved the way to a correct appreciation of the relief struc-

tures in scales, upon which the scale method rests. The following historical review

sketches briefly the trend of thought among these early investigators relative to the

correlation of relief structures of scales and their growth. More comprehensive
reviews of the scale literature of this period may be found in the publications of

Baudelot (1873), Thomson (1904), and Taylor (1916).

After the mvention of the microscope, fish scales became one of the interesting

objects for study. Fabricius d'Aquapendente (1618, 1621, 1625), Borellus (1656),

and Hooke (1667) wrote brief descriptions of the microscopic appearance of fish

scales.

The first record relative to the growth of scales is found in one of the letters of

Leeuwenhoek (1686), dated July 25, 1684, in which he, describing the microscopic

appearance of an eel scale, writes "although all the Scales [of an individual] are not

of the same shape, I have yet observed, in many of them as I judged, the same
number of Circular lines. From whence I conclude that every year the Scale encreased

one Circular line; and by consequence, the number of these Circular lines, being seven
;

the Fish must have been seven years old." (Turrell, 1911.) His illustration shows

that Leeuwenhoek actually referred to the growth zones of the scale. In a letter

written May 22, 1716, and published hi 1719, Leeuwenhoek describes his method of

determining, from its scales, the age of a carp 42)^ inches long and 33M inches in

circumference at its thickest. He cut the scale obliquely to count the age rings.

The scale having 40 rings, the author concluded that the carp was 40 years old. In

this letter Leeuwenhoek postulated scale growth as being due to the development of

a new scale underneath the old one, which it exceeds in size and to which it adheres

and is gradually closely welded. One such new scale is formed each year, so that by
enumerating the superimposed scales one can determine the age of the fish. It is

clear from his illustration and from his method of sectioning that in this case Leeuwen-
hoek did not refer to the growth zones but to the lamellae of the scale.

Reaumur (1718) believed that the concentric lines indicated "different degrees
of growth in scales, just as the analogous markings indicate the growth of shells."

Without giving the reference. Lea (1919) quotes Pastor Hederstrom, a Swede

(1759), as follows: "Anyone taking the trouble to examine a vertebra from a boiled
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fish will observe certain rings thereon. And as many rings as there may be, so many
yeai-s will be the age of the fish."

Kuntzmann (1S29) maintained that no relation existed between concentric lines

on scales and age, as the scales of old carp possess no more of these ridges than those

of 3-oung carp. Similarly, Blanchard (1866) stated that the concentric striae are as

numerous in verj^ small as in very large fish of the same species. Agassiz (1834),

however, believed that the concentric lines are the reflexed edges of the lamell<E and
increase in number with the growth of the scale. Mandl (1839) claimed that the

formation of these lines is linlced closely with the peripheral growth of the superior

layer of the scale, while Williamson (1851) asserted that these ridges are not lines of

growth "but the result of a peculiar arrangement of the superficial tissue of the

scale."

Vogt (1842) discovered that scales do not appear in salmon until the third month
after hatching, and that the concentric lines are relatively few in number in very
young fish but very numerous in adult fish.

Steenstrup (1861) is apparently the first to state specifically that the scales of

osseous fishes persist during the entire life of the fish and grow with the growth of the

animal.

Baudelot (1873) made a comparative study of scales, employing a dozen species
of fish. He noted, among other things, the variation in the number and character

of the concentric ridges with the species and with the individuals of a species. He
observed that these Unes remained fairly constant in number with scales taken from
the same region of the body of a fish, but that they increased in number in the older

individuals of a species, the number of ridges increasing proportionally with the age
of the fish and the size of the scales. He discovered, further, that the concentric

ridges varied in their degree of separation and regularity, so that concentric zones

were visible on the scale surface. He believed that the cause of this phenomenon
was veiy unstable, but lacking sufficient data left the matter undetermined.

It was left for Hintze (1888) to link Baudelot's "zones" with Leeuwenhoek's
first theory of age determination. Hintze was enabled to correlate the two by his

knowledge of the age and life history of the carp, upon which he worked. Carp of

commercial ponds Vv'ere employed. Due to the presence of accessory annuli, however,
Hintze made an error of one year in his interpretations, which error caused the tem-

porary abandonment of his theory. His work is considered more in detail in a later

section (p. 294).

Hintze's theory had at least one adherent, Victor Burda, for Max von dem Born
writes (1894, p. 58) _.

"Nach Burda kann man das Alter der Karpfen an den

Jahrcsringen erkennen, welche auf den Schuppen sichtbar sind, wenn man diese in

Spiritus legt, und von Schlamme befreit; ich habe mich von der Richtigkeit dieser

Mitteilung durch den Augenschein iiberzeugt."

Fritsch (1893, p. 89) enumerated the circuli (Anwuchsringe) in the scales of

salmon of known ages and of various lengths (34 millimeters to 90 centimeters) and

concluded: "Genaue Verfolgung dieser Zunahme der Anwachsringe der Schuppe
mit zuiiehmcndera Alter diirfte einen Anhaltspuidct geben nach der Zahl der Anwachs-

ringe bei grossen Lachsen das Alter zu bestimmcn. Bei Salmlingen, von denen ich

voraussetzte, dass sie schnell wachsen, fand ich die Anwachsringe weiter von ein-
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ander entfernt und in geringerer Zahl im Verhaltniss zur Gesammtlange des Kor-

pers." According to Arwidsson (1910), Hofer (1895), however, refutes Fritsch's

conclusion that the age of a salmon can be ascertained from the number of concentric

ridges on its scales.

Petersen (1895) referred to the zones on eel scales as "growth streaks which

possibly correspond in number fairly exactly to the years passed."

Smitt (1895, p. 957), in delineating and describing a marine herring scale, writes:

"In the striature the growth rings of the scale also appear as concentric lines." The

accompanying figure indicates clearly that by "growth rings" the author referred

to the annuli.

It was not until 1898 that the scale metliod of age determination was tested criti-

cally. In that year Hoilbauer published a preliminary paper, in which he set forth

the true character of the annidi, supporting his views by experimental evidences.

These are discussed elsewhere (p. 294).

Thus far I have traced the development of the age hypothesis based on the

structures of scales from its inception in 1686 to the end of the nineteenth century.

During this period all the fundamental structural phenomena utilized in the scale

method were discovered and described; but the exact relation of these structures

to the life history of the individual remained imdetermined, in spite of the fact that,

peculiarly enough, the first presentation of the theoiy was in all probability the cor-

rect one. In 1898 the correct hypothesis was rediscovered and critically tested by

Hoffbauer, and the second period of scale study was ushered in. During this second

period the scale method was established firmly, elaborated greatly, and applied

extensively. It need be said here only that publications appeared in England, Scot-

land, Norway, Denmark, Sweden, Russia, Holland, Germany, France, America,

and other countries. In these studies more or less elaborate life histories based on

scales have been worked out for the whitefishes, salmon, trout, marine herring, hali-

but, plaice, flounder, sole, smelt, mackerel, muttonfish, sardine, eel, hake, haddock,

cod, squeteague, perches, and other fishes. The literature of this period is too

voluminous to review. The more important papers will be considered under the

various subtopics to which they refer.

Part I—CRITIQUE OF SCALE THEORY AND METHOD

ASSUMPTIONS OF THE METHOD

The soundness of the scale method of detennining the length of a fish at successive years of its

life and its annual growth increments depends on the validity of the following propositions:

1. That the scales remain constant in number and [retain their] identity throughout tlie life

of the fish.

2. That the annual increment in tlie length (or some other dimension wliich must then be used)

of the scale maintains, througliout the life of the fish, a constant ratio with the annual increment

in body length.

3. That the annuli are formed yearly and at the same time each year [or that some other dis-

coverable relation e.xists between their formation and increment of time].

Incidentally the following questions are raised, but the validity of the scale method of compu-
tation is not affected by them:

4. Whether the annuli represent periods of retarded or arrested growth of the scale?
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5. Whether the growth of the fisli ui lengtli is retarded or arrested at the time of formation
of the annuli?

6. What factors are responsible for tlie arrest of or retardation of growth in fish and scales?

(Van Oosten, 1923.)

The last three questions I have attempted to answer in another place (Van
Oosten, 1923). It remains to discuss the first three questions.

IDENTITY OF SCALES THROUGHOUT LIFE

Were scales commonly or regularly shed and replaced by others they could not

be made use of in life-history studies. It is a tenet of the method that they retain

their identity throughout life, that only a few are lost accidentally and replaced. The

many life histories unraveled by the scale method are, in themselves perhaps, proof

enough that identity persists; but some of the well-established facts in proof of

identity are these: (1) That the nuclear area or central part of the scales of old fish

of a species is structurally identical with the scales of young fish (Snyder; see p. 300

following). (2) That regenerated scales, which replace those accidentally lost, have
a central portion of quite a different type from that of normal scales. (The characters

of regenerated scales are distinctive and generally easily recognized. Scott (1912)
and Creaser (1926) established this experimentally, and I have extracted normal
scales from carp and found them replaced by typical regenerated scales. I have also

found regenerated scales covering the repaired injuries of several herring.) (3) That
scales increase in size as long as the fish grows.

CONSTANCY IN NUMBER OF SCALES THROUGHOUT LIFE

If scales of typical teleosts, their number remaining constant, were in contact by
their edges they must grow in proportion to the body, else the surface would not be

always covered; the relation between scale length and body length would be mechani-

cal; but as these scales overlap, they may or may not grow in length in proportion
to the body's length. The question of whether they do or do not is one of physiologi-
cal growth correlation and may be answered only by observation.

The number of scales in the lateral line is made use of in discriminating species,

and it is well known that it varies within the species. The question is whether the

individual differences in scale number arose when the scales were first laid down and
have continued since then, or whether the scales increase in number during the life

of the fish. Do the fish that were large at the time of scale formation develop more
scales at that time than smaller fish, and does their number remain constant? If

the number of scales (for example, in the lateral line), increases with age, they can not

grow in proportion to the body's growth, for it has been shown by Lea (1919) that

when a new scale is formed in place of one accidentally lost the growth rate of sur-

rounding scales is retarded.

That the size of the scales varies with their number is shown by the fact that of

45 lake herring 240 millimeters in length, 25 had 80 or less (average
=

77.9) scales

in their lateral line, while 20 had 81 or more (average
=
82.8) scales in the lateral line.

The average length of the scales of the former group was found to be 5.16 milhmeters,
while that of the scales of the latter was 5.05 millimeters, or 0.11 millimeter less.

99760—29 2



280 BULLETIN OF THE BUREAU OF FISHERIES

If the number of scales in the horizontal rows is less in the adults than in the

juveniles whose scalation is complete, the ratio of the body-scale growth would
decrease with age, as the scales would grow relatively faster than the body. When
an adult fish loses a scale it is replaced by a "regenerated" scale, and the number of

scales is not altered; but there appears some evidence that scales may be crowded out

and covered by others. Both Brown (1904) and Thomson (1904) discovered minute
scales under and between the large ones in species of Gadidee. The former author

concluded from this fact that scales are shed after spawning and are replaced by the

small underlying scales, while the latter stated that these juvenile scales, which do not

possess many lines of growth, are crowded out and covered by the larger ones and

finally disappear. Thomson's interpretation is based partly on his belief "that the

exact number of scales in a row on the fish has been regarded as sufficiently constant

for use in the determination of species [p. 58]." He states further that Klaatsch

found the same thing to occur in the trout. Klaatsch found that "between such

large scales as already partly cover one another, small scales are very frequently
found which are in the earliest stages of development. In older animals such an

irregularity does not occur." And "As in Elasmobranchs, new scales originate in

the trout between the well-developed scales; thus one finds lying between the older

scales of the trout even in later stages quite young scale foundations. This irregular-

ity in the early development soon ceases in the trout [p. 58]."

In the lake herring the presence of minute scales and scales strikingly smaller

than the neighbormg or contiguous, well-developed scales is not uncommon. These

minute scales usually are covered by the normal ones; but the small scales are not,

as Klaatsch and Thomson say of their material, "juvenile." They are abnormal, in

that they are stunted in growth; but they possess as many annuli as the normal con-

tiguous scales and are as old.

These facts indicate that all the scales formed during the first year of life do not

necessarily grow proportionately with the body of the fish, and that in some instances

the number of normal scales in a horizontal row is reduced as the adult stage is at-

tained by the fish. Whether or not the abnormal minute scales occur generally,

their existence in some forms throws doubt on the assumption tliat the number of

scales remains constant with age. Especially is this true when it is known that this

assumption has never been supported by critical data.

To test the question of constancy in the number of scales throughout life, I have

enumerated the scales in the lateral line of the lake herring (Leucichthys artedi) collected

at Bay City, Mich., October 26, 27, and 29, 1921, November 1, 1922, and November

12, 1923. The fish of October 26 and 27, 1921, were taken in different pound nets

set in Saginaw Bay. Each of the remaining collections forms a unit, as each repre-

sents the partial catch of 1 pound net. These unit collections were taken from the

same fishing grounds in Saginaw Bay about 3 miles west of the mouth of Saginaw
Eiver. AO the herring were taken on or near their spawning ground and were nearly

ready to spawn. There can hardly be any question, therefore, as to the homogeneity
of the materia] taken in the same haul. As individual herring are not known to return

to the same spawning ground each year, the possibility exists that the fish collected

in different years may belong to different races, even though taken on the same

spawning grounds.
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Two methods suggest themselves by which we may try to determine the con-

stancy in the number of scales throughout life. We may compare either the scale-

number averages of the several age groups (fish of the same age) taken in one and the

same haul, or the averages of the age groups taken in different years but belonging to

the same year class (fish hatched at the same time). In the fii'st case we compare
fish of different ages, hatched in different years, but taken at the same time; in the

second case we compare fish of different ages, hatched at the same time, and taken

in successive years.^ In the first case we must assume that the number of scales

remains constant with the year classes, in the latter we must determine that all the

collections consist of homogeneous material. By both methods we assume either

that scale number does not vary with sex or size in an age group, or, if so, that both

sexes and all sizes are represented in correct proportions.

Table 3.—Average number of scales in the lateral line of males and females for different size groups of
Bay City lake herring of various ages

'

Size groups, millimeters

Oct. 29, 1921, age group IV

Average scale number

Male Female
Male
and

female

Average size

Male Female

Nov. 1, 1922, age group IV

Average scale number

Male Female
Male
and

female

Average size

Male Female

211-220.
221-230.
231-240.
241-250.

251+...

77.00 (1) 75.7.5 (4)

79. 36 (39) 81. 04 (26)

81.08 (25)81.94 (16)

82.60 (5) 82.40 (10)

Grand average - 80.17 (70)

6.00 (5)

80 03 (65)

81.41 (41)
82.47 (15)

216 (1)

226 (39)
234 (25)
260 (5)

218 (4)
227 (26)
235 (16)
266 (10)

76.35 (20)77.60 (15)
77.94 (5;))

1

79. 09 (22)

79.22 (32)79.78 (9)

78.00 (5) 80.80 (5)

76.89 (36)
''8.28 (75)
79.31 (42)
9.40 (10)

227 (20)
236 (53)
244 (32)
257 (5)

227 (IS)
236 (22)
244 (9)
262 (5)

81.16 (56) 232 (70) 236 (56) 78.03 (110)78.94 (51) 238 (110) 237 (51)

Size groups,
millimeters

211-220.
221-230.

231-240.

241-250-

251+...

Grand av-

erage

Nov. 12, 1923, age group IV

Average scale number Average size

Male

80.41 (27)

81.43 (49)

Female

79.74 (19)

81.96 (23)
81.75 (16):83.00 (11)

81.18
(92)^81.38

(53)

Male
and

female

80.13 (46)

81.60 (72)
82.26 (27)

Male

238 (27)

246 (49)
254 (16)

245 (92)

Female

236 (19)

245 (23)

263 (11)

244 (53)

Size groups,
millimeters

Under 226...
Over 226

Grand av-

erage

Under 251.
Over 251..

Grand av-

erage. --

Average scale number of

all 1921 herring, age
group III

Average scale number of
all 1923 herring, age group V

Male

77.83 (18)
82.08 (12)

79.53 (17)
79.73 (15)

79.63 (30)

Female

79.63 (32)

Male
and

female
Male

78.66 (35)
80.78 (27)

81.36 (25)
82.80 (25)

82.08 (50)

Female

80.30 (10)

81.27(11)

80.81 (21)

Male
and

female

81.06 (35)
82.33 (36)

1 Numbers in parentheses indicate the number of specimens employed.

In connection with the last-mentioned assumptions Table 3 is significant. In

this table is given the average number of scales in the lateral line of males and females

6 It is not feasible to arrange the fish according to size groups instead of age groups on the assumption that the small fish are

also the young fish. This we know is not strictly true. Further, the fact that the smaller fish of an age group have fewer lateral-

line scales than the larger fish of that age group (see p. 2S3) introduces an error in tlie size-group method,which tends to reduce the

average scale number of the small fish below that of fish of equal size but of younger age.
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for different size groups of Bay City lake herring of various ages. A detailed exam-
ination of those averages that include a SLifficiently large number of specimens shows

that, with four exceptions, the averages of the females are higher than those of the

males. The averages are higher for the males of the smallest size group of the 4-year
fish and of both size groups of the 5-year herring of 1923 and of the larger size group
of the 3-year fish of 1921. It is to be noted, however, that the 4-j^ear males of 1923

average somewhat more in length than the females of this group. The larger averages
in the scale number of females can be correlated with size in the 4-year fish of 1921

but not in the same aged fish of the other two collections. When the grand averages
of the scale number of the males and females are compared it may be seen that

those of the females are slightly higher in every age group except the fifth of 1923,

irrespective of the average size of the females. If the differences between the mean
scale number of the two sexes of a size group are compared for all age groups, it is

found that the differences vary from 0.53 to 1.70 in those cases where the averages
of the females are the higher and from 0.20 to 2.35 in those cases where the averages
of the males are the higher. When the dift'erences between the grand averages of

the two sexes are compared (fifth year of the 1923 fish with a difference of 1.27 ex-

cepted), it is found that they vary from 0.10 to 0.99 and that their mean approxi-
mates 0.55. If these differences in the average scale numbers need l)e considered, I

may state that they lie well within the limits of personal error in scale counts, as I

shall show later (p. 283), and therefore have no significance. The number of scales

in the lateral line, then, is shown not to vary with the sexes.

Further examination of the averages of Table 3 shows that the larger individuals

of both sexes of an age group possess, on the average, a greater number of scales in

the lateral line than the smaller. The scale number increases consistently with size.

The dift'erences between the average number of scales of the small and large males of

an age group vary from 1.34 to 4.25; of the females from 0.20 to 3.26. The range in

the differences between the grand averages (male and female) of an age group extends

from 1.27 to 2.44. The mean of these differences is approximately 2.09. The
difference between the scale number of the small and large herring of an age group
is therefore about 3.8 times as great, on the average, as that between the sexes.

Are these differences significant or are they due to errors in scale counts? To
answer this question I reenumerated the lateral-line scales of most of the 4-year

herring collected October 29, 1921, and of a random sample of the 1922 herring.

The 1922 collection was selected for the recount because a large percentage of its

individuals had lost many of the lateral-line scales, and inasmuch as scale pockets
are overlooked more easily than scales the discrepancy between two enumerations

in these fish should represent the maximum. No counts were taken when the scales

of the caudal region were lost.

The results of this recount are summarized in Table 4. It will be noticed that

averages were made at various stages of the recount to indicate the trend or direction

of the personal error with the increase in the number of variates. In both series

the discrepancy decreased as more individuals were employed.
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Table 1.—Comparison of duplicate scale counts with the original for various numbers of herring taken

October 29, 1921, and November 1, 1922, at Bay City, Mich.
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was divided into two size groups. The lengths, in millimeters, attained by the indi-

viduals at the end of their first year of life, as computed from the scales, were then

averaged according to these size groups. It may be seen from the table that the

large fish of each age group were also the large fish of their year class at the end of the

first year of life. Thus, the average size of those fish of age group III, taken in 1922,
that were less than 230 millimeters long (average length 222 millimeters) was 137

millimeters at the end of the first year of life, while the average size of these fish of

the same group that exceeded 230 millimeters in length (average 236 millimeters)
was 142 millimeters at the end of the first year of Ufe. Similar differences appear in

Table 5 in the other age groups. This presumably explains why the large fish of an

age group possess more scales than the small ones. The fish were longer during their

first year of life, and more scales were laid down in the longitudinal rows.

Table 5.—Average calculated length, in millimeters, at end of the first year of life of Bay City lake

herring of different size groups within an age group
'
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between the two means being considered significant if it is at least five times its

probable error.

Table 6.—Average number of scales in the lateral line of herring collected October 26, 27
,
and 29, 1921

,

A'oi^ember 1, 1922, and November 12, 1923, at Bay City, Mich., for each age group
'

Dato
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Table 6 shows that the average scale number (80.54) of the 2-year fish is in general

not strikingly different from the averages of the older fish.

A comparison of the differences between the means of these year classes with

those due to personal errors (Table 4) or to size of the fish (Table 3) leads us to the

same conclusion as that obtained by the application of statistical methods; namely,

that the number of scales in the lateral line remains constant with the year classes

studied and consequently with age.

If, now, the average scale number remains constant with the year classes, we

should e.xpect to find insignificant differences between the averages in Table 6 of the

same age groups taken in different years. We find that the differences between the

averages of the 1921 and 1923 fish, which vary from 0.80 to 1.22 (average
=

1.05),

are unquestionably insignificant, but that the differences between the averages of the

1922 and 1923 fish, which vary from 2.66 to 4.35 (average
=

3.36), are much greater.

Table 7.—Frequency distribution of scales in the lateral line of Bay City herring

Date
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Applying the statistical formulas, I found the probable error of the mean of the

3-.year fish of October 29, 1921, to be 0.3318; that of the 5-year herring of 1923 to be

0.2421. The probable error of the difference between the means equaled 0.8344,
which is contained 2.06 times in the difterence, 1.72. The difference, 1.12, between
the fourth age group of the October 29, 1921, collection and the sixth age group of

the 1923 collection was found to equal 1.08 times its probable error. Thus, the Httle

evidence a comparison of the averages of different age groups that belong to the

same year class produces confirms the conclusion previously arrived at that scale

number remains constant with age. This conclusion, of course, involves only the

herring 3 years of age and older, although it would apply undoubtedly to the juveniles,

also, which, unfortunately, are unprocurable at the present time. (See footnote,
Table 6.)

Throughout the preceding discussion we assumed that all sizes were represented
in correct proportions in each age group. This assumption, however, probably is not

warranted. (See p. 334.) The third age groups, at least, probably inchide a dis-

proportionate number of the larger individuals, and this would tend to raise the

averages of the scale number above the more representative values. The average
(80.54) of the 2-year fish suggests, however, that the averages of the 3-year fish are

not very much too liigh, if any.
In this section an attempt has been made to learn whether the number of scales

of a fish remains constant throughout life. If the number of scales increased or

decreased with age, the growth rate of the individual scales would vary accordingly
and they would not grow in direct proportion with the body. Further, there is

evidence that in at least some individuals of certain species the number of normal

scales is reduced as the adult stage is reached. Herring of the same year class and of

different year classes were compared. These methods rest upon the assumption
either that scale number does not vary with the sex or the size of a fish of an age group

or, if so, that both sexes and all sizes are represented in correct proportions in each

age group of the samples. Data were obtained that indicated that the number of

scales in the lateral line did vary with the size of a fish but not v/ith the sex. It was
ascertained further that the greater number of scales in the large fish of an age group
could not be attributed to an error in scale count whereby some of the scales of the

smaller individuals were overlooked, but very probably was due to the fact that the

large individuals of an age group were also the large individuals of their year class

at the time of scale formation, so that more scales were laid down in the longitudinal

rows. A comparative study of the average scale numbers of the various age groups
of the three collections considered indicated that the number of scales in the lateral

line remained constant with the year classes and with the age groups (III and older)

studied.

ANNULI AND NUMBER OF YEARS OF LIFE

That the annuli of scales are truly "year marks" has been conceded in the past

by most of the investigators who employed the scale method. In many instances

the basis for the acceptance of tliis assumption has been the fact that the scale method

actually worked in practice. Masterman (1913) states it as follows: "In studying
the average sizes, average weights, and seasonal occurrence of the different age groups
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and numerous other statistical relations the age data obtained from the scales give a

rational and consistent result throughout." The more recent literature, however,
shows a tendency that views with some skepticism certain phases of the scale theory.

One or more of the assumptions (p. 278) of the scale method, wliich were taken for

granted by most of the investigators of some years ago, are now being subjected
to a more critical examination. Further, whereas previously an assumption found

vaUd for one species of fish was accepted in many cases without investigation as

valid for another, now the tendency exists to consider each species on its own merits.

These present tendencies justify a reconsideration of the whole scale theory, but

espeoially of the assumption that annuli are age marks—the keystone of the theory.
In this section, then, an attempt has been made to review all the criticisms that have

been directed against the age hypothesis and the nature and extent of all the

evidences, direct and indirect, that support or contradict the hypothesis.

CRITICISMS

Brown (1904) comes to the conclusion that the concentric rings (circuli) on

gadoid scales do not represent annual increments because (1)' scales obtained from

different parts of the body show 90, 60, or 30 rings, according to the part selected

and (2) because the scales are shed immediately after spawning. Tims (1906) con-

curred with Brown and found further (3) that he could not detect a regular alter-

nation of narrow and broad zones on the scales of Gadidse after the first annulus

(a photograph of a scale of a cod 2J^ feet long showed no year rings), and (4) that in

clupeoid scales the annuli varied in number in scales removed from the same situation

from the same fish. This same variation in the number of annuli was found in the

marine herring by Buchanan-Wollaston (1924) and Hodgson (1925), in the eel by
Gem?oe (1908), in the Atlantic salmon (rarely) by Calderwood (1911), and in the

lake herring (rarely) by the writer (p. 271). In the haddock, Thompson (1923)
found that all scales of a fish show the same number of annuli, "with the exception
of those, which, l^'ing on the head and the bases of the fuis, were as many as two years
short and are evidently much later in being developed [p. 16]." Both Buchanan-
Wollaston and Hodgson discovered that certain symmetrical scales taken from the

region between the dorsal fin and the tail, above the lateral hne, often were found to

show a less number of rings than the scales from the anterior part of the body. Either

the former scales cease to develop after three or four years or the latter become

"ringy." Hodgson (192,5) waites, "The generally accepted theory that all the scales

of a fish exhibit the same number of rings is erroneous. This, of course, does not mean
that in a complete suit of scales a widely different number of rings can be found,

but, rather, that in certain areas, on larger fish, the number of rings may be less than

the modal number for that particular herring [p. 3]." The scales of Gemzoe's 65 centi-

meter eel showed from 1 to 6 annual rings, the number vaiying with the areas on the

body.
Gemzoe (1908) claimed (5) that the scales of the eel first appear after the second

year of life, while Schneider (1909) asserted that the scales of the eel {Unguilla

vulgaris Flem.) form in either the third, fourth (usually), or fifth summer. "Als

• The criticisms are numbered consecutively.
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absohit sicheres Merkmal fiir das Alter cincs Aalindividinims an Jahrcn kSniicn also

die Zmvachszonen der Sch\ii)peji jiicht dienen, was in anbetraeht des sehr unreg:el-

massigcu EntAncldungsgangos
* * *

zii erwarten war." Hornyold (1922) con-

cludes, similarly, that in the eel, scales fb'st appear not at a definite age but at a definite

size (6 inches) of the fish; and further, that the difi^erence between the number of

zones of the otolith and the scale varies during the life of the eel according to the

faster or slower development of the various zones of the scale. The differences

varied from 4 to 10, in general the greater discrepancies occurring in the larger eels.

In the j'ellow eels of the Sarthe, however, the author (Hornyold, 1926) finds much
smaller discrepancies between the otoliths and scales (difference of 2 or 3 zones),

which discrepancies do not increase with the age of the fish. Wundseh's (1916)

tables show that the otoliths of liis eels generally form three more zones than do the

scales, although the difl'erence in the number of zones varies from 2 to 6. Ehren-

baum (1912) believed that mackerel scales form during the second year of life, while

Meek (1916) stated that as the marine herring spawii in August the first winter

is not registered on their scales. According to Molander (1918), the spring her-

ring (marine) hatched in the spring and the winter herring hatched in late summer
or early fall (September) form an annulus in the first winter of life, but the autumn

herring hatched in October-November do not form an annulus imtil the second winter

of life. It is pos.sible that indi\aduals among the winter herring that hatch late do

not form a ring the first vrinter, while those among the autunm herring that hatch

early do form a first winter's ring. At any rate, the following condition generally

obtains: A 2-year-old spring hening has its second annulus at the margin of the scale,

a 2-year-old' winter herring has its second anmdus witliin a nearly completed summer

growth zone, and a 2-year-old autumn herring has one annulus and a completed
summer growth zone at the margin.

Arwidsson (1910) studied a series (148 fish) of young salmon {Salino salar) 2 to

26 months of age and found (6) that the first annulus was completed in September
in a 62-millimeter fish 6 months old. In December, at the age of 9 months, several

other individuals greater than 60 millimeters in length completed the first annulus.

In May, the fourteenth month, none of the fish under 61 millimeters in length had

completed the first annulus, but by July all fish showed on their scales seven or more
circuli outside the first year mark. In September (eighteenth month) two individ-

uals had already formed 5 to 6 circuli outside the second annulus, while none of the

21 or 26 months old individuals had completed this year ring. The author con-

cludes that the first anmdus does not appear at a definite time nor at a definite age
but at a definite length of the fish—namely, 60 millimeters.

Rich's (1920) results parallel somewhat those of Arwidsson. If 1 imderstand the

former correctly, it is possible for the Pacific chinook salmon to show, in the second

spring* of life, one, two, or three checks on their scales. The yearling fish, migrating
in the spring, may show a "primary check" in addition to a winter ring. Migrating

fry taken in the estuaries after May may show a "primary" and a "migratory"
check. Presumably the early migrants of such fry would, in addition, have formed
a winter ring in the sea. The three kinds of checks can not always be distinguished,
while in some instances the migratory check is the winter band (Rich, p. 49). The pri-

paary check (presumably always the first to form) may occur any time early in life; the
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migratory check formed in the estuary may occur anytime after the 1st of June in

the f'-y, while the first annuhis may form as early as August. The new growth (not

the "intermediate" growth of the estuary), outside the first winter rings, may begin

any time between August and the May following.

Schneider (1910) presented some evidence to show (7) that the fall marine

hening may possibly form two annuli each year, as Damas (1909) had found to be

true in the cod (Gadus virens). Lee (1920) asserted that normally in the haddock

the approximated circuli of the annidus formed some time during the period July-

September, to which were added one or two wide sclerites in September or October

and additional narrow sclerites in the winter months. H. Thompson (1923) foimd

that the Skagcrag haddock usually formed a false ring in the first year at a body length

of approxim.ately 11 centimeters, when the fish descended to the bottom and encoun-

tered new environmental conditions. Nail (1925) reports that marking experiments
have shown that a considerable number of sea trout in the estuary of the Beauly
and Ness Rivers feed freely on sprats in nudwinter, with the result that these trout

put on a rapid growth, represented by a series of widely spaced rings on the scales.

To such fish the ordinaiy ndes for age determination can not be applied. Jacot

(1920) behoved that in the nmllets an annulus is the result of a long northward migra-

tion in the spring, which may be completed in two stages, and therefore concluded

that some fish may fonn two annuli in a year at times.

Several authors contend (8) that at times one or more anmsli fail to form on the

scales, for individuals have been found that apparently were far too large for their

age, as determined from the scales. Examples of this were found among the Pacific

herring by W. Thompson (1917), among the shad by Roule (1920) and'Leim (1924),

among the haddock by H. Thompson (1923, 1924) and Saemundsson (1925), and

among the sea trout by Nail (1926).

(9) In certain waters some species form no annuli at all on their scales, while

other species do. Schneider (1910) found definite growth zones in the scales of all

the African species of fish examined by him, except in a small form of Gobius(?)

from Madagascar. Paget informed Lee (1920) that no annuli are evident in the

scales of Egyptian species. Godby (1925) reports that the offspring of certain

Salmo solar introduced into New Zealand waters showed no winter band on their

scales, whereas the young of introduced Quinnat salmon did form an annulus.

As has been pointed out by many authors, much of the confusion in the reading

of scales is due (10) to the formation of accessory or secondary rings (see fig. 6), which

are difficult to distinguish from the annuli (see W. Thompson, 1928, p. 54), (11) to

the indistinctness of certain annuli (Leim, 1924, p. 76), and (12) to the crowded con-

dition of annuli in scales of old fish or of small size. (13) Regenerated scales may
introduce errors in age determinations, as these scales sometunes may simulate

closely the normal scales, as in the marine herring (Schneider, 1910); or th» regen-

erated area representing the first year's growth may be so small that it is easily over-

looked, as, for example, in the scales of the Atlantic salmon (Milne, 1915).

Prof. D'Arcy Thompson (1914; Sherriff, 1922) does not believe that the annuli

in the scales of the marine herring are invariably year rings. He can not understand

Hjort's and Lea's conclusions, based on scale studies, that (14) one year class

dominated the fisheries for five years in succession, because there must be
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great fluctuations in the annual birth I'ate; and this woukl not allow a smooth

curve, as Hjort obtains, when the specimens are arranged according to their year

class and the percentage of individuals in each.
" * * * ^^ increase of birth

rate or a diminution of natural mortality such as would cause the race of 10-year-

old herring to outnumber all the rest put together from 4 years old to 15, is very hard,

indeed, to imagine [1914]." "That 4-year herring normally show four rings we all

believe, but if in a hundred herring, mostly four-ringed, I find a few with three and a

few with five rings, am I bound to believe that these are younger and older fish mixed

up with the 4-year-oids; or may they not be merely variants or abnormal members

of the stock?" There is room for doubt * * *
[Sherriff, 1922]." Thompson

(1914) refers to Miss Massy's (1914) experiments, which showed that 3-year-old

oysters reared in an aquarium had formed from two to seven rings in their shells.

Experiments on the formation of rings in oyster shells showed that the variations

from the mean in the number of rings in an age group appear to follow the laws of

chance, the mathematical laws that govern the phenomena of variation. As (15)

the samples of herring showed a similar variation about a mode (unimodal) as the

oysters, the critic believed that each sample comprised not different age groups but

one homogeneous age group v.ith a variable number of rings. Thompson points out

that in the haddock, cod, and plaice the size groups fall into several groups; normally
the size-frequency curves of these species are multimodal, not unimodal.

Under Thompson's direction. Miss Sherriff (1922), a mathematician, attempts to

ascertain by mathematical analysis whether a sample of herring of a single shoal is a

homogeneous age group and whether "ringiness" is or is not a measure of age. She

concludes that the analysis favors the hypothesis of a homogeneous age group, but

that further studies must be made to definitely solve the problem.
Birtwistle and Lewis (1923) and Lea (1924) discuss Miss Sherriff's criticisms.

The former authors point out that both symmetrical and asymmetrical curves may
come from the "laws of chance;" that asymmetrical curves may go along with

homogeneity or with heterogeneity, and that asymmetrical curves may even be the

results of several symmetrical curves combined. They construct an age-length

frequency curve for 389 plaice and point out that it is difficult to deduce from the

resulting asj'rnmetrical curve that the plaice are heterogeneous with respect to age.

If the age were in doubt, we might argue that all the plaice were two years and that

the number of rings on their scales varied, as Sherriff does in the herring; but in plaice,

experiments have shown that age estimation is a fact. "How are we going to recon-

cile these two positions, namely, that we can construct a curve from a sample of

herrings, which suggests that variations in length and scale rings are due to chance

and do not indicate age, and at the same time we can construct a sunilar type of curve

from a sample of plaice in which we do definitely know that the variations in length
and otolith rings do indicate four different age groups [p. 791?"

Lea's paper is a direct reply to Miss Sherriff's. Analyzing Sherriff's and Thomp-
son's statements. Lea writes:

It would appear, therefore, that there can be no doubt that Prof. D'Arcy Tliompson considers

the conformity between the empirical curves of frequency and the theoretical curves of variation

to be a criterion in deciding whether a sample of herrings contains one single year group or several.

To my mind it appears somewhat singular that he has made no attempt to demonstrate the justi-
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fication of an assumption which is of fundamental importance for the biological valuation of the

results of the mathematical analysis
* *

*, Xhe investigation [Lea's] has been an attempt to

decide the following question: Is it possible that herrings of several age groups may form a shoal,

for which the curves of frequency with regard to length as well as to age have such a shape that

there may be adjusted theoretical curves of variation with considerable "i^robability of fit" [p. 6] ?

From a consideration of hypothetical and actual samples Lea concludes:

From the above it will be seen that empirical curves of frequency, of which the similarity to

theoretical curves of probability or variation can not be doubted, may arise from and represent

processes which have nothing to do with variation and variability in the sense given to these terms

by Prof. D'Arcy Thompson. The curve of frequency for the length of the herrings in a random

sample may easily show sufficient degree of similarity to a theoretical curve of variation, even

though the individuals in the sample belong to several age groups, and the curve of frequency for

the number of rings on the scales may also have a form, which is so like a theoretical curve of varia-

tion that it might be mistaken for one, without this fact arguing against the assumption that the

rings are annual rings and that consequently the curve of frecjuency represents the distribution of

age in the shoal from which the sample comes.

But if that is so, the results of Miss Sherriff's analyses justify the conclusion that the rings

on tlie scales are annual rings as little as they justify the assumption of the contrary. The method
does not carry us any further towards the solution of this problem, in one or the other direction.

It is not a method for an investigation to determine the nature of the scale rings, as it does not

suit the problem to be solved.

The problem concerning the rings on the scales of the herrings is -per se a problem concerning
the rate of formation of rings in the course of time.

A general criticism of the age hypothesis, which probably did not receive due

consideration by the critics in the past, is (16) the scarcity of convincing experi-

mental evidences. Such data are lacking even now for most of the species of fish

whose scales have been employed for age determinations. The experimental data

are probably adequate only in the case of the carp, the Pacific and Atlantic salmon,

and the whitefish, while they are fragmentary in about a half dozen other species of

fish. It is partly due to this factor, "it has never been proved," that Prof. D'Arcy

Thompson persists in liis attacks on the age hypothesis in fishes in general (1917) and

in the marine herring in particidar.

Most of the 16 criticisms listed above are specific
—that is, they involve only

the particular species referred to. It is not improbable, however, that had a critical

study accompanied each new investigation some of the vaUd criticisms would now
have a much wider application. Further, all the criticisms do not have the same

importance; it is now definitely Icnown that some are untrue [2 and 7 (Jacot, 1920)],

or, though acknowledged as being generally true, do not disprove necessarily the

age hypothesis (1, 9, 14, 15, and 16); some are questionable, supported by no defi-

nite data (8) or supported by controvertible data [3 and 6 (Arwidsson, 1910); 7 and

15 (Sherriff, 1922)]; and some, though valid, apply to exceptional cases .only (4 and

13) or permit corrections (5) or make age determinations doubtfid in the species of

fish involved or in certain individuals only [4 (marine herring, eel), 5, 6 (Rich, 1920),

10, 11, and 12].
INDIRECT EVIDENCES

The indirect evidences that were believed to support the age hypothesis are as

follows: (1) By following the growth liistory of the marginal portion of the scales of

fish collected at intervals throughout a part of a year, or for a longer period, it was
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ascertained that an annulus formed during a certain definite period of the year (Lea,

1911; Fraser, 1916 and 1917; Clark, 1925; Hodgson, 1925; and many others). (2)

In a fixed, homogeneous fish popuhition a dominant age group, as determined by
scales, persistently preponderates in all the representative samples of a series taken

in the same locality and in the same year but on difi^erent dates (Lea, 1910). (3)

An unusually abundant year class may persist in the commercial catches for two
or more years, and in each successive year the dominant group will show one addi-

tional annulus on their scales (Lea, 1910; Hjort, 1914). (4) Fluctuations in the

fisheries have been definitely correlated in several cases with the scarcitj' or abun-
dance of a particular j^ear class, as ascertained by the scales (Hjort, 1914; Jarvi,

1920; Storrow, 1922). (5) The interval between the periodic "big spawning runs"
in certain species of Pacific salmon coincides with the number of years (as determined

by the scales) required for. the attainment of sexual maturity by most of the indi-

viduals of a year class (McMurrich, 1912, p,5; Gilbert, 1914, p. 56). (6) Norwegian
herring recognized in the commercial catches of 1910 to 1915 by their abnormal
scales (the third summer zone was narrower than the fourth) each successive year
showed an additional annulus on their scales (Lea, 1919). (7) The well-known fact

that the lengths calculated from scales have nearly the same average value as the

corresponding average length of directly measured fish whose approximate age is

known points to the correctness of the age hypothesis. (See Gilbert, 1914, p. 64;

Thompson, 1917, p. 61.) (S) Life-history data acquired by the scale method have,
in many species, been found to agree with similar data obtained for these species by
other methods, such as the frequency curves first employed by Petersen (1891 and

1895; Thomson, 1904). (9) Immature fish are the young fish. The fact that the

scales of these fish show them to be young fish lends support to the accuracy of the

scale method (H. Thompson, 1924). (10) Mathematical tests based on the theory
of probabilities show that, on the average, the age method by scales is correct in

salmon, herring, and gadoids for at least the first two or three years of life (Lee, 1920).

So far as I know, the last statement is the only-one of the 10 evidences listed

above whose supporting data have been challenged. (See Sherriff, 1922.) The other

statements, though supported by accurate even though at times fragmentary data,

have not always been accepted as evidences in favor of the age hypothesis. For

example, evidences 3, 4, and 6 in the herring did not convince D'Arcy Thompson
(1914), but the prolonged dominance of one year class was used by him as an argu-
ment against the age hypothesis. (See p. 290.)

DIRECT OR EXPERIMENTAL EVIDENCES

Because of the general lack of emphasis on the direct evidences, many excellent

opportunities to obtain good experimental data were disregarded by investigators

engaged in studying the rates of growth of fish in the field and laboratory. In some
instances the experimenters made no reference at all to the number of growth zones

or annuli on the scales, but, fortunately accompanied their reports with clear photo-

micrographs of the scales; in others the number of annuli or growth zones was men-
tioned in a casual way only. In this section the papers are reviewed in chronological
order under two major subdivisions, the first to include the evidences obtained from

fish leared in artificial ponds of commercial institutions or of hatcheries and in
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aquaria, the second to include those acquired from marking experiments conducted

in the field.

"Hintze (1888), who for some reason seldom is mentioned in reviews, contributed

the first bit of experimental evidence toward the determination of age by the scales.

He examined carp of known age and announced that the age of this species can be

determined quite accurately fi"oni the structure of the scales. At the same time Hintze

illustrated his method by diagrammatic sketches (reproduced by Walter, 1901) which

left no doubt that he referred to the annuli of scales. His sketches represented scales

of carp in their first, second, third, and fourth year. From these sketches it becomes

quite evident, however, that t.he author's interpretation of the scales was only partly
correct. His scale of the carp in its first summer correctly shows no age rings. The
scale of the carp in its second year shows two annuli of approximated and incompleted
circuli and three zones of relatively widely separated circuli. The scale of the 3-year
fish shows three annuli and four zones of growth, while that of the 4-year individual

shows four annuli and five broad zones. It is apparent that Hintze erred in his

interpretation of the scales of the 2-year fish. According to Walter (1901), Hintze's

difficulties were due to the fact that he did not examine carefully the differences

between the finer structures of normal and abnormal scales nor the characteristics of

a true annulus. His erroneous interpretation was due to the accessory annuli so

common on the scales of carp reared in ponds.
In his prelicninary paper Hoffbauer (1898) describes very carefully the finer

structures of carp scales and presents two sketches. In a later paper (1900) the correct

method of age determination is more clearly elucidated and convincingly established

for carp 3 years of age and younger. Hoffbauer based his conclusions on his knowl-

edge of the life history of many carp bred and reared in ponds for commercial purposes.
To verify his assumptions supplejuental evidences were adduced from carp subjected
to experimental conditions. As Hoffbauer's works form the foundation upon which

all later scale studies have been built and his experimental evidences carry more
conviction than many subsequently produced, I shall review his work more in detail.

Hoffbauer observed that the scales of the pond carp grev/ with the body. He
noticed that during the warm months of the year, when the fish grew most rapidly,

the marginal concentric ridges of the scales stood out in bold relief and were well

separated, but as v/inter approached they became more closely approximated and

began to diverge and break in the lateral fields. This condition at the margin per-
sisted throughout the winter when the carp were in a state of hibernation and all

body growth had ceased. With the resumption of growth in the spring the widely

separated circuli reappeared at the margin. The mark thus left on the scales he cor-

related with a retardation in growth and concluded that the number of such marks

gave a correct index to the age of the fish. He" successfully applied his hypothesis
to many pond carp whose ages and life histories were known.

In order to verify this hypothesis the author subjected normal carp to various

environmental conditions. He considers, first, a carp in its third summer which had
been undernourished all its life and consequently had grown very slowly. He observed

that (1) the circuli were more closely approxunated and more uniform throughout the

entire scales than those of normal scales, (2) the annuli were less marked than in

normal scales but were recognizable by the usual characters of an annulus, (3) the
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number of the circuli in each growth zone, and (4) the distances separating the anniili

fell below the normal.

He considered next a series of scales taken periodically from carp reared in pond
and aquarium and observed that the rate of growth of the scales, the number of circuli,

and the distances between the circuli varied directly with the rate of increase in body
weight. The aquarium fish grew more slowly than those of the pond. Further, to

eliminate racial differences he took two carp of the same brood and of equal weights
and placed one in an aquarium and the other in a pond, at the same time removing
a few scales from each fish. At a later date more scales were removed and compared
witli those first taken. Those from the pond specimen showed an increase in scale

surface with widely separated circuli, while those of the aquarium fish showed little

increase in scale surface and closely spaced circuli. He ascribed the difference in

growth to the richer supply of plankton food in the pond water.

That other factors may be involved in scale growth he illustrated by the fol-

lowing: The water in a pond containing carp was accidentally allowed to evaporate.
Some time after renewing the water supply in this partly dried pond the scales of a

surviving carp were examined. It was foimd that the abnormal condition was

registered on the scales by the formation of dark, closely approximated circuli, the

normal condition by clear, widely separated circuli. It was assumed that the carp
were unable to acquire their customary food. Again, an individual was found to

be greatly emaciated, and on examination a swelling was located in its anal region.

Hoflbauer found that the scales indicated very clearly when the growth processes
were first disturbed.

The oldest carp examined were at the end of their third year. The author believed

that the reading of the scales from carp older than three years became increasingly
difficult with age as the transparency of the scales diminished with their increased

thickness and size, rendering the circuli, especially those of the first year, less dis-

tinguishable. He also found that all the scales of a fish were not equally reliable

for age determination, as some developed more or less sharply defined accessory
annuli. However, if a large number of scales were examined some would register
the true age.

In later papers Hoflfbauer (1901, 1904, 1905, and 1906) supplied further evidences

to support his hypothesis. He extended his observations on the carp and applied
his method to several other species of fish {Carassius ca?-assius, Micropterus sahnoides,
Perca lucioperca, Esox and Salmo).

Reibisch (1899) attempted to apply Hoft"bauer's method to the scales of the

marine plaice (Pleuronectes platessa) but failed. At Professor Hensen's suggestion,
Reibisch then turned to the otoliths, or "ear stones," and discovered the year rings
in these structures.

The observations of Hoffbauer were repeated, and his conclusions were examined

critically by Walter (1901), who studied the scales of the carp in commercial ponds.
He granted the general truth of Hoffbauer's hypothesis but maintained that unless

the finer structures of a scale were known age determinations would be erroneous

in a large percentage of cases. Thus, for example, of 24 determinations that he made
13 were found to be incorrect. He found that Hoffbauer's criteria for a true annulus

997(30—29 3
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could not be relied upon with certainty and therefore proceeded to search for other

criteria. In doing so he discovered the fundamental principle underlying the method,
later devised by Dahl and Lea, of calculating the length of a fish for each year of

its life by the proportionate width of the bands on its scales. Walter found that the

relative width of a year zone on a scale expressed to a certain degree the relative

intensity of body growth, designated in terms of length and height.
As Walter's paper is seldom referred to and his highly significant contribution

to the scale method seems to have been overlooked, I quote him verbatim (p. 108):

Im Durchmesser des Vorder- und Hinter-feldes musz also das Langenwachstiim, in demjenigen
der Seitenfelder das Hohenwachstum sich widerspiegeln. Die Verhaltnisse der einzelnen Jahres-

felder und der verschiedenen TeOe desselben Jahresfeldes zu einander werden uns deshalb ein

getreues SpiegelbOd des betreffenden Wachstunis geben. Unter normalen Verhaltnissen und bei

rationeller Zuchtmethode ist der Langen- und Hohenzuwachs im zweiten Lebensjahre weitaus am
groszten, deshalb musz auch das zweite Jahresfeld der Sohuppe die groszte Breite besitzen. Von
da ab nimmt bei iiber-wiegendem Breitenwachstum das Langen- und Hohenwachstum bestandig

ab, mit ihm auch die Breite der folgenden Jahresfelder der Schuppe. Wir konnen alsobereitsaus

der relativen Breite der einzelnen Jahresfelder bis zu einem gewissen Grade auf die Intensitat des

VVachstums innerhalb der verschiedenen Jahre scMiessen, und ganz besonders ist das der FaU beim

ersten und zweiten Jahresfelde, in welchen ja nur das Langen- und Hohenwachstum zum Ausdruck

gelangt.

Walter emphasized the fact that the growth of a scale in length is correlated

with the growth of the body in length and not, as Hoffbauer stated, with the growth
of the body designated in terms of weight.

Thomson (1904) recorded some observations on the scales of a young whiting

{Gadus merlangus) held captive from May, 1902, to July, 1903 (age, 1 year and 4 or

5 months). The specimen grew from 10 or 20 millimeters (0.4 to 0.8 of an inch) to a

length of 8J/^ inches. It was "fed regularly from the hand." No winter ring was

recognizable in its scales at the time of death. Thomson attributed this absence of

an annulus to the fact that the fish was supplied with food regularly.

Johnston (1905) presents photographs of scales taken from hatchery salmon

{Salino solar) 1, 2, and 3 years of age. After describing the scales of the 1-year

salmon and comparing them with the scales of the 2-year fish he observed that

"the growth of the first year is easily distinguished" in the latter and that "the

new season's addition is marked by a wider separation of the lines at the periphery

of the scale." In the scales of the 3-year salmon retained in a fresh-water pond
"the growth of the first and second years can be made out, but the lines of the latter

are not so easily distinguished from those of the third year." In a second experiment

Johnston (1907) again found that artificially reared salmon 2 years old had completed
two annuli on their scales.

Salomon (1908) found two distinct summer growth zones in the jawbones of an

artificially reared and well-nourished river trout (Huche) 0.90 kilogram in weight

and 1 ]^ years of age.

Dahl (1910) studied hatchery salmon and trout of known age and known life his-

tory and concluded, as Johnston, that "the markings on their scales corresponded

exactly with the seasons durmg which the fish have lived," and that the age deter-

mined from the scales agreed with the known life of each individual. Dahl's speci-

mens hatched in five different years ranged from 1 to 3 years in age.
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Menzies (1912) found it impossible to estimate the age from the scales of an

Atlantic sahnon hatched in April, 1905, and regularly fed in a pond until its death in

August, 1911, when it weighed 4 pounds and 3 ounces. Although the fish had

spawned in January, 1910, and in March, 1911, no spawning marks were found on its

scales.

Mohr (1916) examined the scales of 28 perch pike {Lucioperca sandra Cuv.),

which, reared in a pond from eggs laid in April, 1915, were killed November 13, 1915.

The fish averaged 9.3 centimeters in length and 4 grams in weight and their scales

showed no aim^uli.

In August, 1914, Storrow (1916) placed a European wrasse {Labrus bergylta), 2

to 3 centimeters long, in an aquarium and found that by May 24, 1916, when 8 cen-

timeters long, this fish had formed two broad growth zones on its scales. The new

growth of 1916 had not yet started.

Cutler's (1918) experuuents on 85 flounders and 52 plaice, though carried on

primarily to determine "the conditions necessary to the production of these annual

rings [p. 471]," give some direct evidence on the formation of annuli. The experi-

ments were continued from July, 1915, to October, 1916, and scales were taken in

July, 1915, and January, May, and October, 1916. The curves representuig the scale

growth of the fish (ages 2^ to 4}^ years, as determined by scales) in the control

tank during the experimental period show distinct minima (annuli) and maxima

(broad zones) growth rhigs and closely follow the temperature changes of the seasons.

Even the fish m two of the experimental tanks ("abundant" and "scanty") formed

distinct minima and maxima rings, which corresponded to winter and summer tem-

perature conditions, respectively.

Eraser (1918), on examining scales taken January 29, 1917, from four artifi-

cially reared sockeye salmon hatched in the spring of 1913, reports that, "although
there is much sameness in the rate of growth mdicated throughout, it is possible in

almost every perfect scale to make out the winter check somewhat readily."

To test Reibisch's otolith method, Williamson (1918) examined the otohths of

two plaice of known age, the one 4.5 centimeters long and 14 months old, the other

11.5 centimeters long and 2 years and 8 months old. The latter individual did not

show more rmgs than a specunen of the same size, which Reibisch believed was 11

months old. Williamson concludes, therefore, that Reibisch's claim that one ring

of an otolith stands for one year of life rests on no substantial basis. "His assump-
tions are unsupported by any satisfactory argument. His paper appears to be a

special pleadmg for the one-rmg, one-year hypothesis, not an attempt to discover if

age markings actually e.xist." Williamson considers the number of prominent rings

on the otoliths to be a measure of the size of the fish.

Rich (1920) studied several series of scales from chinook-salmon fry and year-

lings of known ages and found that, "Compared with the scales of wild fish, those from

hatchery specuneus show an iiregular growth. There are frequent minor checks,

indicated by narrower rings; but, as a rule, the true winter check is less well marked

[p. 9]."

Peart (1922) observed that annual growth is not nearly as well difl'erentiated on

the scales of artificially fed trout as on those of the wild fishes. The former scales

are read with some uncertainty, the doubtful area being confined to the first two or
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three years of life, the years of sexual immaturity. Peart ascribes this "vagueness
of artificial scales" to the attempts of the breeders to make their fish grow continu-

ously.

In a previous paper (Van Oosten, 1923) I have shown that scale age and fish age

agreed in whitefish 8 and 9 years of age
—

^.the oldest fish yet recorded in whicli the

nimiber of annuli was demonstrated to agree with the years of life of the fish.

My conclusions were based on a study of the scales of 27 whitefish {Coregonus

clupeaformis) hatched and reared in the New York Aquarium. The fish were hatched

in January, 1913, and died (or were killed) at intervals between August 13, 1920,

and January 3, 1922— a period of 16 months. The fish received had died (been

killed) during every month of the year except November. It was shown that the

first eight specimens received, which ranged from 7 years and 7 months to 8 years
and 2 months in age possessed scales with seven completed annuli and various

amounts of marginal growth. The eighth annulus was first completely formed in the

specimen killed April 28, 1921, at the age of 8 years and 3 months. The fish received

after April, 1921, whose ages varied from 8 years and 4 months to 9 years, showed

eight completed annuli and various amounts of marginal growth on their scales.

Five photomicrographs of scales taken from fish killed in different months were pub-
lished. I concluded that the annuli m whitefish scales are "of the same number as

that of the winters of the fish's life, if we exclude the first one in which the fish was
hatched."

In October, 1919, Dannevig (1925) placed 150 codlings, 8 to 12 centimeters

long and presmnably about 63^ months old, in a hatchery pond and studied the scales

of 61 of these caught at irregular intervals until May 23, 1922. The fisli were fed only
from May to the middle of December in each year. In October, 1919, small sclerites

were situated at the edge of the scales of all fish. In the following March, May, and

June the smaller fish still showed small sclerites at the margin of the scales, but the

larger specimens showed large sclerites. The fish taken in December, 1920, March
and April, 1921, had large sclerites at the edge of their scales and two minimum-growth
zones situated at a considerable distance from the margin, although the December

specimen was only about 203^ months of age. The specimens taken October, 1921,

showed small sclerites at the edge of their scales, while those taken May, 1922,

showed three minimum-growth zones and a large marginal growth of wide sclerites.

It is unfortunate that the more critical data of winter specimens were not obtained.

The experunent, as far as it goes, probably confirms the age hypothesis. Dan-

nevig concludes that in the majority of individuals the zones with minimum sclerites

are autumn zones and tell how many autumns the fish lived. "The greatest diffi-

culties appear when deahng with the slow-growing individuals, the lack of large scle-

rites makes the resting zones to intermerge, being often only separated by a few medi-

um-sized sclerites. On the other hand, such medium sclerites might appear in the

middle of a resting zone; in such cases we may erroneously be inclined to count two

zones. This is the case especially when dealing with the mediinn-sized material

from May and June, 1920.
"

H. Thompson (1926) attempted to show experimentally the effect of regulated

and plentiful food supply on the general metabolism of haddock, codling, whiting,

and saithe introduced into tanks at various times during the period 1922-1925. The
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average temperature of the aquarium water was the same as that of the water in the

sea, but abundant food was supplied continuously. The haddock and whiting Hved

well to the end of the third j^ear; the codling did not do well after the beginning of the

third summer, nor the saithe after the completion of the second autumn. Growth
was continuous throughout the year, the ma-ximum occurring from May to October,

the minimum in March. In all cases where fish were transferred to the aquarium

during the season of greatest growth a false winter mark appeared on the scales.

Thompson concludes that abundant proof was obtained of the unfailing formation

of normal winter markings on each occasion that the fish passed through one or two
winters in captivity, although growth did not actually cease, as occurs in the sea.

The annulus was a slighter check in the aquarium than in the sea fish.

Creaser (1926, p. 37) writes: "A series of bluegills {Helioperca incisor), sunfishes

(Eupomotis gibhosus), and large-mouthed basses {Aplites salmoides) collected in

February had scales with margins like those of late fall. When these fishes began
to grow in the laboratory a typical annulus was formed Dy the resumption of scale

growth. This production of an annidus after a period of growth cessation has also

been shown for the green sunfish {Apomotls cyanellus)." (Work on the green sunfish

was done by a student of Prof. Frank Smith, University of Illinois.)

Johnston (1905 and 1907) is probably the first to test successfully the age hypo-
thesis by marking wild fish in the field. Atlantic salmon were marked during the

period April 25 to June 6, 1905, when, as young fish (smolts), they were migrating to

the sea. The first marked grilse of this e.xperiment was recaptured June 1, 1906, and

subsequently many other marked specimens were taken (Johnston, 1908 and 1910).

Mr. Johnston published photographs of scales taken from marked salmon that had
returned after a sojourn of 1, 2, 23^, 2%, and 3 years in the sea. In aU recaptured
fish the number of broad summer (sea) growth zones on the scales corresponded with

that of the summer seasons the fish were known to have spent in the sea. Johnston's

results were confirmed by the work of Hutton (1909 and 1910), Malloch (1910),

Milne (1913), Menzies (1913), and others who reported on scales taken from marked
Atlantic salmon.

Gilbert (1913) refers to a marking experiment performed in the midwinter of

1910-11 in California on some yearlings of the Pacific coho salmon. "In the spawn-
ing run of the winter of 1911-12 several of these returned to the same stream as mature
male grilse, with scales clearly in agreement with their known age, having formed a

single summer band outside the close-ringed nuclear area and a marginal narrowing for

the fall growth [p. 17]."

Winge (1915) found that the marked cod studied by him formed one or two mini-

mum growth zones on their scales, depending on the interval between marking and

recapture. The minimum zones formed in March.
Fraser (1921) reports the capture of a Pacific coho salmon on October 11, 1917,

and of a Pacific spring salmon on January 9, 1918, both of which had been marked
as fry on March 24 or 25, 1915. The scales of both specimens corresponded perfectly
with the known age of the fish.

The California Fish and Game Commission made several experimental plantings
of marked Pacific salmon. In 1919 one specimen was captured from a lot of 3,500

quinnat salmon hatched in the winter of 1914-15 and marked on February 15, 1916.
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Five broad growth zones were plainly evident on the scales of the captured fish

(Snyder, 1922, p. 107). Three lung salmon hatched in the winter of 1916-17 and

marked in the fall of 1917 were captured in the summer of 1920 and according to

Snyder (1921) had formed three annuli and an incompleted fourth summer's growth
zone on their scales, although, judging from the photomicrographs of the scales,

Snyder's conclusion is not wholly convincing, as well-defined accessory checks also

appear. The 1919 experiment, however, was the most successful (Snyder, 1922,

1923, and 1924). Of 25,000 king salmon hatched in February, 1919, and marked

in November, 1919, 23 were taken in the fall of 1921, 23 during the period June 7

to November 15, 1922, and 12 during the period June 8 to November 15, 1923.

Snyder describes in detail and illustrates the structural features of the scales of the

marked fish caught in 1921 and later compares these scales with those removed from

the marked individuals taken in 1922 and 1923. In the 3-year (1921) specimens

the normal fresh-water nuclear area as well as the second aimulus are sharply defined.

A large third-year growth is situated at the margin. In the second growth zone,

however, appear two accessory checks, one near the first, the other near the second

annulus. These checks were characteristic of the scales of 17 of the 23 salmon caught.

The scales of the remaining marked fish differed only "in a minor degi-ee from the

others by haA-ing a more or less well-defined check about halfway between" the other

two accessory checks. The author associates these accessory or minor checks with

the feeding habits of the salmon. Besides indicating that the scales of the marked

fish captured in 1921 interpret their age and life history quite accurately, the author

compares the nuclear area of these scales with the scales of the yearlings preserved

at the time of marking and finds that the two structures are identical. His photo-

micrographs illustrate this.

The scales of the marked salmon taken in 1922 showed one more annulus than

those of the specimens taken the previous year. Not only this, but the minor checks

found between the first and second annuli in the 1921 fish were also evident in the 1922

specimens. The 1922 scales could be identified, therefore, not only by the scales of

the preserved yearlings but also by those taken in 1921. So, also, the scales of all

the marked specimens taken in 1923 showed the same peculiar anatomic features

found in the scales of the previously captured fish with the 1919 mark. They also

showed one more annulus than those taken in 1922. The fish were in their fifth year.

Nail (1925 and 1927) reports on the recapture of 11 marked sea trout. In every

case a reading of the scales of the recaptured fish confirmed the first reading and

agreed with the known history of the fish, although in every case except one less than

one year intervened between the marking and the recapture.

Sund (1925) published photographs of two scales from each of four saithe, one

scale having been removed from the fish at the time of marking in the summer of 1921,

the other at the time of recapture in the summer of 1922. The English summary of

Sund's article does not state whether the scales correspond with the known history

of the fish, but the photographs indicate that the two smaller individuals (53 and 57

centimeters) had, at the time of recapture, added one annulus and part of the 1922

summer's growth to their scales, while all the scales of the larger fish (80 and 90

centimeters) are undecipherable.



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 301

The above review indicates that the large majority of the experiments on the

scales of fishes favor, as far as they go, the age hypothesis. It is a question, however,
in certain cases at least, in how far the interpretation of the scales of the experimental
fish was influenced by the known history of the specimens. We know, for example,
that Hintze's interpretation rested entirely upon such knowledge. Or, again, in

the case of Fraser's (1918) or Snyder's (1921) 4-year-old salmon it appears dubious,
as judged from the photomicrographs of the scales, whether one wholly ignorant of

the fish's history could interpret correctly its scale with absolute certainty. The
failure of an annulus to form so as to be recognizable was in every case (Thomson,

1904; Menzies, 1912; Peart 1922) ascribed to an abundant supply of food.

CORRELATION BETWEEN GROWTH OF BODY AND SCALE

HISTORICAL

Walter (1901) first announced that the relative length and width of a growth
zone on a scale expressed to a certain degree the relative intensity of body growth,

designated in terms of length and height. (See quotation, p. 296.) He measured

the shortest diameter included in each growth zone of 20 scales from each of three

races of commercial pond carp in their third year. As the growth history (that is,

the average weight, height, and length) for each year of life of these races was known,
Walter was able to compare the average length of each growth zone on the scales

with the average weight, length, and height of the fish for corresponding years and

discover that the growth of scales is correlated with the length and height of the

fish and not with its weight. Expressing the average weights of carp for the first

three years of life in the form of a ratio, he obtained the values 1:10:30 as against

the values 1:1.5:0.67, which express for corresponding years the ratio of the aver-

age widths of the zones on the scales. (The author should have employed the ratio

of the average diameters; namely, 1:2.5:3.2.) However, as a rapidly growing race

of carp attains a length of 7 to 15 centimeters the first year, 25 to 35 centimeters the

second, 35 to 45 centimeters the third, and 45 to 50 centimetere the fourth year, it is

seen that the ratio of the growth zones on the scales coincides more nearly with the

length than with the weight of the fish.

Thomson (1904) and Seligo (1908) measured each growth zone along the anterior

radius but did not compute lengths from their measurements, although the latter did

base his conclusion relative to the rate of growth of the species directly on the relative

width of each growth zone. Dahl (1907) asserted that the rate of growth could be

seen from the width of the zones on scales and illustrated by means of diagrams how
one may distinguish autumn from spring herring by the comparatively large first

year's growth zone on the scales of the former.

The first critical and significant contribution to the subject under consideration

is that of Lea (1910), who investigated whether "the scale of herring might not be

used merely for determining the age of * * * but also for demonstrating how
the particular individual's growth had occurred during the earlier growth periods
* * * to what extent the different individual scales mutually accorded with each

other in their mode of growth, and might be assumed to give the true picture of the

whole animal
"
(Hjort, 1910). From this study the scale formula (p. 272) was evolved.
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In a second paper Lea (1911) applied his formula and showed that the annulus in

the scales of herring formed during the winter months.

Dahl (1910) applied Lea's formida to the scales of the Norway salmon and trout

and found that the calculated and empirical measurements agree almost exactly.

Sund (1911) noted a lack of agreement between the actual and calculated length
values in the sprat {Clupea sprattus) and found what was designated by Lee (1912)

as the "phenomenon of apparent change in growth rate." Lee undertook a critical

analysis of Lea's data and noticed that for corresponding years the total lengths
calculated from the scales of old fish were always lower than those calculated from the

scales of young fish; that is, the amount of calculated growth at corresponding ages
increases regularly as the scales used are taken from fish of younger age groups.

Thus, if the first year's growth increment is calculated from the scales of a 6-year
fish it is less than if calculated from scales of a younger fish. This "phenomenon"
has been found to characterize the uncorrected length computations of virtually all

species of fish studied and up to the present time has not yet been accounted for

definitely. Lee's is the first serious attempt to account for this apparent discrepancy
in calculated growth rate. Her proffered explanations are discussed in detail on

pages 328 to 329.

Lea (1913) answers Miss Lee's paper with a pertinent discussion of his pub-
lished data and offers other statistics to prove that none of Miss Lee's explanations,

except one, can apply to his herring. To get a true picture of the "phenomenon,"
Lea compared the calculated increments of growth, instead of the computed total

lengths, of fish belonging to different age groups but to the same year class and taken

by nonselective nets and considered the immature and mature individuals separately.
He analyzed the phenomenon as follows: (1) In the miniature hemng all correspond-

ing calculated annual increments decreased with each older age group employed.

(2) In the mature herring the corresponding calculated increments decreased v.ith

increased age of the fish used for the first three years of life, increased with increased

age for the next four years of life (4 to 7), and apparently remained constant with

increased age for the later years of life. Lea found that the decrease in the increments

was most pronounced in the period of sexual maturity. He explained this "phenom-
enon" on the basis that the largest individuals of a year class attain sexual maturity
first and then segregate from their own component and congregate with another

which consists of individuals sexually mature. Each year, then, the sexually mature
individuals of a year class congregate with the older spawning fish that comprise the

commercial catches until all the herring of a year class have matured. And, further,

the development of the sex products has a retarding influence on the mcrements of

growth.
Hoek (1912) did not see how Lea's explanations could account for Lee's phenom-

enon and believed that it reflected on the accuracy of the scale method, so that a

comparison of calculated growth rates of fish of different year classes is unwarranted.

Delsman (1913) believed that the low values of calculated lengths probably
were due to the slight contraction with age of the central, older parts of the scales

although he ascribed the "phenomenon" in his herring material to the selective

action of nets (1914). He concludes that on the whole the scale method is accurate
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except for computations for the third year, which are usually about 1 centimeter

too low. The author, therefore, added 1 centhnetcr to all these calculations.

Fraser (1916, 1917) thought that Lee's "phenomenon" was due to the fact that

scales do not appear until the fish has attained a certain length and early body growth,
therefore is not represented in the scale. In the salmon, scales first appear at a body
length of 1.5 or 2 inches. If 1.5 or 2 inches are taken from the total length and the

remainder divided in the same ratio as the growth -zones divide the scales, Lee's

"phenomenon"', so Fraser found, is eliminated from the computations of the salmon.

Meek (1916) compares the actual lengths of the scales of younger herring with

the corresponding lengths at each annulus of the scales of older fish and concludes

that no shrinkage takes place in the scale. Meek plots the growth of the scales in

relation to the length of the herring and finds that, due to the late appearance of the

scale, it grows relatively faster than the body, the curve of scale growth crossing that

of body growth in the fourth year. The author finds that the selective efi'ect of nets

on the young age groups would not e.xplain the "phenomenon" in older fish, and that

Lea's explanation relative to the segregation of the sexually mature j^oung fish would
not explain the "phenomenon" in his (Meek's) material, which consists largely of

immature herring. Meek ascribes to the imequal growth rate of body and scale the

fact that his calculated length values are always too low in the first two years, nearly
accurate in the third year, and always too high in the fourth j'ear of life.

Mottram (1916) discards Lea's method of computing lengths, for "* * * this

method can not be of value uidess the length of the fish, before scales are laid down,
be taken into account, or unless the fish begins to form scales at a very small size,

or unless the figures so obtained are such that they can not possibly be accounted

for by the error in this method. Further, this method will be liable to an additional

error if the scale-covered part of the fish does not always bear the same relation to

the whole length of the fish [p. 45]." Lea's scale method is subjected to another

source of error, owing to the fact that there is a wide variation in the relative sizes

of the different parts of the scale among scales taken from the same fish. Mottram
found, further, that Lee's "phenomenon" is reversed in Dahl's calculated measure-
ments of the trout—that is, the corresponding computed values for any one year of

life are larger in the big fish than in the small. In a study of comparative growth
rates Mottram, therefore, groups his salmon according to the order of size of the

actual scale measurements.

Taylor (1916) first pointed out that the error due to the more rapid growth of

the scales than of the body relatively in early life "is probably compensated for by
the late appearance of the scales," for he found that this error was negligible in his

calculated lengths of the squeteague (Cynoscion regalis).

Molander (1918) attempted to ascertain whether the noted irregularities in the

relations between herring and scales might not explain the irregularities in calculated

growths. He obtained some interesting results:

1. In herring of different ages but of the same length the older have the larger
scales. The scales, therefore, have not been developed to the same degree in a

rapidly growing herring as in a slowly growing fish.

2. "The growth relation between fish and scales is entirely reversed in the course

of years. The relatively greater growth of the herring, to begin with, is accompanied



304 BULLETIN OF THE BUREAU OF FISHERIES

by a relatively weak growth of the scales, whereas afterwards the slower growth of

the herring is accoinpained by a relatively stronger increase in the scales.
* * *

Broadly speaking, the growth of the fish proves to be relatively stronger during the

earlier years, that of the scales relatively stronger during the later." In this connec-

tion Molander does not explain the overlapping of scales. As was pomted out by

Taylor (1916), scales that do not overlap at first must grow proportionately more

rapidly than the body in order to do so.

3. The growth of both the scale and body is undulating
—that is, a period of

relatively strong growth is followed by one of relatively weak growth or, vice versa,

weak and strong growths alternate; but alternating growths in fish and scales do not

quite correspond. In the first four years fish and scale growth vary in the same way,
but after that it appears that when scales have a strong growth the fish has a weak

growth, and vice versa. This "
antichronizing undulating growth" heightens the

disproportion between the growths of the fish and scales, which is chiefly due to the

late formation of scales. Tardy scale formation is also responsible for the lack of

synchronism in the imdulating growth.
4. Lea's explanation of Lee's "phenomenon

"
(selection and retardation of growth

due to sexual maturation; see p. 302) is open to certain objections. If Lea's con-

jectures are correct, samples of herring should be predominantly mature or immature,
and the lowering of increment values should end with the maturing of the species.

But neither of these expectations materialize m the Swedish races of herring. Lee's

"phenomenon" is due chiefly to the variability of the body-scale \y) ratio from year

to year, and the fault of the scale method is that it can not follow these changes
in any particular age group. Another factor that produces irregularities in calcu-

lated growths is the admixture, m varying proportions, in each age group of different

growth groups (faster or slower growing fish) that have dissimilar scale growths.

5. Uncorrected increments of growth and increments corrected for late scale

formation were compared with actual measurements from fish. The uncorrected

values were always too low in the first year of life (except in age group I), too high in

the second and third years, too low in the fourth year, and alternately too high and

too low thereafter up to and mcluding the ninth year. The corrected values were

much too high m the first year, too low in the second year, on the whole too high in

the third year, and thereafter alternately too low and too high including the ninth

year. The alternation of high and low calculated increments is due to the undulating

growth of the scales.

Huntsman (1918a), employing four species of fish, made measurements of four

scale dimensions and examined scales from six different body areas. He measured

the dorsoventral or transverse (F) diameter, the anteroposterior or long ( W) diameter,

and the anteroposterior dimension of the anterior {X) and posterior (F) fields. The

total length of the fish {L) was used as a standard. In Clupea harengus y decreases

continuously with the increasing length of fish,^ decreases with growth at first rapidly

but later extremely slowly, while ^ decreases rapidly at first, then more slowly,
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until it becomes approximately 50 at a body length of about 22 centimeters, when
it increases slightly until death. Huntsman finds that in fish of different ages but

of the same length the older have the larger scales. The varying proportion of

small and large herring in an age group, therefore, would be partly responsible for

irregularities in the growth relations between bod}' and scales.

Huntsman finds that the changes in computed values based on X dimensions of

herring scales are briefly these: "The length at the first winter period decreases

rapidly at first [with age], then remains stationary, and finally increases very slightly.

For the second winter period the length decreases at first, remains stationary, and
then slowly increases. For the third winter period the length is at first stationary and
then slowly increases. For the remaining periods the length increases from the first,

but more at the beginning than later [p. 76]."

In Pomolobus pseudoharengus (alewife) the body scale ratios show that the

posterior field grows at the same rate, relatively, as the whole body after a body
length of 3 centimeters is reached, and that at least in the beginning the anterior field

and the transverse diameter grow proportionately faster than the whole body. The
later increase in the latter shows diflferences, which apparently are characteristic of

the several regions of the body.

In Tautogolabrus a^spersus (cimner) -y
at first decreases with age and subse-

quently increases, while similarly in Pseudopleuronectes americanus (flounder) ^
decreases at first and finally increases with age.

The lack of correspondence between fish and scale growth will account for a

considerable portion of the differences between observed and computed values. There

is a "lack of correspondence in growth between the two principal layers of the scale,

and even between the parts of one layer.
* * * The best diameter for use in

length calculations, if no correction is to be made, is the transverse in the Clupeidse.

The posterior field would be preferable, but the indistinctness of the annual rings in

that region renders it useless [p. 89]."

In another paper Huntsman (1918) points out that by the use of a "movable
curve" cut out of cardboard or wood one can compensate for the differential growth
of the scale compared with that of the body and for the dift'erence in the time of

origin of the various scales according to size.

vSavage (1919) states that three factors may cause the low computed values for

the first year of life in the marine herring: (1) Earlier outward migration from the

inshore waters of the larger yearlings, which would make the actual length values

for 1-year-old fish too high, (2) the variability in the length of the head and tail with

age, and (3) the possible variation in the position of the basal line of the scales with

growth.
Jarvi (1920) compared the calculated with the actual length values for fish

{Coregonus albula) of the same year class. He found that, in genei'al, each year that

intervened between the year of capture and the year for which calculations are made
introduced an error of 0.5 centimeter in length calculations. That is, the calculated

values will be 0.5, 1, 1.5, 2, 2.5, 3, or 3.5 centimeters too low, depending on whether

1, 2, 3, 4, 5, 6, or 7 years, respectively, intervened. He found the error to vary from
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3 per cent (when 1 year intervenes) to 20 per cent (when 7 years intervene). Tlie

calculated values were based on the scale radius.

Jarvi, however, ignored the fact that the discrepancies were greater in his young
fish than in the old for corresponding numbers of intervening years. In his table 18

he considers only the 3-year and older fish. His 2-year fish, for instance, show a

deviation of 1.5 centimeters instead of 0.5 centimeter in the calculations of the first

year of life.

Jarvi later (1924) discovered that the errors in computations varied somewhat
with the races of coregonids. The correction of 0.5 centimeter per year, referred to

above, applies only to individuals of a slow-growing race (Keitelesee, Pielavesi).

In a fast-growing race (Nilakka) the corrective factor must be doubled (1 centimeter

per year). And, further, if the anteroposterior diameter of the posterior field is

employed, the error in each case is reduced by approximately one-half.

Lee (1920) treated the scale lengths (radii) and fish lengths of different species

statistically and concluded that the growth increment of scales is, on the average
for each species, a constanfproportion of the growth increment of the fish, but that

the length of the fish and the length of the scale are not proportional to each other.

The "phenomenon of apparent change in growth rate" is partly due to the method
of calculation, which ignores late scale formation, and is partly due to the segregation
of fish according to size. Lee expresses Fraser's (1916) correction for the fonner

factor in the form of a formula, Zi = C+ -f^ (L-C), in which C is the length of the fish

when scales first appear, L the length of the fish at death, V the scale dimension,

Li the computed length at the end of the fii-st year, and Vi the scale dimension to

the first annulus.

Rich (1920) concluded, from a study of series of fry and yearlings of the chinook

salmon, that "the increase in the number of rings on the scnles and the increase in

the length of the anterior radii are proportionate to the increase in length of the

fish [p. 53]."

Birtwistle (1921) recorded for the herring "the width of the respective summer
zones on the scales as percentages of the measured part of the scale—that is, the total

distance between the 'base line' and the outer edge of the striated portion of the

scale"—and found that the corresponding percentages decreased as older fish were

employed, and that it seemed "as if the whole scale shrinks up in the older fish and

shrinks the more, the older the fish is."

Miss Shorriff (1922) obtained a fonnula {L = AV^ + BV+ C), which presumably

expresses mathematically the growth relation between the body, L, and scales, V, in

the marine herring.

H. Thompson (1923, 1924) finds that in the haddock, fish and scales grow very

nearly proportionally. The disparity between empirical and calculated sizes is due

to the shoaling of better grown young haddock with the less well grown older fish,

and to the employment of scales other than the largest (on flanlc) on the body. "The
size of the first platelet is proportionally smaller than that of the fish by about J^

centimeter, which must be added to the calculated first year size. If scales are taken

from other parts of the body, where they are even later in appearing (than on the

fiank), the error may increase to 2}^ centimeters [1923]." The author finds (H.
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Thompson, 1924) that the scales situated below the third dorsal fin are "practically

representative throughout of the growth of the fish."

Van Oosten (1923) detemiined that in the whitefish the diameter of scales grew
more nearly proportionally with the body than either the anterior or posterior radius,

and that lengths computed from diameter measurements corresponded more nearly
\vith the comparable actual lengths than those calculated from either anterior or

posterior radii.

Dunlop (1924) found that in the "stream type" of sockcye salmon "the size

of the scale relative to the fish is veiy small at 3 centimeters. It increases rapidly to

3.5 centimetei-s and less rapidly from that point. The increase from 3.5 to 10 centi-

meters is fairly constant. The rate of increase becomes less, and at 11.5 centimeters

it stops. From this point the growth of the scale becomes constantly less rapid than

that of the fish [p. 157]." He ascertained that computations made for a fish length
of about 7.1 centimeters are correct, but those made for fish lengths less than 7.1

centimetei's are too low and for fish lengths greater than 7.1 centimeters too high.

Leim (1924) plotted a curve showing the relation between the total diameter of

the anterior field of the scales and the length of the shad {Alosa sapidissima (Wilson)).

Johansen (1925) states that during the first year the scale of the cunner {Tauto-

goldbrus adspersus Walbaum) increases its size ahnost 8 times, while the fish increases

its size almost 20 times. During the second year both scales and fish double in size.

Johansen accepts the scale theory for age detenninations but does not calculate lengths
from scales. He judges the relative growth of the fish by the width of the various

zones on the scales.

Watkin (1926), by observing whether the circuli of the first growth zone become

approximated with age, concluded that the progressive decrease with age in the

breadths of corresponding summer zones in his herring scales was not due to a contrac-

tion of the scales but must be due to the segregation of the large fish of a year class,

as explained by Lea. Watkin does not compute lengths from scales but makes direct

comparison between the actual measurements of the scale zones of the various age

groups.
Greaser (1926) concluded that in the sunfish (Eupomotis gibhosus) the relation

of the posterior, anterior, and total length of the scale to the length of the fish is a

comphcated one, so that no simple fonnula can be stated for the calculation of the

length at past scale margins or annuli. The posterior field grows "proportionately
faster than the fish until the fish is about 60 millimeters long, at which time a direct

relation is estabhshed between the rate of scale growth and fish growth." The anterior

field at first gradually grows more rapidly in proportion than the fish, and the regres-

sion fine bends upward. "This continues and is increased more at a fish length of

about 80 milhmetei-s. As the fish reaches about 120 miUimetei-s in length the scale

grows proportionally less than the fish, resulting in a sharp turn of the curve followed

by a gradual downward trend. In this manner a characteristic sigmoid curve is

formed, showing that the relation of the anterior length of the scale to the length
of the fish is a changing one [p. 57]." The regression line, showing the relation between
total scale length and fish length, "rises in a straight line to a point corresponding to

a length of about 120 millimeters, after which the whole scale grows proportionately
less than the fish and the curve bends downward."
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"For the calculation from the mdividual scales it is best to use the ordinary
scale formula, adding Eraser's correction, and further altering the computation by
the addition of a correction obtained from the average (regression) line. This change
can be computed for the various year groups by projecting a line from the average
size of the year group in question back to the base line at a point corresponding to

the length of the fish when the scale was first laid down. The difference between
this line and the actual curve is then added or subtracted, as the case may be, to the

length obtained by the use of the corrected scale formula [p. 57]."

Menzies and Macfarlane (1926, 1926a) observed Lee's "phenomenon" m the

calculated lengths of salmon, which, though of different ages, belonged to the same

year class. They asserted that the discrepancies are greater than might be expected
from late scale formation alone. The "phenomenon" does not seem to be due to

some obscure phenomenon of scale growth, but rather to some interrelation between
smolt size and length of stay in the sea and possibly to some racial differences and
variations in the food supply of different spawning tributaries.

Nail (1926, 1926a) makes no corrections in the length computations of sea trout

inasmuch as they are fau'ly accurate. He writes, "It should be noted that the

figures in the summary do not confirm Mrs. Williams's (Lee) contention that, unless

allowance is made for the length of the fry before scale formation begins, the measure-

ments for the earliest stage of life will show a progressive diminution as larger and

larger fish are taken."

To obtain du'ect experimental evidence on the validity of the scale formula in

the laboratory is extremely difficult on account of the small amount of body and
scale increments and of the relatively large amoimt of methodical or personal errors

involved. To overcome these difficulties, a large number of individuals must be

employed. My attempt to test the formula on the New York Aquarium whitefish

was therefore doomed to failure. Only few investigators have grasped the oppor-

tunity to obtaui such experimental data.

Milne (1913) measured the photographs of scales of two salmon kelts captured,

marked, measured, and recaptured, and calculated the length of each fish at the time

of its marking. His calculated lengths exceeded the true lengths by one-half inch in the

27-inch salmon and by 6 inches in the 2634-uich fish. Milne concludes that either

the latter scale is abnormal "or that Dahl's system of measurement is not applicable

to a fish that has spawned." As the measurements from different scales of the same
fish seldom agree exactly, the author believes that it is not safe to rely on one scale

alone for the calculated length values.

Wmge (1915) compared the growth increments of the body and the anterior radius

of the scales of four cod captured, marked, measured, and recaptured. Li his ratios,

given below, the denominator denotes the percentage the length of the cod, at its

marking, was of that at its recapture; the numerator denotes a similar value for the

scales. If body and scale had gi'own in direct proportion to each other, each ratio

would have equaled unity.

n 1 T 0-8Q0
1 ,n n J TT 0-713 ^ „„Cod I, Q-;j^=1.10.

Cod II, 0^^=0.99.

Cod III, ^^^
= 1.06. Cod IV, Q-g^

= 1.03.
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The author conchides that body and scale growth are closely correlated, the

discrepancies being due to the fact that the measurements of the live cod arc subject
to "considerable inaccuracy."

Storrow (191G) brought into the laboratory a young Ballan wrasse (Labrns

bergylta), 2 to 3 centimeters long, taken from a rock pool at Cullercoats m August, 1914.

On May 24, 1916, the fish had attained a length of 8 centimeters and completed two

summers' growth. According to calculations from its scales, the specimen had

attained a length of 3.7 centimeters at the end of the first year. This measurement

agrees fairly well with the observed length when it is remembered that the latter

value represented an incomplete growth year. On May 24 no new growth increment

had yet appeared on the scales nor had any body growth taken place since the previous
January.

In April and May, 1915, several carloads of hatchery reared chmook-saimon fry

were planted in a small artificial lake near Seufert, Oreg. Rich (1920) measured a

small series of these fiy at the time of planting. The average length was 44.6

millimeters. On September 2, 1915, 55 of these salmon were recaptured. Their

average length had increased to 80.9 millimeters. Rich found that the sudden

change in their growth rate left a primary check on the scales. This enabled him
to compute from the scales the length of the fry at the time of the plant. His average
estimated length of 47.9 millimeters corresponded very closely with the actual

observed length at the time of planting.

Snyder (1923) computed the lengths fi'om the scales of eight salmon marked
and liberated as fry and recaptured in their fourth year of life. The calculated

lengths indicated that the fish averaged 7.9 centimeters in length at the time of their

liberation and 55 centimeters at the end of their third year of life. These estimated

lengths compare favorably with the actual, which were found to be 8.5 centimeters for

100 fry and 55 centimeters for 50 marked fish recaptured in their third year of life.

H. Thompson (1926) found that haddock formed a sharp "false ring" when
transferred from the sea to the aquarium. By means of this accessory check he was
able to compute, from the scales, the length of the fish when introduced into the tanks.

Employing scales of 1-year fish he estimated that these haddock averaged 13.7

centimeters in length at the time of transference, which value was 0.2 centimeters too

high and thus involved an error of less than 2 per cent. Thompson also presented
direct evidence that the first zone of haddock scales did not compress when additional

material was laid down. Lengths calculated back to the end of the first year varied

as follows: 10 fish gave accurate results, 2 gave results that were slightly too low,
and 12 gave values that were from 0.5 to 3 centimeters too high. The author ex-

plained the high values on the assumption that some of the haddock were so poor
at the end of each year that their scales were absorbed slightly. The experiments
showed that for the first three years, at least, the size of haddock scales increased

on the average in proportion to that of the fish.

Creaser (1926) gives a table showing, for one blue gill {Heliox>erca incisor), the

actual increase in length of scales taken from various parts of the body during an

increase of 10 millimeters in the length of a 57 millimeter yearling fish. He concludes

that "there is little deviation from the direct proportion (between body and scale

growth) during the short scale increment of about 0.2 millimeter." The increments
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calculated from 22 scales varied from 6 to 11 millimeters and averaged 9.3 milli-

meters or 0.7 millimeter less than the actual.

From the preceding review it may be noted that most of the papers devoted to

a study of the body-scale growth relationship are recent, having appeared since 1918,

and involve mainly three species of fish—the marine herring and the Atlantic and

Pacific salmon. From this review it is apparent that the question of the validity

of growth calculations based on the scales of fishes is still a thorny one, indeed. Not

only is there a difference of opinion among investigators employing different species

of fish, but also among those employing the same species or even the same material

(see Dalil, 1910; Mottram, 1916; Lea, 1913; and Molander, 1918). Most of the

investigators agree that discrepancies exist in the calculated growth measurements

of the nature described by Miss Lee as the "phenomenon of apparent change in

growth rate." But of these investigators, only a few (Lea, Jarvi, Menzies and Mac-

farland, and Nail) have attempted to show that Lee's "phenomenon" is also evident

in fish that belong to different age groups but to the same year class. There is also

much disagreement as to the causes underlying the discrepancies in computed growth
values and as to the efficacy of the various methods employed to eliminate these

errors; and yet, peculiarly enough, all the experimental evidences reviewed above

show, as far as they go, that calculated and empirical growth measurements agree
almost exactly.

DIFFERENTIAL GROWTH OF SCALES OF A LAKE HERRING AND OF THE AREAS OF
ONE OF ITS SCALES

In the application of the scale formula (p. 272) to the marine herring (Olupea

harengus), Lea (1910) found that it is rather immaterial in what direction the meas-

urement dimension of the scale is taken if the center of the scale is clearly established.

In Table 8 is given, for a lake herring, the length in millimeters reached by it at the

end of each year of its life, as calculated from different scale dimensions of three

series of scales, one series representing uniform scales taken from the same area and

two consisting of scales taken from different places on the body. The calculated

lengths vary considerably with the different scale dimensions in an individual scale.

They vary less with the dimensions when the averages of several scales are compared,

though the differences are still significant. Comparing for each year the extreme

averages based on different dimensions of scales taken from the same area (series

A) and expressing the difference in terms of its probable eiTor according to the for-

mula given on page 284, I found that the difference between the averages was as

follows: For year I, based on the lateral and anterolateral radii, 18.47 times its

probable error; for year II, based on the lateral and anterolateral radii, 16.11 times

its probable error; for year III, based on the lateral and anterolatei'al radii, 7.15

times its probable error; for year IV, based on the lateral and anterolateral radii,

7.69 times its probable eiTor; and for year V, based on the anterior and anterolateral

radii, 2.68 times its probable error. The difference between the extreme averages
is significant in all years except the fifth. When, however, the scales are taken from

different parts of the body (series B), the discrepancy between the averages, though
still significant in the early yeai-s, is greatly reduced.
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Table 8.—Length, in millimeters, reached by a lake herring 255 millimHern long at end nf each year of

its life, as calculated from difjerenl dimensions of scales taken from, the same and from various areas

of the body. The average is given for each of three series of scales for each year, as irell as limits

of variations represented by the minimum and maximum lengths shown in parentheses

Dimension of scale
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1923) on the New York Aquarium whitefish I stated that for a study of the corre-

spondence in growth of body and scales it is essential to acquire a large amount of

homogeneous material collected at the same time and place, and that in order to check

the calculated values series of fish of the same year class collected in the same season

of different years and in the same locaUty must be employed. No such whitefish

material was at hand at the time of writing, though the material available did lead

to certain conclusions. At present much more desirable material is available in the

collections of lake herring made at Bay City, Mich., on October 26, 27, and 29, 1921,

November 3 and 4, 1921, November 1, 1922, and November 12, 1923. As explained
ill detail on page 280, the collections of October 29, 1921, November 1, 1922, and
November 12, 1923, are presumably homogeneous in character, as each was taken

from one pound net and consisted of fish ready to spawn.

AGE VARIATIONS IN THE GROWTH OF THE HEAD

As variations in the body-scale ratios of the different age groups may be due to

age variations in the growth of the head, I measured, in addition to the diameter

(F) of a scale and the body length (E) measured snout to caudal, the length of the

scale-covered portion of the body, excluding the head and tail. The last measure-

ment (T or Ti) was obtained by subtracting the length of the head {H or Hj) from

the body length (K).^" From these measurements I computed the following ratios:

11/K, HJK, HJV, K/V, and Ti/F. The H/E ratios were determined for lake herring

collected in 1917 and 1919 at various localities on Lake Huron. The Hi/E, Hi/V,

E/V, and Ti/F fractions were computed for 191 herring taken at Bay City, Mich.,
October 26 and 27, 1921. i7,/Fis the difference between E/ V and Tj/V. A summary
of the data is given in Table 9.

Table 9.—Average for each year of H/K ratios for 177 lake herring collected in 1917 and 1919 at

various localities on Lake Huron, and average of HijK, K/V, and Ti/V ratios for 191 lake herring
collected at Bay City, Mich., October 26 and 27, 1921, to indicate age variations in growth of the

head. X and non-X scales were employed in the fractions K/V and TijV. The H\IV ratio is

the difference between K/V and TiJV '

Date and locality
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largest. The H^IV ratios, of course, vary as the HJK. In the TJV ratios the

error due to age variation in head length is eliminated, while in the K/V fractions

the head measurement is included. It is to be noted that the K/ V ratios vary in

the same direction as the TJV, but not in the same relative amount. This indicates

that the head affects the K/V fractions, but only to an insignificant degree. The

age variation in head length can not account for any large or significant variation

that may occur in the body-scale (K/V) ratio with age after the third year.

This conclusion may be substantiated by the application of the statistical formula

for variability, c =
-jrf,

in which c is the coefficient of variability, c the standard devia-

tion, and M the mean. I applied the formula to the E/V and TJV ratios of years

III and IV only. The coefficient of variability was found to be 6.29 per cent±

0.8660 for the K/V ratios of year III, and 6.58 per cent ±0.9059 for the Tj/F ratios

of that year, 8.45 per cent ±0.4851 for the Z/F ratios of year IV, and 8.91 per cent

±0.5116 for the Ti/F ratios of year IV. It is thus apparent that the Z/F ratios are

no more variable than the TJ V, and that head length, therefore, is an unimportant

variable in the former ratio.

AGE VARIATIONS IN BODY SCALE (K/V) RATIOS BASED ON SELECTED (X) AND
UNSELECTED (NON-X) SCALES OF ADULT LAKE HERRING

In a study of the correlation of body and scale length we may compare the

actual measurements of body and scale length directly or the body-scale ratios

{K/V) based upon these measurements. Both methods are employed for the lake

herring.

To eUminate or minimize the errors due to the variability in the growth of

individual scales, I employed for tliis study corresponding scales (X scale)" where-

ever possible; but as the specified scale is not always available and much time is

consumed in locating it, it is not e.xpedient to employ it in life-history work. I there-

fore computed, for comparative purposes, the .E'/F ratio based on those scales (non-X)

actually used for the computations of fish length. As stated on page 274, these scales

were taken from the body area situated between the dorsal fin and the lateral line.

Three or four scales of each individual were mounted, but only one of these was

measured for the computations of fish length. The two series of ratios, K/V on. X
and E/V on non-X scales, are given in Table 10 for each year of Hfe of the herring

collected at Bay City, Mich.

" For method employed to locate this special scale see p. 275.



314 BULLETIN OF THE BUREAU OF FISHERIES

Table 10.—Body-scale ratio (K/V) for each age group of Bay City herring, based on diameter (F) of

special (X) and of unselected (non-X) scales. The body-scale ratios based on anterior radii {ac)

of X scales are given only for fish collected October 29, 1921 '

Date
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Table 11. -KlV ratios based on X scales and on non-X scales of several year classes of Bay City

herring collected in fall of the years 1921, 1922, and 1923 '
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abnormally high and the percentages of increase in length with age in body and

scale coincide more closely than is indicated in this table.

However, computations show that the bigger individuals of age group III possess

larger scales, on the average, than the smaller fish. The leiigth of the scales of 40

herring less than 226 millimeters in length, of age group III, taken at Bay City,

Mich., in 1921, averaged 4.88 millimeters, that of the scales of 26 fish of this age

group 226 millimeters or more in length averaged 5.24 millimeters. Similar values

were obtained for the 3-year herring collected at Bay City on November 1, 1922,
and at Oscoda, Mich., on November 2, 1922. The scales of 48 herring less than 226

millimeters in length of the former collection averaged 4.80 millimeters long, while

those of 88 fish 226 milUmetei-s or more in length averaged 5.15 millimeters; the

scales of 71 fish less than 226 millimeters in length of the latter collection averaged
4.87 millimeters long, while those of 72 specimens 226 millimeters or more in length

averaged 5.11 millimeters. Combining the above averages we find that the scales

of the 159 herring less than 226 millimeters long averaged 4.85 millimeters in length,
while those of the 186 fish 226 millimeters or more in length averaged 5.15 milli-

meters. The KfV ratios of Table 10, therefore, may very well be representative of

the younger age groups even though based on the bigger fish, since the lengths of

both the body (K) and scale (V) of these bigger fish vary in the same direction. The
£^/F ratios of Table 10 show that at least after the second year of life the percentage
of increase in length with age is greater in the scale than in the body of the herring.
The preceding data also show that the ratios based on unselected (non-X) scales

vary no more with the age groups than those based on selected corresponding (X)
scales.

Table 12.—Differences between two series of K/V determinations for several age groups, both made for
same individuals but based in part on different scales of these individuals

Age group
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data suggest that in both the herring and the whitefish scale formation begins at a

fish length of approximately 35 to 40 millimeters.

Superficial observation of the whitefish series reveals at once that the body-

scale ratio in this species decreases rapidly with an increase in the length of the fish,

dropping from 109.87 in the 41-millimeter specimen to 56.20 in the 73-millimeter

fish, a decrease of 53.67. The average ratios of the juvenile whitefish and herring are

considerably higher than those of the older individuals of the same species. The

same is true for the related tullibees, whose ratios lilvewise decrease with size and

with age.

Table 13.—Growth relation beiweeri body and scale for juvenile coregonids

Species and series
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These data indicate that in the coregonids there is a tremendous difference

between the rate of increase in length of the scale and of the body in the early years

of life, the scale apparently increasing at a much more rapid rate than the body.

In the whitefish this is more clearly shown by graphs (fig. 12). The continuous

curve is plotted from the data of the juvenile whitefish and shows, from actual meas-

urements, the length relation between body and scale. The broken line shows the

form the curve would take if the body-scale ratio of the 41-millimeter specimen were

maintained in all the larger fish.
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first to the third year, inclusive, the —y- ratios rise during these years. In the fourth

year both ratios rise and thereafter vary in the same way. According to Molander,

the y ratios indicate that the scales grow proportionally quicker than the body during

L—50
the first three years of life, while the -^rr- ratios indicate that the scales grow

proportionally more slowly than the body. The author believes that the trend of

the y fractions would not be altered by a change in the value 50. This, of course,

is not true. For example, if we subtract 35 millimeters from the average length
i-35

values of the whitefish of Table 13 we obtain y ratios, as follows: For the 53-

millimeter fish, 23.4; for the 269-millimeter fish, 40.7—a rise in values occurs. But
if we deduct 10 millimeters instead of 35, then the ratios become 53+ and 43 +

,

respectively
—a decline in values occurs.

An analysis shows that on the basis of Molander's method of studying body-
scale ratios the following relationships obtain:

L—X '^ T
If —y

— remains constant with increased fish length, -y must decrease.

If y decreases, -y
must decrease.

If y increases,
-p. may decrease, remain constant, or increase, depending upon

the degree of relative slowness of scale growth.

According to these relationships, if y decreases, as is the case in the lake herring,

then either the body and scale actually grow in proportion or the scale actually grows

faster or more slowly, proportionally, than the body. If
-y

remains constant or

increases with age, the scales grow more slowly relatively than the body. The
-y

fractions do not then express the real growth relationship between body and scale.

In the
p;,

ratios we study the length relationship between body and scale; in the

i—50—
y— ratios we study the actual growth relationship. According to the first view

we say, if the fish at the end of its second year of life has doubled the length reached

by it at the end of the first year, then the scale length at the end of the second year
must be twice that reached at the end of the first year if body and scale length are

to maintain a fixed relationship. The percentage of increase must be the same in

body and scale. According to the second view we say if the body growth during the

interval between scale formation and the end of the first year is doubled by the end
of the second year then the 2-year scale must be twice the size of the 1-year scale if

body and scale actually grow in proportion. But in this case the total length of the

" X=leDgtb of fish at scale formation.
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1-year fish is not doubled; the percentage of increase in length is not the same in fish

and scale—it is less in the former.

The scale formula, however, is based on the assumptiori that the lengths of the

body and scales maintain a fixed relationship after the first year of life. The formula

demands that the body-scale ratio of a fish at death be the same as it was at the time

of the completion of each annulus on the scale, irrespective of the actual growth rela-

tionship during the first year or during the intervals between the periods of annuli

formation. The lengths are calculated back to the periods of annuli formation. To

test the scale theory of growth determinations we may then study the
j/ ratios,

JO^ /Tfl
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AVERAGE LENGTH OF BODY AND SCALE COMPARED FOR CORRESPONDING YEARS

The body-scalo length relationship of the adult herring may be shown more

clearlj" perhaps by plotting the average total length of the body and scale for each

year of life on the same graph (fig. 13) or by plotting the average size of the scale

against the average length of the body, as showii in Figure 14. In both figures the

curves are based on non-X scales. The averages employed for Figure 13 are given
in Table 14, those employed for Figure 14 are given in Table 15.

Fable 14.—Average length of an age group, together with average length of its non-X scales for all

Saginaw Bay herring collected in 1931, 1922, 1923, and 1924

Age group
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the sixth year, when the herring attained an average length of 259 miUimeters, the

scale increased in length relatively more slowly than the body.
In Table 10 the average £'/F ratios of years VII and VIII were based on so few

specimens that no safe conclusion regarding the relative increase in length of body and
scale during these years could be drawn from them. For years III to VI, inclusive,

the data of this table agree with those of Tables 14 and 15. When all the data are

considered together we may conclude that the scale of the lake herring increases in

length, on the average, proportionately faster than the body until a body length of

approximately 260 millimeters (age VI) is reached, whexi the percentage of increase

in length is less in the scale than in the body.

Fig. 14.—Body-scale length relationship of adult lake herring (Leucichthys arUdi) arranged according to their size.

The continaous curve based on the average lengths of body and scale shown in Table 15 represents the actual body-
scale length relation; the broken line shows what the relation of the length of the body and scale should be if that

existing at a body length of 190 millimeters were maintained

COMPARISON OF COMPUTED LENGTHS BASED ON ANTERIOR RADII AND
ON DIAMETERS OF HERRING SCALES

A preHminary study of length computations based on the diameters and the

anterior radii of the scales of an adult herring (p. 311) indicated that the former scale di-

mension would in all probabihty furnish higher and perhaps more accurate length values

than the latter. This section includes other data that indicate that this preliminary
conclusion is correct. Two sets of data are available. Two series of body-scale

ratios, the one based on the anterior radii {ac) and the other based on the diameters

(F) of identical scales, may be compared with each other, and series of length compu-
tations based on both the diameter and radius of identical scales may be compared
with each other and with the actual length values.
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The series of body-scale ratios are included in Table 10. They are based on

specially selected (X) scales of the herring taken at Bay City, October 29, 1921. It

may be seen that while the Ejac ratios vary in one direction, decreasing consistently

with age, the KjV fractions vary only slightly at random. Further, computations
show that the difference (0.87) between the extreme averages of Z/F (years III and

VI) is outy 1.22 times its probable error, while that (5.90) between the extreme aver-

ages of Kjac (years III and VI) is 3.35 times its probable error. Again, the coefficients

of variability of the KjV ratios of years III and VI, for example, are computed to be

6.50 per cent ±0.5966 and 6.74 per cent ±0.8300, respectively, while those of Kjac

for the same years are calculated to be 9.38 per cent ±0.8609 and 7.85 per cent

± 0.9666, respectively. These data indicate (1) that the Z'/F ratios vary less with the

age groups than the EInc; that is, the diameter of a scale increases in length more

nearly proportional with the body than the anterior radius, and (2) that the Ej V ratios

vary less than the E/ac ratios with the individuals of an age group. The diameter

of a scale, then, appears to be a better dimension to employ for length computations
of growth in the lake herring than the anterior radius.

Table 16.—Measured lengths, at time of capture, of Bay City herring collected in 1921, 192S, and

1933, and lengths at end of each -preceding year of life, as calculated from both the diameter {V)
and anterior radius (ac) of the scales

BAY CITY HERRING COLLECTED OCTOBER 29, 1921
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Table 17.—Comparison of calculated length values, based on diameter (V) and anterior radius (ac)

with each other and with actual length values. The actual lengths are based on all available Bay
City herring {collected 1921, 192-2, and 1923), while calculated lengths are based on the scales of
these herring, all age groups and year classes being combined '

End of growth year. II
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measured belong. The average of the differences between the calculated lengths

of the two series is shown at or near the bottom in each table for each year of hfe.

These data show that the length computations based on the diameter are always

higher than those based on the anterior radius of a scale, and that the difference between

the computations of the two series increases consistently with each earlier year of

life for which calculations are made, so that the ma.ximum average difference of 13

millimeters is found in year I.

Table 19.—Differences between calculated length values based on different scale dimensions, accord-

ing to number of years intervening between the age of the fish at death and age for which calculations

are made
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for corresponding years of life is less in the young than in the old fish, however. This

is indicated more clearly in Table 20, in wliich is shown the amount of correction

required to bring the computations of the two series into agreement.

Table 21.—Amount of deviation of comptited length values (calculated K) from actual (K) length values

according to length of time that intervenes between the age of the fish at death and age for which
lenqth is calculated
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based on the anterior radius than in those based on the diameter dimension when

two years intervene. The discrepancy in the former calculations increased 164 per

cent, that in the latter 46 per cent.

Unquestionably, we would find, if actual values were available, that the dis-

crepancies in the computations based on the anterior radius increase rapidly with

each additional intervening year. Doctor Jarvi (1920) found this to be true in his

calculations for Coregonus albula. The trend of the available data at least indicates

that this is true in the lake herring. The available data likewise suggest that this

phenomenon is also present in the computed values based on the diameter dimensions

of herring scales. Whether it occurs in similar computations in other species of fish

is not known, as diameter dimensions never have been emplo3^ed before in life-history

work so far as I Icnow. It must be apparent at least that the increase in the dis-

crepancy in computations based on diameters wiU be much less than that in the

error in the calculations based on anterior radii.

In the above discussion of the accuracy of length computations it has been as-

sumed that the values of measured lengths represented all the individuals of the age

groups considered. Strictly, this may not be true. As I shall show later (p. 334),

the lengths given for the 2, 3, and probably 4 year fish are in all likelihood nonrepre-

"sentative of these age groups and are too high, inasmuch as they are based on the mature

and presumably the bigger individuals of the age groups. If this be true, the cal-

culated and actual lengths for the fifth and older years of life should coincide, but the

calculated values of all age groups should be less than the measured for the fourth and

earher years of life. It has been shown that the latter statement generally holds for

all computations of length, whether based on diameters or anterior radii.

As it is not known to what extent the measured length values are exaggerated,

probably no absolutely safe criterion is available by which to judge the accuracy of

the computed length values; but the following conclusions, previously stated, indicate

that the calculations based on diameters are more accurate than those based on

anterior radii: (1) The £'/!'" ratio is more constant with the individuals of an age

group and with the age groups of a year class than the K/ac (p. 323). (2) As both

K/V and K/ac ratios decrease with age, we know that very probably (almost cer-

tainly) the calculated values, in general, will be too low. However, the computed

lengths based on anterior radii will differ more from the true values than those derived

from diameter measurements, as the K/ac ratios decrease more rapidly with age

than the KjV. (3) Virtually all investigators who studied the accuracy of calculated

lengths concluded that those based on the radii measurements of scales are generally

too low, especially those length values computed for the earlier years of life. The

computed length values based on diameter measurements may, then, in all proba-

biht}^ approach the actual values more closely than those based on anterior radii.

The data presented in this section are believed to show (1) that the diameter of a

scale grows in length more nearly proportional with the body than does the anterior

radius, (2) that the diameter dimension is less variable than the anterior radius, (3)

that the computed lengths based on the diameter dimension are always higher than

those based on the anterior radius, and (4) that the computed lengths based on the

diameter, though in general still too low, are more accurate than those based on the

anterior radius.

99760—29 5
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FACTORS INVOLVED IN APPARENT DISCREPANCIES OF LENGTH COMPU-

y TATIONS BASED ON THE SCALES OF HERRING

As the conclusion has been reached that computations based on the diameters

of the herring scales are more accurate than those based on the anterior radii, the

diameters only form the basis of further discussion unless the contrary is stated.

It has been pointed out that average calculated lengths are lower, in general,
than corresponding measured lengths. This is seen by comparing the average
measured lengths shown in the third column of Table 16 with the calculated lengths of

fish of the same age. Thus, 50 3-year fish average 226 millimeters in length, but
the calculated lengths of S-j'ear fish vary from 194 to 216 millimeters (Table 16, col-

umn 8). The differences between actual and calculated lengths are greatest, in

general, for the early years of hfe. This is illustrated in Table 17, where it may be

seen that these differences for years II to VI, inclusive, are 24, 14, 7, 4, and 5 milli-

meters, respectively. The computed length values of Table 16 show another pecu-

liarity, which has been found in the uncorrected computed lengths of virtually all

species of fish. In the fourth column of Table 16 are shown calculated lengths at the

end of the first year of life. The values decrease from top to bottom; that is, the older

the fish whose scale is used for the calcidation the lower the value obtained. This

peculiarity is even more striking in calculated lengths for years II to V, as seen in

the colunms headed "on V."

Thus, while aU computed values apparently are too low, the eiror for a particu-
lar year is greater the older the fish whose scales are used for the calculation. In

general, when we compare the computed values of the various age groups of a sample
for equivalent years we find, as shown in Table 16, that in each year of life these val-

ues tend to vary inversely with the age of the groups from which the scales are taken.

This characteristic of length computations based on scales usually is referred to as

"Lee's phenomenon of apparent change in growth rate."

Miss Lee (1912) has suggested seven possible explanations of this phenomenon.
These involve either the change in the composition of the year classes with age, selec-

tive elimination by death, or change in the scale itself. The suggestions are listed

below.

1. The samples of fish are not representative of a year group; that is, the young-
est year groups are represented only by their biggest individuals, and as we proceed
toward the older groups there appear more and more of those that had been the smaller

individuals in theii- earliest years, so that the average sizes of these older groups tend

to show a less increment of growth and a levehng in values is attained (some such

thing occurs, according to Lea). This Lee termed "the selective effect of size."

2. The nets are selective, retaining only the largest fish of the youngest year

group and e.xcluding the largest fish of the oldest year groups.

3. Conditions of grov/th are improving and the fish actually are growing more

rapidly at present.

4. Females and males that have different growth rates are present in varying

proportion.

5. The scale, especially the flexible newest part, contracts when new increments

are added. Miss Lee noted that the newest increment in the scale is usually wider
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than the scale increment of the preceding year (the reverse of the natural law of

decrease of scale increment with age and slower growth rate of body), which seems to

prove that the scale increment of the year contracts after being deposited.

G. A part of the scale is absorbed in the maturation of sex organs during the

spawning period, as, for example, in the salmon.

7. Occasionally more than one ring forms per year.

The author concludes that the "phenomenon of apparent change in growth rate"

is most likely due to some natural feature in the fish's or the scale's growth or to the

contraction of scales.

Miss Lee's second suggestion, that the nets may act selectively in that they retain

only the largest fish of the youngest year group and exclude the largest of the oldest

year group, does not seem to apply to the lake herring. The pound nets in which the

herring are taken certainly do not exclude any fish because of large size. When it

is remembered that the greatest dimensions of the openings in the mesh of the pot in

which the herring are captured are only 1 ^^2 to IM inches {2}4 to 23^ inches stretched

mesh), it appears highly improbable that any considerable selection of size occurred

in the 3-year group. If we assume an average length of only 200 millimeters (8 inches)

for the smaller fish (the captured 3-year fish averaged 229 milUmeters in length),

their depth would be about 1^ inches.'^ Thus, the largest mesh of the pot about

equals the depth of the smallest 3-year fish; but the mesh that forms the back of the

pot is very much smaller (2 inches), and becomes the bottom in lifting. It is during

lifting that small fish escape through the bottom, and clearly the smallest 3-year

herring could hardly, if at all, get through the small mesh of the bottom while it is

being lifted. Their escape might account for the higher calculated and measured

average lengths of the 3-year fish, but it would not account for Lee's phenomenon in

the calculated lengths of fish of greater age.

The third suggestion of Miss Lee that conditions of growth may be improving
and the younger fish actually are growing more rapidly is applicable to some of the

Saginaw Bay herring. 1 have found (p. 367) that the herring of all age groups actually

had grown faster during the first three years of life in the year 1919 and subsequently
than before 1919; but such increased growth rates can not affect the individuals of

the same year class but of different age groups differently in corresponding years of

life. And yet that is what must have happened if Miss Lee's third suggestion be

true, for the "phenomenon" appeared even when the age groups of the same year
class are compared. Thus, in Table 35, in the 1919 year class, the lengths for all

growth years increase with the use of younger age groups for calculation. All fish

of this year class presumably were living under the same conditions in 1920 and

doubtless reached about the same length at 2 years of age, yet the calculated lengths

vary inversely with the age groups.
Elsewhere (Tables 32 and 33) it is shown that the male and female herring grow

at the same rate. This precludes, for the lake herring. Miss Lee's fourth suggestion

that females and males have different growth rates and may be present in the samples
in varying proportion.

Miss Lee's sixth suggestion is that a part of the scale is absorbed at the time of

maturation of the sex organs. In that case a zone of the scale laid dow^l in the year

'i This value for depth was obtained for 84 Lake Huron herring 220 millimeters or less in length (average 203 millimeters).

Both length and depth measurements were made by Doctor Koelz.
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of spawning, of a width proportional to the growth of the fish in length during that

year, is reduced in width at the spawning time and, with the resumption of growth
after breeding, a spawning mark is left on the scale. However, this suggestion appar-

ently does not hold for the lake herring, as no spawning mark nor any evidence of

absorption is shown in the relief structures on the surface of their scales.

Miss Lee's seventh suggestion is that occasionally more than one ring (annulus)

forms in a year. If such accessory annuli were not recognized as such, but were

treated as normal annuh, the "phenomenon" might appear in the calculations.

This suggestion does not apply to the lake herring, however, if my conclusions are

well founded that normally only one annulus is produced each year and that this is

distinguished readily from the occasional accessory annuli.

There remains Lee's first suggestion that the samples of fish are not representa-

tive of the year group, and her fifth that the newer part of the scale contracts with

age. Miss Lee is inclined to accept her fifth suggestion that the scale, especially the

flexible newest part, may contract whenever additional material is added to its margin.

To ascertain whether this is true in the herring scales, I measured, for the year classes

1918, 1919, 1920, and 1921, the scale diameters at the end of each growth year (Table

22). The average diameter increments derived from these measurements are shown

in the right half of the table. The increment of the fourth year of the 1918 year class

increases as the age of the fish whose scales were measured increases. Likewise, the

increment of the fifth year of this year class is less (0.27) in the 5-year herring than in

the 6-year fish (0.44). Similarly, in the herring of the year classes 1919, 1920, and

1921 the newly deposited portion of the scale, which presumably had not yet con-

tracted, is nearly always narrower than the corresponding older deposits, which

presumably had contracted. The increments of the third growth year are the same

(0.71) in the 3 and 6-year fish of the 1919 year class. It is realized that the most

recently deposited portion of the scales of these fish may not represent a completed

growth year, but as the fish were taken in November it is hardly probable that the

newly deposited zones of the scales of the younger fish would increase sufficiently

during the winter to exceed those of corresponding years of older fish. From the

foregoing it appears that those zones of the scale deposited after the third year grow
broader with time; they seem to expand instead of to contract as the fish grows older

and additional material is added to the margin of its scale.

Table 22.—Average total length and average increment in length, in millimeters, attained by the diameter

of non-X scales at end of each growth year of Bay City herring hatched in 191S, 1919, 1920, and
1921 and captured in 1921, 1922, 1923, and 1934
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While apparently, then, the outer zones of the scales expand with age, perhaps
the inner zones undergo a contraction at the same time. The data of total lengths

of Table 22 indicate that apparently they do contract. In the 1918 year class the

diameters of the scales of the 5-year fish averaged consistently shorter than the

corresponding diameters of the scales of the 4-year fish (compare values 4.86 and

4.58 of the third growth year). The scale diameters of the 6-year herring, however,

averaged longer than those of the 4-year fish in the first growth year, the same in the

fourth year, but shorter in the second and third growth years. In the 1919 year
class the scale diameters of the fourth and fifth age groups, which, except for the

fourth growth year, averaged approximately the same, were consistently shorter

than those of corresponding years of the third age group. So, also, the scale diam-

eters of the 6-year fish of this year class averaged consistently shorter than those of

corresponding gi-owth years (the fifth excepted) of the 3, 4, and 5 year fish. The
1920 and 1921 year classes show even more strildng results. In these fish, without

any exception, the scale diameter of a certain growth year decreases as older age

groups are employed.
It is to be noted that the differences between the total lengths of the scale diam-

eters of any two age groups of a year class diminish after the second or third year of

life (compare, for example, the diameters of 'the 1920 year class). By referring to

the increments of Table 22 it may be seen that as a result of this decrease in the differ-

ences the order of scale increments is reversed after the second or third growth year.

Whereas, the scale increments of the first and second growth years usually decrease

as the age of the fish whose scales were measured increases, those of the third year

change little with age, and those of later growth years increase as the age of the fish

increases (see, for example, the increments of the 1920 year class).

Do the scales of herring, therefore, contract with age? Our data suggest that

apparently a concentration with age takes place in the first two innermost zones of

scales. The data likewise indicate that the third zone changes httle with age while

the outer zones expand. Do contraction and expansion then occur synchronously
in the scales of lake herring? This does not seem possible in view of what is known

concerning the structure of teleost scales in general. "In minute structure each

scale consists of an outer layer of bone, which, like the bone of the endoskeleton, may
either be homogeneous, except for a feeble lamination, or it may contain bone cells

arranged in successive layers parallel to the surface of the scale. In addition, there

is an inner fibrous stratum in which the fibrous bundles in any one plane cross those

in planes above or below them." (Bridge, T. W., in Cambridge Natural History,

1910, Vol. VII, p. 189.) The fibrous bundles of any one plane form a thin lamella.

During the growth of the scale these lamelliB are deposited on the lower surface of

the scale, each new lamella growing larger than and extending beyond the one most

recently formed. Lea (1919) found that in the marine herring (Clupea) the breadth

of the zones of these lameUffi "exhibits an irregular progression, broader belts sud-

denly appearing after a series of narrow zones,
* * * that the transition from

narrow to broader zones takes place just where the surface of the scale shows a winter

ring. Thus, the elementary plates are seen to form their own system of annual rings,

corresponding to that of the surface layer, but otherwise differing greatly from this,

and more resembling that found in the scales of many salmonoids and gadoids, etc..



332 BULLETIN OF THE BUREAU OF FISHERIES

where the winter rings are not so sharply mari^ed, but a gradual transition from sum-

mer to winter is seen [p. 90]." As is the case with the circuli, the number of lamella;

deposited each year varies as the growth rate of the scale. Lea found further that

the outer or "upper covering layer is of almost equal thickness at the edge and near

the center of the scale and evidently does not grow thicker; it is thus easy to under-

stand that the winter rings, for instance, upon the surface of this layer, continue

equally distinct many years after formation * * *
[p. 89]." "The scale may thus

be considered as a greatly flattened cone composed of fibrillary plates
* * *

This cone is evidently covered entirely by a nonfibrillary layer, on the upper side of

which, however, is found finely marked relief which gives the scale its characteristic

appearance [p. 87]."

Miss Lee's fifth suggestion, then, does not seem tenable. We may look for some

other and more plausible factor or factors to account for our paradoxical results.

It was obvious in our discussion of the scale-diameter measurements of Table 22

(p. 331) that there we were, in reality, confronted with Lee's "phenomenon of apparent

change in growth rate." This was to be expected but only on the assumption that

the scale-diameter measurements and the computed length values based on them

are correlated more or less positively, that when the "annidar" scale diameters are

large, the lengths calculated from them will be large, and when small, the lengths

calculated from them will be small. It is conceivable that such a direct correlation

does not exist, as length computations for a particidar year vary as the proportion-
ate length of the scale -diameter of that year in the total length of the scale and not

as the actual length of that diameter. A length calculated from a large scale diameter

may be small, and vice versa. That this is not generally true is evident from the

following facts. It has been shown already that the bigger herring of an age group

averaged larger at the end of the first year of life than the smaller fish (Table 5).

Computations show that the average length of the scale diameters of the first year
of hfe is consistently greater in these large fish than in the small. The same 3-year

herring and the same size groups employed on page 316 for scale-diameter measure-

ments were used here. It was found that the length of the scale diameters of the

first year of life averaged 2.85 millimeters in the 40 small 3-year herring of 1921 and

2.94 miUimeters in the 26 large fish; 3.01 millimeters in the 48 small 3-year fish

taken at Bay City in 1922 and 3.10 millimeters in the 88 large hemng; and 2.78

millimeters in the 71 small 3-year fish taken at Oscoda in 1922 and 2.87 millimeters

in the 72 large individuals. The grand average for the 159 small herring was 2.87

millimeters and for the 186 large fish 2.99 millimeters. As Lee's "phenomenon"
appeared in the computed lengths, it must, as the residt of this correlation, appear
in the measurements of the scale diameters. Likewise, a more or less perfect direct

correlation exists between the total increments of scales and those of the body com-

puted from these scales. The paradoxical results shown in the scale increments of

Table 22 and discussed on page 330 must, of necessity, then, also occur in the body
increments calculated from these scales.
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Table 23.—Average cumpulcd increments in length, in millimeters, of various age groups of Bay
City herring hatched in the years 1917 to 1921, inclusive, for each growth year
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this be true the younger age groups contain a larger proportion of fast-growing fish

than do the older groups, and the "annular" diameter measurements of theii scales

give higher values. In my r'iscussion of the data of Table 30, on page 384, I state

that most herring attain sexual maturity in the third and fourth years of life, and

that in relatively few is the first spawning delayed until the fifth year. It is possible

that the herring that spawn in their third year are the bigger individuals of their

year class, and that those that do not spawn until their fourth or fifth year are

smaller. Some evidence that this is true may be found on page 390, where I show
for the third and fourth age groups of the Oscoda herring that the immature individ-

uals of an age group average less in length than the sexually mature. The influx

of the smaller individuals into the fourth and fifth age groups would presum-

ably tend to lower the average "annular" diameter measurements of these age

groups as well as their average actual measured body lengths. The average lengths
of the "annular" scale diameters would then be less for all corresponding years of

life in the 4 and 5 year fish than in the 3-year fish, and similarly they would, in general,

be less in the 5-year fish than in the 4. It is assumed here that the number of fish

that reach sexual matiu'ity in the fourth or fifth year is large enough to alter the

average giowth rate of their respective age group. Otherwise the corresponding
scale diameters should be approximately the same in the three age groups under con-

sideration. However, the 6-year and older fish of a year class composed wholly of

the surviving mature 5-year individuals ought to show, for the same years of life,

scale-diameter measurements similar to those of the 5-year group. Lee's "phenom-
enon," if conditioned wholly by the growth-rate composition of the age groups,
should not be present in the scale diameter measurements of the fifth and older age

groups of the same year class. These age groups should have identical growth-rate

compositions.
An examination of the total length values of scales given in Table 22 shows that

these data agree fairly well with the above theoretical deductions derived from
Lee's first suggestion, in so far as the interrelations of the scale measurements of the

tlurd, fourth, and fifth age groups are concerned. In general, the scale diameters

of these three age groups decrease in length with age in each year class; but whether

Lee's "phenomenon" is absent from the scale-diameter measurements of the fifth

and older age groups of a year class is not so evident. No data are given in Table 22

for the 7-year fish, while the sixth age group is represented there by 7 individuals

of the 1918 year class and by 18 individuals of the 1919 year class. These age groups
are somewhat better represented in the table (35) of computed body lengths. Even
here the 7-year fish are too sparsely represented to permit a comparison of their

calculated lengths with those of the 5 and 6 year groups of the same year class, wliile

the sixth age group, though better represented, still comprises comparatively few

individuals. Notwithstanding these small numbers, Table 35 shows that the com-

puted lengths of the 6-year fish of the 1917 year class nearly coincide with the corre-

sponding lengths of the 5-year fish of that year class in all years, while the calculated

lengths of the 6-year group of the 1918 year class agree fairly well with the corre-

sponding lengths of the 5-year fish of that year class; Lee's "phenomenon," if present
at all, is certainly not very prominent in the computed lengths of the 6 and 5 year
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groups of these two year classes. It is decidedly conspicuous, however, in these

age groups in the 1919 year class. In this year class the calculated lengths of the

6-year fish are noticeably lower in most years than the corresponding lengths of the

5-year fish. Our data, then, do not appear to be sufficient to enable us to decide

definitely whether Lee's "phenomenon" is present in the scale-diameter measure-

ments or in the calculated lengths of the fifth and older age groups of a year class.

Can the assumption that a selection occurs in the matured age groups, whereby

comparatively slow-growing individuals are introduced into the fourth and fifth

age groups, explain the apparent contraction and expansion of scales? It is apparent
that such a selection could account for the progressive decrease in the scale incre-

ments with age in the first two years of life of the herring of age groups III to V,

inclusive; but it is not clear how this selection can explain why the presumably slow-

growing fish of a year class should, in their third or fourth year of life, become the

fast-growing fish of their year class, and why the presumably slowest-growing fish

should change into the fastest-growing. In other words, it can not explain the pro-

gressive increase in the scale increments of the fourth and later years of life with age.

Another factor—sexual maturation—may be involved here, however. Spawn-

ing takes place in the lake herring in November or December. The annual ripening

of the sexual products and the attendant change in the habits of the fish may cause

an earlier cessation of body and scale growth in mature fish than occurs in immature

fish. The growth zone of the year may be narrower in the scales of mature fish

than it would have been had the fish remained immature. That sexual maturation

retards growth is shown in some fish (for example, the salmon) by a spawning mark.

It is also common knowledge that in fishes (at least in those of the northern latitudes)

the first prominent break in the curve of growth generally occurs in that year in which

a large percentage of individuals reach sexual maturity. This holds, also, for the

lake herring, whose curve of growth, as shown in Figure 39, bends sharply in the third

year. Sexual maturation and retardation in growth are probably positively corre-

lated in the lake herring.

As the lake herring reach sexual maturity in either the third, fourth, or fifth

year of life, it follows that the fourth and older age groups (practically all individuals

in the Bay City samples were sexually mature) include individuals that were immature

in their third year. These immature fish, which, according to Lee's first suggestion,

were the slower growing individuals of their year class, were not retarded in their

growth in the third year by sexual maturation. The fast-growing, mature, 3-year

fish may have been retarded sufhciently in their third year growth rate to allow the

slow-growing, immature individuals of their age group and year class to approach

closely their growth rate, to equal it, or to exceed it. These immature individuals,

on becoming sexually mature in their fourth or fifth year and joining the mature

fourth and (or) older age groups, would then affect the averages of the third-year

scale increments of these age groups in such a way that they would be slightly lower

than or equal to or exceed the average of the third-year scale increment of the mature

3-year fish of the same year class. A retardation in the growth of the sexually

mature 3-year herring could account for the increase in the width of the third year

growth zone in the scales of the 4-year fish, but, as I shall show shortly (p. 336), not



336 BULLETIN OF THE BUREAU OF FISHERIES

for any further inci'ease in the width of this zone in older age groups. In fact, the

average of the third year scale increments should probably decrease in the 5-year

fish. (See below.) The data of Table 22 show that tiiis average usually increases in

the 4-year fish and varies little with the older age groups.
As we assumed was the case in the mature 3-year fish, so, we maj^ believe, must

the mature 4-year herring have been retarded in their growth rate by sexual matur-

ation. This retardation in the growth of the mature 4-year fish would permit the

slower growing immature individuals of the same age and year class to approach

closely the growth rate of the mature, to equal it, or to exceed it. These immature

4-year individuals when joining, in the following year, the mature 5-year fish would
tend to raise the average scale increment of the fourth year of these fish, so that it

would approach more closely that of the captured matiu-e 4-year fish of the same

year class, equal it, or exceed it. The larger fourth-year scale increments in all the

5-year groups, when compared with corresponding increments of the 4-year group

(Table 22), seem to indicate that retardation in the growth of the 4-year fish is always
so great that the immature 4-year fish when in theii- fifth year are able to increase

the fourth year scale increment of the fifth age group considerably above that of the

fourth age group of the same year class.

However, as explained elsewhere (p. 334), inasmuch as the sixth age group of a

year class is composed v/holly of the surviving mature members of the fifth, the scale

increments of these two age groups of a year class ought to be the same in corre-

sponding years. The 6-year fish did not seem to be represented adequately in the

various year classes to permit a definite statement as to the presence or absence of

Lee's "phenomenon" in the sixth age group (p. 334). They gave inconsistent results.

It is a question, therefore, whether the sixth age group should be considered in the

present discussion. If considered, it is at once apparent that the tendencies that

exist in the scale and computed growth (Talkie 23) increments of the younger age

groups continue into the sixth. The scale and body increments of the first two years
of life continue their decrease in this age group, while those of the fourth and fifth

years continue their increase. The 6-year fish agree in these characteristics—con-

trary to what was stated on page 334, they are here consistent. If the data of Tables

22 and 23 of the 6-ycar fish are valid, we are unable, on the basis of the two assumptions
considered above, to account for the continued decrease and increase in the growth
increments in the sixth age group.

Another apparent discrepancy appears in the increment data of Tables 22 and
23. The progressive decrease in the increments of the first and second years of life

with age was explained by assiuning that the third age group included the fast-grow-

ing individuals of the year class, the fourth the surviving, fast-growing mature 3-year
fish and the more slowly growing individuals that reach sexual maturity in the fourth

year, and the fifth age group the surviving, mature 4-year fish and the most slowly

growing individuals of the year class that reach sexual maturity in the fifth year.

Obviously, we should expect the average third year increment (scale and body) of the

5-year fish (also of the 6) to be less than that of the faster growing 4-year group of

the same year class; but Tables 22 and 23 show it to be the same, less, or greater.
Is probably another factor uivolved? The only other plausible factor that I can

suggest at pr,esent is the "law of compensation in growth" developed by Gilbert
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(1914) and others. This law states that those fish that gi'ow most slowly during the

earliest years of life grow most rapidly during the later years of life, and vice versa.

Later (p. 370) I shall show that this principle actually holds for the lake herring. This

law would still leave unexplained why the increments of the first two years of life

tend to be least in the sixth age group of a year class, but it would account for the

rapid growth of these fish later in life. So, also it may account for the fact that

the third-year increment of the 5-year fish of a year class is not less than that of the

4-year fish.

To recapitulate, of Miss Lee's seven suggestions (p. 328) only the first is accept-

able in explanation of her "phenomenon" in the scale diameter and computed body-

length measurements of the lake herring. That the herring that reach sexual matu-

rity late in life are the smaller individuals of their year class appears highly probable

from the data of the Oscoda fish (p. 390). This fact would explain why the scale

diameters of the fish of a younger age group of a year class generally exceed in length

those of the fish of an older group; but it could not explain the progressive increase

with age in the scale and body increments of the later years of fife. To account for

this, two other factors were considered—sexual maturity and compensation in growth.

It was stated that in fish (at least in the northern species) sexual maturation usually

is accompanied by a retardation in the growth of bod}^ and scale and that a compen-

sation in growth occurs; that is, fish that grow slowly during the earliest years of life

grow rapidly during the later years of life, and vice versa. Virtually all the data of

Tables 22 and 23 on the increments of scale and body growth can be brought into

agreement and quite satisfactorily explained by these three factors. In fact, only

the first and third factors are required to explain all the data; but, inasmuch as the

second one (sexual maturation) is also actually involved, it can not be ignored. Lee's

"phenomenon," then, in so far as the lake herring are concerned, seems to be largely

the result of perfectly natural events in the life history of the fish.

Table 24.— Uncorrected and corrected {by Lee's Jormula) computed lengths nf various year classes oj

Saginaw Bay herring for each year oj life. Identical fish were used for both series.



338 BULLETIN OF THE BUREAU OF FISHERIES

Table 25.—Comparison for identical individuals of calculated lengths, averaged after having been cor-

rected hy Lee's formula in the usual manner (that is, the formula is applied separately to measure-
ments of each individual), with corresponding calculated length averages derived by application of the

formula to averages of measurements of scale diameters and body lengths. (See text)

Age group
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of an age group appears to give corrected computed lengths, which are at least

approximately accurate.

As stated on page 317, scale formation in the lake herring very probably begins at

a body length of approxunately 35 to 40 millimeters. Assuming 35 millimeters to be

correct, the cdVrective formula, then, is Li = 35+ -^ (L-35), etc. Both uncorrected

and corrected computed lengths are shown in Table 24. Identical fish were employed
for both series. The uncorrected computed average lengths are shown in the left

half of the table; the corrected computed lengths in the right half. If we compare
the corresponding values of each age group of Table 24 we find that three principal

changes occur when the computed lengths are corrected by Lee's formida. First,

the averages are raised in an amount that decreases gradually from the early to the

late years of life. Thus, the averages of the 4-year fish of the 1918 year class (Table

24) when corrected are raised 17, 8, and 3 millimeters m years I to III, respectively.

Second, the increments are decreased in all years except the first. Thus, the incre-

ments of the 4-year fish of the 1918 year class (derived from Table 24) for years

I to IV are, when the computed lengths are uncorrected, 116, 62, 34, and 18 milli-

meters, respectively, but when the computed lengths are corrected they are 133, 53,

29, and 15 millimeters, respectively. Third, the "phenomenon" is less pronounced
so that the lengths of the different age groups of the same year class become more

comparable. This is seen in the computed lengths of the 1919 year class (Table 24).

The lengths computed for the first year of life for the sixth, fifth, fourth, and third

age groups are, when uncorrected, 116, 118, 121, and 128 millimeters, respectively, a

difference of 12 millimeters between the extremes, and 136, 136, 138, and 143 milli-

meters, respectively, when corrected, a difference of 7 milluneters between the

extremes. Similarly, for the lengths of the second and third years of life the differ-

ence between the extremes is reduced from 25 to 17 millimeters and from 26 to 17

millimeters, respectively.

A study of the computed lengths of Table 24 shows that though Lee's "phenom-
enon" becomes less pronounced when the lengths are corrected by her formula, the

"phenomenon" is still strikingly evident in the corrected calculated lengths.

Table 24 shows further that for the third and later years of life the corrected

computed lengths of a year class agree more nearly with the actual measured lengths

for corresponding years than do the uncorrected computed lengths. Thus, computa-
tions show that in the year class 1919 the average deviation of the calculated lengths

from the actual for year III is 16 millimeters for the uncorrected values and 10 milli-

meters for the corrected (Table 24). Sunilar results may be obtained for the later

years of life. Whether the corrected values for years I and II likewise coincide more

nearly with the measured than do the uncorrected can not be definitely determined

at the present time owing to the lack of 1 and 2 year fish in my samples. If, how-

ever, the 34 Sagmaw Bay herring of j^ear II, with an average length of 202 milluneters

(Table 14), be taken as a standard, then we may state that for year II the corrected

values are the more accurate. Attention may be called again to the fact that the

actual measured lengths of the younger age groups may be too high (see p. 334) and

that the uncorrected values, therefore, may, in reality, be more accurate than the

corrected values.
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The corrected values for year I, however, may be too high. It has been found

ah'eady that the calculated length averages for year I, based on the measurements
of scale diameters, averaged 13 millimeters higher than those based on the measure-
ments of anterior radii (Table 16). A correction now by Lee's formula raises

these averages from diameters approximately 17 milluneters (computed from Table

24) more—^a total average raise, therefore, of 30 millimeters. These corrected values

from diameter measurements for year I, however, at times appear to be rather high.

(See year classes 1920 and 1921, Table 24.) Measurements of young herring from
localities other than Saginaw Bay suggest that the corrected values for year I of

Table 24 are rather too high than too low. A herring of year I, taken in September
at Alpena, Mich., from Lake Huron, measured 108 milluneters in length; another
taken from an inland lake in Michigan in October also measured 108 milluneters in

length. Clemens (1922) gives a length of 75 millimeters to Lake Erie herring (artedi)

of age group L Six whitefish (C. clupeaformis) 7 months old (whitefish grow as fast

or faster than herring), which were reared accidentally in the ponds of the bm-eau's

hatchery at Northville, Mich., and which subsisted on the natural food found in the

pond, ranged from 97 to 111 millimeters in length.
Lee's formula does not take into consideration the rapid increase in length of

the scale as compared with that of the body, especially the rapid increase occurring

immediately after the scale appears (see Tables 10 and 13, and figs. 12, 13, and 14) dur-

ing the first year of life. The effect of this relatively rapid scale growth upon the cal-

culated lengths is exactly opposite that produced by the late appearance of the scale,

and the former neutralizes the latter, at least in part. The relation between the

two factors—tardy scale formation and the relatively rapid increase in the length
of the scale—and their effect on computed lengths may be stated as follows: If we
assume for the moment that the body and scale begin their growth in length at the

same time and continue that growth at the same relative rates throughout life, the

body-scale (K/V) ratio will remain constant throughout life and lengths computed
from the scales will be correct. That is, if the body-scale ratio of an older group of

a year class equals the true ratio of a younger, the calculated values for the younger

group, based on the scales of the older, will be accurate; but as the scales of the

herring do not appear until after the body reaches a length of approximately 35

millimeters, and are at first so small as not to be in contact, the actual body-scale
ratio at this body length is much higher than it should be; that is, higher than the

true theoretical ratio. As the scale immediately after its appearance grows rela-

tively very much more rapidly in length than the body (Table 13) it follows that

the actual body-scale ratio is lowered rapidly, approaching, with the growth of the

fish, the true theoretical ratio. If the actual and the true theoretical ratios coincide

during the first year of life, and body and scale thereafter grow directly proportional

to each other (that is, the body-scale ratios remain constant with age), calculated

length values will be accurate, and no correction for late scale formation is necessary;

but if the scale continues to grow in length relatively more rapidly than the body, a

correction is necessary, not for tardy scale formation but for the disproportionate

growth of body and scale. We do not know what the body-scale ratio (the true

theoretical ratio) of the herring should be, therefore we have no means of determining
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definitely whether the Iviiovm ratios are too low or too liigh. However, in view of the

facts that the actual observed ratios undergo a rapid drop during the first year of life,

and that each year thereafter the ratio continues to fall, it seems reasonable to believe

that the observed ratios of the older fish are lower than they should be theoretically.

Tardy scale formation may be ignored, then, as its effect upon computations of

lengtli is counterbalanced by that of disproportionate growth of body and scale.

The latter factor, rather than the former, may, at least in part, be responsil)le for

Lee's "phenomenon" in the computations of body length.

It is to be noted that Lee's formula proposes to ehniinate the "phenomenon"
from calculated length values that involve computations based on mathematical

proportions. The larger the number of proportional computations involved (as in

old fish) the greater will be the correction for the first computation (that is, for year

1; .see p. 339). Lee's formula assumes that the "phenomenon" is purely the result

of the method of calculation from scales. Obviously, then, late scale formation can

not be a factor in the "phenomenon" found in direct measurements of scale diam-

eters, as in them no computations are involved. Even so, there is no relation

apparent between the late formation of scales and the progressive decrease in the

length of scale diameters with age (Table 22) in fish of the same year class. Tardy

scale formation was not considered, therefore, in the discussion of scale-diameter

measurements (p. 331).

A correction for the disproportionate increase in length of body and scale is

possible. If, for example, the body-scale (K/V) ratio of a higher age group equals

95 per cent that of a lower, the length value computed for the lower age group from

the scales of the higher will equal 95 per cent of the true value; that is, the calcu-

lated result \vill be too low in the same proportion as the scales grow relatively too

fast and an error of 5 per cent is involved in the computation.

Table 26.—Average of actual measured lengths (K) of all available Bay City herring lohen arranged
in age groups; also, in each age group, the calculated lengths for each earlier year of life, calculations

based on measurements of V of X and nan X scales '
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Table 27.—Comparison, for herring of age groups IV to VI of uncorrected computed lengths of various

years with computed lengths corrected from body-scale ratios {KjV) for disproportionate growth
of body and scale. The K/ V ratios are based on X scales and are taken from Table 1 '

Year

VI.
VI.
VI.
V.
v_
IV

K/V

48. 16 (52)
48. 16 (52)
48. 16 (52)
48.84 (178)
48.84 (178)
49. 11 (323)

Year

V
IV
III
IV
III
III

K/V

48.84 (178)
49. 11 (323)
49.83 (147)
49.11 (323)
49.83 (147)
49.83 (147)

K/V of older flsh

K/V of younger flsh

0.986
.981
.966
.995
.980
.986

Uncorrected
calculated

length, in

millimeters,
for younger
fish from

scales of old-
er (Table 26)

243 (112)
223 (112)
196 (112)
229 (464)
205 (464)
220 (1, 132)

Corrected
calculated

length, in

millimeters

Oength in
column 6

divided by
per cent in

column 6)

246
227
203
230
209
223

1 Tbe number of specimens employed is shown in parentheses.

On this basis Table 27 was constructed. I determined what percentage (column

5) the £'/F ratio of each age group was of that of each lower age group, then computed
the average length for each lower age group from the scales of the higher (Table 26),

and finally corrected the calculated value on the basis that it equaled that percentage
of the true value that was obtained for the KjV ratio of the corresponding year

(Table 27, column 7). An inspection of Table 27 shows that such a correction for

disproportionate scale growth raises the computed lengths of all years, and that the

amount of correction for corresponding years of life increases with the age of the

fish whose scales were used. Thus, in the 6-year fish the averages are raised 3, 4,

and 7 millimeters, respectively, for the fifth, fourth, and third years of life; in the

5-year group they are raised 1 and 4 millimeters, respectively, for the fourth and third

years; while in the 4-year fish the average for the third year is increased 3 millimeters.

As the Kj V ratios of the 1 and 2 year herring undoubtedly are liigher than those of

the fish of year III, the amount of correction for the first and second years of life

must increase accordingly, and, if our general K/V ratios of Table 10 are reliable,

they must equal more than 7 millimeters in the 6-year herring, more than 4 millimeters

in the 5-year fish, and more than 3 millimeters in the 4-year fish. It is apparent that

when a correction for disproportionate scale growth is applied to the computed lengths

Lee's "phenomenon" becomes less pronounced. As was the case with late scale

formation, so also here no factorial relation exists between the disproportionate growth
rate of body and scale and the "phenomenon" in the direct measurements of scale

diameters in fish of the same year class.

A review of the preceding discussion shows that the presence of Lee's "phenom-
enon" in the scale-diameter measurements of the lake herring and in the computa-
tions of length based on these measurements may be explained best on the assumption
that the late-maturing fish of a year class are the more slowly growing individuals

of their year class. This accounts for the progressive decrease with age in the scale

and body increments of the first two years of life. The disproportionate growth rate

of body and scale may be an additional factor for the "phenomenon
"
in the computed

lengths. The progressive increase with age in the increments of the third or fourth

and later years of life is, in part, the result of the principle of a compensation in growth
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found to be operative among the herring (see p. 370) and in part the result of the

retarding effect on growth of sexual maturation. According to these conclusions,

Lee's "phenomenon" is largely a natural one and not an error due to a faulty tech-

nique or to fallacious assumptions. It should appear in the calculated length values

of the mature lake herring of the younger age groups (5 years and younger) of a

year class.

Erroi-s in computations of length may arise from causes other than those dis-

cussed. Other possible sources of error are: (1) all the scales of an individual do not

begin their development at the same time, (2) after they appear they may have dif-

ferent rates of growth, (3) annuli may vary in the time of their completion, and (4)

the length of the head, included in all measurements of the length of the body, may
vary with the size and the age of the fish.

Some of these sources of error may be avoided easily, while others are known to

have virtually no effect upon the length computations of the herring under considera-

tion. Thus, the errors produced by the variation in the time of the appearance of

scales in an individual and by the differences in the growth rates of these scales are

eliminated largely by employing for study scales selected from a circumscribed area

on the body. The errors caused by the variation in the time of the completion of

annuli can not, it seems to me, be appreciably large in the herring, as this variation is

presumably no greater than that in the time of the resumption of accelerated growth
in the spring, which nonnally would not be expected to exceed a week among individ-

uals living under identical conditions of growth. With respect to the age variations

in head length, it has been concluded already (Table 9) that virtually none occur in

the adult herring under consideration.

To recapitulate, it now appears that of the various possible factors that could

affect the accuracy of the computations of length based on scales, only two seem to be

significant in the lake herring. The firet factor, the employment of the anterior

radius of a scale for computations of length, discussed on pages 322 to 327, does not

affect the scale theory but only its erroneous application. Whereas the theory

assumes that the diameter of a scale increases in a direct ratio to the increase in the

length of the body, the investigators employ, out of necessity or for convenience, the

radius. I found (p. 325) "that the length computations based on the diameter are

always higher than those based on the anterior radius of a scale, and that the dif-

ference between the computations of the two series increases consistently with each

earlier year of life for which calculations are made, so that the maximum average

difference of 13 miUimeters is found in year I." The second significant factor, the

disproportionate increase in length of body and scale, involves the theory itself. I

found (p. 323) that neither the diameter nor the anterior radius of a scale increased

in length strictly proportionally with that of the body. No general formula can

correct the errors caused by the disproportionate increase of body and scale length.

To eliminate the errors due to this factor corrections must be made for each age

group separately. It is probably for this reason tliat the general corrective factore

proposed by Doctor Jarvi (see p. 305) for his Coregonus alhula did not hold for his

fish of all ages. Corrections for the above two factors apparently bring the computed

lengths for the herring of the third and fourth years of life more nearly into agreement
99760—29 6
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with the actual. Owing to the absence of herring of years I and II in my material,

I could not determine definitely whether corrections for these two factors would also

give more accurate calculated lengths for the first and second years of life.

From the preceding study it is concluded (1) that the structural characters of

the scales of the lake herring {Leucichthys artedi Le Sueur) are so clearly recognizable

as to permit their use by the scale method, and (2) that the fundamental assmnptions

underlying the scale method are warranted. The scale method, therefore, may be

applied with confidence in a study of the life history of the lake herring. In this

life-history study, which comprises the second major part of this paper, all computa-
tions of body lengths and increments are based on the diameter measurements of

scales. No corrections were made in these calculated values. They are regarded

as approximately correct for any age-group under consideration.

TIME OF FORMATION OF AN ANNULUS AND FACTORS INVOLVED IN IT

I have recently (Van Oosten, 1923) presented data that, 1 believe, definitely

establish the causal relationship between the growth of scales and the formation of

annuli in the whiteiish {Coregonuf< dupeajormis). This was done by a study of scales

taken at monthly intervals from whitefish segregated and kept living at the New York

Aquarium. The growth changes in the scales were followed from November to July.

It was shown that the annulus was completely formed some time in April or March,
at the time when rapid scale growth was resumed. The data on pages 313 to 322 of

this paper indicate that scale and body growth are closely correlated. Any factor,

therefore, that can retard the growth rate of the body may have primary influence

in the formation of annuli on scales. To hold a factor responsible, it must be shown
that this particular factor was altered previous to or synchronously with the change
in growth rate, and that no resmnption of rapid scale or body growth occurs until the

change in the factor is reversed or its effectiveness is lost. It is possible for more than

one factor to be active at the same tmie and for the factors to vary with the years or

even with the seasons of the same year.

With this criterion in mind, I found that in the adult whitefish of the New York

Aquarimn temperature and sexual maturity apparently assumed primary significance

in the formation of annuli. My conclusions w^ere recapitulated on page 407, as follows :

It has tlius far been shown that the scales of the aquarium whitefish ceased growing some time

in August or September and resumed growth in April or March(?) ;
that se.xual maturity was reached

some time between September and March or FebruaryC?) ;
that the lowest temperatures of the aqua-

rium water occurred in January to March, inclusive; and that the amount of food required by the

fish was less for these months of the year. It was suggested that food could only have had secondary

significance in the formation of annuli, since the reduction of food was caused by some other factor,

which affected the appetite of the fish. It was further suggested that since reduction and increase

in food consumption occurred synchronously with the decrease and increase in temperature, respec-

tively, and since the scales resunied their growth at the time of a rise in temperature in April, when
sexual maturity could have had no influence on growth, temperature must be considered a primary
factor in the formation of annuli. Lastly, since the se.x products began their development at approxi-

mately the time at which a retardation or cessation of scale growth occurred in late summer, when
the environmental factors of food and temperature were known to have been constant, it appears
reasonable to a.ssert that sexual maturity is also a primary factor in the formation of annuli in scales.

If sexual maturity is not such a factor, then it must be conceded that the retardation or cessation

of scale or body growth, and consequently the formation of annuli, is cau.sed by some unknown

physiological factor or factors of annual recurrence.
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Although food played no significant role in the formation of annuli in these mature

fish, it does not follow that food can not be such a factor. Undoubtedly it is the

normal factor in some species of wild fishes, and in starvation it becomes the principal

factor in all species. It is also conceivable that sexual maturation, when accompanied

by an abundance of food and a propensity for feedmg, leaves no effect on the scale

sculpture.

Many experimental and other kinds of data have been accumulated relative to

the factors that govern the growth of animals and plants. Even the references that

involve fishes only are too numerous to review here. A brief but good review on this

subject may be found in Weymouth's paper (1923). In the last paragraph of his

review the author writes: "In the end it must be admitted that at present no exact

evaluation of the factors involved in seasonal growth is possible [p. 35]."

The time of the formation of the annuli in the wild coregonids has not been

determined; but inasmuch as the formation of an annul us is causally related to the

retardation of growth, it is safe to assume that in nature, too, the annulus of these

species forms during the winter period.

The exact season in other species of wild fishes of the northern latitudes has been

ascertained carefully by several investigators. All found that it was the period of

growth retardation or cessation during the winter. Such was the conclusion of Hoff-

bauer (1898, etc.) and Walter (1901) for the carp, of Thomson (1904) for several

species of Gadidaj, of Johnston (1905) for the Atlantic salmon, of Gilbert (1913) and

Fraser (1917) for the Pacific salmon, of Lea (1911) for the Atlantic herring, of Thomp-
son (1917) for the Pacific herring, and of Reibisch (1911) for the winter band on the

otoliths of the halibut. Miss Clark (1925), however, found that as a result of the

long protracted spawning season, growth of the mature atherine fish of California

(Leuresthes tenuis) "ceases during the months of May, June, and July and is resumed

again in the fall. This cessation of growth during the summer months results in the

formation of a breeding annulus on the scales. Growth continues during the winter

and a winter annulus is formed only in rare cases [p. 39]."

Part II.—LIFE HISTORY OF LEUCICHTHYS ARTEDI LE SUEUR, THE BLUE-
BACK OR LAKE HERRING

HISTORICAL: A SUMMARY OF OUR KNOWLEDGE OF THE LIFE HISTORY
OF LAKE HERRING

DESCRIPTION OF ADULTS

According to Jordan and Evermann (1911), two species of herring are common
in Lake Huron—Leucichthys harengus (Saginaw Bay herring, Georgian Bay herring)

found in Saginaw Bay, in Georgian Bay, and in the shallow waters of Lake Huron

proper, and Leucichthys sisco huronius (Lake Huron herring, blueback) found com-

monly in Lake Huron proper and occasionally in Georgian Bay. They recognize a

third herring, Leimchthys manitoulinus (Manitoulin tullibee), which occurs only in

the North Channel of Lake Huron. In addition to these three species of herring, two

others occur occasionally in Lake Huron, according to Jordan and Evermann—
Leucichthys artedi (lake herring, Erie herring, common lake herring, grayback) and
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Leucichthys eriensis (jumbo herring, Erie great herring), both, according to these

authore, typical Lake Erie herring.

The most recent study on the taxonomy of the species of Leucichthys from
Lake Huron, that of Dr. Walter Koelz (1929), based on a large amount of material

collected or examined at all the more important ports of Lake Huron and Georgian
Bay, recognizes but one species of herring in Lake Huron proper and its bays. This

species Doctor Koelz designates Leucichthys artedi Le Sueur (the blueback or lake

herring; fig. 15.)

I am indebted to Doctor Koelz for most of the following description of L. artedi

and for much of the material in the section on natural history, which follows.

In Lake Huron, herring greater than 12 inches in total length are relatively few in

number. The largest specimen I have taken weighed 2 pounds and 3 ounces and
measured 395 millimeters (15.6 inches) in standard length. The body of the lake her-

ring is elongate, elliptical, fusiform, and only slightly compressed. In side view the out-

line is almost perfectly elliptical. The greatest depth is commonly 22 to 25 per cent of

the length of the body. The head is nearly conical in form, relatively small and narrow,
and usually equals 21 to 23 per cent of the body length (4.3 to 4.6 times in length).

The premaxillaries are very short, scarcely longer than wide, and are oblique in

position. The snout is short and often equal to the eye in length. The maxillary
is short—usually 33 to 35 per cent of the head. The mandible is usually equal to

the upper jaw or a little shorter. The eye is rather large
—

usually 23 to 25 per cent

of the head's length. The gill rakers usually number 16-18 + 29-32=45-50. The
number of scales in the lateral line varies from (68) 72 to 88 (97) (my own counts; see

Table 7). The number of rays in the dorsal finisusually lOor ll,in the anal and ventral

fins usually 11 or 12, and in the pectoral fins usually 15 or 16. The pectorals usually

equal 45 to 50 percent of the pectoral-ventral distance. The ventrals usually equal 55

to 62 per cent of the distance from their origin to the anal. The flesh is somewhat dry
and firm. In alcohol the entire dorsal surface is of a deep smoky hue, wliich extends

to the lateral line and which in life is a deep blue green. The top of the head, the

premaxillaries, and the tip of the mandible are somewhat darker than the inaxillaries

and cheeks. The distal half of the pectorals, caudal, and dorsal and sometimes the anal

and ventrals are more or less black. The entire caudal fin is smoky, the shortest

rays being the darkest. In general, the lake herring may be distinguished from the

other species of Leucichthys in Lake Huron by its numerous gill rakers, short max-

illaries, short pectoral fins, firm flesh, and elliptical body contour.

NATURAL HISTORY OF ADULTS

The lake herring may be taken at virtually every port on Lake Huron. On
account of the dryness of its flesh it does not command a good price, so that many
Lake Huron fishermen make no attempt to set nets for it. Saginaw Bay ranks first in

the herring industry, while Alpena ranks second. On the Canadian shore the herring

fishery has been abandoned almost entirely. Even on the American shore the her-

ring are not sought where other more valuable species are available. They are sold

fresh, smoked, or salted. Herring is taken in either pound or gill nets (in trap nets

rarely) in the fall and spring of the year. Though unprotected by law and propa-

gated artificially only when it is not possible to fill the hatcheries with eggs of other
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inore desirable species, the herring seems to maintain its numbers in Lake Huron.

(See Table 28.)

Table 28.—Statistics of the catch and value of herring taken in Lake Huron in various years during
the period 1891 to 1926, published by the State of Michigan

Year
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According to Doctor Koelz, to whom Doctor Clemens submitted part of his col-

lection for identification, the above species are all referable to his (Koelz's) L. artedi

;ind can not be separated by the characters employed by Jordan and Evermann (1911)

or Clemens when abundant material is used. Doctor Clemens states (p. 5) that he

found it difficult to separate the young L. eriensis from L. artedi, and that his specimens
of L. prognathvs are of doubtful detemiination.

Assuming that the identifications of the above species be correct, then, according
to current practice. Doctor Clemens employed too few specimens for his length and

weight averages. It is clear that 55 specimens distributed among 7 or more age groups
can not furnish very accurate averages for all age groups. Likewise, no attempt
was made to obtain homogeneous material for the growth detemiinations, as the

individuals of a species were taken at different ports on Lake Erie.

In his curves illustrating the growth rates an anomaly apparently appears which
Doctor Clemens finds it difficult to explain. He finds that his L. sisco Tiuronius is

a faster growing fish than L. eriensis, the jumbo herring of Lake Erie. He refuses

to accept this result and states that it is probably due to his difficulty in estimating
the age of the former species. "In the majority of scales [of L. sisco huronius] some
of the winter bands were difficult to distinguish and there was evidence that in some
cases at least one ^\inter band was not recorded." What this evidence was he does not

state. It appears more probable, however, that Doctor Clemens's difficulty was due
to a failure to discriminate between the true and the false annulus. In his drawings
of the cisco scales his annuli are represented as broad bands of closely appro.ximated
circuH. Presmnably these broad bands continue around the scale, though only that

part that lies in the anterior field is drawn. . As may be seen from my photographs in

this paper, such broad annuH are not typical of the coregonid scales. The coregonid
annulus is characterized rather by the divergence of the circuli in the lateral fields,

the presence of a narrow, clear band, devoid of any sculpture, in the posterior field,

and the presence of a narrow, sometimes thickened band of incomplete, broken, anasto-

mosed and usually appro.ximated circuli in the anterior field. A true annulus can be

traced with varying distinctness entirely around the scale through all its areas. The
author's second annulus in his jumbo scale may not be a year mark at all. It hardly

appears reasonable to believe that the fastest growing cisco in the Great Lakes should

grow as slowly in its second year as the dri^wing indicates. For these reasons I am
unable to accept Doctor Clemens's results on the age and growth of the herring.

JUVENILE LAKE HERRING

Very little is known about the yoimg herring and very few have ever been

reported as taken. Hankinson (1914) found the juveniles (identified by Koelz as

very probably young herring) very abundant along the shores of Lake Superior at

Whitefish Point in water less than 3 feet deep. Fishermen report that millions

swarm around the docks and piers at Bay City and Alpena in the fall, but samples of

these so-called herring proved to be the minnow Notropis afherinoides. Doctor

Koelz's Lake Huron collection contained one specimen in its first year. It measured

180 millimeters in length and was taken bv a trout iiet in 15 fathoms off Alpena. (See

fig. 11.)



LIKE HISTOUY OF LAKE HERRING OF LAKE HURON 349

ABUNDANCE OF LAKE HERRING

I have hoeii imablo to find many dei)cndablc data on tlic relative abundance of

herring in Lake Huron during past years. In the statistics of the United States

Bureau of Fisheries (Radcliffe, 1920, Sette, 1925) the herring are lumped together
with all the other species of Leucichthys (chubs and bloaters) under the name of

ciscoes. The annual reports of the Game and Fisheries Department of Ontario,

Canada, furnish statistics on the production of herring in the Canadian waters

of the Great Lakes; but whether these so-called herring include the chubs and

bloaters is not clear. No statistics are given for the latter species (unless they are

included with the tullibees), though it is known that they are taken by Canadian
fishermen. In most of the biennial reports of the Michigan Fish Commission, the

predecessor of the present Department of Conservation of Michigan, the herring
statistics of all the Great Lakes are lumped together. The tenth, eleventh, and
thirteenth reports give herring statistics for the west shore of Lake Huron from

Hammond Bay to the mouth of the Detroit River (district No. 4). In the biennial

reports of the Department of Conservation of the State of Michigan the herring

productions are considered separately for the Michigan waters of Lake Huron proper
and for Saginaw Bay.

The published statistics of the lake herring of Lake Huron (including Saginaw

Bay) are shown in Table 28,together with the average price per pound received by
the fishermen. The table shows that the average catch for the years 1891 to 1897

was 785,950 pounds more than that for the years 1920 to 1925, although the annual

catches of the two periods are strikingly similar, while the average price per pound
increased from 0.7 cent in the former period to 2.6 cents in the latter. The available

statistics can not, perhaps, be employed as exact criteria by which to determine whether

the herring are undergoing depletion in Lake Huron; but the fact that the annual

catches of herring are no larger now than they were in the years 1891 to 1897, in spite

of the great improvements in and of the increase in the number of fishing apparatuses
and in spite of the increase in the value of this species, may suggest that the herring
are less numerous now than they were 30 years ago.

There is, perhaps, no one thing that needs gi-eater attention on the Great Lakes

to-day than the careful collection of fishery statistics. These statistics should be

collected every year, and where possible each species should be considered by itself.

Some general plan for the taking of statistics should be evolved and adopted by both

Canada and the United States. By some such means the statistics of the various

lakes and of various parts of one lake would become much more comparable than

they now are.

INTERPRETATION OF THE STRUCTURAL FEATURES OF THE SCALES OF
THE LAKE HERRING

MATERIAL

The following life history of the lake herring, based upon a study of the scales,

involves only the Saginaw Bay fish taken by me or sent to me by Mr. Kavanaugh,
of Bay City, Mich., in the fall of 1921, 1922, 1923, and 1924. These Saginaw Bay
herring are compared later with the herring collected by Doctor Koelz in 1917 and 1919
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from various localities on Lake Huron and by me in 1922 at Oscoda, Mich. Doctor
Koelz's collections are usually small, taken for taxonomic purposes, and my con-

clusions based on them must be accepted with such reserve as the relatively small

numbers impose.

ABUNDANCE OF AGE GROUPS AND YEAR CLASSES IN THE SAMPLES'

AGE GROUPS

As stated on page 268, the Saginaw Bay herring samples of 1921, 1922, and 1923

were taken in pound nets set at Tobico about 3 miles west of the mouth of the Sagi-
naw River, while those of 1924 were taken in pound nets set at Tobico, Nayanquing,
Au Gres, and Gravelly Point, the last three bars being, respectively, about 9, 25, and
32 miles north of the mouth of the Saginaw River. (See fig. 1.) Each collection was
taken on or near the spawTiing grounds and is composed principally of fish that would
have spawned shortly, perhaps in a week or so.

In each of the years 1922 and 1923 herring were collected on a single date and
in a single locality (one large sample), while in 1921 one large sample was taken on
October 29 and several smaller samples were collected on the other days of the period
October 26 to November 4; in 1924 herring were collected on various dates through-
out the height of the spawning run until ice conditions made fishing impossible. The
Tobico, Nayanquing, and Gravelly Point collections of 1924 each comprise two or

more small samples. The small sample of Au Gres herring was taken on a single
date. I shall later (p. 385) give reasons for concluding that the character of the vari-

ous samples taken at the same locality does not change consistent!}' as the season

advances, so that the Tobico collection of 1924 is entirely comparable with the

sample's taken at the same point in earher years. I shall also (p. 387) give reasons for

my belief that the herring of Tobico and Nayanquing belong to the same population.
The herring taken at Gravelly Point and at Au Gres may belong to the Tobico and

Nayanquing races, but the data do not show this indisputably. The Tobico and

Nayanquing material, therefore, is treated as a homogeneous collection and as such

is strictly comparable with the material taken in 1921 to 1923, while the samples
from Gravelly Point and Au Gres are considered separately. The Au Gres collec-

tion, however, which comprises relatively few individuals, may not be representa-
tive for all age groups. Data of these fish, therefore, are considered in a more or less

incidental way. In a strictly comparative study of the samples of different years the

Tobico and Nayanquing material alone of the 1924 samples is considered.

' A year class refers to fish hatched in the same year; an age group to fish of the same age. Thus, the year class I9I4 includes

all individuals hatched in 1914, irrespective of their age when captured: age group IV includes fish in their fourth year of life. Fish

of the same year class captured in different years belong to different age groups.
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Table 29.—Frequency dislrihution of Saginaw Bay herring according to length and age group

[Dates refer to year of capture and roman figures to year of life]

Length, in millimeters
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Table 29.—Frequency distribution of Saginaw Bay herring according to length and age group—Con.
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year, shown near the bottom of Table 29, are rearranged in the lower part of

Table 30 to facilitate a comparative study of the significant figures. The tables

show that no individuals in their first year of life and only a few in their second

year arc taken in these commercial catches. The percentage of 2-year herring

present in the samples varied from 0.2 per cent in 1924 to 0.8 per cent in 1922.

Likewise, the old fish are poorly represented. The 8-year fish were taken only
in 1921 and 1924, in each year representing 0.4 per cent of the sample. No

7-year fish were taken in 1922 or in the Tobico and Nayanquing samples in 1924,

while in 1921, 1923, and in the Gravelly Point and Au Gres samples in 1924 they
constituted 1.8, 0,4, 0.7, and 0.8 per cent, respectively, of the total catch. The

6-year herring were slightly more abundant, constituting from 1.8 per cent (0.8 per
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Gravelly Point fish, and 92.4 per cent of the Au Gres sample, or, in general, 84.7 per
cent of all the fish taken by me in this year. In each year the fourth age group was
the largest, its individuals comprising 42.8 to 58.3 per cent of the total catch. It is

to be noted that the percentage of 3-year fish increased each year during the period
1921 to 1923 (14.3 to 29.5 to 32.8 per cent); then, in general, remained stationary

(32.7 per cent, 1924 combined) in 1924, though it dropped to 26.5 per cent in the

Tobico and Nayanquing material. This general increase in the number of 3-year

herring occurred at the expense of the 5-year fish mainly, which each year became

progressively less abundant (30.1 to 19.0 to 17.3 to 11.8 per cent (1924 combined);
Tobico and Nayanquing, 12.1 per cent). The percentage of 4-year herring remained

virtually the same in all samples, except those of Tobico and Nayanquing, in which
it is comparatively high (58.3 per cent), which fact, no doubt, accounts for the drop
in the percentage of the 3-year fish of this sample. The probabje significance of

the gradual shifting in the age composition of the commercial catches is discussed

on page 355. The frequency distribution according to age groups and the shifting

in the age component are graphically shown in Figure 16. The 1922 and 1923 curves

are nearly the same. (For illustrations of typical scales of herring of the various

age groups see figs. 17-36.)

Table 30.—Summary of the frequency dislribulion of Saginaw Bay herring according to year class and
age group

Year classes



Bui.i-. U. S. H. i'., I'.f-'S. (One. 105:5.)

Fig. 17.—Scale of Lake Huron herring (L, nrhdi) taken November 1. 1922. at Bay City. Mich.

(Saginaw Bav). University of Michigun Museum No. ,58597. Length. 213 millimeters. Weight,
4 ounces. Immature male. Age II. Scale stiows one completed annulus and a large marginal

growth

Fir,. 18.—Scale of L;ike Hurnn herring (/>. arfnli) taken Decenilier li. iyil>, at Wiarton. Ontario (Oeorgian
Bay). LTniversity of Michigan Museum No, .'vitt-^s. Length, IT.'i millimeters. Immature. Age II.

Scale shows one completed annulus and a large marginal growth
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Fig. 19.—Scale uf Lake Iliiroii heiiinti i/j. 'iitnln t.^kcu WrLubfi -'7. I'Jiil. al. Hay City, Mich. (Saginaw-
Bay.) University of Michigan Museum No. 54:3i;-i. Length, 210 millimeters. Male. Age HI.
Scale shows two completed annul! antl a marginal growtli

Fig. 20.—Scale of Lake Huron herring (L. artfdi) taken October 2\i, 1921. at Bay City,
Mich. (Saginaw Bay). University of Michigan Museum No. 54703. Length, 245
millimeters, ^^aturemale. AgelH. Scale shows two completed annul! and a marginal
growth
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Fig. 21.—Scale of Lake Huron nerring {L. artedi) taken September JO, 1917, at Alpena. Mich.
I'niversity of Michigan Museum No. 52195. Length, 175 millimeters. Age III. Scale shows
two completed annuli and a marginal growtli

Fm. 22.—Scale of Lake Huron herring (L. artedi) taken July 17. 1917. at St. Ignace, Midi. Length,
212 millimeters. Male. Age IIL Scale shows two completed annuli and a marginal growth
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Fig. 23.- Scale of Lake Huron herring (L. arledi) taken October 29, 1921. at Ba.v City, Mich. (Saginaw
Hay). University of Michigan Museum Xo. 54847. Length, 237 millimeters. Mature ninlo.

Age IV'. Scale shows three completed annuli and a marginal growth

r^l

Fig. 24.—Scale offtake Huron herring {L.axUi\t_ taken (i( tuber 29. 1921. at Bay City, Mich. (Saginaw-

Bay). University of Michigan .Museum i\o. 54692. Length, 293 millimeters. Mature male.

Age IV. Scale shows three completed annuli and a large marginal growth
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Fig. 26.—Scale of Lake Ilunin her^i^^' (/j. nftoi'n taken September S. 1'.)17, al AlpeiKi, .Mich.

Cniversity of Michigan Aluyeuni No. .i220b. Length, 170 millinieteis. Age IV. Scale shows
three completed annuli and n small marginal growth
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Fici. 27.—Scale of Lake Huron herring (L. nrfnii} taken July 17. 1917, at St. Ignure. IMk-h.
Length, 220 millimeters. Male. Age IV. Scale shows three completed annuli anii a
marginal growth

Fig. 2K.—Scale of Lake Huron herring (h- nrtxli) taken Oclnher 2. liM'J. at Tobermory, Ontario.
Length, 209 millimeters. Age V. Scale shows fiiur cumpleteil annuli an.i a marginal growth
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Fig. 29.—Scale of Lake lluioii lieniiii; (/,, nrttili) laken Nuveml;ei 1. 1U22. at Bay City. Mich.
(Saginaw Bay). University of Michigan .\Iu.seuni No. .isfiya. Length. 281 millimeters. Weight.
10 ounces. Mature female. .\ge VI. Sc.ile shows five completed anniili and a marginal growth

Fig. 30.—Scale of Lake Huron herring (i. arleiii) taken October 29. 1921. at Bay City, Mich. (Saginaw
Bay). University of .Michigan Mu.seuni Xo. .')4(ifi2. Length. 29.i millimeters. Mature female.

Age VI. Scale shows five compleleri aruuili and a marginal growth
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Fu;. 31.—Scale of Lake Huron herring (L. nrledi) taken October 27, 1921, at Bay City, Micli.

(Saginaw Bay). University of Michigan Museum No. 54478. Length, 272 millinieters.

Mature male. .\ge VII. Scale shows six completed annuli anil a marginal growth

Kic. 32.—Scale of Lake Huron herring (£. nrledi) taken Odolier 27, Hi21, at Bay City, Mich.

(Saginaw Bay). University of Michigan .Museum No. .^470. Length, 2ii:i milhmeters.

Male. .\ge VIII. Scale shows seven completeil annuli and a marginal growth
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mm

Fig 33 —Scale of Lake Huron herring (i. arlidi) taken Odolier 12, I'JlSi, at Killarney. Ontario ((ieorgian

Bay). University of .Michigan No. .52377. Length, 310 millimeters. .\.ge VIIL Scale shows seven

completed annuli and a marginal growth

Fig. 34.—Scale of Lake Huron herring (L. artedi) taken October 12, 1919, at Killarney. Ontario (Georgian

Bay). University of Michigan Museum No. 52369. Length, 302 millimeters. Male. Age IX. Scale

shows eight completed annuli and a marginal growth
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Fio. 35.—Scale of Lake Huron herring (L. arlcdi) taken Dtlnher 22, l'.il7. at East Tavvas, Mich.
University of Micliigan .Museum No. 52272. Length, 377 niillinieters. Weight, 2 pounds. Age X.
Scale shows nine completed aiuuili and a small marginal growth

Fig. 3(5.—Scale of Lake Ontario herring (i. artedi) taken June IS, Wil, at Brighton, Uutario. Length,
412 millimeters. Age XI. Scale shows 10 completed annuli and a marginal growth
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the fall of 1913. Hjort (1914) found that in the marine herring (Olupea harengiis)

of the North Sea one year class predominated heavily in the commercial catches for

many successive years. Jarvi (1920) found a similar phenomenon among "Die
kleine Marane" {Coregonus albula) of the Keitelesee, an inland lake of Finland. This

dominance of one year class in the commercial catches for two or more consecutive

years was explained by both Hjort and Jarvi as due to the unusually favorable con-

ditions for hatching in that year in which the dominating year class was hatched.

No such phenomenon appears in the lake-herring samples. The 1917/1918 year
class formed the bulk of the 1921 sample, the 1918/1919 year class that of the 1922

sample, the 1919/1920 year class that of the 1923, and the 1920/1921 year class that

of the 1924 samples. Each year class drops off rapidly in the years following the

year of its dominance, which, as shown in the lower part of Table 30, was the fom'th.

The data of Table 30 show that 87.2 to 97.4 per cent of the commercial catches

are composed of 3, 4, and 5 year fish, and that no one year class predominates for a

longer period than a year.

The data of Tables 29 and 30 suggest that commercial fishing for herring is very
intense. The first sj'mptom of this heavy fishing is the paucity of old individuals.

Herring are known to reach an age of 11 years (p. 358, fig. 36), and if permitted to live

they would probably attain a greater age. Yet, in Saginaw Bay extremely few indi-

viduals reach their sixth year of life (Table 30), the second year after the majority of

them first join the commercial schools. Table 30 shows that the majority of herring
do not even reach their fifth year of hfe. The percentages of this table indicate that

on the average the 5-j"ear herring are, roughly, not quite one-third as numerous as

the 4-year fish, in spite of the fact, as I shall show later (p. 384), that some of the

former are recruited from the immature stock—that is, from fish that are still imma-
ture in their fourth year and that join the sexually mature commercial schools in their

fifth year of life. In terms of fishing intensity, the above facts suggest that relatively
few 4-year herring escape the nets to comprise, a year later, the 5-year group. As
stated on page 353, we are not absolutely certain that the high mortahty among the

older age groups is due to commercial fishing. It is possible, though not probable,
that the life span of the hening terminates in the fourth or fifth year of life. It is

difficult to believe, however, that in this species old age and sexual maturity are

reached in the same year.

That fishing intensity is the important factor is suggested further by the shifting
in the age composition of the samples (p. 354). In 1921 the 5-year fish were more
numerous than the 3, but since this year the former became progressively less, the

latter progressively more abundant. The percentages of the 5-year fish of Table 30
seem to tell us that since 1921 fishing intensity each year grew more severe, permit-

ting fewer and fewer 4-year fish to complete their fifth year of life. So intense does

commercial fishing appear to be that a year class is practically wiped out during its

year of dominance—the fourth (Table 30). Briefly stated, the history of the major-
ity of adult individuals of a year class seems to be as follows: They are spawned m
the fall, hatched in the spring, grow as immature fish for two or three years, attain

sexual maturity in the third or fourth year, and are captured by the fishermen before

or during their fifth year of life. Each year class predominates for one year only;
it is rapidly depleted.
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AVERAGE AND EXTREME LENGTH AND WEIGHT OF HERRING

FISH OF DIFFERENT SCHOOLS

The average standard length of the 266 herring taken on October 29, 1921, from
1 pound net is 237 milhmeters (9.3 inches), of the 414 herring taken on different days
between October 26 and November 4, 1921, 236 miUimeters (9.3 inches), or of all the

1921 fish 236 millimeters. The average size of the 501 fish taken November 1, 1922, is 235

Fig. 37.—Frequency polygons showing for each sample of herring taken in 1921, 1922, 1923, and

1924 the number of individuals in each size group at 5-millimeter intervals. The data are

shown in Table 29. , 1921; .
, 1922; , 1923; . . , 1924

(Tobico and Nayanquing samples combined)

millimeters (9.3 inches); of the 519 herring taken November 12, 1923, 241 millimeters

(9.5 inches); and of the 611 herring taken in 1924 at Tobico and Nayanquing, 244

millimeters (9.6 inches). The 542 Gravelly Point fish and the 119 Au Ores specimens

taken in 1924 averaged the same in length
—240 millimeters (9.4 inches). All the

1924 herring together, 1,272 in number, measured 242 millimeters (9.5 inches) in

length (bottom of Table 29). The length frequencies of Table 29 and the frequency

curves of Figure 37 show that the mode for these herring shifted from 226-230

milhmeters in 1921 to 236-240 millimeters in 1922 and 1923 to 231-235 millimeters

in 1924. The smallest specimen taken in these samples measured 160 milhmeters

(6.3 inches) in length, the largest 365 millimeters (14.3 inches) (Table 31).
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Table 31.—Actual average, minimum, and maximum length and weight for each age group of a year
class attained by the Saginaw Bay herring
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eighth year of life. The oldest herring I have ever seen was a female in its eleventh

year, taken in 1917 from a pound net at Blind River in Georgian Bay. The largest

herring I have ever seen was a female 395 millimeters (15.6 inches) long, weighing 2

pounds and 3 ounces. It was taken in 1924 from Saginaw Bay. The largest herring

of which I have a record was captured at Brighton, Ontario (Lake Ontario), in 1921
;

it measured 412 millimeters in length and was in its eleventh year (see fig. 36).

Table 32.—Actual average, minimum, and maximum length and weight attained by Saginaw Bay
herring taken in 1921, 192'2, and 1923, for each sex of each age group of a year class
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millimeters in 1924. In each age group except the fifth and sixth the 1922 individuals

averaged larger than the 1921. Without exception the 1923 fish averaged larger

than the 1922, and with the exception of the fourth age group tlie 1924 herring

averaged larger than the 1923.

The average weights of Table 31 tell a similar story. In general, the fish of

corresponding age groups become progressively heavier each year. In each age

group except the fifth''and sixth the fish taken in 1922 averaged more in weight than

those taken in 1921, while in each age group without exception the 1924 fish weighed
more than the 1922. The herring taken in 1923 were not weighed.

If the average length of the herring population varies as the spawning season

advances, as is the case in some age groups of the sockeye salmon runs (Gilbert,

1922, pp. 34 and 64), and if the samples of difi'erent years are taken at different

periods of the run, then the above averages of length and weight would not be

comparable for different years. However, they are believed to be comparable in

this case, because each sample collected in 1921-1923 was taken at about the same

period; that is, about two weeks after the main spawning run of herring began, and

because, as I shall show later (p. 385), the average length of the herring population
does not seem to vary much during the height of the spawning season. It will be

shown in another place (p. 364) that the same conclnsion (the herring are growing

bigger) may be drawn from other data not subject to these possible errors.

Apparently, then, these data show that the herring of Saginaw Bay were reach-

ing a bigger size in 1922, 1923, and 1924 than in 1921 and in general were becoming
progressively larger at corresponding ages each successive year. The curves of

Figure 37, based on the length frequencies of Table 29, point to the same conclusion,

as with each year the curve moves farther toward the right. This change in the rate

of growth of the herring may be the third symptom of intense fishing. (For the other

two symptoms see p. 355.) Briefly stated, this may mean that as the number of herring
in the lake is being reduced competition for food among the survivors becomes less

severe and consequently they grow faster. The subject is discussed further in the

section on growth rate.

MALES AND FEMALES

Table 32, in which are given the actual, average, minimum, and maximum length
and weight for each sex of an age group, shows that males and females attain approxi-

mately the same length and have the same growth rate in corresponding years of

life; that is, no consistent differences in growth rate occur between the sexes. This

is brought out more clearly in Table 33 and Figure 38. Table 33 shows, for fish taken

in 1921 and 1922, the average total length attained at the end of each year of life by the

males and females of each age group. All averages but the last one of each row are com-

puted from the measurements of scales. In Figure 38 the average lengths of the 1921

fish only are plotted. The progressive divergence of the two curves of growth in the

fourth and later years of the 6-year fish presumably is due to the small number of

females in that age group. In weight the females average a little higher (see Table 32)
than the males, due to the greater weight of their partially developed sex organs,

although the difference is not as great as was expected. In a further discussion of

growth rates the males and females will be considered together.

997GO—29 7
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Fig. 38.—Average total length (for Saginaw Bay herring taken in 1921) attained by the male

and female of an age group at the end of each year of life. The data are shown in Table 33.

, male; , female

Table 33.—Comparative growth rate oj the two sexes of herring belonging to the same age group and
year class
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RATE OF GROWTH

METHOD OF DETERMINATION

By Petersen's method of age determination the individuals of a large collection

are grouped according to their size and the size-frequency distribution is plotted

on graphs. Each prominent mode or hump in the resultant curve is then assumed

to represent an age group, the first mode representing the youngest age group. An

examination of the length-frequency curves of Figure 37 shows that they are virtually

unimodal, so that this method can not be employed for the herring of my samples,

although, if material were available, it might be found applicable to the fish of the

two youngest age groups (1 and 2). In the study of growth rates, therefore, I have

restricted myself to the methods based on scales. We may assort the individuals

of the collections of different years according to their year classes, as determined by

reckoning back from the year of capture, according to the number of annuli on the

scales. We may then separate the various age groups of each year class by using the

annuli as an indication of age. Having assorted the fish, two procedures are possible.

First, we may compare the actual length measurements of these various age groups.

Second, we may compute, from the scale diameters (or other dimension) of all the

specimens, the lengths at the end of each year of life and thus determine for each

year class its rate of growth throughout life. The second method affords a much

larger series of data. By combining both actual and computed lengths of fish of the

same ages of all the year classes a general norm of growth characteristic of the

species may be obtained. The actual measurements, both lengths and weights,

of all the age groups of all my comparable samples are summarized in Table 34.

The grand averages are given near the bottom of the table. Similarly, the estimated

lengths for each year of life of all age groups, computed from the measurements of

scales, are summarized in Table 26. The length values of fish of the same age groups

of both of these tables are combined in Table 43.

Table 34.—Rale of growth of all year classes of Saginaw Baij herring, in terms of length and weight, as

determined by direct measurement and weighing
'
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Table 34.—Rate of growth of all year classes of Saginaw Bay herring, in terms of length and weight,
as determined by direct measurement and weighing

—Continued



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 363

Table 35.— Uncorrected calculated total length attained hi) various year classes of Saginaw Hay herring
at end of each year of life. Each year of life is given in terms of calendar years

'

Year class
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Table 37.—Computed lengths reached at end of different years of life by various age groups of Saginaw
Bay herring. The data are those of Table 36 rearranged so as to group the lengths of each year of

life together
'

Age
group
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groups III, IV, V, and VI with calculated lengths of 127, 122, 119, and 110 milli-

meters, respectively; that is, the calculated length at the end of year I is less the older

the fish from which the calculation is made. A similar relation appears in the cal-

culated lengths of fish of difTerent age groups in the 1918, 1920, and 1921 year classes

but not in the other year classes. Obviously, if the scales used for the length cal-

culations for the year 1919 and following years were from younger fish than those

used for length calculations for the year 1918 and preceding years, they would give

higher values. In that case, although the growth rate in 1919 might, in reality, be

the same as that of 1918, it would appear to be greater. In order to compare cal-

culated lengths attained at a given age in any two years, it is therefore necessary that

the scales used be taken from fisli of the same age. By such a procedure whatever

error is involved in Lee's "phenomenon of apparent change in growth rate" is the

same for all year classes in fish of the same age.

In Table 36 the data of Table 35 are regrouped. The year classes are no longer in

chronological order, but the age groups of different year classes are brought together.

The 8 and 7 year herring of the year classes 1914 and 1917 are too few to give depend-
able averages. An examination of Table 36 shows that the 7-year fish of the 1915

j'ear class and the 6-year fish of the 1916 year class reached about the same length
in corresponding years throughout life. The 6-year herring of the 1917 j'ear class

reached the same length as those of the 1916 year class at the end of each of the first

two j^ears of life but exceeded them in length at the end of their third year (1919).

This excess in length then gradually grew less, until the actual length of the 1917 fish

at death was slightly less than that of the 1916 fish. The 6-year individuals of the

1918 year class were slightly smaller than those of the 1917 or 1916 year class at

the end of the first year of life but were larger at the end of the second year (1919)

and continued to be larger in the remaining corresponding years of life. The 6-year
fish of the 1919 year class attained the same average length as those of the 1916 and

1917 year classes at the end of the first year of life but exceeded them in length at the

end of the second year (1920) and at the end of the later corresponding years. The
1918 and 1919 6-year fish, however, seemed to have had similar rates of growth. The

5-year fish of the 1918 year class were approximately the same in length as those of

the 1917 year class at the end of the first year of life, then exceeded them in length
in the second year (1919), and continued to exceed them in corresponding years, though
in diminishing amounts, throughout life. The 5-year-old fish of the 1919 and 1920 year

classes, which had similar rates of growth, however, reached greater lengths tim'O.

those of the two preceding year classes in corresponding years throughouit^Iifei! ; Ifl the

fourth (year class 1921 excepted), third, and second age groups each younger yea«
class of each age group successively attained greater lengths than its predeoesscxi

for corresponding years throughout life. .^ICI

Summarizing this detailed analysis, we find that the 1915 and 1916 year etasses

grew at corresponding rates throughout life. Although the fish used for calculating

the lengths of these two year classes were respectively 7 andi6 yearsiold, tiie difference

in age is so little that there is no evidence of apparent change ingrowth rate. We
find that the 6-year fish of the 1917 year class grew at tjhe same rate as the two pjeTi-

ousfy mentioned year classes during the firat twio years of life (1917 andi' 191-8), 'theri

reached a greater length in the third year in 1919 and in the corresponding later

years of life. The 1918 year class (age groups V and VI) reached about the same
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length in the first year of life as the three preceding year classes but exceeded them

in length in corresponding later years. The 1919 year class (age groups IV,V, VI),

however, in general reached greater average lengths at corresponding ages than its

predecessors in all years of life. The same tendency to attain greater lengths than

its predecessor at corresponding ages is found among the remaining year classes

considered. Two exceptions are noted—the rates of growth are approximately the

same in the 5-year fish of the 1919 and 1920 year classes and in the 4-year herring

of the 1920 and 1921 year classes. It is to be noted, then, that an acceleration in

growth occurred in 1919 in the third year of life in the fish of the 1917 year class, in

the second year in the fish of the 1918 year class, and in the first year in the fish of

the 1919 year class, but apparently not in the fourth year in the 6-year individuals

of the 1916 year class; and that the herring of all age groups attained greater lengths

in the early years of life after 1919 than before this year. As comparisons are made

between fish of the same age groups, the increases in length are believed to be actual

and not Lee's "apparent change in growth rate." It appears, then, that the year

1919 introduced a period favorable for the growth of herring.

These facts probably are brought out more clearly in Table 37, in which the

data of Table 36 are rearranged so as to group together the lengths of each year

of life. Age groups VIII and VII of the year classes 1914 and 1917, respectively,

are not considered in the following discussion, as they contain too few individuals to

give dependable averages. Table 37 shows that the computed total lengths of the

first year of life (115, 117, 113, 116 millimeters) fluctuate with the year classes in

the sixth age group. In the fifth age group they remain constant in 1917 and 1918

(115 and 114 millimeters), but increase to 119 and 117 millim.eters in 1919 and 1920,

respectively. In the fourth age group the length attained in 1918 is about the same

as in the older age groups but is greater in 1919 and again in 1920 and 1921. In the

second and third age groups there is a progressive increase in length attained at the

same age with the successive calendar years. In general, the average lengths of the

first year are relatively small and are very nearly the same for all age groups and year

classes in the calendar years 1915 to 1918, inclusive, but with one exception' are

relatively large in 1919 and increase in each successive year thereafter.

The total length of the second year of life remains constant in 1917 and 1918

but increases in 1919 and 1920 in the sixth age group. It increases progressively

for two successive years in the fifth, fourth, and second age groups and then remains

the same. In the third age group the total length of the second year increases in

1921, then remains virtually constant for two successive years. The average lengths

of the second year are appro.ximately the same for all age groups and year classes

in the years 1916 to 1918, inclusive, and are smaller than those of the years following

1918.

The total lengths of the third year of life show a progressive increase in each

successive year, e.xceptin tJie last one of each series, when they either remain constant

or decrease shghtly, in all age groups considered. As was the case in the lengths

of the first and second years of life, those of the third year are about the same for the

age groups in the years preceding 1919 and are smaller than those of the years follow-

ing 1918. The average lengths of the fourth year of fife also show a progressive

' See footnote 4, p. 363,
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increase in each successive year, except in tlie last one of each series, in all age groups

considered. In this year, however, the increase in length begins in 1920 instead of

in 1919, as was the case with the preceding years of life. Most of the lengths of the

fifth year are the same. An increase is shown for this year in the sLxth age group in

1922 and 1923 and in the fifth age group in 1923 and 1924, fish that hatched in 1918 and

1919 and m 1919 and 1920, respectively. In the sixth year of life the lengths fluc-

tuate more or less with the year classes, although the 6-year fish hatched in 1918 and

1919, especially the latter, average larger in 1923 and 1924, respectively, than those

hatched before 1918.

A study of total calculated and actual lengths, then, shows (1) that the herring

of Saginaw Bay attained approximately the same length in corresponding years of

life durmg the period 1915 to 1918, inclusive; (2) that all fish, with two exceptions

(see age groups VI and V, year of life I, of year classes 1919 and 1920, Table 37),

three years of age and younger were larger in 1919 and thereafter than were fish of

equal age before 1919; (3) that all fish, with exception noted in (2) above, 3 years

of age and younger, showed acceleration in growth in 1919 while older fish apparently

did not show acceleration in this year; (4) that all fish 3 years of age and younger
reached progressively greater lengths each successive year after 1918 (except in the

last one of each series, when the average length remained constant, decreased, or

increased slightly), while the 4-year fish did likewise after 1919; and (5) that fish

older than 4 years hatched after 1917 attained greater average lengths at the same age

tJian those hatched before or in 1917, the fifth age group of year class 1918 excepted.

From a study of both measured and calculated lengths it is concluded that the

year 1919 initiated a period of increased growth rate in all Saginaw Bay herring

3 years of age or younger.

Table 38.— Uncorrected calculated length increment attained by various year classes of Saginaw Bay
herring during the calendar growth years 1914 to 1924, inclusive. The increments are derived from
Table 35  
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Increments.—The computed annual average increments of growth of the Saginaw
Bay herring are shown in Table 38. The increments are derived from the lengths of

Table 35 and are arranged according to the year classes, each year of life being rep-
resented by a calendar year shown at the head of each vertical column. As in the

case of the total lengths of Table 35, the increments of Table 38 are rearranged in

Table 39 according to the age groups and in such a way that the increments of each

year of life are grouped together. The increments of the first year are the same as

the total lengths of that year and have been considered already. If we use the pro-
cedure employed for the study of total lengths and follow the increments of the

various years of life of each age group through successive calendar years, we come to

conclusions similar to those arrived at in the study of total lengths. (1) The herring

grew at approximately the same rate in corresponding years of life during the years
1915 to 1918, inclusive. (2) The herring grew more rapidly in their first, second,
and third years in 1919 and thereafter than before 1919. The scanty data indicate

that the increments of the fourth year of life are somewhat less in 1919 and there-

after than before 1919. (3) The acceleration in growth occurred suddenly in 1919 in

herring in their first, second, and third years, but apparently not in herring of greater

age. (4) The increments of the first year became suddenly larger in 1919 and with

one exception^ increased progressively thereafter. Those of the other years of life

fluctuated with the year classes during the period 1919 and thereafter, remained

constant, or decreased during those years.

Table 39.—Comptited average length increments reached in different years of life by various age groups
of Saginaw Bay herring. The data are those of Table SS rearranged so as to group the increments

of the same year of life together
"

Age group
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Table 39.—Computed average length increments reached in different yearn of life hy various age groups

of Saginaw Bay herring. The data are those of Table 38 rearranged so as to group the increments

of the same year of life together
—Continued
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SUGGESTED EXPLANATION OF RAPID GROWTH OF YOUNG HERRING IN 1919 IN
SAGINAW BAY

If we assume that improved conditions are responsible for the increased growth
rate ushered in by the year 1919, how may we account for the fact that only those

Bay City herring v/ere affected that were 3 years of age and younger? I beUeve this

is explained if we assume that the young herring hatched in Saginaw Bay remain there

during at least the first year and the early part of the second and of the later years
of life. The 2-year and even the 3-year herring may remain in the bay throughout
the year, though, as I shall show later (p. 394), this is not probable. It is known that

many 3-year herring join the spawning schools in the fall (p. 384) and depart with

them in the following winter or early spring to the summer feeding grounds in Lake
Huron proper. (See p. 394.) I shall later give reasons for my belief that growth con-

ditions were improved in Saginaw Bay during 1919 but not elsewhere in the lake. If

the above statements are true, all age groups were subjected during the growth sea-

son to the improved conditions of Saginaw Bay in 1919 and later years, the fourth

and older age groups for a short period in the fall and spring, the second and third

age groups during either the entire growing season or a part thereof, and the first

age group during the entire season. The measurable effect of any environmental

change that alters growth rate should be more noticeable in the years of rapid growth
than in those of relatively slow growth. The 1-year herring, with their large growth

increment, would, in general, show more clearly changes in the conditions of growth
than the 2-year fish; the latter would show alterations of growth rate more clearly

than the 3-year-old. In each older age group, as the growth increment decreased,

changes in it would be detected less easily and more likely to be obscured by other

factors affecting growth increments. Again, if the 1-year herring were subjected
to the improved conditions of Saginaw Bay throughout the entire growing season,
while the older fish were subjected to them during only part of the season, the growth
of the former naturally would be influenced more by these improved conditions than

that of the latter. As, then, the growth increment of the herring is greatest in its

first year of life and diminishes progressively in later years, any factor that tended to

alter growth rate should show larger measurable effects and therefore be detected

more readily in the first year than in later years. As first-year fish are believed to

spend a larger part of the growing season in Saginaw Bay than do older fish, growth-

controlling alterations in the conditions in the bay should affect them more than they
would older fish. They showed growth acceleration in 1919 and later years, over

that obtaining in 1918 and years immediately preceding. In the section of this

paper dealing with factors of growth in Saginaw Bay the probable causes of this

acceleration are discussed.

LAW OF GROWTH COMPENSATION

Gilbert (1914) concludes from a study of the computed growth increments of

some 4-year sockeye salmon (OncorhyncJius nerJca) that a compensation in growth
occurred in the third and fourth years of fife. That is, salmon that were large at the

end of the second year grew, on the average, more slowly in succeeding years than
the salmon that were small at the end of the second year, so that eventually all indi-
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viduals reached a uniform size at maturity. Delsman (1914) noted that in the marine

herring of Holland the big yearlings grew more slowly in the second year than the

small yearlings. Fraser (1916) observed that the handicapped or slowly growing

Pacific spring salmon of the "stream type" gradually catch up (or nearly do so) to

the size of the fast-growing individuals of the "sea type." In the herUng sea trout,

however, Mottram (1916a) found that the fast-growing young fish continued to

grow rapidly throughout life, while the slowly growing fish continued to grow rela-

tively slowly throughout life. Dahl (1918) states that this is also true for the trout

of Norway, although the disparity between the slow and rapid growers decreases

somewhat with increasing age. Molander (1918) divided his marine herring of the

ninth age group into three groups, according to the size of the central field (first

year's growth) on the scales. He then discovered that scales with large central

fields remained the largest throughout the nine years of Hfe, but that the difference in

size between the scales with a large central field and those with a small central field

is less in the ninth than in the first year of Ufe. Molander referred to this as undu-

lating growth, though it is really the same phenomenon designated by Gilbert as

compensating growth. According to Hubbs (1921), a "law of growth compensation"
is also evident in Labidesihes sicculus and probably in Amphigonopterus aurora (Hubbs

1921a). This law was found operative also in the Atlantic salmon by Menzies and

Macfarlane (1926, 1926a) and in the sea trout by Nail (1926). Does this law hold

for the lake herring? Perhaps the slow growth of years 1915 to 1918 of the herring in

Saginaw Bay was compensated by a rapid growth in the later years of life in Lake

Huron proper.

Table 40.—Computed average length increments reached in different years of life by various age groups
of Saginaw Bay herring. The data are taken from Table 38 and are rearranged according to age

groups

Xge group
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fifth years of life (28 and 21 millimeters) than did those of the same age hatched in

1917 and 1918 in the corresponding years (26 and 18 milUmeters and 25 and 19

millimeters) and at the same rate in the third, fourth, and fifth years as the 6-year

herring hatched in 1919. It shows, also, that the slow-growing fish of the fifth age

group grew no faster in the third, fourth, and fifth years than the fast-growing fish of

that age group. The fourth and third age groups, however, seem to show a decided

compensating growth. In the former age group the order of the succession of the

amount of growth of the first year for the four year classes is exactly reversed in the

second and third years, while that of the latter age group is reversed in the second

year. A further indication of compensation is seen in Table 36, which shows that the

difference between the final total lengths of the adults of an age group was, in general,

less than that between the computed lengths of the earlier years of these fish. This

appears by comparing the 4-year fish of 1918, 1919, 1920, and 1921; but the differ-

ences between earlier years seldom were compensated entirely at death. The big

juveniles were, on the average, also the big adults, and the slow-growing young fish

seldom reached the length of the fast-growing ones in corresponding adult years.

Thus, at firet sight it seems that the evidence for the law of growth compensation
is conflicting for the lake herring.

Table 41.—Computed average total length and average increment of length for each year of life for
each of three size groups of the 4-ye.ar herring taken at Bay City, Mich., in 19SS. The size

grojtps are based on lengths at the end of the first year of life

Size group, millimeters
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j'ear of life, and (2) that, as shown by the mcrements, the large fish of an age group

apparently grew more rapidly in each year of life than the small fish of that age

group. The second statement apparently contradicts that based on Table 41, that

"the smallest yearlings were the fastest growing fish and the largest yearlings the

slowest;" but the seeming contradiction is due to the method of grouping the data

of Table 42. In Table 41 the fish were grouped according to the length of the year-

lings, irrespective of whether these yearlings grew slowly or fast in later years. The
table shows that small yearlings were rapid growers and large yearlings slow growers.

In Table 42 the fish were grouped according to the length at death, irrespective of

whether they were small or large as yearlings. Because both size groups of an age

group of Table 42 consisted of small and large yearlings, the difference between the

computed lengths of the first year is consistently less than that between the actual

lengths of the fish at death. The table, therefore, warrants only the first statement

derived from it and not the contradictory second statement.

Table 42.—Computed average length and average increment of length for each year of life for each
size group of various age groups of Saginaw Bay herring taken in 1922 and 192S

Year of cap-
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represent the average growth rate for the whole period covered by the years 1915

(1914) to 1924, inclusive. The cxirve plotted from the grand averages of Table 43

shows gi-aphically the average growth of the lake herring during the last 10 years.

3iO

300
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The grand averages of Table 43 show that the herring grows very rapidly during

the first two years of Ufe. The first sharp break in the curve of total growth (figs.

39 and 40) occurs in the third year
—the year during which sexual maturity is first

attained by many individuals. If tlie length at the end of the seventh year is taken

as 100 per cent, then at the end of the first year 46.4 per cent, at the end of the second

year 67.5 per cent, at the end of the third year 79.6 per cent, at the end of the fourth

year 85.8 per cent, at the end of the fifth year 89.1 per cent, and at the end of the

sixth year 94.2 per cent of the total growth in length is completed (fig. 40). Other-

wise stated, the increment in length of the second year equals 45.7 per cent, of the

third year 26 per cent, of tlie fourth year 13.3 per cent, of the fifth year 7.1 per cent,

of the sLxtli year 11 per cent, of the seventh year 12.6 per cent, and of the eighth
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the percentages at the end of each year are as follows: Year II, 45.4 per cent; year

III, 64.7 per cent; year IV, 72.1 per cent; and year V, 79.4 per cent. (Corresponding

figures for length, based on year VI are: year I, 49.2 per cent; year II, 71.7 per cent;

year III, 84.5 per cent; year IV, 91.1 per cent; and year V, 94.6 per cent; see fig. 40.)

In comparison with length, the rate of the proportional total weight increase is

small during the first years of life, for while more than three-fourths of the total

length reached by the species is attained at the end of the third year more than five

years are required for a similar amount of weight increase. The curves of Figure

40, based on the above percentages, show that after the second year weight increases

more rapidly than length. The sudden final acceleration in weight may be due to

the small number of individuals in the sLxth year. Of course this rapid increase in

Fig. 41,—Average weight, in ounces, reached by male ( ) and
female (— .—) Saginaw Bay herring in dilTerent years of life.

The curve based on males and females ( ) involves

larger numbers of specimens. Curves are plotted from the grand

average weights of Table 34

weight is but an expression of the fact that at first these fish grow chiefly along the

horizontal axis and are therefore comparatively slender, while later growth occurs

principally along the other axes and the body acquires more depth and thickness.

From the point of view of the commercial fisheries it is not profitable to allow

the herring, at their present rate of growth, to become much older than 3 or 4

years. The increase in their average weight is about 19.3 per cent in the third

but only 7.4 per cent in the fourth and 7.3 per cent in the fifth year; or, stated

otherwise, the herring gain on the average 1.50 ounces in the third but only 0.58

and 0.57 ounce in the fourth and fifth years, respectively (Table 34); tliat is,

the increase in weight in the fourth and fifth years together is less than that of

the tliird year alone. If the nets are regulated for the 4-year fish (235 milh-

meters, or 9.3 inches, long measured snout to base of caudal and 5.61 ounces
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in weight), then many herring can spawn twice and a greater number can spawn at

least once, thus insuring the perpetuation of the species, provided tlie number of

spawners is not reduced below the number required for the maintenance of the species.

RELATIONSHIP BETWEEN LENGTH AND WEIGHT

"In similar solid figures the surface increases as the square, and the volume as

the cube, of the linear dimensions. * =n *
And, taking L to represent any

linear dimension, we may write the general equations in the form

SaU, VaU,
ovS = k.U, and V^IKU;

V
and^oZ." (Thompson, 1917, p. 16.)

Assuming that weight (TV) is proportional to volume, the formula becomes

W'=]c.U, in which the constant Ic must be determined empirically. The formula is

valid for any species on the assumption that its form and specific gravity do not

change materially. Weight being known, length may be determined by the use of

this formula, or vice versa. It has been applied to species of fish and Mollusca.

(See Crozier, 1914; Crozier and Hecht, 1914; Hecht, 1916; Jarvi, 1920; Weymouth,
1918, 1923; Corbett, 1922.)

Table 44.—Value of k in formula W= k.L', based on length and weight averages of different age
groups, shown separately for male and female lake herring of various lengths
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Table 44 shows the value of Tc for male and female lake herring taken in the fall

just before spawning. The lengths and weights are the averages for various age

groups, as shown in Table 32. The Ic averages for males (0.01132) and females

(0.01154) differ only in the fourth decimal place. In Table 45 age and sex are dis-

regarded, and the values for ^ are based on size only. The herring were arbitrarily

divided into size groups with definite hmits, which were selected so that a sufficient

number of specimens would be included in the group. Thus, the average, 20.4 centi-

meters, represents the 17 smallest herring collected; that is, herring 21.0 centimeters

Fig. 46.—Length-weight relationship of Saginaw Bay herring taken in the fall ju.'Jt before

spawning. The curve is plotted from theoretical weights computed by means of the length-

weight formula W=k.L^, in which /:=0.01126. The crosses represent actual weights (see

Table 46).

or less in length. It may be seen from Table 45 that the value of Tc changes com-

paratively little with size, and that the average foimd for the species is 0.01126.

Substituting this average for the Ic in the above formula, I computed the theoreti-

cal weight of herring of various sizes and compared the calculated values with the

actual where possible. These various values are given in Table 46 and plotted in

Figure 42. If we e.xclude the largest size gi'oup we find that the average difference

between the actual and calculated values amounts to only 2.82 grams. For all fish

this difference is 5.10 grams. The crosses in Figure 42 represent actual measurements,
the curve the theoretical or calculated values. The agreement between the t'wo
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values is very close. It appears, then, that in the lake herrins: taken just before

spawning in the fall of the year the length-weight relationship can be expressed

satisfactorily by the formula W=lc.U, in which Tc has a value of 0.01126.

Table 46.—Comparison of the theoretical u'eights, computed from the length-weight formula, with actual

weights of lake herring

Length in centimeters
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and to predominate in the annual run. He found that "the relative numbers of males

and females in the different year groups is a comparatively constant feature in each

river basin" and "thus rises to the dignity of a racial character [p. 17]."

Table 47.—Relative abundance of males and females in samples of lake herring taken at Bay City,

Mich., in 19S1, 19M, 1923, and 1924



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 381

66 per cent of the sample. In the 1924 sample, however, a sharp and complete

reversal in this relative abimdance of males occurs. In it 36.2 per cent were males

and 63.8 per cent females. This striking change is probably due to the fact that the

samples of 1924 were taken later in the season (November 21 to December 4) than

those of the years 1921 to 1923 (October 26 to November 12). It is possible that the

relative abundance varies, as in the salmon, during the course of the spawning sea-

son, the males preceding the females to the breeding grounds. In that case samples

taken late in the season would perhaps consist more largely of females.

Table 48S.—Percentage of males and females present at various dates during the course of the spawning
,
shown for each individual sample of Saginaw Bay herring taken in the years 1921 to 1934



382 BULLETIN OF THE BUREAU OF FISHERIES

table suggest that, in general, the males become relativ^ely more numerous than the

females with each higher age group (45.5 to 46.2 to 50.4 to 50.5 to 54.8 to 57.9 per
cent). Tliis increasing relative abundance of the males with increasing age indicates

that the females of a year class are captured earlier in life than the males. This

appears to be substantiated by the data of Table 49, in which the percentages are

arranged according to the year class to which the herring belong.^ From this table

it may be seen that when the averages are based on more than 15 specimens, the per-

centage, with one exception (5 of 1918), of the males increases while that of the

females decreases with age. The percentages of the 6 and 7 year fish of 1917 and of

the 6-year fish of 1918 are based on too few specimens to be reliable. This early
reduction in number of the females of a year class can not be due to the selective

effect of the pound nets, as the pots of these nets have such a small mesh (2 J^ to 2 3^

inches, stretched mesh) that all adult herring that get into these pots are retained bj'

them. The only other explanation seems to be that a bigger percentage of the

females than of the males of a year class reach sexual maturation for the first time in

the third year; that is, the females matm-e earlier in life than the males, and that con-

sequently more males than females matm-e for the first time in the fourth and probably
fifth years. If this is true, the percentage of the relative abundance of the males of a

year class should show a big increase in the fourth age group and should then either

remain approximately constant or perhaps show a slight increase in the older age

groups. The facts seem to evidence the truth of this theoretical conclusion. The
percentage of the males (Table 49) increased 11.6 and 12.2 per cent in the fourth

age gi-oup but decreased 6.5 per cent in the 1918 year class and increased 5.2 per
cent in the 1919 year class in the fifth age group.

Table 49.—Relative abundance of males and females in different age groups of various year classes of
Bay City herring

'
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In a ripe fish the sex products are easily pressed out of the body. In a spent or

spawned fish the gonads are soft and flaccid.

Table 50 shows the proportion of inimatiu-e male and female fish found in each

age group of each collection. The data of this table are arranged like those of Table

47. As the herring samples were taken on the breeding grounds, it is to be expected

that a large percentage of each would consist of sexually matured fish. Only 3 per

cent of all the herring taken, 1.3 per cent of all the males and 3.3 per cent of all the

females, were sexually immatm-e or nonspawning fish. The percentage of nonspawn-

ing males varied from to 4.3 per cent in the four collections and females from 1.7 to

7.8 per cent. The higher percentages of both sexes occurred in the year 1922.

Table 50.—Relative abundance of immature and sexually mature males and females in samples of lake

herring taken 1921, 1923, 1923, and 1924 at Bay City, Mich.
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As a rule, in a long-lived species of fish the year of age at whicli sexual maturity is

first attained varies more and has a greater range than in a short-lived species. Thus,

Thompson (1914) found that about 5 per cent of the 7-year female hahbut of the Pacific

were sexually mature and that at 12 years of age 50 per cent were mature, while at 15

years 10 per cent were still immature. In my herring samples 94.2 per cent of the fish

in their third year, 98.2 per cent in their fourth year, 99.2 per cent in their fifth year,

and all older fish were sexually mature. Thus, many of the relatively short-Hved

Bay City lake herring reach maturity in the third year. Fourteen 2-year fish were

taken in my samples. This number is too small to show the percentage of fish that

reach sexual maturity in their second year. It indicates, however, that a few fish do

so mature and join the schools of breeding fish in this year. A small percentage (0.8)

of herring is still sexually immature or at least nonspawning in the fifth year. In the

sample of 1923 no immature herring are present in the fourth and older age groups.

It should be emphasized that because the collections were made during the

spawning run, the percentages of Table 50 do not show the actual proportion of mature

and immature individuals in the general population in all age groups. They show

these proportions only for the fish that take part in the spawning nm. In this run

only about 6 per cent of the 3-year fish were immature. Inspection of Table 30

shows that the percentage of immature herring of the third year must have been

much larger than this. It there appears that the fourth age group predominates

in each sample for four consecutive years. This can not be due to selective action

of the pound nets on fish of the 4-year lengths, for these differ in length by only about

7 millimeters (Table 34) from the 3 and 5 year fish. If we assume that the 3

and 4 year fish captured in 1921 were in all respects representative samples of the

general population and that there is no selective death rate, they should have reap-

peared as 4 and 5 year fish in the catch of 1922 in the same proportion as they occurred

as 3 and 4 year fish in that of 1921 . In that case the 5-year class of 1922 would have

been larger than the 4-year class. It is, in fact, much smaller. It seems, then, that

before the 3-year fish of the spawning run of 1921 entered the run of 1922 their number

was greatly augmented. That is, many immature fish from the general population

of the 3-year class of 1921 were added to the spawning run of 1922 as mature 4-year

fish. It is this annual addition that results in the predominance of the 4-year fish

in the samples of all years. As fewer fish attain sexual maturity for the first time in

their fifth year than in their fourth, the 5-year group would be composed chiefly of

fish that escaped the nets or death from other causes in their fourth year, and this would

then result in the consistant smaller representation of the 5-year group each year.

That some individuals attain sexual maturity for the first time in their fifth year

seems probable from the fact that the 4 and 5 year herring do not reappear as 5 and

6 year fish, respectively, in the same relative abvmdance. Unless we postulate, as

we did with the 3 and 4 year fish, that the 5-year class is augmented by individuals

that were sexually immature in their fourth year, we can hardly explain why the 4-

year fish are, on the average, about twice (2.2 times) as abundant as the 5-year fish,

but when reappearing as 5-year indi\'iduals the former are about seven times as

abundant as the latter, which reappear as 6-year fish. (Compare the number of

individuals of the lower half of Table 30.) Table 30 shows, further, that the 5 and

6 year fish reappear as 6 and 7 year fish, respectively, in approximately the same rela-

tive abimdance, which indicates that virtually no herring reach sexual maturity for the

first time in the sixth year of fife. (The general conclusion that the percentage of imma-
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ture herring in the third and older age groups is greater than that suggested in Table

50 seems substantiated by the data of the Oscoda herring, page 388, Table 55. The

percentages of immature fish, especially for age Groups III and IV, are considerably

larger in the Oscoda sample than in any of the samples taken at Bay City. The
Oscoda herring apparently had not yet been completely segregated into spawning
and nonspawning fish.) To obtain accurate values for the relative abundance of

sexually immature and mature fish of the general population in an age group we must
determine the component year classes and age groups of schools of immature fish and
follow them for several consecutive years.

COMPARISON OF SAMPLES OF HERRING TAKEN IN 1924 AT THE SAME LOCALITY IN
SAGINAW BAY BUT ON DIFFERENT DATES

In Tables 51 and 52 the individual herring samples of a single locality in Sag-
inaw Bay are compared, one with the other, in order to ascertain if possible whether

the characteristics of a sample vary in any one direction with the advance of the

season; that is, to determine whether samples taken on different dates are compar-
able. In Table 51 the range in length, the modal length, the average length of the

sample, the average actual length of each age group, and the relative abundance of

each age group are compared; in Table 52 the computed lengths for each year of life

of corresponding age groups are compared. The Tobico samples show virtually no

differences in the range in length or the average size of the sample, and while the

actual and the computed lengths of the age groups and the percentages of abundance

vary with the samples, these variations are not consistent. The range in length and

the age composition are virtually the same in the two Nayanquing samples. The

herring taken on November 27 tend to average somewhat less in length than those

taken on November 24, although the computed growth rates of the two series of

fish are virtually identical (Table 52). In the two Gravelly Point samples the age

composition is very similar; the range in length is considerably less in the herring
taken December 4 than in those taken November 30. The modal length and the

average size of the former fish exceed those of the latter. This, however, is due en-

tirely to the small 3-year fish taken on November 30. The growth rates of the 4

and 5 year fish are virtually identical for corresponding years of life.

Table 51.—Range in length, modal length, average length of sample, average actual length of each age
group, and percentage of abundance of each age group for each individual sample of herring taken
in 1924 on different dates at Tobico, Nayanquing, and Gravelly Point in Saginaw Bay '

Locality in Saginaw Bay
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Table 52.— Comparison of computed lengths of each year of life of corresponding age groups of herring
collected at same locality but on different dates

Locality in Saginaw Bay
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Table 53.—Range in length, modal length, average length of samples, and average actual length oj
each age group for the combined samples of herring taken at Tobico, Nayanquing, Au Gres, and
Gravelly Point in Saginaw Bay '

Locality in Saginaw Bay
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from the other localities considered are no greater than these differences between the

3-year fish taken at Gravelly Point on different dates.

No striking differences exist in the computed growth rates and lengths of the

4-year fish of the four localities under consideration; but the 5-year herring from

Gravelly Point seemed to have had a faster rate of growth than those from the three

other localities, while the 6-year fish from Gravelly Point appeared to have grown
less rapidly than those from Tobico. The differences are not consistent.

The data of Tables 53 and 54 show that the Tobico, Nayanquing, and Au Gres

herring undoubtedly belong to the same general population. The data of the Grav-

elly Point herring are not conclusive but they suggest that in all probability the

Gravelly Point fish are not different from those taken farther south in the bay. On
the basis of growth rate we apparently can not separate the herring population of

Saginaw Bay into distinct races.

VARIATIONS IN RATES OF GROWTH OF HERRING FROM DIFFERENT LOCALITIES IN

LAKE HURON

The discussion so far has involved only the herring taken in Saginaw Bay, the

principal herring grounds of Lake Huron; but it is of extreme interest and of economic

importance to compare the Saginaw Bay herring with those of other locahties, espe-

cially as regards their rate of growth, for a difference in rate of growth of herring in

different localities might afford evidence of local races. The only material at pres-

ent available for this comparative study is that collected by Doctor Koelz in 1917

and 1919 and by me at Oscoda, Mich., in 1922. This material does not include, for

the present study, an adequate number of individuals for all the localities at which

collections were made. (See Table 1.)

Table 55.—Range in length, modal length, average length of sample, percentage of abundance of each

age group, percentage of males and females in each age group, and percentage of immature and mature

fish in each age group for herring taken November 1, 1922, at Bay City, and November 2, 1922, at

Oscoda, Mich}
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Table 56.—Comparison, for corresponding age groups, of computed lengths and increments in length

of each year of life of Bay City (Tobico) herring collected November 1, 1922, with those of Oscoda

herring taken November 2, 19Z2

Locality
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spawners of an age group average less in length than the spawners of that age

group. I found for the Oscoda herring that in the third age group 54 immature

individuals averaged 222 millimeters in length, while 83 mature specimens aver-

aged 228 millimeters, and that in the foiu'th age group 18 nonspawning fish

averaged 220 millimeters in length, while 131 spawners averaged 233 millimeters.

A priori, the Oscoda herring should then have a greater range in length but smaller

average lengths than the Tobico fish. Tables 55 and 56 show this to be true. In

the Oscoda fish the range in length is greater, but the modal and average lengths of

the sample as well as the average actual and computed lengths of the age groups are

less than in the Tobico fish. The increments of Table 56 show that these smaller

total lengths of the Oscoda herring ai'e due to the growth rate of either the first or second

year of life. The 5-year specimens of the two samples did not grow at very dift'erent

rates (the 6-year fish are too few in number to be considered). The nonspawners
were too few in number to affect the growth rates of these age groups. The 4 and 3

year fish of Oscoda grew less in the first year of life but as rapidly as or faster in the

later years of life than the corresponding age groups from Tobico. The 2-year herring,

which in both samples were principally immature fish, grew at the same rate in the

first year; in the second year the Oscoda fish grew the more slowly.

Table 57.—Average actual and corn-puled total lengths and average computed increments of length for

sexually mature III and IV year herring taken in 1922 at Bay City and Oscoda, Mich.^

Locality
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the calculated lengths of these fish, as shown in Table 59, are employed. In Table

59 are given the computed average lengths, as determined from measurements of

scales, for each year of life. To obtain these averages, I computed the lengths for

each year of life of all the year classes of a sample and then averaged these lengths

of corresponding years of all year classes. In this way some comparable general norms

of growth of the herring of the several localities are obtained. A variable error, due to

the "apparent change in growth rate," is introduced into the averages by this method;
but as each sample considered consists of approximately the same age groups, the

i^5
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Fig. 43.—Showing the total length attained at the end of each year of life by lake herring

taken at various ports on Lake Huron. The curves are plotted from the computed lengths
of Table 59

averages are still roughly comparable. Considering the number of specimens employed
for each locality, the averages of length are at best approximate. The computed total

lengths of the herring of the above-mentioned localities are plotted in Figure 43.

(For location of each port see fig. 1.)

Table 58.—Average total length, as determined by actual measurements of fish, attained at end of each

year of life by lake herring collected at various ports on Lake Huron '

Locality
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Table 59.—Total length attained at end of each year of life by lake herring taken at various ports on
Lake Huron. Each average is based on uncorrected computed lengths of several year classes '

"^

Locality
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Huron, and (2) that Saginaw Bay produces, so far as known, the most rapidly growing

herring in Lake Huron.

The above data suggest that the migrations of the herring are more or less local.

If the lake herring of two localities intermingled, their growth rates should be the

same. The different growth rates indicate that at least the majority of the herring
of the Saginaw Bay district keep apart from those of the Alpena district, and vice

versa, and that the Wiarton herring do not intermingle with those of Killarney in

Georgian Bay.

FACTORS INVOLVED IN THE ALTERATION OF THE GROWTH RATE OF
SAGINAW BAY HERRING DURING THE PERIOD 1915 TO 1923

A study of the factors that affect the growth rate of fishes in nature usually

requires a biological survey of the body of water involved, and this should cover a

period of consecutive years. Such a survey has not been made of Saginaw Bay,
and if one were to be carried on now it could hardly explain the past growth history

of its herring; but we know during which years of the period 1915 to 1923 acceler-

ation in the growth of the Saginaw Bay herring occurred, and there are certain factors

that are known to affect growth rate and concerning which data are available for

the period. It has seemed worth while, therefore, to correlate the data on these fac-

tors with the observed changes in growth rate in the hope that significant relations

would appear. The history of the growth of these herring is so unique that any

attempt to explain it is justified. The factors referred to are temperature and light,

fishing intensity, and the chemical pollution of Saginaw Bay by the Dow Chemical

Co. of Midland, Mich.

RESUME OF THE GROWTH HISTORY OF SAGINAW BAY HERRING

The significant facts of growth already discussed are the following:
^

1. In each of the years 1915 to 1918, inclusive, the rate of growth of herring in

the first year of life was the same.

2. In the year 1919 the growth rate was increased in herring 1,2, and 3 years
of age.

3. Neither in 1919 nor subsequently did_ the growth rate of fish older than 3

years increase.

4. The acceleration of growth rate initiated in 1919 in fish 3 years of age and

younger continued in the years 1920, 1921, and 1922.

5. In the period 1919 to 1922, inclusive, fish in their first year of Ufe, in general,

grew more rapidly each successive year. During this period there was progressive

increase of growth rate in 1-year fish, although in 1922 the increase was very slight

(1 millimeter).

6. During the period 1919 to 1923, inclusive, the growth rate of the second and

third year fish did not increase in successive years but remained virtually constant

at the increased rate attained in 1919.

7. The growth rate for the fourth and later years likewise tended to remain

constant in the years 1919 to 1924, inclusive.

' For each statement refer to Table 39.
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The accelerated growth rate of young fish in 1919 and later years presumably
was due to some improvement in growth conditions. Conditions relatively unfavor-

able to the growth of fish of the first three years apparently were present during the

years 1915 to 1918, inclusive, and conditions became favorable during the years
1919 to 1922 (1923?), inclusive.

Why were only the herring of years I to III affected by alteration in growth
conditions? From the fact that Hanldnson (1914) found herring of the first year
in shallow water in Lake Superior it is reasonable to believe that herring hatched

in Saginaw Bay remain thei-e during the first year of life, or at least during the major
part of their first growing season, and this in spite of the fact that none have 'been

taken in the bay. It is not probable that upon hatching the young immediately
move out of the bay. If any of the older fish (age groups II and older) remained

in Saginaw Bay throughout the summer they would certainly be taken by the com-
mercial nets, which have been set in all parts of the bay without taking them in

commercial quantities; but no herring are taken in the bay after the big run in the

spring, which may continue until June in the vicinity of Bay Port, although
it lasts about one week only in April along the west shore of the bay. Yet
each fall large numbers of sexually mature herring (age groups II and above)

may be taken almost anywhere in Saginaw Bay.' The available evidence, then,

indicates that the older Saginaw Bay herring, both immature and mature (age

groups II and above), spend the greater part of their growing season in Lake
Huron proper. The immature fish older than 1 year may or may not migrate far

into the bay with the spawners. Very few of years II to V (Table 50) were taken

in my Tobico samples. It appears, then, that herring hatched in Saginaw Bay very

probably spend their first growing season in the bay, and that herring older than

1 year spend only the early part of the growing season there. The following discus-

sion assumes the correctness of this conclusion, and the conclusion itself is rein-

forced by the fact that it permits a consistent interpretation of the growth-rate data.

If the same changes in growth conditions occurred throughout Lake Huron, all

the afl;8cted age groups collected in one locality should show the same kind of altera-

tion in growth rate in the same calendar years. Further, the herring taken at local-

ities on Lake Huron remote from Saginaw Bay should show, for the same calendar

years, a history of growth similar to that of herring taken in Saginaw Bay. The first

expectation does not appear to be substantiated by the fact (p. 393), as the 1-year

herring of Saginaw Bay grew progressively larger each year during the period 1919 to

1922, while the 2 and 3 year herring (which do not remain in the bay) each main-

tained a constant growth rate throughout these years. No suitable data are avail-

able by which to test the validity of the second expectation. As the effect on Saginaw

Bay herring in one locality is greatest in that year of life that, presumably, is spent

wholly in the bay, and as the alteration in the growth rate of age groups I to III did

not occur in the same manner in the same calendar years, we may conclude that the

alteration in the rates of growth of the Saginaw Bay herring under consideration was

due primarily to some local changes in the environment of Saginaw Bay.

' Whether the main body of herring remains in the bay during the winter after having spawned is not Isnown. In general, rela-

tively few herring are talcen from the bay through the ice. As virtually no growth occurs in the winter, the whereabouts of the

herring during this season has no bearing on the present inquiry into the alteration of growth rate.
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Alterations in the conditions of (growth in the bay would affect the growth rate

of the 1-year herring more than that of the older groups. The growth rate of the

1-year fish would not be altered necessarily in the same way from year to year as

that of the older fish, as the environmental growth conditions (bay and open lake) may
not have been the same for the two groups; but if the environment of the second and
older age groups was virtually the same in any one calendar year why did the 2 and
3 year fish show alterations in their growth rate while the older herring did not?

Or, in other words, if the second and older age groups had been subjected to the same
environmental conditions, as I believe, would not these age groups show the same
kind of changes in their growth rates? There are at least two probable reasons why
they would not: (1) The younger (2 and 3 year) herring may commence the new
year's growth earlier in the spring than the older fish. This was found to be true in

the marine herring {Clupea Tiarengus) by Dahl (1907), in the lemon dab {Pleuronedes

microcephalus) by Storrow (1916), in the haddock (Gadus xglefinus L.) by Samundsson

(1925), and in the Atlantic salmon by Menzies and Macfarlane (1926). In that

case changes in the conditions of growth in the bay would affect the growth of the

yoimger herring more than that of the older. (2) In general, the total amount of

annual growth becomes progressively less with age. Slight alterations (inasmuch as

these older herring remained in the bay for a short period, most of it when growth is

not taking place, alterations in conditions could have aft'ected growth only slightly)

in growth rate can not be detected as readily in the average measurements of the

older fish as in those of the younger. Thus, even though the growth rates of all the

age groups (II and above) of the Saginaw Bay herring were affected by changed
environmental conditions of growth, the measurable effect would become progres-

sively less with each older age group and finally disappear. I believe that for these

reasons the alterations in the growth rates of the 2-year herring (Table 39) were more
noticeable than those of the 3-year fish, and that no consistent changes in growth
rates occurred in the older fish. As the 2 and 3 year herring had lived under similar

conditions of growth in any one calendar year, it is to be expected, as was actually
found to be true, that the kind of changes in growth for the same calendar years
would be identical in these two age groups.

We may now ask. What affected the growth rate of herring of years I to III in

Saginaw Bay? As it has been shown that a low growth rate of fish 1 to 3 years of age

prevailed in the bay in the years 1915 to 1918, inclusive, as compared with that of

the years 1919 to 1922, inclusive, two alternatives are possible: (1) The low rate of

growth of 1915 to 1918 is the normal or usual one and prevailed before 1915. In

that case something happened in 1919 to better hitherto prevailing normal growth
conditions. (2) The growth rate of 1915 to 1918 was abnormally low; a higher rate

prevailed before 1915 and was resumed in 1919. In that case some factor unfavor-

able to growth was effective in the years 1915 to 1918 but not before or after

those years.

COMPARISON OF GROWTH RATES EXISTING BEFORE AND AFTER THE PERIOD 1915

TO 1918

To decide between these alternatives it is necessary to compare the growth rates

of the Saginaw Bay herring existing before and after the period 1915 to 1918. Was
the growth rate of 1919 to 1922 merely a resumption of that prevailing before 1915?
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The only material available for the period before the year 1915 is the sample of 17

herring collected by Doctor Koelz in 1917 at Bay City, Mich. Doctor Koelz made no

effort to take unusually large herring. His only precaution was to take nothing but

perfect representative specimens.

Table 60.—Actual lengths of Saginaw Bay herring captured in 1917 compared with those of herring
captured in 19S4 for corresponding years of life

'

Date of capture

Oct 25, 1917

Nov.-Dec, 1924..

Actual length, in millimeters, at end of year-

Ill

235 (3)

236 (162)

IV

246 (6)

243 (356)

271 (4)

254 (74)

VI

293 (2)

267(18)

311 (2)

280 (4)

' The number of specimens employed is given in parentheses.

Table 61.—Comparison, for the first 3 years of life, of average computed increments of length of herring
taken in 1917 with those of herring taken in 1921, 1922, 1923, and 1924- The increments of cor-

responding years of 1921, 1922, 1923, and 1924 fish were combined and were derived from Table 43 '

Year of life
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from the total lengths of Table 43. (For the individual average length increments
of each year of these fish see Table 39.) By this method of combination more than
one age group is involved in most of the averages of the calculated increments. To
each younger year class, beginning with that of 1917, ayounger age group is added in

the table. Obviously the progressive increase in the averages of the first year of life

after 1918, as shown in Table 61, may be due in part to Lee's "phenomenon" and
not entirely to an acceleration in growth rate. However, the values for the year
classes older than 1917 may involve Lee's "phenomenon" also, so in this respect the

two series of averages are comparable. Even so, we are not attempting to compare
here the corresponding averages of each year class separately. As was the case in

Table 60, the averages of the herring taken in 1917 are based on too few specimens
to be accurate, but here again their significance lies partly in the consistency of the

results based on them. We point out merely that the increment averages for the

calendar years preceding 1915 and succeeding 1918 are greater, on the whole, than
those for the years 1915 to 1918. Whether or not the progressive increase in the

growth rate of the 1-year fish after 1918 is due partly to Lee's "phenomenon" seems
to me to be immaterial in the present discussion. That the fish actually grew faster

subsequent to 1918 than during the period 1915 to 1918 has been shown in the dis-

cussion of Tables 35 to 39 (pp. 363 to 369). It is to be noted that for some years two

averages that are widely divergent are given for fish of the same year class. In such

case that average based on the larger number of specimens presumably is the more
accurate and is so considered throughout this discussion.

An examination of the growth rates of the first year of life, as given in Table 61,

shows that those of the years 1911 to 1914, inclusive, were higher in general than

those of the years 1915 to 1918, inclusive, and as high as those of the years 1919 to

1922, inclusive. The growth rates of the second year of life of the years 1914 and
1915 exceeded those of the years 1916 to 1918, inclusive, but were less than those of

the years following 1918; those of the years 1912 and 1913 were about the same as

those given for the period 1916 to 1918. The rates of growth of the third year of life

of the years 1914 and 1915 exceeded those of any succeeding years, while those of the

years 1913 and 1916 were about the same as those of the years 1917 and 1918. The
data suggest that 1913 was an unfavorable year for the growth of the herring consid-

ered, and that 1915 was unfavorable for the growth of the 1-year herring but favor-

able for that of herring of years II and III. If the latter statement be true, our pre-
vious statements that the period of low growth rates included the years 1915 to 1918

must be modified somewhat, as follows: Low growth rates prevailed among the her-

ring of year I during the period 1915 to 1918, and among those of years II and III dur-

ing the period 1916 to 1918. It appears valid to conclude now that the data of Tables

60 and 61 indicate that the low growth rates prevailing among the herring of Sagi-
naw Bay during the period 1915 (1916) to 1918 were abnormal; that, in general,

higher rates prevailed before 1915 (1916) and were resumed in 1919. Apparently,

then, the growth rates prevailing among the herring in Saginaw Bay before 1915

(1916) were in some way inhibited during the period 1915 (1916) to 1918 and restored

or partly restored in 1919. Growth conditions in the bay were unfavorable during
the years 1915 (1916) to 1918, inclusive.
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Further evidence that the lengths reached by the herring in 1924 were not unu
sual may be found in the statements of Jordan and Evermann (1911), who visited

Bay Port, on Saginaw Bay, in 1908 or 1909. They write (p. 6): "The herring of

Saginaw Bay is also in all respects identical with the specimens from Collingwood
[Georgian Bay]. It is not only slender, as usual in this species, but reaches only a
small size,^ the average weight when mature being 6 ounces, those examined by us,
from Bayport, ranging from 2.5 to 9.5 ounces. The maximum length is 12 inches

and the usual from 9 to 10." I found that 500 mature herring taken in 1922 averaged
only 5.2 ounces in weight, and that my herring taken in 1924 averaged 242 milli-

meters or 9.5 inches, in length. The above authors do not give their standard for

comparison, but it is at least evident that their specimens were as large as if not

larger than mine.

TEMPERATURE AND SUNSHINE AS FACTORS

If I am right in concluding that factors that affected growth in Saginaw Bay
in 1915 to 1918 were local and not general over Lake Huron, we may ask what they
were. What growth-controlling factors operated in Saginaw Bay during the period
1915 (1916) to 1918 that were absent in the open lake. Did these factors exist,

also, before the period 1915 (1916) to 1918 and were they absent or reduced sub-

sequent to it?

The first compound factor that suggests itself is that of temperature and light.

Temperatm-e may be considered first. Inasmuch as it was concluded that the

unfavorable conditions of growth were restricted to the Saginaw Bay region, fluc-

tuations in the mean temperature of the growing season probably may be excluded,
for temperature presumably should affect the growth rate of herring of all age groups
and of all localities on Lake Huron; but as reliable statistics of the air temperatures
of the Saginaw Bay region are available it is of interest to compare those of different

years with ascertained growth rates to see whether any relation is discoverable.

The temperatures of the water of Saginaw Bay for past years are not known. Neither
do we know the exact relation between these temperatiu-es and those of the air.

If the temperatiu-es of the air are to be used, we must assume that, in general, the

temperature of the water of Saginaw Bay is dependent on that of the air. That is,

if the air temperatures of the Saginaw Bay region show that a certain year was a

relatively cool one we must assume that the water of Saginaw Bay was, on the whole,

relatively cool in that year. The critical temperatures are presumably those of the

growth season, which for the young herring of Saginaw Bay very probablj' extends

from April to November. According to the fishermen, the bay is generally not

free from ice until April, while according to hatchery employees at Bay City, herring

eggs collected by them hatch some time in AprU. It is very probable, then, that

the wild immature herring begin their growth in April. It is not Ivnown how long

growth continues in the fall or whether it ceases entirely in the winter, though it

is virtually certain that growth is considerably retarded during the winter period.

However, irrespective of wliether we select as the growth season the period March
to November, April to November, or April to October, the conclusion derived from

' Italics are mine.



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 399

a study of the air temperatures remains tlic same. Table 62 shows, in degrees Fahren-

heit, for the months of April to Novemher, inclusive, for the years 1913 to 1922,

the mean monthly air temperatures at Saginaw, Mich. They were taken from

the various reports of the chief of the United States Weather Bureau. The mean

of the monthly averages of each year is shown in the last column of the table, while

the mean of each month of the several years is given at the bottom of each column.

To make comparison of these temperature data easier and more accurate, I deter-

mined, by means of a polar planimeter, the area inclosed by each curve plotted from

the monthly averages for each year, employing as the base line a line drawn through

39.2° F., the temperature at which water reaches its maximum density. The result-

ant values express roughly the relative amount of heat available from the air for

each year for the months April to November, inclusive. These values are arranged

in Table 63 in order of size. It may be noted, when a comparison is made, that the

order of the years, based on the size of the planimeter measurements differs only

slightly from that based on the magnitude of the annual averages of the mean monthly

temperatures.

Table 62.—Mean monthly air tempernlnres, in °
F., of April to November, 1913 to 1923, inclusive,

taken at Saginaw, Mich., by the United States Weather Bureau

Year
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or heat budgets (Table 63) of these years; that is, that the growth rates of a relatively

cool year were lower than those of a relatively warm year, and vice versa. At firet

glance there appears to be some correlation between temperature and the growth
rate of the Saginaw Bay herring. We see from Tables 62 and 63 that the years 1919,

1921, and 1922 were the warmer years of the series, and from Table 39 that during
these years and 1920 growth was more rapid than during the years 1915 to 1918.

In the years 1915 to 1918 chemical substances imdoubtedly were present in Saginaw

Bay water that were not present before or after that period. Their effect on growth
rate is discussed in another place. Assuming that they had an effect, the relation of

temperature and growth rate might be obscured by it if years when the chemicals

weie present were compared with other years. It is best, therefore, to compare the

years 1915 to 1918 one with another and the years subsequent to 1918 one with

another to see whether in either period any relation is revealed between fluctuations

in temperature and those in growth rate.

We may then consider the 1-year fish of each year class separately and compare,

year for year, their growth rate with temperature. We find, then (Table 39), that

the 1-year fish grew approximately at the same rate during 1915 to 1918 apparently

uninfluenced by the fact that the average annual air temperature dropped 4.2° F.

in 1917 and rose 3.5° F. in 1918 (Table 62), or, othei-wise stated, that the average

temperature was decreased about 20 per cent in 1917 and increased about 18 per cent

in 1918 (Table 63). Yet in 1919, with an increase in the average air temperature of

only 1.0° F., or about 8 per cent, the growth rate of the 1-year fish increased (113-116

to 116-127 milUmeters); and with a decrease of 1.4° F. in the average air temperature

(8 percent) in 1920, the growth rate of these fish increased above that of 1919 (116-127

to 117-139 millimetei's) . With an increase of 3.3° F. in the mean air temperature in

1921 (roughly 20 per cent), the growth rate increased only slightly above that of 1920

(133 and 139 to 136 and 142 miUimeters, respectively); and with a decrease in tem-

erature of 1.5° F. (15 per cent) in 1922 there was a slight increase in rate of growth.

Apparently, so far as these data show, there was little correlation between the growth
rate of the 1-year herring of Saginaw Bay and temperature during either the period

1915 to 1918, or, in that following 1918. We conclude that the evidence does not show

that temperatui'e was the controlUng factor in the alteration in the growth rate of

the herring of Saginaw Bay during the period 1915 (1916) to 1922.

The amount of sunshine determines the rate of growth of phytoplanlcton and

consequently that of the zooplankton, on which herring feed; but the relation of

sunshine to both air and water temperatures is such that probably mean air temp-
eratures afford a good index to both. It has not been thought necessary, therefore,

to study the data for the purpose of determining whether any relation exists between

the average number of sunshine hours in various seasons and the rate of growth of

the 1-year herring.
FISHING INTENSITY AS A FACTOR

One of the best and most convincing demonstrations of the effect of intensive

fishing on the rate of growth of fishes is that afforded by the work of the Danish

biological station at Copenhagen, carried on under the direction of Doctor Petersen

(1922). In his survey of the plaice fisheries, covering the years 1893 to 1922, Doctor
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Petersen reports some interesting facts on tlie relation between these fisheries and

the stock of plaice. I can do no better than quote him verbatim. On page 9, he

writes :

In 1S99, I introduced fishing by Snurrevaad in Great Belt and thi.s Idnd of fishing soon had a

rapid growtli. (See Report XXVII, 1920.)

The old dense stocli, consisting chiefly of small, old plaice, was fished up so that the stock became
much less dense; but gradually the plaice got bigger, on the average, though much younger.

Now, the fishing is pursued chiefly on younger plaice but formerly mostly on older plaice.

The density of the stock is now very sparse; where in former years we took 200 to 300 plaice in one

haul, with Snurrevaad we can now take but one plaice or two or none at all. Here, I have virtually

seen an accumulated stock fished up and replaced by a new one of younger but bigger fishes; to

be sure not nearl}' as numerous pr. ha., but it is obvious that the stock is quickly renewed, so that

the statistics have been able to note good progress since 1899 in total production in kg., and the

production has been kept up until this day in spite of great fluctuations from one year to another.

Again, page 18:

It is thus beyond doubt that the intensity of fishing, while diminishing the density of the stock

in most of the Danish seas, has increased the growth rate of the individuals, so that the produc-

tivity as a whole has been kept up, and the average size of the plaice in our southern waters is there-

fore larger than formerly.

Heincke has already called attention to the fact that in the age of the p'aice we have a kind of

measurement of the fishing intensity, the age will always decrease with a growing fishing intensity;

and I shall add that in the growth rate we have another means of measuring the fishing intensity,

about which I shall give further particulars in the following. [See, also, Garstang, 1926.]

Is the acceleration in the growth of the Saginaw Bay herring due to intensive

fishing perhaps? It is true that the adult plaice differ greatly in their mode of life

from the lake herring. Adult plaice are bottom forms and bottom feeders. They

migrate, but very slowly. As the amoimt of food found on the bottom is strictly

limited the rate of growth of the plaice depends directly on the amount of space and

food that is available for each mdividual. The lake herring, however, are pelagic

plankton feeders. Intense fishing would reduce the number of spawners, the number

of eggs laid in the fall, and the number of fry hatched in the following spring. The

fingerUngs are known to occur in immense schools (Hanldnson, 1914) and the fry may
have the same habits. The amount of food that each obtains may depend on their

number. In any season in which their number had been reduced greatly by over-

fishing there would then be less crowding of the growing fry and more food available

for each individual, a lessened competition. This might increase the growth rate.

It seems tmlikely, however, with the abimdance of plankton organisms and their

rapid rate of reproduction, that plankton-feeding forms can so far reduce their food

supply as to affect their own growth rate. However, if we are to explain the increased

growth rate of the Saginaw Bay herring of the 1919 hatch on the basis of lessened

competition due to heavy fishing we must suppose that the number of spawners in

the fall of 1918 was so reduced by fishing that the number of fry hatched in the spring

of 1919 fell below the usual number so far that an increase in their growth rate above

the normal took place. We are not concerned here as to whether the lessened number

of spawners in the fall of 1918 may have residted from extremely heavy fishing in

1918 or gradually due to continued heavy fishing in the several years preceding 1918.

All we need to assume is that intense fishing had reduced the number of spawners

in the fall of 1918.
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I have shown (Table 39) that the 1-year herring showed a progressive increase

in growth rate in 1920, 1921, and 1922. To explain this progressive increase in

growth rate on the basis of heavy fishing we must beheve that the number of surviving

spawners became progressively less each successive fall below the normal during the

period 1918 to 1921, and that consequently competition for food among the young
herring grew progressively less severe during the period 1919 to 1922. That is,

fishing intensity must either have remained constant after 1918 or have become
more severe. This may or may not have occurred, we do not know; but in order to

explain the growth data of the 1-year herring on the basis of overfishing we must

accept this postulation as a fact. If fishing intensity had diminished after 1918,
the surviving spawners of each fall, and consequently the resultant fry, would have
increased in number and competition for food among the fry would have become
more severe. In that case the growth rate of the 1-year herring would then either

have remained constant or have decreased after 1918.

What effect should such a constant or increased fishing intensity after 1918 have
had on the growth rate of the 2 and 3 year herring? If competition for food amongst
the older herring (2 years and older) in the open lake is not severe, fishing intensity
should not be a significant factor in the growth rate of tbese fish while in the open
lake. If, on the other hand, competition in the open lake is severe, fishing intensity
should be a factor. Competition may be an important factor in the early growth
of these fish in spring when they are in Saginaw Bay. In either case, whether com-

petition occurs in the open lake and in Saginaw Bay or in Saginaw Bay only, if the

number of surviving spawners each successive year fell more and more below the

usual number, competition among the older age groups in the open lake or in Sagi-
naw Bay would become less severe each year, and accordingly their rate of growth
while in the open lake or in Saginaw Bay would become progressively larger each

year. The second and third age groups should then show a progressive increase in

growth rate after 1918. This we know was not the case.

It seems, then, that our data on the growth of the heriing can not be explained

by overfishing or intense fishing. If we interpret the growth history of the 1-year

herring on this basis, that, if we are consistent, of the 2 and 3 year fish must remain

inexplicable. If, on the other hand, we explain the growth data of the 2 and 3 year

herring on the basis of heavy fishing, those, if we are consistent, of the 1-year fish

must remain unexplainable. Intense fishing would alter the growth rate of all three

age groups in the same fashion.

Table 64.—Statistics of catch of herring for Saginaw Bay for the years 1916 to 1925, inclusive,

statistics were furnished by the Department of Conservation of the State of Michigan
The

Year
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Suitable statistics would reveal whether or not fishing was intense in a certain

year. The statistics shown in Table 64, even though we assume that they represent
the actual quantity of fish taken each year, are not adequate to show the intensity of

fishing in the herring industry of Saginaw Bay. In order to determine this from the

data of Table 64, we must loiow the size of the herring population in the lake for the

year considered. A big catch in one year
—

as, for example, 1916—may in reality

represent less intense fishing than a small catch in another year, such as 1921. If

in spite of this we wish to assume that a catch of a year and the growth rate of the fry

hatched the year following are more or less closely correlated (that is, that fry of a

year following one in which the catch was relatively large grow relatively fast, and

fry of a year following one in which the catch was relatively small grow relatively

slowly), we should, then, on the basis of the statistics of Table 64, expect the growth
of the herring fry hatched in Saginaw Bay in 1917, 1919, 1920, 1923, and 1926 to be

relatively large, and that of those fry hatched in 1918, 1921, 1922, 1924, and 1925 to

be relatively small. These expectations, however, do not agree with the fact (Table

39) that the fry hatched in 1917 and 1918 grew comparatively slowly while those

hatched in the years 1919 to 1922 grew progressively faster each year.

It appears, then, that in all probability fishing intensity was not the controUing
factor in the acceleration in the rate of growth of the herring of Saginaw Bay.

The discussion of the possible effects of temperature and fight and fishing inten-

sity is incomplete and inadequate because of lack of suitable data. It can not be

said that no correlation exists between these factors and growth rate, but that these

factors very hkely did not control the growth rate. It is altogether more probable
that a third factor was the really effective one. This third factor is the temporary
chemical pollution of Saginaw Bay. The history of this pollution, so far as I have

been able to obtain it, is given below.

TEMPORARY CHEMICAL POLLUTION OF SAGINAW BAY AS A FACTOR

During the World War (1915 to 1918) the Saginaw Bay fishermen received

many complaints relative to the odor and taste of their productSj especially perch,

suckers, and pickerel, taken from the bay. At the same time the city chemist of

Bay City, Louis P. Harrison, received similar complaints about the city water, which

at the time was taken from the Saginaw River. The fishery interests procured the

services of Dr. Herbert W. Emerson, of the University of Michigan, who, independ-

ently with Mr. Harrison, investigated the obnoxious poUution. By various and

repeated analyses of the waters of the bay and the Saginaw River system the trouble

was traced to the plant of the Dow Chemical Co. at Midland, Mich., about 40 miles

above the mouth of the river. It was discovered that the company was dumping
its chemical wastes directly into the river and that the objectionable taste and odor

of the fish and water were due to the presence of dichlorobenzol, a heavy, clear,

oily Hquid.

According to Mr. Dow, the marked pollution was due to an explosion in one

of his chemical plants whereby a large amount of paradichlorobenzol, a useless

by-product at that time, was suddenly dumped into the river.

Paradichlorobenzol (C^ H^ CI2), a white crystal, is derived from chlorobenzene

(Cs Hg CI), a heavy, clear Uquid, and, unlike the latter, is very soluble in water. "The
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benzene hydrocarbons have a paralyzing action on the motor nerves and a more

noteworthy action on the brain and cord, causing lethargy and somnolence. Bro-

mobenzene and chlorobenzene act in the same way as benzene itself." (May, 1921,

p. 19.) As the physiological action or effect of a chemical depends largely upon its

ionization, and this again depends chiefly on its solubility, it is conceivable that para-
dichlorobenzol is much more toxic than chlorobenzene. It is also known that an

increase in the halogen radical enhances the toxicity of chlorobenzene. As we shall

see later, Mr. Harrison found that the effluent of the Dow chemical plants actuaUy
killed perch immersed in it. There can be no doubt, then, that the dichlorobenzol

solutions may act upon the fish either directly by Idlling them outright or by acting

as a depressant, or indirectly by destroying the plankton food of herring or by decreas-

ing its reproductive activity. I obtained the significant details of the history of this

pollution from the various principals involved. For this history I am indebted

mostly to Herbert H. Dow, of the Dow Chemical Co.
;
W. P. Kavanaugh, of the Mich-

igan Fisherman's Association; Louis P. Harrison, Bay City chemist; and to Dr. Her-

bert W. Emerson, of the University of Michigan.
The principal products manufactured by the old Midland Chemical Co., the

predecessor of the Dow Chemical Co., were bromine and salt derived from the brine

of salt mills. This company did not extract the calcium and magnesium chlorides

from the brine but dumped them, with the bittern water, into the Saginaw River.

This bittern water derived from the Saginaw salt blocks and dumped into the river

contained on an average 50 per cent more salt (NaCl) than calcium chloride and mag-
nesium chloride combined. The Midland Chemical Co. "took only about a tenth of 1 per

cent^of^the material out of the brine—the balance of it went into the river.
"

(Dow.)

As time went on one product after another was extracted from the brine, imtil at the

present time salt is produced only as a by-product for the purpose of recovering other

constituents in the brine.

Upon the outbreak of the war in Europe (fall of 1914) the Dow Chemical Co.

began tofsave ^'irtually all their by-products. During the war it manufactured a

number of chemicals not made theretofore. Thus, it began the manufacture of

chlorbenzol in the spring of 1915. The useless by-products were run into the river.

In the fall of 1916 an explosion in the chlorbenzol plant suddenly released into the

river a large amount of paradichlorobenzol, a useless by-product at that time. It

was also in the fall of tliis year that the water and fish of the Saginaw Bay and the

Saginaw River acquired their obnoxious taste and that Doctor Emerson and Mr.

Harrison commenced their investigations.

After the source of the poUution had been discovered the mvestigators found

that large amounts of clilorbenzol or its derivatives were being dumped daily into

the river by the chemical plant. The explosion was obviously, then, not the only

cause of the trouble. It appears that the by-products of chlorbenzol had always

been dumped into the river since the beginniog of its manufacture in 1915, and that

the sudden release of an enormous quantity of the by-product at one time tainted

the fish and water to such an extent as to focus public attention upon this poUution

and bring it to a crisis. The investigation culminated in the issuance of an injunc-

tion agaiast the chemical company, secured through the State's attorney general in

April, 1917. Shortly thereafter the chemical company constructed an artificial pond
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or settling basin at the rear of the chemical plants. Into this basin the chem-

ical wastes were diverted. The overflow of the pond, however, ran directly into

the river.

The testimony of the investigators indicates that the pond was not very effec-

tive in relieving the situation. Mr. Harrison determined, by a controlled experi-

ment conducted after the issuance of the injunction, that a solution of 10 drops of

the chemical company's waste from the settling basin in 15 gallons of water killed

perch in 24 hours. The control fish remained alive during the experiment. As the

plant was under the supervision of the Federal Government and the products were

necessary for the prosecution of the war, very restrictive measures could not be en-

forced. According to Mr. Dow, the manufacture of clilorbenzol was discontmued at

Midland in November, 1917.

The Bay City tap water retained its obnoxious qualities for some time after

November, 1917. Even in the spring of 1918 with each stirring up of the water in

the Saginaw River the characteristic odor and taste recurred. Mr. Kavanaugh
testifies that the fish of the bay also remained tainted until the early spring of 1918

to such an extent as to make many unsalable. The pollution, though less severe,

undoubtedly contmued into the summer of 1918. With the resumption of fishing

in the fall all traces of the disagreeable odor and taste had disappeared. So far^as

we know, the year 1919, then, was the first after 1915 in which the waters of the

bay were entirely free from the Dow chemical pollution.

According to Doctor Koelz's field notes taken in 1917, the complaints of the fish-

ermen relative to the unsalability of fish involved principally the perch {Percafiave-

scens) taken in the bay. Many individuals of the other species taken in Saginaw

Bay were tainted also, and according to one fisherman many fish were afflicted with

sores on the body and had to be discarded. Norman Macaulay, manager of the

Booth fisheries at Bay City, informed me that the offensive taste and odor were most

noticeable in the yellow perch, the suckers, and the yeUow pickerel, especially in the

spring shortly after the ice broke up. These Saginaw Bay fish were so tainted at

this time of the year that it was utterly impossible to use them as food. The herring

and other fish taken in the fall were not so noticeably affected by the poUution ; they

did not lose their salability. Testimony of B. Brackenbury, of Au Ores, substanti-

ates that of Mr. Macaulay. Mr. Brackenbury states that the poUution did not taint

the fish taken at Au Ores. So far as he knew the poflution was noticeable as far as

Sebewaing on the east shore of Saginaw Bay, about 25 miles direct by water from the

mouth of the Saginaw River. Mr. Macaulay states that the Dow Chemical Co.'s pol-

lution affected the taste of fish taken as far as the Charity Islands at the mouth of

Saginaw Bay, about 35 mfles due northeast from the mouth of the Saginaw River.

Whitefish received by him and taken at the Charities were noticeably tainted.

According to the fishermen, then, Saginaw Bay herring taken in the faU of the

year were not noticeably affected in taste and odor by the pollution of the Dow
Chemical Co.; only those taken in the spring were tainted.

The period (1915 to 1918) during which the dichlorobenzol wastes of the Dow
Chemical Works polluted Saginaw River and Bay is seen to be precisely that during

which the growth rate of the herring was reduced. Before that period and subse-

quent to it the growth rate was higher than during the period 'and presumably normal.
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As the 1-year herring hatched in Saginaw Bay remain there longer than the older

fish that migrate into the bay, the former were already subjected to the pollution
in 1915 while the latter were first subjected in the fall of 1915 or the spring of

1916. This would explain why the growth rate of the 1-year fish was first reduced

in 1915 and that of the older groups in 1916. (See p. 397.) All age groups in

Saginaw Bay were subjected to the chemical pollution in 1916, 1917, and 1918—
the 1-year group presumably throughout the growing season, the older age groups
in the fall and also in the spring, when the pollution was most concentrated and most
severe. By the spring of 1919 the pollution had abated to such an extent as to permit
the 1-year herring to retiu-n partly to their normal rate of growth. The absence of

the concentrated pollution in the spring of 1919 allowed the older age groups to return

to their normal growth rate. It was not until 1921 that the 1-year herring apparently

regained their normal rate of growth. This may be accounted for in two ways:
(1) According to Mr. Harrison, Bay City chemist, the dichlorobenzol, which is a

heavy Hquid, could be seen to He as a separate layer on the bottom of the river in

various places. It is plausible to believe that this deposit was dissipated gradually

by solution into the river water and by current and wave action, so that normal
conditions in the bay were restored slowly. (2) The chemical pollution may have
reduced the abundance of plankton, the food of the herring. The restoration of the

normal supply in all probabLhty would be gradual. It is not surprising, therefore,

that the normal growth rate of the 1-year herring returned slowly. Neither does

it seem remarkable that normal growth rate returned suddenly in the older fish.

They were subjected only for a short period each year at a time when the pollution

was most concentrated. When this severe pollution ceased the period of exposure
was too brief to allow the relatively mild pollution to retard the growth of these fish.

It is realized that there were various other industrial wastes that entered the

Saginaw River and found their way into the bay. The wastes from some of these

industries doubtless were increased as production grew during the war period; but

with the close of the war, industries in general continued to operate by the same
methods. They produced other materials of similar kind, sometimes in reduced

quantities. There is no reason to suppose that the quality of their wastes changed
when the war closed, although the quantity may have been somewhat less; but the

waste of the Dow chemical works was qualitatively different during the war period
from what it v/as before or after, in that it contained dichlorobenzol.

The growth alteration of the Saginaw Bay herring appears, then, to be correlated

with the temporary pollution by the Dow Chemical Co. by wastes containing dichloro-

benzol. The period of retarded growth coincides exactly with the period of the

pollution. The presence of this pollution explains all the facts in the growth history
of the herring, and no known fact is inconsistent with this explanation. If this

chemical pollution is not responsible, then the coincidences of the critical dates and
data are truly remarkable.
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INDIRECT ECONOMIC LOSSES IN THE HERRING FISHERIES DUE TO
CHEMICAL POLLUTION OF 1915 TO 1918

The loss to the fisheries during 1915 to 1918 must have been considerable. Not

only did the fishermen lose through the unsalability of part of their products but

also through the deleterious effect of the pollution upon the growth rate of the fishes.

The indirect loss occasioned by the latter factor is passed by commonly as of little

consequence, not only by the general public but by the fishermen themselves. This

attitude can be accounted for by the fact that in most cases the magnitude of these

indirect losses must be left to the imagination or be stated in terms of description

instead of dollars and cents. In order, then, to stress as emphatically as possible

the importance of the indirect effect of pollution upon fish life and industry, I have

computed roughly from my growth data and herring statistics the indirect financial

losses suffered by the herring industry of Saginaw Bay during 1917 to 1923.

To obtain such estimates for a certain year, I proceeded as follows: The age com-

position of the annual catch of the year, as shown by a representative sample, was

determined first. Then the average length of the individuals of each age group

being known, the theoretical average weight of these individuals was computed

by means of the length-weight formula, W=]c.U (p. 379). Next, the theoretical

average weight of each age group was multiplied by the number of the individuals

found in each corresponding age group of the sample and the total weight of the

whole sample ascertained. From these values the percentage, expressed in

terms of weight, contributed to the sample by each age group was determined.

Applying these percentages to the total catch of the year (Table 64), the portion of

the annual yield furnished by each age group was ascertained. Next, the percentage
under normal weight of each age group exposed to the pollution was found by com-

paring the theoretical weight of that age group with that of a corresponding age

group not exposed to the pollution. From these percentages and the total produc-
tion contributed by each age group to the annual catch the total number of pounds
under the normal was computed for each age group. The summation of these pounds

gave, then, the total number of pounds under the normal for the year. The multi-

plication of this annual total by the average price of the herring showed the monetary
loss for the year.

The above process was carried out only for the herring taken in 1921, 1922, and

1923. As no representative samples were available for the years preceding 1921, the

actual age composition of the catches for these years could not be determined. As

the age composition varies little from year to year, no good reason exists why the

average age composition derived from the four samples collected in the years 1921 to

1924, inclusive, can not be employed here. The combined sample of 2,31 1 fish would

then serve as the standard for each year. The loss in weight, however, would still

be determined by the actual loss suffered during the particular year considered, as

shown by the uncorrected computed lengths. For some years the average weights
of the old fish are unavailable. In such cases the averages of fish of correspond-

ing ages of the following year are then employed. It is reahzed, of course, that none

of the calculated losses are absolutely accurate; they are rough estimates only, but

are far better than no estimates at all.

99760—29 10
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Table 64 shows that the Saginaw Bay fishermen caught 1,333,793 pounds of

herring in 1921, valued at $48,964. In 1922 they took 3,002,784 pounds, valued at

$64,582, and in 1923 some 1,830,398 pounds, valued at $41,203. The actual age

composition of the catches of these years, as taken from Table 29, follows:
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had been exposed to the polhition during the first year of life, were 13 per cent under

normal weight, that the 5-year fish were 14. C per cent and the 6-year individuals

15.9 per cent under normal weight. These percentages represent a total loss of

184,450 pounds to the fishermen, or an average loss in pounds of 12.1 per cent. The

average price of herring in 1921, as derived from Table G4, was 3.7 cents per pound;

the financial loss due to the retardation in growth rate then amounted to $6,825

in 1921.

The loss must have been less in 1922 than in 1921. None of the 2, 3, or 4 year

fish taken in 1922 had been subjected to the pollution. The 5-year individuals had

been exposed only during their first year of life. Computations show that they were

about 14.8 per cent under normal weight. The 6-year herring were 11.9 per cent

under normal weight. These percentages represent a total loss of 113,648 pounds to

the fishermen, or an average loss in pounds of 3.6 per cent, with a value (at 2.2 cents

per pound, Table 64) of S2,500.

The loss must have been exceedingly small in 1923. The 6-year fish were found

to be about 4.5 per cent under normal weight. This represented a loss of 3,191

pounds, a general loss of 0.2 per cent, valued at $73.

The data upon which the above discussion is based are summarized below :
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(see Table 43) and the theoretical average weights of the fish of each age group are

given below
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GENERAL SUMMARY

1. This paper is based on a study of the measurements, weights, and structural

features of the scales of 3,724 lake herring {Leucichthys ariedi Le vSucur), fishes that

belong to the family Coregonidse; 321 of these specimens were taken by Dr. Walter

Koelz in 1917 and 1919 at various ports on Lake Huron, and 3,403 were taken by
me in 1921, 1922, 1923, and 1924 in the region of Bay City, Mich. (Saginaw Bay),

and Oscoda, Mich., also ports on Lake Huron.

2. The structural features of scales employed for life-history work are well

defined and easily recognized in typical coregonid scales. Li this respect these

scales are usable for life-history work.

3. Scales retain their identity throughout the life of the fish. The well-estab-

lished facts in proof of identity are these: (a) That the nuclear area or central part of

the scales of old fish is structurally identical with the scales of young fish; (&) that

regenerated scales, which replace those accidentally lost, have a central portion of

quite a different type from that of normal scales; and (c) that scales increase in

size as long as the fish grows.
4. In lake herring the number of scales in the lateral line is the same for both

sexes of an age group.
5. In lake herring the number of scales in the lateral line is, on the average,

greatest in the large individuals of an age group, due to the fact that these fish were

also the large individuals of their year class at the time of scale formation and more

scales were laid down in the longitudinal rows.

6. In lake herring the number of scales in the lateral line remains constant with

the year classes and with the age groups (III and older) studied.

7. An attempt has been made to review all the criticisms that have been directed

against the age hypothesis and the nature and extent of all the evidences, direct and

indirect, that support or contradict the hypothesis. The review indicates that the

large majority of the experiments on the scales of fishes are fragmentary but favor, as

far as they go, the theory that the annuli on the scales of a fish are a reliable guide to

its age. This assumption has not been tested experimentally for the lake herring. I

have tested it, however, by experimentation for the whitefish (Coregonus clujjeaformis),

a coregonid closely related to the lake herring. The whitefish employed were reared

in the New York Aquarium and were known to be in their eighth or ninth j-ear of life.

(Van Oosten, 1923.)

8. A review of the most important papers devoted to a study of the body-scale

growth relationship shows that the question of the validity of growth calculations

based on the scales of fishes is still a disputed one. The direct experimental evi-

dences are very fragmentary, but show, as far as they go, that calculated and empirical

measurements of growth agree almost exactly. An attempt has been made to ascer-

tain the exact growth relationship between the scales and the body of the lake herring,

to determine the accuracy of the calculated measurements of growth, and to analyze
the factors involved in the apparent discrepancies in the calculated measurements

of growth.
9. In lake herring scales of the same individual may grow at different rela-

tive rates.
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10. In lake herring the various areas of a single scale may increase in length at

different relative rates.

11. Lake herring scales taken from the same area on the body grow more nearly
at the same rate than those taken from various parts of the body.

12. The body-scale length ratios (K/V) of lake herring of age groups III and
older decrease slowly but consistently v.'ith eacli older age group, irrespective of v/hether

selected corresponding scales (X scales) or unselected scales (non-X scales or those

actually used for the life-history work) are employed. That is, the percentage of

increase in length with age is greater in tlie scale t^ian in the body of the herring.
1.3. The decrease in the body-scale length ratios with age is not due to the age

variations in head length, for the length of the head in proportion to that of the

body remains virtually constant with age in herring 3 years of age and older.

14. The body-scale length ratios (K/V) of juvenile coregonids decrease very

rapidly with age and growth in the first year of life.

15. The scales of lake herring increase in length comparatively faster than the

body until a body length of approximately 200 millmieters (age groiip VI) is reached,
when the scales increase proportionately more slowly. In early life the scales increase

in length much faster relatively, than the body; in later hfe (third year and there-

after throughout the sixth year) only a little faster.

16. In both lake herring (LeucicMhys artedi) and whitefish (Coregonus clupeafor-

7ms) scale formation begins when the fisli has attained a length of approximately .35

to 40 millimeters.

17. The diameter of a herring scale increases in length more nearly proportional
to the increase in the length of the body than does the anterior radius.

18. The diameter dimension of the scales of an individual herring varies less

than the anterior radius dimension.

19. In lake herring the computed lengths based on the diameter dimension of

scales are always higher for corresponding years of life tJian those based on the ante-

rior radius. The difference between the two increases consistently with each earlier

year of life for which calculations are made, so that the maximum average difference

is found in year I.

20. In lake herring the computed lengths based on the diameter measurements
of scales are in general lower than the corresponding lengths obtained from direct

ineasurements of fish of the same year class. The differences between the actual

and computed lengths are in general greatest for the early years of life.

21. The length value computed for a particular year of life generally decreases

as the age of the herring v»'hose scales are employed increases. (Lee's "phenomenon
of apparent change in growth rate".)

22. The decrease with age in the computed length values of corresponding years
of life (Lee's "phenomenon") occurs when the calculated length values of herring of

different age groups and of different year classes are compared.
23. The decrease with age in the computed length values of corresponding years

of hfe (Lee's "phenomenon") also occurs when the calculated length values of herring
of different age groups but of the same year class are compared.

24. A phenomenon similar to that of Lee occurs when the "annular" scale-diasn-

^ter measurements of herring of different age groups but of the same year class are
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compared. The "annular" scale-diameter measurement of a particular year of life

decreases as the age of the herring whose scales are employed increases.

25. The scale (and body) increments of the first and second growth years of a

year class of the lake herring generally ilecvease as the age of the fish whose scales are

studied increases; but the scale (and body) increment of the third growtli year increases

or remains constant with age, while the scale (and body) increments of the fourth and

fifth growth years increase with age.

26. Every factor that could possibly explain conclusions 20 to 25, inclusive, in

the lake herring was critically considered. It was concluded that these facts may be

interpreted best as the results of the following three natural events in the life history

of the herring: (a) Herring that reach sexual maturity late in life are the more slowly

growing individuals of their year class; (&) sexual maturation usually is accompanied

by a retardation in the growth of bodj' and scale; (c) a compensation in growth
occurs in lake herring; that is, herring that grow slowly during the earliest years
of life grow rapidly during the later years of life, and vice versa. According to

this view, then, Lee's "phenomenon" is largely a natural event and should

occur to some extent in calculations of growth based on the scales of adult

herring. The disproportionate growth rate of body and scale may be an additional

factor for the "phenomenon" in the computed lengths. It is believed that

late scale formation, which is usually considered to be the cause of Lee's "phe-

nomenon," is not such a factor, for (a) computations of growth are based on the

assumption that the lengths of the body and scales maintain a fixed relationship

after the first year of hfe; that the body-scale ratio of a fisli at death is the same as

it was at the time of the completion of each annulus on the scale, irrespective of the

actual growth relationsliip during the first year or dmiug the intervals between the

periods of annuli formation, for lengths are calculated back to the periods of annuli

formation (p. 320); (b) the rapid proportional increase in the length of the scale during
the first year of life counteracts late scale formation in its effect on the computations
of length (p. 340); (c) late scale formation can not be a factor in the "phenomenon"
found in direct measurements of scale diameters (p. 341); (d) corrections for late scale

formation do not eliminate the "phenomenon" from computations of growth; cor-

rected computations of length tend to be too high for the early years of hfe (p. 339).

27. The life history of the lake herring described in this paper is based on four

large collections made at Bay City, Mich., on Saginaw Bay in the fall of 1921, 1922,

1923, and 1924.

28. No 1-year herring and relatively few 2, 6, 7, or 8 year fish were found in the

commercial herring catches of Saginaw Bay. The 3, 4, and 5 year fish composed
87.2 to 97.4 per cent of the commercial catches. The fom-th age group was always

dominant, its individuals comprising 42.8 to 58.3 per cent of the total catch. The
oldest lake herring I have ever seen was in its eleventh yeir.

29. The percentage of 3-year herring in the commercial catches of Saginaw Bay
increased each year dm-ing the period 1921 to 1923, then remained stationary in 1924.

This increase in the number of 3-year fish occurred at the expense of the 5-year fish

mainly, which each year became progres.sively less abundant.



414 BULLETIN OF THE BUREAU OF FISHERIES

30. A year class predominated for one year only in the commercial catches of

the Saginaw Bay lake herring. Each year class dropped off rapidly in the yeai's fol-

lowing the year of its dominance—the fourth.

3 1 . The biological data suggest that commercial fishing for herring is very intense.

The symptoms of heavy fishing are: The paucity of old individuals (28), the shifting

in the age composition of the samples (29), and the one-year dominance of a year class

(30).

32. In lake herring males and females of an age group grow at the same rate in

all years of life.

33. The sexually mature female herring weigh, on the average, slightly more than

the sexually mature male herring of the same age group.

34. In the Oscoda sample of 1922 the nonspawners of an age group average less

in length than the spawners of that age group.

35. The lake herring grows most rapidly in length during the first two years of

life; nearly 50 per cent of the length reached in the sixth year is completed at the end

of the first growth year. The data indicate that the growth rate of the first year
of life determined largely the size, and indirectly the weight, of most of the individuals

of the commercial catches studied (p. 369). From the point of view of the fisheries, the

growth history of the 1-year fish is of extreme significance. The first prominent
break in the curve of total growth in length occurs in the third year

—the year during
which sexual maturity is first attained by many individuals. The lake herring reaches

at the end of the second year nearly 50 per cent of the weight attained in the sixth.

36. From the point of view of the commercial fisheries, it is not profitable to

allow the herring at their present rate of growth to become much older than 3 or 4

years, for the increase in weight in the fourth and fifth years together is less than that

of the third year alone. If the nets are so regulated that they take no fish under 4

years of age (235 millimeters, or 9.3 inches long, measured snout to base of caudal,

and 5.61 ounces in weight), then many herring can spawn twice and a greater number
can spawn once, thus insuring the perpetuation of the species, provided the number
of spawners is not reduced below the number required for the maintenance of

the species.

37. In lake herring the big yearlings of a year class are, on the average, the big
fish in all succeeding years of life, but the differences between the small and large

yearlings diminish each year of age
—that is, the small yearlings are rapid growers,

the large yearlings slow growers. (Gilbert's law of growth compensation.)
38. The length-weight relationship of lake herring taken just before spawning

in the fall can be expressed satisfactorily by the formula 1^=^;. U, in which Ic has a

value of 0.01126.

39. Of the 2,950 lake herring taken in Saginaw Bay 49.5 per cent were males and

50.5 per cent females.

40. The relative abundance of male and female herring varies during the course

of the spawning run. Males are more numerous than females early in the season

but less numerous late in the season.

41 . The relative abundance of male and female herring varies with the age groups.
In general the males become relatively more numerous than the females with each

higher age group. It is beUeved that this indicates that u bigger percentage of the
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females than of the males of a year class reach sexual maturation for the first time

in the third year
—that is, the females mature earlier in life than the males.

42. About 3 per cent of all the herring taken in the samples from Saginaw Bay
were sexually immature or nonspawning fish.

43. The majority of the lake herring attain sexual maturity in the third and

fourth years of life. Fewer reach it in the fifth year. Very few individuals reach

sexual maturity in their second j'ear. All herring of the sixth and older age groups
are sexually mature.

44. The lake herring taken in 1924 at the same locality in Saginaw Bay but on

different dates show no consistent differences in size, rate of growth, and age com-

position. These facts indicate that the character of the herring stock of one locality

in the bay does not change during the spawning run.

45. The herring population of Saginaw Bay can not, on the basis of growth rate,

be separated into distinct races.

4G. Distinct differences exist between the growth rates of the herring of some
localities in Lake Huron. This suggests that there may be distinct races of herring

in Lake Huron and that the migrations of the herring are more or less local.

47. Saginaw Bay produces, so far as known, the most rapidly growing herring in

Lake Huron. Of the various localities in Lake Huron considei'ed, the herring of

Oscoda rank second in rate of growth, t.hose of Alpena, St. Ignace, and Killarney

third, and tliose of Wiarton fourth. Tlie different growth rates of t.he herring of

tJicse localities possibly may be correlated with the different conditions of life.

48. The average measured length of the herring schools of Saginaw Bay tended

to increase each year during the period 1921 to 1924.

49. The average measured length and weight of herring of corresponding age

groups increased progressively each year during the period 1921 to 1924.

50. A study of the computed lengths and increments of the Saginaw Bay herring

shows: (a) that in each of the years 1915 to 1918, inclusive, the rate of growth of

herring in the first year of life was the same; (b) that in the year 1919 the growth
rate was increased in herring 1, 2, and 3 years of age; (c) that neither in 1919 nor

subsequently did the growth rate of fisli older than 3 years increase; (d) that the

acceleration of growth rate initiated in 1919 in fish 3 years of age and younger con-

tinued in the years 1920, 1921, and 1922; (e) that in the period 1919 to 1922, inclu-

sive, fish in their first year of life, in general, grew more rapidly each successive year

(during this period tJiere was progressive increase of growth rate in 1-year fish,

although in 1922 the increase was very slight
— 1 millimeter); (J) that during the

period 1919 to 1923, inclusive, the growth rate of the second and third year fish did

not increase in successive years but remained virtually constant at the increased rate

attained in 1919; (g) that the growth rate for the fourth and later years likewise

tended to remain constant in the years 1919 to 1924, inclusive; (h) that all fish 3 years
of age and younger in general reached progressively greater lengths each successive

year after 1918, while the 4-year fish did lilcewise after 1919; and (i) that fish older

than 4 years, hatched after 1917 attained greater average lengths at the same age

than those hatched before or in 1917, the fifth age group of year class 1918 excepted.
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51. Tlie low growth rates that prevailed among the herring of Saginaw Bay
during the period 1915 (1916) to 1918 were abnormal; in general, higher rates pre-

vailed before 1915 (1916) and were resumed in 1919.

52. The low growth rates of the Saginaw Bay herring during 1915 (1916) to 1918

were due to some unfavorable local conditions of growth in Saginaw Bay.
53. The growth alteration of the Saginaw Bay herring during the period 1915 to

1922 is explained best as due to the temporary chemical pollution in 1915 to 1917 by
the Dow Chemical Co., of Midland, Mich., by wastes containing dichlorobenzol.

Temperature, hght, and fishing intensity as factors of growth do not explain all the

data satisfactorily and therefore do not appear to have been the controlling factors

in the growth of these fish.

54. Rough computations based on growth data and herring statistics show that

the indirect economic losses, due to retardation in growth, in the herring fisheries for

the years 1917 to 1923, inclusive, totaled 4,450,224 poimds, with a value to the

fishermen of $135,753. These indirect losses are believed to have been occasioned

principally by the chemical pollution of 1915 to 1917.

CONCLUSIONS

This study shows that the structural characters of the scales of the coregonoid

fishes of Lake Huron are so clearly recognizable as to permit their use by tJie scale

method. It sliows, furtlier, that the fundamental assumptions underlying the scale

method are warranted in so far as they apply to the lake herring {Leucichthys artedi

Le Sueur). The scale method is therefore valid when applied in a study of the life

history of the lake herring. The Ufe history of the lake lierring that occur in Lake

Huron is described in detail in this paper for the first time.



BIBLIOGRAPHY
AoAssiz, Louis.

1834. Rccherches sur les poissons fossiles. 1833-1843. 2° livrai.son, t. i. Neuchatel.

Arwidsson, Ivar.

1910. Zur Kenntnis der Lebensgeschichte der jungen Lachsc in den Fliissen vor der Hinab-

wanderung ins Meer. Cons6il Permanent International pour 1' Exploration de la

Mcr. Publications de Circonstance No. 54, 1910, 86 pp., 4 tables, 3 pis. Copen-
hague.

Baudelot, Emile.

1 873. Recherches sur la structure et le d6veloppement des ecailles des poissons osseux. Archives

de Zoologie Experimentale et G6n6rale, Vol. II, 1873, pp. 87-244 and pp. 427-480,
Pis. V-XI. Paris.

BiHTWISTLB, W.
1921. Biometric investigations on the herring. Report on the investigations carried on in

1920 in connection with the Lancashire Sea-Fisheries Laboratory at the University
of Liverpool and the sea-fish hatchery at Piel, near Barrow, pp. 44-54, 1 fig. Liver-

pool.

BiRTwiSTLE, W., and H. Mabel Lewis.

1923. Scale investigations of shoaling herrings from the Irish Sea. Report on the investi-

gations carried on in 1922 in connection with the Lancashire Sea-Fisheries Laboratory
at the University of Liverpool and the sea-fish hatchery at Piel, near Barrow, pp.

64-86, 4 figs. Liverpool.

Blanchard, Emile.

1866. Les poissons des eaux douces de la France. 656 pp., 151 figs. Paris.

Borellus, Petrus.

1656. Observationum microscopicarum centuria. Haga; Comitum, 1656, observatio XXXVI,
p. 23. De squamis.

Borne, Max von dem.

1894. Teichwirtschaft. 1894, 190 pp., 63 figs. Berhn.

Brown, A. Wallace.
1904. Some observations on the young scales of the cod, haddock, and whiting before shedding.

Proceedings, Royal Society of Edinburgh, Vol. XXIV, for 1901-1903, pp. 437-438.

Edinburgh.

Buchanan-Wollaston, H. J.

1924. Growth-rings of herring scales. Nature, vol. 114, 1924, pp. 348-349, 3 figs. London.

Calderwood, W. L.

1911. Infrequency of spawning in the salmon as shown by the study of the scales of fish caught
in fresh water. Twenty-ninth Annual Report Fishery Board for Scotland. Salmon

Fisheries, 1910 (1911), Nos. I, II, III; III Pis. London.

Clark, Frances N.

1925. The life history of Leuresth.es tenuis, an atherine fish with tide controlled spawning
habits. Fish Bulletin No. 10, October 15, 1925, California Fish and Game Commis-

sion, 51 pp., tables, IV Pis., graphs. Sacramento.

Clemens, Wilbur A.

1922. A study of the ciscoes of Lake Erie. Contributions to Canadian Biology, 1921 (1922),

No. IV, pp. 75-85, 3 text figs. Toronto.

Clemens, W. A., and N. K. Bigelow.

1922, The food of ciscoes (Leucichlhys) in Lake Erie. Contributions to Canadian Biology,

1921 (1922), No. V, pp. 89-101. Toronto.

417



418 BULLETIN OF THE BUREAU OF FISHERIES

COKER, R. E.

1922. Progress in biological inquiries, 1921. Appendix VIII, Report, U. S. Commissioner of

Fisheries for 1921 (1922). Bureau of Fisheries Document No. 911, 38 pp., 3 figs.

Washington.

CORBETT, E. M.
1922. The length and weight of salmon. Salmon and Trout Magazine, No. 30, September,

1922, pp. 206-214, 6 graphs. London.

CoDCH, John H.

1922. The rate of growth of the white fish (Coregonus albus) in Lake Erie. University of

Toronto Studies (biological series). Publications of the Ontario Fisheries Research

Laboratory No. 7, 1922, pp. 97-107, 4 figs. Toronto.

Creaser, Charles W.
1926. The structure and growth of the scales of fishes in relation to the interpretation of their

life history, with special reference to the sunfish, Eupomotis gibbosus. Museum of

Zoology, University of Michigan, Miscellaneous Publications No. 17, December 15.

1926, pp. 1-82, 1 pt., 12 figs. Ann Arbor, Mich.

Crozier, W. J.

1914. The growth of the shell in the lamellibranch Dosinia discus (Reeve). Zoologischer

Jahrbiicher, Abteilungfiir Anatomic, vol. 38, No. 4, 1914, pp. 577-584.

Crozier, William J., and Selig Hecht.
1914. Correlations of weight, length, and other body measurements in the weakfish, Cynoscion

regalis. Bulletin, U. S. Bureau of Fisheries, Vol. XXXIII, 1913 (1915), pp. 139-147,

4 figs. Washington.

Cutler, D. Ward.
1918. A preliminary account of the production of annual rings in the scales of plaice and

flounders. Journal, Marine Biological Association of the United Kingdom, Vol. XI
(new series), 1916-18, pp. 470-496, 10 figs. Plymouth.

Dahl, Knut.
1907. The scales of the herring as a means of determining age, growth, and migration. Report

on Norwegian Fishery and Marine Investigations, Vol. II, Pt. II, Nr. 6, 1907, 36

pp., 3 pis. Bergen.
1909. The assessment of age and growth in fish. Internationale Revue der gesamten Hydro-

biologie und Hydrographie, Vol. II, Nos. 4 and 5, 1909, pp. 758-769, 6 text figs.

Leipzig.

1910. The age and growth of salmon and trout in Norway as shown by their scales. [Trans-

lated from Norwegian by Ian Baillee.] The Salmon and Trout Association [1911],

141 pp., X Pis., 32 text figs. London.

1918. Studier og Forsok over Orret of Orretvand. [Studies of trout and trout waters in Nor-

way], 1917. Norway. Review by J. Arthur Hutton in Salmon and Trout Magazine,
No. 17, December, 1918, pp. 58-79; No. 18, April, 1919, pp. 16-33. London.

Damas, D.

1909. Contribution d la biologic des gadides. Rapports et Proces-Verbaux, Conseil Perma-
nent International pour I'Exploration de la Mer, Vol. X (1909), No. 3, 277 pp., 21

pis., 25 figs. Copenhague.

Dannevig, Alf.

1925. On the growth of the cod and the formation of annual zones in the scales. Report,

Norwegian Fishery and Marine Investigations, vol. 3, 1925, No. 6, 24 pp., 13 pis.

Bergen.

Dblsman, H. C.

1913. Over haring en haringschubben. Mededeelingen over Visscherij, vol. 20, 1913, pp.
174-183. Hclder.

1914. tJber das Wachstura von Nordseehering und Zuiderseehering nach Untersuchungen an den

Schuppen. In Rapporten en Verhandelingen. Uitgcgeven door het Rijksinstituut
voor Visscherijonderzoek, Decl I (1913-1919), pp. 133-200, II Pis., tables, 4 figs.

S. Gravenhage.



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 419

DuNLOP, H. A.

1924. The growth-rate of the scales in the sockeye salmon, Oncorhynchus nerka. Contribu-

tions to Canadian Biology, new series. Vol. II (1925), No. 10, pp. 151-159, 2 figs.

University of Toronto Press, Toronto.

Ehrenbaum, E.
1912. Report on the mackerel. Preliminary account. Rapports et Procfes-Verbaux, Conseil

Permanent International pour I'ExpIoration de la Mer, Vol. XIV, July, 1910-July,
1911 (1912), No. 3, 10 pp., 2 figs. Copeuhague.

ESDAILE, PhILIPPA C.

1912. Intensive study of the scales of three specimens of Salmo solar. Memoirs and Pro-

ceedings, Manchester Literary and Philosophical Society, 1911-12, vol. 56, pt. 1,

Memoir III, 22 pp., 1 pL, 5 diagrs., 4 graphs. Manchester.

Fabricius d'Aquapendente, Jerome.

1618. De totius animalis integumentis. 1618. Padua. Another edition: Konigsberg (Regio-

monti), 1642.

1621. Tractatus de formatione ovi et pulli. 1621. Padovae.

1625' Opera physico-anatomica prodiere. 1625. Patavii. Other Latin editions: Leipsic,

1678; Leyden, 1737 or 1738; a German version with plates and portrait, Niiruberg,
1673.

Eraser, C. McLean.
1916. Growth of the spring salmon. Transactions, Pacific Fisheries Society, 1915 (1916),

pp. 29-39.

1917. On the scales of the spring salmon. Contributions to Canadian Biology, 1915-16

(1917). Supplement to the Sixth Annual Report of the Department of Naval Ser-

vice, Fisheries Branch, pp. 21-38, figs. 1-15. Ottawa.

1917a. On the life history of the coho or silver salmon. Contributions to Canadian Biology,
1915-16 (1917), Sessional Paper No. 38a, Supplement, 6th Annual Report, Depart-
ment of the Naval Service, Fisheries Branch, pp. 39-52, Pis. V-VII, 6 graphs.
Ottawa.

1918. Rearing sockeye salmon in fresh water. Ihid., 1918, Art. V, pp. 103-109. 1 fig. Ottawa.

1921. Further studies on the growth rate in Pacific salmon. Ihid., 1918-1920 (1921), pp.
7-27. Ottawa.

Fritsch, Anton.

1893. Der Elbelachs, eine biologisch-anatomische Studie. Veroffentlicht mit subvention

des Hohen Landtags des Konigreiches Bohmen, 1893, 116 pp., 85 illus. Prag.

Garstang, Walter.
1926. Plaice in the North Sea. London Times, April 21, p. 15, and AprQ 26, p. 20, 1926.

Gemzoe, K. J.

1908. Age and rate of growth of the eel. Report, Danish Biological Station, Vol. XIV, 1906

(1908), pp. 10-39, 15 tables. Copenhagen.

Gilbert, Charles H.

1913. Age at maturity of the Pacific coast salmon of the genus Oncorhynchus. Bulletin,
U. S. Bureau of Fisheries, Vol. XXXII, 1912 (1914), pp. 1-22, XVII Pis. Washington.

1914. Contributions to the life history of the sockeye salmon. (No. 1.) Report, Commis-
sioner of Fisheries, Province of British Columbia, 1913 (1914), pp. 53-78, figs. 1-13.

Victoria.

1922. Contributions to the life history of the sockeye salmon. (No. 7.) /6id., 1921 (1922),

pp. 15-64, tables I-LXVII, 2 figs. Victoria.

GODBT, M. H.

1925. Salmo salar at home and abroad. New Zealand Science and Technology, 1925. (A
review in Editorial Notes of Salmon and Trout Magazine, October, 1926, No. 45,

pp. 306-309. London.)

Hankinson, Thos. L.

1914. Young whitefish in Lake Superior. Science, new series, Vol. XL, No. 1024, August 14,

1914, pp. 239-240. Lancaster.



420 BULLETIN OF THE BUREAU OF FISHERIES

Hecht, Selig.

1916. Form and growth in fishes. Contributions from the Zoological Laboratory of the Mu-
seum of Comparative Zoology at Harvard College, No. 275, Journal of Morphology,
Vol. XXVII, No. 2 (1916), pp. 377-400. Cambridge.

Hederstrom, Hans.

1759. Ron om fiskars lilder. Kongl. Vetenskaps Akademiens Handlingar, Vol. XX, 1759,

pp. 222-229. Stockholm.

Hefford, a. E.

1909. The proportionate distribution of the sexes of plaice in the North Sea. Rapports et

Procfes-Verbaux, Conseil Permanent International pour I'Exploration de la Mer,

Vol. XI, July, 1907-July, 1908 (1909), pp. 135-176, 1 chart, 7 figs. Copenhague.

Heide, E. J.

1912. Bestimmung des Alters der Marane {Coregonus albula) und deren Bedeutung fur die

Teichwirtschaft. Arbeit., 3 Alhuss. Fisch-Congress, Pt. 3, 1910 (1912), pp. 105-116.

St. Petersburg. (Text in Russian.)

HiNTZE, G.

1888. Karpfenzucht und Teichbau. 1888. Treba.

Hjort, Johan.

1910. Report on herring-investigations until January, 1910. Publications de Circonstance

No. 53, Conseil Permanent International pour I'Exploration de la Mer (1910), pp.

1-6. Copenhague.
1914. Fluctuations in the great fisheries of northern Europe viewed in the light of biological

research. Rapports et Proc6s-Verbaux, Conseil Permanent International pour

TExploration de la Mer, Vol. XX, 1914, 288 pp., 137 figs.. Ill Pis. Copenhague.

Hjort, Johan, and Einar Lea.

1911. Some results of the International herring-investigations, 1907-1911. In Report on

the International herring-investigations during the year 1910. Publications de

Circonstance No. 61 (1911), Conseil Permanent International pour I'Exploration

de la Mer, pp. 8-34, 9 figs. Copenhague.
1914. The age of a herring. Nature, vol. 94, 1914, pp. 255-256, 2 figs. London.

Hodgson, William C.

1925. Investigations into the age, length, and maturity of the herring of the southern North

Sea. Part I. Some observations on the scales and growth of the English herring.

Ministry of Agriculture and Fisheries. Fishery Investigations. Series II, Vol.

VII, No. 8, 1924 (1925), 36 pp., 113 figs. London.

1925a. Idem. Part II. The composition of the catches in 1922-1924. Ibid., Vol. VIII, No.

5, 1925, 48 pp., 15 figs. London.

Hoek, p. p. C.

1912. Over leeftijdsbepaling en groei bij de visschen. Mededeelingen over Visscherij, vol. 19,

1912, pp. 194-201. Helder.

1913. Idem. Ibid., Vol. 20, 1913, pp. 8-13. Helder.

Hofer, Bruno.
1895. Der Elbelachs. By Ant. Fritsch. Referat by Dr. Bruno Hofer. Allgemeine Fischerei-

Zeitung, XX Jahrgang, pp. 58-60, 79-82, and 100-101. Munchen.

Hoffbauer, C.

1S9S. Die Altersbestimmung des Karpfen an seiner Sciuippe. Allgemeine Fischerei-Zeitung,

Jahrgang XXIII, Nr. 19, October 1, 1898, Art. Ill, pp. 341-343, 2 figs. Miinchen.

1900. Idem. Ibid., Jahrgang XXV, Nr. 8, April 15, 1900, Art. V, pp. 135-139; Nr. 9, May
1, 1900, pp. 150-156. Munchen.

1901. Weitere Beitrage zur Bestimmung des Alters und Wachstumsverlaufes an der Sfruklur

der Fischschuppe. Jahresbericht der teichwirthschaftliche Versuch-Station zu Trach-

euberg, 1901, p. 50, 3 pis. Breslau.

1904. Zur Alters und Wachstumserkennung der Fische nach der Sehuppe. Allgemeine

Fischerei-Zeitung, Jahrgang 29, 1904, pp. 242-244. Munchen.



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 421

HoFPBAUEu, C.—Continued.

1905. Weitere Beitriige zur Alters- und Wachstumsbestimmung der Fische, spez. des Karp-
fens. Zeitschrift fur Fischerei, XII Band (1905), pp. 111-142, 5 figs. Berlin.

1900. Untersuchungsergebnisse iiber Alters- und Wachstumserkennung nach der Schuppe,

Stenographisches Protokoll iiber Verhandlungen des Internationaleu Fischerei-

Kongresses, Wien, 1905 (1906), pp. 131-134. Wien.

HooKE, Robert.
1667. Micrographia: or, Some physiological descriptions of minute bodies made by magni-

fying glasses. With observations and inquiries thereupon.. 246 pp., 38 pis., 1667.

London.

HORNTOLD, A. GaNDOLFI.

1922. The age and growth of some eels from a small Worcestershire pond. Journal, Royal
Microscopical Society, March, 1922, Part 1, pp. 9-26, 8 figs. London.

1926. L'age et la croissance de quelques petites Anguilles jaunes de la Sarthe. Bulletin,

Society Centrale d'Aquioulture et de Peche, Vol. XXXIII, 1926, pp. 81-85. Paris.

HuBBS, Carl L.

1921. An ecological study of the life history of the fresh-water atherine fish Labidesthes sic-

culus. Ecology, Vol. II, No. 4, October, 1921, pp. 262-276, 4 figs. Brooklyn.
1921a. The ecology and life history of Amphigonopierus aurora and other viviparous perches

of California. Biological Bulletin, Vol. XL, No. 4, April, 1921, pp. 181-209, iUus.

1922. Variations in the number of vertebrae and other meristic characters of fishes correlated

with the temperature of water during development. American Naturalist, Vol.

LVI, July-August, 1922, No. 645, pp. 360-372, Tables I-IV, figs. 1-7. New York.

Huntsman, A. G.

1918. The scale method of calculating the rate of growth in fishes. Transactions, Royal
Society of Canada, Series III, Vol. XII, June and September, 1918, Section IV, pp.

47-52, 2 figs. Ottawa.

1918a. The growth of the scales in fishes. Transactions, Royal Canadian Institute, Vol.

XII, Pt. I, No. 27, 1918 (1919), pp. 61-101, 12 tables, 17 figs. University of Toronto

Press, Toronto.

HuTTON, J. Arthur.
1909. Salmon scales as indicative of the life history of the fish. 27 pp., XIV Pis., 1909.

London.

1910. Salmon scale examination and its practical utility, with notes on the Wye salmon

fisheries and the photography of scales. 56 pp., XXXII Pis., 1910. London.

Jacot, Arthur Paul.

1920. Age, growth, and scale characters of the mullets, Mugil cephalus and Mugil curema.

Transactions, American Microscopical Society, Vol. XXXIX, No. 3, July, 1920,

pp. 199-229, 7 figs.. Pis. XX-XXVI. Menasha, Wis.

Jarvi, T. H.

1920. Die kleine Marane {Coregonus alhala L.) im Keitelesee, eine okologisChe und okonom-

ische Studie. Annales Academia; Scientiarum Fennic.T, Serie A, Vol. XIV, No. 1,

1920, 302 pp., pis., tables. Helsinki.

1924. Die kleine Marane {Coregonus albula L.) im Nilakka und Pielavesi. Ibid., Vol. XXI,
No. 2, 1924, 134 pp., 24 figs., 2 maps. Helsinki. Also, Lantbruksstyrelsens Medde-

landen Nr. 156, Finlands Fiskerier, Band 7, 1924 (1925), 134 pp., 24 figs., 2 maps.
Helsinki.

JOHANSEN, A. C.

1915. Contributions to the biology of the plaice with special regard to Danish plaice fishery.

VII. Marking experiments with plaice in the North Sea off the west coast of Jutland

during the years 1906-1912, with supplementary observations on the previous Danish

experiments. Meddelelser fra Kommissionen for Havunders0gelser, Serie: Fiskeri,

Bind IV, Nr. 9, 1915, 60 pp., 27 figs. K0benhavn.



422 BULLETIN OF THE BUREAU OF FISHERIES

JoHANSEN, Frits.

1925. Natural history of the cunner {Tauiogolabrus adspersus WaXhaum). Contributions to

Canadian Biology, new series, Vol. II (1925), No. 17, pp. 423-467, 10 figs, and frontis-

piece. University of Toronto Press, Toronto.

JOUNSTON, H. W.
1905. Scales of the Tay salmon as indicative of age, growth, and spawning habit. 23d Annual

Report, Fishery Board for Scotland, 1904 (1905), Pt. II, pp. 63-79. Glasgow.
1907. The scales of salmon. 25th Annual Report, Fisliery Board for Scotland, 1906 (1907),

Pt. II, pp. 54-66, V Pis., 1 chart. Glasgow.
1908. The scales of salmon. 26th Annual Report, Fishery Board for Scotland, 1907 (1908),

Pt. II, pp. 62-64, pi. 1. Glasgow.
1910. Idem., 28th Annual Report, Fishery Board for Scotland, 1909 (1910), Pt. II, pp. 21-24,

PI. I. Glasgow.

Jordan, David Starr, and Barton Warren Evermann.
1911. A review of the salmonoid fishes of the Great Lakes, with notes on the whitefishes of

other regions. Bulletin, U. S. Bureau of Fisheries, Vol. XXIX, 1909 (1911), pp.
1-41, VII Pis., 23 text figs. Washington.

KoELZ, Walter N.

1926. Fishing industry of the Great Lakes. Appendix XI, Report, U. S. Commissioner of

Fisheries for 1925 (1926), pp. 553-617, 19 figs. Bureau of Fisheries Document No.
1001. Wa.shington.

1929. Coregonid fishes of the Great Lakes. Bulletin, U. S. Bureau of Fisheries, Vol. XLIII,
1927 (1929), Part II, pp. 297-643, 31 figs. Washington.

Kuntzmann, Johann Heinrich Lebrecht.

1829. Bemerkungen iiber die Schuppen der Fische. Verhandlungen der Gesellschaft natur-
forschender Freunde in Berlin, Vol. I, 1829, pp. 269-284 and 369-374, Pis. XI, XII,
XIII, XVI. Berlin. Abstracts in Bull. Sci. Nat. (FSrussac), vol. 7, p. 118 and vol.

18, p. 289.

Lea, Einar.

1910. On the methods used in the herring investigations. Publications de Circonstance No.

53, October, 1910, Conseil Permanent International pour I'Exploration de la Mer
pp. 7-174. Copenhague.

1911. A study on the growth of herrings. Ibid., No. 61, 1911, pp. 35-64, 7 figs. Copenhague.
1913. Further studies concerning the methods of calculating the growth of herrings. Ibid.,

No. 66, December, 1913, 36 pp. Copenhague.
1919. Report on "Age and growth of the herring in Canadian waters." Canadian Fislieries

Expedition, 1914-15. Department of the Naval Service (1919), pp. 75-164, 48

tables, 45 figs. Ottawa.

1924. Frequency curves in herring investigation. Report on Norwegian Fishery and Marine

Investigations, Vol. Ill, No. 4 (1924), pp. 1-27, 4 figs. Bergen.

Lee, Rosa M. (Mrs. T. L. Williams.)

1912. An investigation into tlie methods of growtli determination in fishes. Publications

de Circonstance No. 63, November, 1912, Conseil Permanent International i)our

I'Exploration de la Mer, 35 pp. Copenhague.

1920. A review of the methods of age and growth determination in fishes by means of scales.

Ministry of Agriculture and Fisheries, Fisliery Investigations, Series II, Vol. IV, No.
2 (1920), pp. 1-32, 8 diagrs., 1 pi. London.

Leeuwenhoek, Antony van.

1686. An abstract of a letter * * * concerning the * * * scales of eels. Philo-

sophical Transactions, Royal Society of London, Vol. XV, 1685 (16S6), pp. 883-895.

London and Oxford. (See p. 893.)

1719. Eplstolse physiologicse super compluribus naturae arcanis. Epistola XXIV, 213 pp,
1716 (1719). Delphis.

1798. The select works, containing Ids microscopical discoveries in many of the works of

nature. Translated from the Dutch and Latin editions published by the autlior.

,By Samuel Hoole, 1798-1807, London.



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 423

Leim, a. II.

1924. The life history of the shad, Alosa sapidissima (Wilson), with special reference to the

factors limiting its abundance. Contributions to Canadian Biology, new series. Vol.

II, 1925, No. 11, pp. 163-2S4, 45 figs. University of Toronto Press, Toronto.

Malloch, p. D.

1910. Life-historj' and habits of the salmon, sea-trout, trout, and other freshwater fish. 264

pp., figs 1910. London.

Mandl, Louis.

1839. Recherches sur la structure intJme des ^cailles des poissons. Annales des Sciences

Naturelles, 2" s6r.. Vol. XI, 1839, Zoologie, pp. 337-371. Paris. Also Edinburgh
New Philosophical Journal, vol. 28, pp. 113-126 and 274-287 (in English).

Massy, Anne L.

1914. Notes on the evidence of age afforded by the growth rings of oyster shells. Depart-
ment of Agriculture and Technical Instruction for Ireland. Fisheries Branch, Scien-

tific Investigations, 1913, No. II, 12 pp., XI Pis. London.

Masterman, a. T.

1913. Report on investigations upon the salmon with special reference to age determination

by study of scales. Board of Agriculture and Fisheries. Fishery Investigations,
Series I. Salmon and fresh-water fisheries. Vol. I, Pts. I-III, 1913, pp. 1-80, IV Pis

London.

May, Percy.

1921. Chemistry of synthetic drugs. 3d edition revised. 248 pp., 1921. Longmans, Green
& Co., London.

McMuRRicH, J. Playfair.

1912. The life cycles of the Pacific coast salmon belonging to the genus Onrnrhijnchus, as

revealed by their otolith and scale markings. Proceedings and Tran-^actions, Royal
Society of Canada, series 3, Vol. VI, Sec. IV, 1912, pp. 9-2S, 10 i)ls. Ottawa.

Meek, Alexander.
1916. The scales of the herring and their value as an aid to investigation. Report, Dove

Marine Laboratory, Cullercoats, Northumberland, for the year ending June, 1916,
new series, Vol. V, pp. 11-18, 1 fig. Newcastle-upon-Tyne.

Menzies, W. J. M., jr.

1912. The infrequency of spawning in the salmon. Fishery Board for Scotland. Salmon

Fisheries, 1911, No. I, 7 pp., II Pis. London.

1913. Scales of salmon of the River Add. Ibid., 1912, No. I, 6 pp.. Ill Pis. London.

Menzies, W. J. M., and P. R. C. Macfarlane.
1926. Salmon Investigations in Scotland, 1923. I. Salmon of the River Dee. (Aberdeen-

shire.) Fisheries Board for Scotland. Salmon Fisheries, 1926, No. IV, 46 pp., 10

diagrs., tables. Edinburgh.
1926a. /dem. II. Salmon of the River Spey. /6id., No. 5, 36 pp., IV figs., 9 diagrs. Edinburgh.

Milne, J. A.

1913. Pacific salmon: An attempt to evolve something of their history from an examination

of their scales. Proceedings, Zoological Society of London, 1913, pp. 572-610, 24

text figs. London.

1915. Scales with imperfect centres. With special reference to the reading of parr scales.

Salmon and Trout Magazine, No. 11, August, 1915, pp. 11-20, 4 figs. London.

MoHR, Erna.
1916. TJber Altersbestimmung und Wachstum Beim Zander. {Lucioperca sandra Cuv.)

Zeitschrift fur Fischerei, neue Folge, Vol.11 (1916), pp. 89-105, 9 text figs., 4 pis., 3

fold, tables. Berlin.

Molander, Arvid R.

1918. Studies in the growth of the herring, especially witli regard to the examination of the

scales for determining its growth. Ur. Svenska Hydrografisk-Biologiska Kommis-
sionens Skrifter, VI, 1918, 16 pp., 17 figs., XXVI tables. Goteborg. (Each article

has separate pagination but is not numbered. Tliis is the second article. ^

99760—29 11



424 BULLETIN OF THE BUREAU OF FISHERIES

MOTTRAM, J. C.

1916. An analysis of the scales of herling sea trout. Salmon and Trout Magazine, No. 13,

June, 1916, pp. 4S-70, 11 figs. London.

1916a. Methods of estimating the size of fish from the size of their scales. Ibid., No. 14,

October, 1916, pp. 43-50, 1 fig. London.

Nall, G. Herbert.
1925. Report on a collection of sea trout scales from the River Hope and Loch Hope in Suther-

land. Fishery Board for Scotland. Salmon Fisheries, 1925, No. 1, 22 pp., 4 figs,,

tables. Edinburgh.
1926. The sea trout of the River Ewe and Loch Maree Ibid., 1926, No. I, 42 pp., 1 diagr., 8

figs. Edinburgh.
*

1926a. Sea trout of the River Ailort and Loch Eilt. Ibid., No. Ill, 24 pp., 7 figs. Edinburgh.
1927. Report on a collection of salmon scales from the River Hope and Loch Hope in Suther-

land. Ibid., No. VII, 8 pp., 3 figs. Edinburgh.

Paget, Geoffrey W.
1920. Report on the scales of some teleostean fish with special reference to their method of

growth. Ministry of Agriculture and Fisheries, Fishery Investigations, Series II,

Vol. IV, 1920, No. 3, pp. 1-24, 4 pis., 3 text figs. London.

Peart, A. R.

1922. Trout scales and the size limit. Salmon and Trout Magazine, No. 28, January, 1922,

pp. 52-60, 1 fig. London.

Petersen, C. G. J.

1891. Fiskenes biologiske Forhold i Holbaek Fjord 1890-(91). Beretning, Indenrigsniinist-

eriet, Danske Biologiske Station, Vol. I, 1890-(91) (1892), pp. 121-183. Kj0benhavn.
1895. The common eel {Anguilla vulgaris Turton) gets a particular Isreedhig-dress before

its emigration to the sea.—The bearings of this fact on the classification and on the

practical eel-fisheries. Report, Danish Biological Station, Vol. V, 1894 (1896),

pp. 5-35, 2 pis. Copenhagen.
1895a. Eine Methode zur Bestimmung des Alters und Wuchses der Fische. Mittheilungcn,

Deutschen Seefischereivereins (1895), Vol. XI, pp. 226-235. Berlin.

1922. On the stock of plaice and the plaice fisheries in different waters. A survey. Report,

Danish Biological Station, Vol. XXIX, 1922, pp. 1-36, 3 tables, 1 map. Copenhagen.

Prawdin, I. F.

1925. On classification and biology of Coregoni from the Ladoga Lake. [Text in Rus.sian.]

Bulletin, Bureau of Applied Ichthyology, 1925, vol. 3, fasc. 1, pp. 47-56. Leningrad.

Radcliffb, Lewis.

1920. Fishery industries of the United States. Appendix X, Report, U. S. Commissioner of

Fisheries for 1919 (1921). Bureau of Fisheries Document No. 892, 191 pp., tables,

1 pi., 2 figs. Washington.

RfiATJMDR, Rbn6 AnTOINE FeRCHAULT DE.

1718. Ob.servations sur la mati^re qui colore les perles fausses, et sur quelques autres mati^res

animales d'une semblable couleur; k I'occasion de quoi on essaye d'expliquer la for-

mation des ^cailles des poissons. Histoire de TAoadfimie Royale des Sciences, 1716

(1718), pp. 229-244. Paris.

Reibisch, J.

1899. tJber die Eizahl bei Pleuronectes platessa und die Altersbestimmung dieser Form aus

den Otolithen. Wissenschaftliche Meeresuntersiichungen, herausg. von der Kom-
mission zur Untersuchung der deutschen Meere, neue Folge, Vol. IV, Abteilung Kiel,

1899, pp. 233-248, pis. Kiel.

1911. Biologische Untersuchungen iiber Gedeihen, Wanderung und Ort der Entstehung der

SchoUe (Pleuronectes platessa) in der Ostsee. Ibid., neue Folge, Vol. XIII, Abteil-

ung Kiel, Nr. 18, 1911, pp. 127-204, 1 map, 11 text figs., 28 tables. Kiel und Leipzig.

Reiqhard, Jacob.

1906. On the identification for legal purposes of mutilated or dressed specimens of whitefish

and herring from the Great Lakes. Transactions, American Fisheries Society,

Thirty-fifth Annual Meeting, 1906, pp. 47-58, 3 figs, Appleton, Wis.



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 425

Reiohard, Paul.

1910. A plan for promoting the whitefish production of the Great Lakes. Bulletin, U. S.

Bureau of Fisheries, Vol. XXVIII, 1908 (1910), Part I, pp. 643-684, 22 tables, 5

figs. Washington.

RlAKHOVSKY, I. S.

1925. On age of Ladoga whitefishes (Coregonus). Bulletin, Bureau of Applied Ichthyology,

vol. 3, fasc. 2, 1925, pp. 183-188. Leningrad. (Text in Russian.)

Rich, Willis H.

1920. Early history and seaward migration of chinook salmon in the Columbia and Sacra-

mento Rivers. Bulletin, U. S. Bureau of Fisheries, Vol. XXXVII, 1919-20 (1922),

pp. 1-73, 9 graphs, IV Pis., 56 tables. Washington.

RODLE, L.

1920. La eroissance de I'Alose finte d'aprfes les 6cailles. Comptes Rendus, Soc. Biol., vol.

83, 1920, pp. 1542-1544. Paris.

Ryder, John A.

1884. Note on the regeneration of the scales of the German carp. Bulletin, U. S. Fish Com-

mission, Vol. IV, 1884, pp. 345-346. Washington.

S.«;mundsson, Bjabni.

1913. Continued marking experiments on plaice and cod in Icelandic waters. Meddelelser

fra Kommissionen for Havunders0gelser, Serie: Fiskeri, Bind IV, Nr. 6 (1913),

35 pp., 7 figs. K0benhavn.
1925. On the age and growth of the haddock (Gadus xglefinus L.) and the whiting (Gadus

merlangus L.) in Icelandic waters. Ibid., Bind VIII, Nr. 1 (1925), 33 pp., 8 figs.

Copenhagen.

Salomon, Karl.

1908. Zur Altersbestimmung des Huchens. Osterreichische Fischerei-Zeitung, Jahrgang V,

Nr. 16, 1908, pp. 265-266. Wien.

Savage, R. E.

1919. Report on age determination from scales of young herrings, with special reference to

the use of polarized light. Board of Agriculture and Fisheries, Fishery Investiga-

tions, Series II, Vol. IV, No. 1, 1919, pp. 1-31, III Pis., 10 diagrs. London.

Schneider, Gdido.

1909. tlber das wachstum der Aale (Anguilla vulgaris Flem.) in den Gewassern Schwedens.

Publications de Circonstance No. 46, March, 1909, Conseil Permanent International

pour I'Exploration de la Mer, 18 pp., 1 text fig. Copenhague.
1910. Ueber die Altersbestimmung bei Heringen nach den Zuwachszonen der Schuppen. Ur

Svenska Hydrografisk-Biologiska Kommissionens Skrifter, IV, 1910, pp. 1-12, 21

figs. Goteborg. (Each article has separate pagination but is not numbered.)

Scott, Will.

1912. The regenerated scales of Fundulus heteroclitus Linn6, with a preliminary note on their

formation. Proceedings, Indiana Academy of Science, 1911 (1912), pp. 439-444,
3 figs. Indianapolis.

Seligo, a.

1908. Hydrobiologische Untersuchungen. W. Das Wachstum der kleinen Marene. Mit-

teilungen des Westpreussischen Fischerei-Vereins, Vol. XX, 1908, No. 2, pp. 20-52,
2 pis., 20 text figs. Danzig.

Sette, Oscar E.

1925. Fishery industries of the United States, 1923. Appendix IV, Report, U. S. Com-
missioner of Fisheries for 1924 (1925), pp. 141-359. Bureau of Fisheries Document
No. 976. Washington.

1928. Fishery industries in the United States, 1926. Appendix V, Report, U. S. Commis-
sioner of Fisheries for 1927 (1928), pp. 337-483. Bureau of Fisheries Document
No. 1025. Washington.



426 BULLETIN OF THE BUREAU OF FISHERIES

Sherriff, Catherine W. M.
1922. Herring investigations. Report on the mathematical analysis of random samples of

herrings. With an introductory note by Prof. D'Arcy W. Thompson. Fishery
Board for Scotland, Scientific Investigations, 1922, No. 1, 25 pp., diagrs. Edinburgh.

Smitt, F. a.

1895. A History of Scandinavian fishes, by B. Fries, C. U. Ekstrom, and C. Sundevall, with
coloured plates by W. von Wright, and text illustrations. Second edition, revised

and completed by F. A. Smitt, two parts, 1893-1895, 1,240 pp., 380 figs., and volume
of LIII Pis. Stockholm and London.

Snyder, J. O.

1921. Three California marked salmon recovered. California Fish and Game, vol. 7, No.

1, January, 1921, pp. 1-6, 4 figs. Sacramento.
1922. The return of marked king salmon grilse. Ibid., vol. 8, No. 2, April, 1922, pp. 102-107,

Pis. I-VI, 3 figs. Sacramento.

1923. A second report on the return of king salmon marked in 1919, in Klamath River. Ibid.,

vol. 9, No. 1, January, 1923, pp. 1-9, 5 figs. Sacramento.
1924. A third report on the return of king .salmon marked in 1919 in Klamath River.

Ibid., vol. 10, No. 3, July, 1924, pp. 110-114, tables, figs. 23-24. Sacramento.

Steenstrup, J.

1861. Sur la diffdrence entre les poissons osseux et les poissons cartilagineux au point de

vue de la formation des dcailles. Annales des Sciences Naturelles, 4» s6r., Vol. XV,
1861, Zoologie, p. 368. Paris.

Storrow, B.

1916. Notes on the age and growth of fish. Report, Dove Marine Laboratory, Cullercoats,

Northumberland, for year ending June, 1916, new series. Vol. V, pp. 38-52, 2 pis.

Newcastle-upon-Tyne.
1922. Herring investigations. I. Herring shoals. Ibid., for the year ending June 30, 1922,

new series, Vol. XI, pp. 11-43. Newcastle-on-Tyne.
SuND, Oscar.

1911. Undersokelser over brislingen i norske farvand vajsentlig paa grundlag av "Michael
Sars"s togt 1908. Aarsberetning vedkommeude Norges Fiskerier, 1910 (1911),

pp. 357-473, I P!., 2 maps, and 17 text figs. Bergen.
1925. Merking av sei i Nordland Sommeren 1921. [Marking saithe in northern Norway in

the summer of 1921.] Report on Norwegian Fishery and Marine Investigations,
Vol. III., No. 5, 1925, 23 pp., 3 pis., tables. Bergen. (English summary.)

SURBECK, G.

1913. Beitrag zur Kenntnis der Geschlechtsyerteilung bei Fischen. Schweizerische Fischerei-

Zeitung, vol. 21, Nr. 4, April 30, 1913, pp. 78-89. Zurich.

1913a. Idem. Ibid., Nr. 5, May 31, 1913, pp. 105-109. Zurich.

Taylor, Harden F.

1916. The structure and growth of the scales of the squeteague and the pigfish as indicative

of life history. Bulletin, U. S. Bureau of Fisheries, Vol. XXXIV, 1914 (1916), pp.

285-330, 8 text figs.. Pis. L-LIX. Washington.
Thompson, D'Arcy W. •

1914. The age of a herring. Nature, vol. 94, 1914, pp. 60-61 and 363. London.
1917. On growth and form. 793 pp., 1917. Cambridge University Press, Cambridge.

Thompson, Harold.
1923. Problems in haddock biology. With special reference to the validity and utilization

of the scale theory. I. Preliminary report. Fishery Board for Scotland, Scientific

Investigations, 1922, No. V (May, 1923), 78 pp., 3 pis., 4 charts. Edinburgh.
1924. Haddock biology. II. Frequency and distribution of the age classes in 1923. Ibid.,

1924, No. I, 48 pp., 4 pis., 9 charts. Edinburgh.
1926. Haddock biology. III. Metabolism of haddock and other gadoid fish in the aquarium.

Ibid., 1926, No. II, 14 pp., 4 pis. Edinburgh. .



LIFE HISTORY OF LAKE HERRING OF LAKE HURON 427

Thompson, William F.

1914. A preliminary report on the life history of the halibut. Report, Commissioner of Fish-

eries, Province of British Columbia, for the year ending December 31, 1914 (1915),

pp. N76-N120. Victoria.

1917. A contribution to the life history of the Pacific herring: Its bearing on the condition

and future of the fishery. Ibid., 1916 (1917), pp. S39-S87, 6 figs. Victoria.

THo.\irsoN, Will F., Oscah Elton Sette, Elmer Higoins, and W. L. Scofield.

1926. The California sardine. Fish Bulletin No. 11, Fish and Game Commission of Cali-

fornia, 1926, 222 pp., graphs. Sacramento.

Thomson, J. Stuart.

1902. The periodic growth of scales in Gadidse and Pleuronectidse as an index of age. Journal,

Marine Biological Association of the United Kingdom, new series. Vol. VI, 1902,

No. 3, pp. 373-375, I PI. Plymouth.
1904. The periodic growth of scales in Gadidse as an inde.x of age. Ibid., Vol. VII, 1904, No. 1,

pp. 1-109, 8 pis. Plymouth.

TiM.s, H. W. Maubtt.
1900. The development, structure, and morphology of the scales in some teleostean fish.

Quarterly Journal of Microscopical Science, new series, Vol. XLIX, 1905 (1906),

No. 193, pp. 39-68, PI. VI. London.

TURRELL, W. J.

1911. Scale examination in the seventeenth century. The Field, the Country Gentleman's

Newspaper, Feb. 18, 1911, No. 3034, p. 335.

Van Oosten, John.

1923. The whitefishes {Coregonus clupeaformis) . A study of the scales of whitefishes of known

ages. Zoologica, Vol. II, No. 17 (June 19, 1923), pp. 380-412, figs. 137-144, Tables

I-VII. New York.

VOGT, C.

1842, 1845. Histoire naturelle des poissons d'eau douce de I'Europe centrale; par L. Agassiz
* * * Neuchatel, 1839-1845, Vol. I. Embryologie des Salmo7ies par C.

Vogt. 1842. 2 livr. [pt. 2] L'anatomie des Salmones, par L. .\gassiz and C.

Vogt. (M^moires de la Soci6t6 des Sciences Naturelles de Neuchatel, t. Ill),

pp. 147-148. Neuchdtel. (Notice in American Journal of Science, vol. 45,

pp. 211-214.)

Walter, Emil.

1901. Die Altersbestimmung des Karpfeus nach der Schuppe. In Knauthe, Die Karpfen-

zucht, 1901, pp. 88-122. Neudamm. Also in Jahresberichtes in der Fischerei-

Zeitung, Vol III, 1900, Nr. 19. Neudamm.

Watkin, E. Emrys.

1926. Investigations on Cardigan Bay herring. Part I. A detailed examination of two

samples from Borth Bay, 1921. In Report on marine and fresh w.ater investigations.

Department of Zoology, University, College of Wales, new series, I, year ending 30

June, 1923 (1925), pp. 5-21, 3 figs., XII tables. Aberystwyth.
1926a. Idem. Part II. On samples from Borth, Aberystwyth, and Newquay, 1922. Ibid.,

pp. 22-43, 16 tables, I PI. Aberystwyth.

Weymouth, F. W.
1918. Contributions to the life history of the Pacific coast edible crab (Cancer magister) .

(No. 3.) Report, Commissioner of Fisheries, Province of British Columbia, 1917

(1918), pp. Q81-Q90, 2 figs. Victoria.

1923. The life history and growth of the Pismo clam [Tivela stullorum Mawe). Fish Bulletin

No. 7, California Fish and Game Commission, 1923, pp. 5-120, table, 15 figs., 18

graphs. Sacramento.



428 BULLETIN OF THE BUREAU OF FISHERIES

Williamson, H. Charles.

1914. A short r^sumS of the researches into the European races of herrings and the method of

investigation. Fishery Board for Scotland, Scientific Investigations, 1914, No. I,

22 pp., 7 figs. Edinburgh.
1918. A criticism of Reibisch's otolith-method of estimating the age of the plaice. Journal

of Zoological Research, 1918, Vol. Ill, Ft. I, pp. 13-29, 17 figs.

Williamson, W. C.

1851. Inve.stigations into the structure and development of the scales and bones of fishes.

Philosophical Transactions, Royal Society of London, Vol. CXLI, 1851, pp. 643-702.

London.

WiNGE, Otto.

1915. On the value of the rings in the scales of the cod as a means of age determination. Illus-

trated by marking experiments. Meddelelser fra Kommissionen for Havunder-

s0gelser, serie Fiskeri, Vol. IV, 1915, Nr. 8, 21 pp., I PI. K0benhavn.

WUNDSCH, H. H.

1916. Neue Beitrage zu der Frage nach dem Alter und Wachstum des Aales. Zeitschrift

fiir Fiseherei, neue Folge, Vol. II (1916), pp. 55-88. Berlin.



INVESTIGATION OF THE PHYSICAL CONDITIONS CON-
TROLLING SPAWNING OF OYSTERS AND THE OCCUR-
RENCE, DISTRIBUTION, AND SETTING OF OYSTER LARVi€
IN MILFORD HARBOR, CONNECTICUT

By HERBERT F. PRYTHERCH

Assistant Aquatic Biologist, U. S. Bureau of Fisheries

CONTENTS
Page

Introduction 429

Methods and equipment 430

Topography 432

Physical conditions 433

Temperature 435

Tide and current 450

Salinity 467

Hydrogen-ion concentration 472

River discharge 472

Pae«

Biological observations 474

Condition of the gonads of the oyster. 474

Time of spawning 478

Occurrence and distribution of larvae. 481

Setting 488

Predicting the intensity and time of oyster

setting 495

Summary 497

Bibliography 499

INTRODUCTION

The primary purpose of this investigation is to show the close relationship that

exists between physical conditions and the success or failure of oyster production in

inshore waters. It is hoped that the analysis of conditions in Connecticut waters

and the determination of the predominating factors that control oyster propagation
there may serve as the basis for the development of scientific oyster culture in our

extensive coastal waters. To accomplish this, it is essential that we have a thorough

knowledge of the oyster in every stage of its development and a greater under-

standing of the influence of each physical and biological factor on the egg, embryo,

larvae, spat, and adult. In the cultivation or control of an aquatic animal such as

the oyster, the response of the organism to changes that occur in its environment is

not only of scientific interest but may be of great practical importance. The plan
of the investigations carried out at Milford, Conn., during the summers of 1925 and

1926 was to study the effect of the physical conditions on the oyster and oyster

larviB in this typical location, the results of which would serve as the basis for analyzing
and understanding the conditions found in other oyster-growing regions.

The most important problem that presented itself was the analysis of the causes

of the great variations that occur in the annual production of seed oysters on an

entire natural bed as well as on the cultivated oyster beds. A good example of

this is the Bridgeport natural bed, which, according to Collins (1889), produced

115,000 bushels of oysters in 1887, 31,000 in 1888, and 3,500 in 1889, most of which
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were seed oysters. On the cultivated beds of Connecticut similar fluctuations in

seed production during the last three years are representative of the experiences of the

industry since the initiation of oyster culture. For instance, the production of

seed oysters here ranged from over 1,000,000 bushels in 1925 to virtually none in

1926 and 1927. Through a detailed study of the conditions in Milford Harbor, it

was hoped that an understanding of this phenomenon might be obtained. The

objects of this investigation were to determine—
1. The principal factors that influence and control the spawning of oysters.

2. The occurrence and distribution of the oyster larvae.

3. The zones in which setting or attachment of the larvse takes place.

4. The conditions responsible for the occurrence of great annual fluctuations

in the intensity of setting or production of seed oysters.

These studies were conducted imder the direction of Dr. Paul S. GaltsofF, in

charge of oyster investigations, to whom the author is deeply indebted for advice

in the course of the work and for criticism of the manuscript.

The author wishes to acknowledge his appreciation of the valuable and cordial

cooperation rendered by the North Atlantic Oyster Farms (Inc.) in carrying on

these investigations, and especially the help, suggestions, and information given by
W. H. Raye, Capt. Charles E. Wheeler, and A. E. Loring, of that company, relative

to various studies of the oyster situation and for generously supplying oysters,

laboratory facilities, men, and boats for this work. Valuable assistance was received

from H. A. Marnier, of the United States Coast and Geodetic Survey, in the studies

of the tides and currents, and from the United States Weather Bureau and Geological

Survey in supplying climatological and river-discharge data.

METHODS AND EQUIPMENT

A small laboratory was established at the plant of the Connecticut Oyster Farms

Co., at Milford, Conn., where suitable arrangements could be made for setting

up tide and temperature recording apparatus and for boating operations. In Milford

Harbor and the adjacent inshore waters of Long Island Sound six stations were

established, as shown in Figure 1. These were visited regularly with a small cruiser

equipped for the collection of water and plankton samples and for making observa-

tions of general physical conditions.

Water temperatures at the surface and bottom were taken at each cruising

station by means of a Negretti and Zambra deep-sea reversing thermometer, and,

in addition, a long-distance thermograph was set up at Station 2, which recorded

continuously the water temperatures on the bottom in the harbor.

In collecting water samples for the determination of salinity and pH, a Greene-

Bigelow water bottle was lowered over the side by means of a meter wheel and

Lucas sounding machine. The samples were titrated in the usual way, using silver

nitrate against the international standard sea water and calculating the salinities by
means of Knudson's (1901) hydrographical tables. For the determination of the

hydrogen-ion concentration of the water, the colorimetric method was employed,

using cresol red and brom-thymol blue as indicators. No correction for salt error

has been made for the figures that are given. All the observations fall within the

range of the indicator cresol red.
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Figure 1.—Location of stations and hydrographical features of Miltord Harbor and vicinity
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In studying the tides and currents several devices were used. At Station 2

an automatic tide gauge was put in operation, whereby a continuous record of the

rise and fall of tide in Milford Harbor was obtained. The velocity and direction

of the tidal currents at various depths and stages of the tide were determined by
means of Ecknian and Price current meters. In order to determine the drift or

general movement of the water along the Connecticut shore of Long Island Sound,
500 drift bottles with drags were released from several localities, and of these, over

300 have been recovered.

The most important procedure was the collecting and examining of plankton
collections to determine the presence of oyster larvae. The method employed was

essentially the same as that used by Churchill and Outsell (1920; unpublished manu-

script, United States Bureau of Fisheries) for determining the abundance of oyster
larvse. The results obtained by this method are quantitative and of much greater
value than those obtained by drawing a tow net through the water.

At each station, 50-gallon samples were taken at the surface and bottom and

occasionally at various depths. By means of a rotary bronze pump with 50 feet of

rubber hose weighted at the intake end a definite quantity of v/ater was pumped on

deck and strained through a net of No. 20 bolting silk. The plankton collected

was washed down into a quart jar, labeled, and preserved in 10 per cent formalin.

In the laborator}-, the contents of each jar was washed through a series of sieves

covered with Monel-metal wire of Nos. 80, 100, 150, 200, and 270 mesh. This

procedure served to classify the oyster larvae according to their size and greatly

simplified microscopic examination of the samples by dividing them into several

portions. The plankton collected in each sieve was washed into watch glasses, and

the number of oyster larvae was determined by direct count under the microscope.
The setting of the oyster larvae was studied in 1925, 1926, and 1927 by arrang-

ing several types of stationary and floating spat collectors in various positions,

according to the depth of water, tides, and currents. For spat collectors, brush,

glazed tiles, tar paper, clam, scallop shells, and oyster shells were used, the latter

being set out in lath crates and wire baskets.

TOPOGRAPHY

Milford Harbor is situated on the Connecticut shore of Long Island Sound and

lies about halfway between two great oyster-producing centers—Bridgeport and

New Haven. The general topographic and hydrographic features of the harbor and

surrounding territory are shown in Figure 1. In this discussion, the term "Milford

Harbor" is applied only to the area above the stone breakwater at Burns Point,

which, on the hydrographic charts, is labeled "Wepawaug River." This small

body of water covers approximately 80 acres, about half of which is exposed at low

tide. It is a small but typical oyster-producing harbor, and in former times the

entire area was a natural bed of oysters. In this nearly inclosed basin, the brackish

water of Long Island Sound mixes with the fresh water from two small streams—
the Wepawaug and Indian Rivers—producing ideal conditions for oyster growth
and propagation.

As a result of overfishing, the harbor was found to be virtually devoid of oysters,

so that it was necessary to restock it before carrying on the experiments. The
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Connecticut Oyster Farms Co. generously supplied a sufficient quantity of large

oysters to establish two spawning beds, one of which was located on the flats and the

other in the channel. Since at present these waters are unpolluted to any serious

degree, it was possible, by the rehabilitation of this small harbor, to study the oyster
in an environment very similar to that in which it thrived in years past.

Milford Harbor is but one of the many inshore areas that border and empty
into Long Island Sound, and its topography would not be complete without a de-

scription of this adjoining large body of water.

Long Island Sound is a partially inclosed basin having a length of about 80

nautical miles and a depth averaging 65 feet. Its general shape is that of a double

convex lens with the broadest portion at a point just southeast of New Haven,
where its width is about 16 miles. From this point to the eastward the width of

the Sound decreases gradually until it is about 8 miles wide at its mouth, where it

receives the water from Block Island Sound and the Atlantic Ocean. To the west-

ward of New Haven the shore lines also converge until they are less than a mile

apart at the head of the Sound or upper entrance to New York Harbor.

The longitudinal axis of the Sound lies in a northeast and southwest direction

and is about at right angles to the rivers emptying into it from the north. The
two principal drainage basins discharging into the Sound are those of the Connecticut

and Housatonic Rivers, the valley of the former extending about 250 miles to the

north and of the latter, 90 miles.

The water in the Sound is a mixture of the salt water brought in by the tides

from the ocean with the fresh water discharged by the rivers, its average salinity

for the year, as determined by Galtsoff (unpublished report), ranging from about

24 parts per thousand at Hell Gate to 29 at its mouth. As a result of the tides,

the level of the Sound changes constantly, and large inshore areas, covering thousands

of acres, are regularly flooded and exposed at times of high and low water. The

location, extent, and contour of these flood grounds determines, to a noticeable

degree, the differences that are found in the physical conditions in each of the various

inshore areas, such as Milford Harbor, and in the various parts of the Sound.

PHYSICAL CONDITIONS

GENERAL

A study of the early location of the natural oyster beds and shell deposits along the

coast of Long Island Sound clearly indicates that certain regions were more favorable

than others for the growth and propagation of the oyster. The favorable regions,

for the most part, were found to lie in the coves, bays, and estuaries and were all

similar in structure, consisting generally of a partially inclosed basin, which received

fresh water from the land and salt or brackish water from the place into which it

emptied. In these bays and harbors the natural beds extended from nearly the

upper Hmit reached by the brackish water to some distance outside of the entrances.

This is well illustrated in Figure 2, which is taken from an old map of the 03'ster

grounds of Connecticut published in 1889. The locatioia and extent of the natural

beds clearly defines the regions in which the physical conditions were most favorable

for the growth and propagation of the oyster. If we examine these areas carefully,
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we find that at several points between the upper and lower boundaries of the natural

beds in each section the productivity and abundance of the oysters show wide varia-

tions. As a general rule, oyster growth and seed production are best in a zone about

halfway between the upper and lower limits of a natural bed and least at the extremes,
which can be correlated with variations in the physical conditions found in different

parts of the bed. However, if we take the natural beds as a whole, or the cultivated

beds, we find great fluctuations in the quantity of seed oysters that they produce
from year to year. Their production often ranges from over 1,000,000 bushels, as

was the case in 1925, to virtually none, as in 1926 and 1927. The study and com-

parison of the physical conditions in 1925 and 1926 was made in order to determine

the factors responsible for these annual fluctuations in seed-oyster production.
The potential value of any body of water for the propagation, growth, or fatten-

ing of oysters is determined largely by the physical and chemical conditions that exist

there. In some localities these conditions are more or less constant, while in others

they imdergo considerable variation. Each region, however, has certain physical
characteristics of its own, and these are representative of the combined influence of

the climatological, hydrographical, and physiographical conditions found there. In

Milford Harbor and vicinity there is a great range of variation in a comparatively
short distance

;
and since it is a favorable location for the production of three impor-

tant shellfish—the oyster, quahaug, and soft clam—the various factors will be dis-

cussed in detail in order that they maj' serve as the basis for comparison with other

regions.
TEMPERATURE

In the environment of the oyster, water temperature is the most important

factor, as it controls, either directly or indirectly, the growth and reproduction of

the organism. It directly affects the physiological processes of the oyster, such as

feeding, respiration, development of the gonads, spawning, etc., while indirectly it

influences, to a great extent, the growth and abundance of the microscopic forms

that constitute the food of the oyster and oyster larvae.

The water temperature in Milford Harbor is the resultant of the interaction of

the various factors that can be placed in two major groups
—the climatological and

the hydrographical. The chief climatological factors affecting water temperature
are (1) solar radiation, (2) air temperature, (3) precipitation, (4) wind, and (5) per-

centage of sunshine. The chief hydrographical factors, in order of their importance,
are (1) tide, (2) river discharge, (3) tidal currents and circulation, and (4) depth
of water.

The relative importance of any one of these factors can be discussed only in a

general way because its effect on water temperature depends largely on its relation

to one or more of the remaining factors.

In Figure 3, the mean daily temperatures of bottom water are shown for July
and August of 1925 and 1926 and cover the period when spawning and setting of

oysters occur in Connecticut waters. The figures are taken from the records of the

thermograph placed in the harbor at Station 2, the average for each day being
determined by means of a planimeter. The fluctuations in water temperature that

occurred during these two summers are typical for estuaries and shallow inshore
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bodies of water, where there is considerable variation according to the day and
even the hour.

In beginning our analysis of the data, we find that the mean temperature for

the 2-month period was 20.3° C. for 1925 and 19.7° C. for 1926, showing a slight
annual difference of less than 1°. The monthly and daily averages, however, show

greater differences between the two years and are of greater importance, as will be
shown later because of the effect of temperature on (1) the ripening of the gonads and

(2) the spawning reaction of the oyster. In 1925 the mean monthly water tempera-
ture during July was 19.7° C, while in 1926 it was 17.8° C, or 1.9° lower. During
August, 1925, the monthly mean was 20.8° C. and in 1926, 21.6° C. As can be seen

from Figure 3, the water temperature on certain days was above 20° C, and we are

interested in discovering the difference between the two years in relation to this point,
because it has been found by previous observation that spawning of the oysters
occurred after the water had reached this temperature. In July, 1925, there were
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Figure 3.—Mean daily bottom temperature,
° C, at Station 2, Milford Harbor. Computed from thermograph records

15 days when the temperature was above 20° C and 16 when it was below, while in

1926 there were only 7 days when it was above and 24 days when it was below. In

August, 1925, there were 19 days when the water temperature was above 20° C. and
12 when it was below, while in 1926 it was above this point for 24 days and below only
7 days. These data are presented in the following table, together with the highest
and lowest water temperatures for each month.

Table 1.—Fluctuations in daily water temperature from 80° C.
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Although these data refer to the inshore areas, they reflect the trend of conditions

in the Sound, where the water generally is from 2 to 3 degrees lower than the daily

average in the harbor. This decrease in temperature, which is found as we leave

Station 1 in the upper part of the harbor and go out to Station 6 in the Sound, is

shown clearly by Figure 4. In this figure the distribution of temperature is shown
for July 15, 1925, when the water in the harbor and Sound was unusually warm for

this time of the year. The temperature records at Station 2 in the harbor are the

most complete, however, and have been analyzed and are presented in Tables 2 and 3,

which give the maximum, minimum, mean, and range of temperature for each day
of the summers of 1925 and 1926.

Table 2.—Water temperatures at Station No. 2, 19S5, in °C.
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LONG ISLAND SOUND

Figure 4.—Distribution of surface and bottom temperatures, July 15, 1925
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Table 3.—Water temperatures at Station No. 2, 1926, in
°
C.
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The water temperature in Long Island Sound and especially its inshore waters are

dependent upon the local weather conditions and those in adjacent regions and will

follow them quite closely in their general trend.

SOLAR RADIATION

The sun is the primary source from which the water derives its heat. The

quantity of heat that the water absorbs is proportional to the intensity of solar

radiation, which varies during the months of the year, as shown in Figure 6. Its

13 17 21 25 29 2 6 '0 14 18 22

JULY AUGUST

Figure 5.
—Daily water temperatures, MUford Harbor, 1925 and 1926

intensity is greatest during the latter part of July and is responsible for the maximum
air and water temperatures that occur at that time of the year. Although the water

is warmed considerably by direct absorption, the greatest effect of sunlight on water

temperature is the heating of the air and the land with which the water comes in

contact.

Solar radiation has a pronounced effect upon the temperature of the water in

Long Island Sound because of its configuration and tidal conditions. As a result of

these conditions, the water is kept in constant motion and brought into contact with

large land areas or tidal flats, which have a temperature much higher than that of

the air because of the absorption of a greater proportion of the sun's heat. The
effect of solar radiation on air, land, and water temperature will vary according to
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the clearness of the day and the number of hours of sunshine that are possible at

that time of the year. During July the total number of hours of possible sunshine

for this latitude is 458.3, and there is a gradual decrease in the number of hours per
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In July, 1925, there was sunshine for 276 hours and in August for 308 hours,
while in 1926 there was sunshine for 320 hours in July and for 256 hours in August.

Comparing both years, we find only 8 hours' difference between the two during
this 2-Tnonth period and, similarly, less than 1° difference in the mean air and water

temperatures. When the number of hours of sunshine and its intensity are above

or below the normal mean for the month, there is invariably a corresponding departure
in air and water temperatures.

The number of hours during which solar heating of the water takes place will be

found to vary from to approximately 15 per day, and these variations are the

fundamental causes of the daily and hourly fluctuations in water temperature that

occur during the summer. A good example of the effect of solar radiation on air

and water temperatures and the changes it produces are shown in the following

table.

Table 4.—Effect of solar radiation on air and water temperatures, August 1 to 3, 19S6

Date Hours of
sunshine

DaUy
mean air

temper-
ature,

° C.

Water temperature,
° C.

Daily
mean At flp. m. Daily

increase

Aug. 1

Aug. 2

Aug. 3

2.3
7.5
14.2

18.9
23.3
28.3

21.5
22.4
26.4

20.5
21.0
23.0

21.0
23.0
28.5

0.5
2.0
5.5

On these three days the factors of wind and range of tide were virtually constant,

while the chief variable was the number of hours of sunshine per day. On August 1,

when there was the least amount of sunshine, the increase in water temperature was

exceedingly slight, while on August 3 there was sunshine for 99 per cent of the possible

number of hours, which resulted in an increase in water temperature of 5.5° C.

during the day.
AIR TEMPERATURE

A close relationship exists between the air and water temperatures in inshore

coastal areas and the river waters emptying into them. Although the range of

water temperature is considerable, it is much less than the range in air temperature.

In the following table, a comparison of the characteristics of the two for the summers

of 1925 and 1926 is given.

Table 5.—Comparison of air and water temperatures, monthly data,
°
C.
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The relationships between the mean air and water temperatures for July, 1925

and 1926, apparently are contradictory in view of the fact that the water was

1.9" C. lower in 1926, though the air temperature was actually higher than in 1925.

However, under the circumstances this is what we would expect because of the differ-

ence in the water temperatures on July 1, which were 2.3° C. higher in 1925.

The influence that the air temperature exerts on the temperature of the water is

modified to a great extent by wind, precipitation, river discharge, range of tide, and
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daily air temperature reaches its annual maximum during the period from July 10 to

August 5. This is true for the water temperatures, also, as the trend of the two is

approximately the same during the annual cycle.

In comparing the monthly mean temperature of the air with that of the water
in Milford Harbor, we find that during the summer months the air ranges only
from 1 to 2 degrees higher. This relationship can be used as the basis for esti-

mating the approximate water temperatures over a period of six years (from 1922

to 1927) when thermograph records were not available. Obviously, when air tem-

peratures are above normal the water is correspondingly warmer, and when they
are below normal the water temperatures are noticeably lower. Thus, analysis of
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—Monthly departure of air temperature from normal, as shown by records of the United States Weather Bureau,

Haven, Conn, The normal mean temperature, in °
F., for April is 46.9; May, 57.8; June, 66.6; and July, 72

the mean monthly air temperatures for any year will indicate the probable water

temperatures that occur in small, partially inclosed basins. For this purpose the

departure of the air temperature from normal can be used as an index to the pre-

vailing conditions. The monthly departures of air temperature for April, May,
June, and July of each year from 1922 to 1927 are presented in Figure 8. In April

the water temperature reaches a degree at which the oyster resumes feeding after

having been in hibernation since November, and, consequently, we are interested

in temperature conditions from this time until spawning occurs in the latter part

of July. The monthly differences in air temperatures occurring during this period

in each of these years are at once apparent, and when they are summarized for

the entire period we find that for three of the years the temperature was above

normal and for the other three below. The significance of these departures is dis-

cussed later in connection with their effect on spawning and setting.
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PRECIPITATION

In rainfall or precipitation we have another important climatological factor that

should be considered with air temperature. The quantity of fresh water discharged
into the harbors depends largely upon the intensity and amount of precipitation,

while its temperature is determined by the temperature of the air and land in this

particular drainage basin. The effect of precipitation on harbor-water temperatures

depends, therefore, on the quantity and temperature of fresh water discharged
into it. When both air temperature and precipitation are above normal, as they
were in 1922 and 1925, their combined influence on the physical condition of the
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chapter on river discharge the monthly variations in precipitation are discussed

in relation to their effect on the quantity of fresh water emptied into Long Island

Sound.

WIND

Another climatological factor that should be mentioned briefly with regard to

its effect on water temperatures is wind. The nearest Weather Bureau station

from which detailed wind records could be obtained was at Sandy Hook, N. J.
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from the south in 1925 was 5,448 miles greater than it was in 1926. The effect of

wind on air and water temperatures depends largely on the original source of the

winds, which, in the case of the south component winds, for this region is both

land and marine. The southwest winds come from the adjacent Atlantic Coast

States lying in that direction, while the south and southeast winds come from over

the Gulf Stream.

The wind has great effect on water temperatures in this region because of the

exposure of extensive tidal flats, where rapid changes in temperature were found to

occur with strong north or south winds. A good example of the effect of a north

wind was found on August 8 and 9, 1926, when the temperature dropped from 25° C.

at low water at 6 p. m. to 13.5° C. at low water 12 hours later. During this time, the

most sudden drops in temperature occurred on the 9th from 4.30 a. m. to 5.15 a. m.,
when the water cooled from 20° C. to 13.5° C, a decrease of 6.5° in 45 minutes.

Although the opposite effect is produced by the south wind, the increase in tempera-
ture is not as great because of a certain amount of cooling by evaporation. The
wind is an important factor in changing inshore water temperatures, especially in

regions where the tidal movement and area of flats is considerable, because the rate

of exchange of heat between the air and water depends largely on the area of the

surfaces that are brought into contact and the extent of circulation of each medium.

INFLUENCE OF TIDE ON WATER TEMPERATURE

The tide is an important hydrographic factor indirectly affecting the temperature
of inshore waters. As a result of the tide, the water undergoes considerable vertical

and horizontal movement, thereby coming into contact with the tidal flats, which

greatly increases the effect of climatological conditions on its temperature.
In Milford Harbor the mean range of tide is 6.6 feet and the spring range 7.7 feet.

The water temperature showed marked variations according to the range and stage

of tide and the time of high water in relation to the time of day. Besides solar

radiation and air temperature, the magnitude of the hourly and daily variations in

temperature was found to depend also upon the range of tide.

The principal purpose in studying the tides was to determine their influence on the

development of the maximum temperatures that affect many physiological activities

of marine organisms. In comparing 1925 and 1926 water temperatures, it has been

found that during the periods of full-moon spring tides there occurred a definite

upward trend in the daily mean water temperature.

During the spring and early summer, the ocean water that is brought into Long
Island Sound with the tides has a low temperature, while that from the rivers and

shallow tidal flats is considerably warmer. In the fall conditions are reversed, the

ocean and Sound waters persisting as a warm influence, while those from the land

rapidly become colder. The quantity of ocean water coming into the Sound varies

from day to day in accordance with regular changes that occur in the range of tide.

With spring tides, when the range is greater than the average, we have the maximum
inflow of cool ocean water; and with neap tides, the minimum, as at this time the

range is less than the average.

In comparing conditions that exist at different tides, we find that during the

period of the full-moon spring tides, in July and August, the hourly water-temperature
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fluctuations are greatest, and the daily average shows a steady increase. We can
define the full-moon tidal period as the interval between the first increase in tidal

range following first quarter of the moon to that which follows the third quarter of

the moon. The length of this period is approximately 15 days, half of which occurs

before the time of full moon and the other half after full moon. During the first

half of the full-moon tidal period, the tide in Milford Harbor gradually increases in

range from approximately 6 feet to 8.5 feet, while during the second half it gradually
decreases from day to day until the range is again approximately 6 feet.

The area of tidal flats that are flooded at the time of high water or exposed at

low water is smallest at the beginning and end of this period and largest at the

middle, when the range of tide is greatest. Similarly, the eft'ect of solar radiation

and air temperature on temperature of the water is greatest when the range of tide

is highest, because of the greater surface that is exposed.
The rate of increase in the daily water temperature and the maximum degree

attained during the fufl-moon tidal periods in July, 1925 and 1926, are shown graph-
ically in Figure 11. During this period in 1925, the water temperature increased

from 15.8° C. at the beginning to 24.8° C. at the end, a rise of 9° in 15 days. Under

virtually the same conditions in 1926, the water temperature increased from 18.2° C.

to 26.4°, a rise of 8.2° in the same period of time. The similarity of the changes in

the daily temperature as recorded by the thermograph at the beginning and end of

this period in 1925 and 1926 is also shown in Figure 11. The maximum temperature
reached by the water during the full-moon tidal periods depends upon three general

conditions, namely, (1) the temperature of the inshore water at the beginning of

full-moon tides, (2) the temperature of the ocean water brought in by the tides,

and (3) weather conditions during this period. The first two conditions can be de-

termined by direct observations and will vary from year to year in accordance with

weather conditions in the preceding spring months. The temperature of the ocean

at the mouth of the Sound attains its maximum, which is approximately 18.5° C,
from about the 15th of July to the 15th of August. There are, however, noticeable

annual differences, of which the 1925 and 1926 records, shown in Figure 12, are good
examples. When the ocean temperature has attained 18° or 20° C, its cooling
effect on the waters of Long Island Sound during spring tides is not very great and
is more than counteracted by the flooding and warming of the water on a much
greater area of tidal flats. The third factor, weather conditions, can not be predicted

definitely, but an analysis of the meteorological data for many years, as presented
in Figure 5, shows that during this period one should expect maximum intensity of

solar radiation, maximum number of hours of sunshine, and the maximum air tem-

peratures for the entire year. The influence of intense solar radiation and high air tem-

peratures combined with greatly increased tidal range is responsible for the heating
of the water to a temperature of 20° C. and above during this period. Though the

water in the Sound does not warm as rapidly nor reach as high a temperature as

that in the harbors, it follows closely the trend of the inshore-water temperatures.
In studying the hourly fluctuations in water temperature, we can readily see

the actual changes that occur with spring and neap tides and at different stages of

the tide, examples of which are given in Figure 13, for the periods July 24 to 26,

1926, and August 2 to 4, 1926. The greatest hourly fluctuations occur with spring
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tides and the least at the time of neap tides. The lowest water temperatures in

the harbor were found to occur at the time of high water and the highest at low

water, the difference sometimes being as great as 10 or 12 degrees.

17

16

25

24

23

22

21

20

1925



450 BULLETIN OF THE BUREAU OF FISHERIES

2. The magnitude of this movement varies with the range of tide, and both are

greatest when the moon is full and in perigee.

3. Since the temperatures of the air and land are highest in July and August,
their effect on water temperature will be greatest during the periods of maximum

range of tide.

4. Taking into consideration meteorological conditions, the daily and hourly

temperature fluctuations can be correlated closely with changes in the stage and

range of tide.

TIDE AND CURRENT

In discussing tidal phenomena, the term "tide" is used to designate the vertical

movement of the water and "tidal current" to designate the horizontal movement.'

In the various bays and estuaries along the coast the tidal movement is determined

rc
20

»8

12

(0



INVESTIGATION OF OYSTER SPAWNING, ETC., MILFORD, CONN. 451

IZ 4 8 IZ 4 &

A.n p.n
12 4 & 12 4 & 12

A.n PM. A.n RM.

FiGUEE 13.—Hourly fluctuations in water temperature during spring tides and neap tides



452 BULLETIN OF THE BUREAU OF FISHERIES

a biological standpoint both intimately related features of the tidal movement—the

rise and fall of the water and the horizontal movement or tidal current—are of con-

siderable importance.

According to Marmer (1925), in most bays and rivers of the Atlantic coast the

tide enters as a progressive wave, the characteristics of which are that the strength
of the tidal current is greatest at the times of high and low water while the slack of

the current comes midway between the times of high and low water. However, in

Long Island Sound and its inshore waters we find a different kind of movement,
which is of the stationary-wave type. With this type of wave movement the strength
of the current comes midway between high and low water, while the slack of the

current comes near the times of high and low water. This difference is illustrated

by Figure 14, in which the tide and current curves are plotted for Milford Harbor

entrance, where the movement is of the stationary-wave type, and for New York
Harbor (Marmer, 1925), as determined by the Coast and Geodetic Survey, where
we have progressive wave movement.

In each locality the tidal currents vary in strength from day to day in accordance
with the changes in the range of tide. The strongest currents come with the spring
tides of full and new moon, and the weakest currents with the neap tides of the moon's
first and third quarters. During the spring tides the flood current in Milford Harbor
attains a maximum velocity of 1.1 feet per second, and the ebb current, 1.5 feet per
second. With neap tides considerably less water passes in and out of the harbor,
and the velocity of the flood current at strength is 0.8 per second and the ebb current

1.3 feet per second. The tidal current in Milford Harbor is of the rectilinear or

reversing type
—that is, the flood current runs in for a period of approximately 5

hours and 30 minutes and the ebb current runs out for a period of 6 hours.

In studying the tidal current and its possible effect on the occurrence and dis-

tribution of the oyster larvae a complete understanding of the direction as well as the

velocity of the current at each stage of the tide is necessary. For this purpose the

Eckman current meter and several sets of drift bottles were used. The direction of

flow during flood and ebb is shown in Figure 15 for Milford and vicinity. During a

complete tidal cycle the distance traveled by an object floating in the water or by a

buoyant microorganism is equal to the product of time multiplied by the average
velocity during this interval. For a normal flood or ebb period of 6.2 hours, the

approximate distance a tidal current with a velocity, at strength, of 1 knot will carry
a floating object is 3.95 nautical miles or 24,000 feet. (Marmer, 1925.)

As a result of river discharge the ebb current has a greater velocity and duration

than the flood, and currents of such strength as those at the entrance of Milford

Harbor would transport a floating object approximately 21,100 feet during the ebb
flow and return it but 15,600 feet during the flood. The currents inside and outside

of the harbor are not as strong as those at the narrow entrance, so, in order to deter-

mine the actual direction and drift of the currents, several observations were made
with floats. In each case two pairs of floats were used and were released at Station

2, in the harbor, and their course charted for several hours. When the floats were

released, at the beginning of ebb tide, they followed the channel to Station 5 and
then swung east, passing the red buoy near Station 6 in approximately^23^ hours, and

finally came to a stop about 1,000 yards oft'shore at Pond Point. The distance the
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floats were transported by the ebb current was over 15,000 feet in a period of 6 hours.

With the change of current from ebb to flood the floats were carried west nearly to

Welchs Point, and then swung in toward shore and into the rotating current in this

little bay. When the floats were released on the last of ebb tide from Station 2, they



454 BULLETIN OF THE BUREAU OF FISHERIES

o oc:

1 5

oo



INVESTIGATION OF OYSTER SPAWNING, ETC., MILFORD, CONN. 455

will be transported back to it. This consideration has a bearing on the distribution

and occurrence of oyster larvaj in the harbor and Sound, which will be discussed later.

Briefly summarized, the chief chatacteristics of the tides and currents in Milford

Harbor are as follows:

1. The mean range of tide is 6.6 feet.

2. With spring tides the maximum range recorded during the summer was 9

feet, while with neap tides the minimum range was 4.2 feet.

3. The tide is of the semidiurnal type and possesses the general characteristics

of the Atlantic Ocean tide, as described previously.

4. The tidal currents are of the rectilinear or reversing type.

5. The duration of the flood current is approximately 5J4 hours, and of the ebb

current 6 hours.

6. The currents attain their greatest velocity when the tide is halfway between

high and low water mark.

7. The velocity of the ebb current is approximately one-third greater than the

velocity of the flood current.

8. The period of slack water, or zero velocity, occurs at the times of high and

low water. With neap tides, slack water lasts for an interval of about 1 hour, and
with spring tides only 20 minutes.

TIDES AND CURRENTS IN LONG IgLAND SOUND

Studies of the tides and currents were not confined entirely to Milford Harbor
but were carried on in Long Island Sound also, as this is the largest and most im-

portant seed-oyster producing region in the north. Here the tidal currents are rather

complex, and, in order to study them, several experiments were made with drift

bottles in addition to the current-meter observations.

The current-meter observations consisted of determinations of the velocity and

direction of the current at various stages of the tide and were made at two stations

off Milford. Observations made during ebb tide showed that the predominant
direction of the current during this period was E. 20° S., and that the maximum veloc-

ity was 0.9 foot per second. During the flood tide the current does not run in one

general direction but swings to the right through an arc of 140° from low water to

high water. The direction and velocity at four stages of the flood tide are as follows:

Table 6

Predominat-
ing direction

Velocity
(linots)

First-quarter flood. . .

Second-quarter flood.

Third-quarter flood...

Fourth-quarter flood.

W. 20°N
W. 40° N
N. 40° E
N. 70° E

0.25
.85
1.15
.30

The veering of the current to the right during this flood cycle can be attributed

to two chief causes: (1) The rotation of the earth, in consequence of which all

moving bodies are impressed with a force that, in the Northern Hemisphere,
deflects them to the right of the direction in which they are moving. The water
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on the flood tide would be deflected to the Connecticut shore and that on the ebb to

the Long Island shore. Evidence of such deflection is found in the difference in range
of tide on the two shores, high water being higher and low water lower on the Con-

necticut shore than on the Long Island shore. (2) The configuration and liydro-

grapliic features of the Sound. The convergence of the shore lines between Strat-

ford Point and Oldfield Point and between Norwalk and Eatons Point confines the

tidal wave as it advances up the Sound, forcing the water to expand into the bays and

estuaries. Virtually all such areas are on the Connecticut shore, and the large

quantity of water that passes into them results in changing the course of the flood

tide during the latter period of rise. A similar rotation of the flood current, but in an

anticlockwise direction, has been reported for the Long Island shore, between Herods

Point and Ortons Point, by people long familiar with this region.

Summarizing the current-meter observations, it can be stated that though the

tidal currents in Long Island Sound are chiefly of the rectilinear or reversing type,

there is a clockwise rotation along the Connecticut shore during the last half of the

flood tide.

This rotary movement, combined with the greater velocity and duration of the

ebb current, resiflts in a dominant drift over the Connecticut oyster grounds in

approximately an ENE. direction. The observations indicated that during a tidal

cycle a floating object released at the beginning of ebb tide will travel toward the

entrance of the Sound with the ebb current, and on the change to flood will retrace

its path for about 3 hours and then swing in a large arc to the right toward the shore,

finally arriving at high water at a point about 2 miles ENE. from where it was released.

The actual course traveled by the floating object will vary somewhat according to the

range of tide, river discharge, and point of release.

DRIFT-BOTTLE EXPERIMENTS

On September 18 to 21, 1926, 500 drift bottles with drags attached were released

in groups at various places off Stratford Point and Milford. In Table 7 the general

record of release and recovery is given, and in Table 8 is shown the percentage

recovered during the first month in each of the three major regions
—

Connecticut,

entrance of the Sound, and Long Island.

Table 7.—Drift-bottle record

Experiment
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Table 8.—Per cent of drift bottles recovered during the first month, according to location

Experiment
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Experiment B.—The purpose of this experiment was to determine the drift of

the water discharged by the Housatonic during the first and last stages of the ebb tide.

Two groups of 50 bottles each were released in the channel at black buoy No. 3.

When the bottles of Group 3 were put out at the beginning of ebb tide, the velocity

of the current was 1.2 feet per second, and when Group 4 was released at three-

quarters ebb the current had attained a velocity of 2.5 feet per second. The dis-

tribution of the bottles during the first month is shown in Figures 18 and 19. The

majority of Group 3 were recovered to the eastward along the Connecticut shore, from

Stratford Point to Joshua Point, a distance of about 20 miles. One of these bottles

was the only one of the 500 that succeeded in getting out into the Atlantic Ocean

and was recovered on the southern shore of Long Island near Amagansett Light-

house. The bottles of Group 4 were distributed more widely, and during the first

two weeks the majority went to the Connecticut shore and for the most part were

found west of Stratford Point as far as Darien, a distance of 17 miles.

Another outstanding difference of this group is the recovery of about one-third

of the bottles on the Long Island shore 3 and 4 weeks after they were released. The
chief cause of the difference in the distribution of the bottles of Groups 3 and 4 is

the velocity and direction of discharge of the Housatonic River at different stages

of the ebb tide. At the first quarter of ebb tide, though the current from the river

is quite strong, it is met at the entrance by an equally strong ebb current in the

Sound, with the result that the river water is carried in an ESE. direction! At the

period of about three-quarters ebb, the current from the river has attained consider-

able strength, while in the Sound we have comparatively slack water. Under these

conditions, the river water is discharged straight out into the Sound, oftentimes

reaching as far as Stratford Shoal. As the tide in the Sound begins to run flood,

this water is forced to the westward and toward the Connecticut shore and is dis-

tributed much the same as the drift bottles of Group 4. In the spring and summer
the water discharged by the river during the last of ebb tide has a high temperature

and low salinity, and its distribution to the westward is responsible, to a great extent,

for producing suitable water conditions over this area for the production and setting

of oysters.

Ex-periment C.— (See figs. 20 and 21.) This experiment was planned so as to

study the drift of the water close inshore, where the influence of river discharge is

negligible. Groups 6 and 8, which were released with the flood tide, were recovered

during the first week along the Connecticut shore east from Stratford Point to New
Haven, in the second week west from Stratford Point to the Norwalk Islands, and

in the third week on Long Island from Hortons Point to Roanoke Point. In Groups
5 and 7 the distribution of the bottles was very similar, the recoveries having been

made a little more to the eastward because they were released with the ebb current.

The place and time of recovery of the bottles in experiment C indicate the same general

clockwise circulation of the water in Long Island Sound as is shown in experiments
A and B.

SUMMARY

The results of the drift-bottle experiments may be summarized as follows:

1. Five hundred bottles were released and of these, 290, or 58 per cent, were

recovered in a period of 10 months.
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2. Seventy per cent of the recovered bottles were collected during the first

month, 13 per cent during the second month, and the remainder about equally

divided over the next eight months.

3. The bottles recovered during the first month were distributed as follows:

76.7 per cent to the Connecticut shore, 5.3 per cent at the entrance or outside of the

Soimd, and 18 per cent on the Long Island shore.

4. On the Connecticut shore the bottles were recovered from the Norwalk

Islands to Goshen Point, a distance of 65 miles, 15 of which were to the west of the

points of release and 50 to the east.

5. In the region at the entrance of the Sound and outside, only 12 bottles were

recovered.

6. On the Long Island shore, bottles were recovered from Oldfield Point to

Orient Point, a distance of 45 miles.

7. The greatest distance covered by a drift bottle was approximately 150 miles.

8. The fastest recorded di'ifts were 45 miles in 9 days and 80 miles in 15 days,
which give average drifts of 5 and 5.3 miles per day, respectively.

9. A greater percentage of bottles was recovered from the groups released at

low water, or with- the flood tide, than from those released during the ebb tide.

10. The recovery of the bottles, in relation to time and position, showed a clock-

wise distribution along the shores of the Sound.

The general movement of the water in Long Island Sound is primarily tidal,

resulting in a dominant clockwise circulation, as represented in Figure 24. The rate

of movement, as indicated by the drift-bottle records, is approximately 5 nautical

miles per day. The existence of such a circulation is of great importance in pro-

ducing favorable conditions for the growth and propagation of oysters in Connecticut

waters. The water coming from the harbors and estuaries on the last of ebb tide is

of much lower salinity than that in the Somid and in the spring and summer is con-

siderably warmer. Instead of being carried out to the ocean, it meets the tidal

current in the Sound, which has already changed to flood, and is carried to the west-

ward and then spread to the north over the vast oyster region, creating conditions

that are favorable for growth and propagation of oysters. In the dumping of mud,

sludge, or other refuse, even in the designated areas in the Sound, strict attention

must be paid to the stage of tide or the material is liable to be carried and deposited
on the oyster grounds and beaches. In all cases dumping should be done preferably
at the time of high water in the Sound or during the first 2-hour run of the ebb

current. This suggestion is made at this time in view of the recent heavy mortality
of oysters that occurred on the beds off Bridgeport as the result of dumping mud
from the harbor.

SALINITY

The sahnity of the water in Long Island Sound and its estuaries and harbors is

determined by two main factors—namely, the discharge of fresh water by the rivers

and the inflow of salt water from the ocean. In the Sound the salinity is highest
and decreases gradually as we approach the sources of fresh water along the shore.

We have a typical example in Figure 25, in which the general distribution of salinity

is shown for Milford Harbor and vicinity. The figures are based on the average of
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±
Figure 25.—Distribution of salinity, Milford Harbor andjvicinity.'julyjis, 1925,[tide at one-third flood
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surface and bottom samples taken at each station on July 15, 1925, between 3 and
4 p. m., when the tide was one-third flood. The greatest number of salinity deter-

minations was made at harbor Station No. 2 and at the inshore Sound Station No. 6

at various stages of the tide. The monthly averages at these Stations for July and

August of both years are shown in the following table.

Table 9.—Salinity of the water

Harbor station No. 2.

Tip
Do
Do —

Sound station No. 6.

Do
Do
Do

Month

July....
August.
July....
August.
July....
August.
July....
August.

Year

1925
1925
1926
1926
1925
1925
1926
1926

Salinity per mille

Surface Bottom

26.32
26.93
27.17
27.59
27.91
28.10
27.70
28.15

26.77
27.87
27.47
27.95
28.05
28.21
27.81
28.50

The salinity is rather constant in the deeper waters of the Sound, and the varia-

tion from year to year is comparatively small, while in the inshore and harbor areas

we find noticeable changes occurrmg according to the stage and range of tide and

amount of river discharge. In several instances observations were made during a

complete tidal cycle, from low water to high water and back again. In the following

table the scries taken at Station No. 2 on August 24, 1925, is given and shows the

typical changes in water conditions that occur at various stages of the tide. This is

shown graphically also in Figure 26.

Table 10.—Effect of tide on physical conditions, Station No. 2, August 24, 1925

Tide
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rains and with the change of tide from low water to flood. In the first instance the

surface was covered with a layer of water from 6 inches to a foot deep, which was

virtually fresh or of a low salinity of about 5 parts per niille, while that on the bottom

was 25 or more. In the second instance the extreme difference was due to the

26
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No. 6 the range of salinity in 1925 was from 27.54 to 28.50 per mille and in 1926 from

27.36 to 28.74 per mille. These figures apply only to the summer months, July and

August, when conditions are comparatively stable. According to Galtsoff (un-

published report), there are seasonal variations in the salinity of the Sound waters,
the most noticeable of which is the freshening of the water at the time of spring
floods in April and May, when the salinity is lowest; while during the cold months
the salinity was found to increase gradually and reached the maximum for the year
in January. He foimd that in these waters the seasonal fluctuation in salinity was
a regular process, which repeated itself with certain constancy from year to year.

At his station at the entrance to Bridgeport Harbor the annual range in salinity in

1922-23 was from 24.7 to 27.8 per mille, an average of 26.2 for the year.

HYDROGEN-ION CONCENTRATION

The hydrogen-ion concentration of the water was determined for each station

by the colorimetric method and the values expressed in pH, in which no correction

has been made for salt error. In this locality the water is naturally alkaline and

during the summer ranges from a pH of 7.2 to 8.4. In plotting the average readings
for each station, we find that the pH increases from 7.6 at Station No. 1 to 8.2 at

Station No. 6 in the Sound. The lowest pH values were found in samples taken at

low tide following heavy rains, and the highest in afternoon samples taken in the

harbor near the time of high water. The pH was found to vary with the time of

day, depth, stage of tide, and amount of river discharge. An example of the surface

and bottom changes in pH during a complete tidal cycle is shown in Figure 6 for

a series of observations taken on August 24, 1925. In samples taken in the morning
the pH of the surface water generally was found to be a little lower than that of the

bottom water. In the afternoon the reverse was true and the pH of the surface

water was from 0.1 to 0.2 higher than it was on the bottom, probably as a result of

increased photosynthesis in the warmer surface layer. In considering the character-

istic changes in pH dming both summers, we find that during July the average pH
value was 7.8, while in August the readings became higher and ranged from 8 to 8.2.

RIVER DISCHARGE

The importance of river discharge in the ecology of the oyster is shown clearly

by the fact that oysters are found growing naturally only in those partially inclosed

bodies of water along the coast where the salinity is reduced considerably by the

drainage of fresh water from the land. On its northern shore Long Island Sound
receives the drainage from virtually the entire State of Connecticut and a large

portion of Massachusetts, Vermont, and New Hampshire, and it is here that we find

thousands of acres suitable for the growth of oysters, as shown in Figure 2. There
are over 30 coastal rivers that discharge into the Sound, of which the Connecticut

and Housatonic are the largest.

The Connecticut River receives the drainage from an area of approximately

11,000 square miles and the Housatonic from 1,500 miles. The lowest point for which

records of river discharge are available is Sunderland, Mass., on the Connecticut

River, and Falls Village, Conn., on the Housatonic River. The mean monthly dis-

charge of the rivers at these points is shown in Figure 27 for the period from April
until August in the years 1924, 1925, and 1926. The quantity of water discharged
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shows a marked variation from month to month and from year to year and is repre-

sentative, in a general way, of the changes in sahnity that occur in Long Island Sound

DIXHARGE
IN SECOND-

FEET

3000

APRIL MAV JUNE JULY AUGUST
FlQUEE 27.—Quantity o( water discharged monthly by the Housatonic River at Falls Village, Conn.,
and by the Connecticut River at Sunderland, Mass., for the period April to September, 1924 to 1926

during these periods. Siinilarly, the effect of river discharge on the temperature of

the water in the Soiind varies according to the quantity and temperature of the water
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emptied into it. According to Collins (1925), the mean temperature of the river water

during these months is generally from 1° to 3° F. below the mean air temperature.
If we use this relationship as the basis for estimating the temperature of the river

water and also take into consideration the amount of river discharge, we find that in

1924 and 1926 the quantity of water emptied into Long Island Sound was much greater
than in 1925, and its temperature was decidedly below normal, while the smaller dis-

charge in 1925 had a temperature several degrees above normal. This applies espe-

cially to the months of April, May, and June, while during July and August, 1925,

the river discharge was greater and its temperatiu-e approximately 71° F., which is

virtually normal temperature for this period. During these summer months the river

water reaches its maximum temperature for the year, which generally is greater than

the mean monthly air temperature for each drainage basin. The river discharge in

July, 1925, served to reduce the salinity of the water in Long Island Sound and to

increase its temperature to a greater extent than did the smaller discharge in 1926.

The tables of salinity and water temperatures for these two months show clearly how
the amount and temperature of river discharge affected these conditions.

The prime factors influencing the amount of river discharge are quantity, in-

tensity, and distribution of precipitation over each drainage basin. Records of pre-

cipitation along the coast must be taken into consideration, together with the dis-

charge of these two large rivers, in order to arrive at an approximation of the quantity
of fresh water that directly and indirectly, is emptied into Long Island Sound. Along
the coast of Connecticut is a belt of approximately 1,300 square miles that is drained

by a great many small rivers, and for this region precipitation records must be used

because figures of river discharge are not available.

During the spring and summer months the drainage of fresh water from an area of

over 13,000 square miles to the north of Long Island Sound is important because (1)

it increases the temperature of the water over the oyster beds and (2) brings down

organic matter and mineral salts, both of which increase the production of plankton

BIOLOGICAL OBSERVATIONS

CONDITION OF THE GONADS OF THE OYSTER

Oysters in Milford Harbor were found to be ripe in the period from July 1 to 15,

the exact time varying in accordance with the previous water temperatures. In 1925

the gonads of the oysters were fully ripened by June 29, while in 1926 and 1927 this

condition was not found until nearly the middle of July. By stripping the oysters, a

small quantity of ripe eggs and sperms almost always can be found by July 1, but this

can not be taken to indicate that the reproductive products are fully developed.

The test employed for this purpose, which proved most reliable, was to place at least

a dozen oysters in water that was pumped at high tide and warmed to a temperature
of at least_25f_C. Under these conditions ripe oysters invariably spawned and dis-

charged the bulk of their products, while those that were not fully ripe generally did

not spawn or, at most, spawning consisted in a few contractions of the shell and the

release of but a small quantity of spawn. According to Galtsoff (unpublished report),

the addition ofjperm to the water will induce spawning, and, in case the oysters failed

to spawn voluntarily, a small quantity of sperm from two to three oysters was added

in order to accelerate the process in case the temperature was not a sufficient in-
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fluence. Samples of the oysters always were examined before and after the tests so as

to determine the approximate amount of spawn retained or released. In these exam-

inations several transverse sections were cut through the body of the oyster so that

the thickness of the reproductive tissue could be seen easily. In comparing these

sections from year to year a very noticeable difl'erence was found in the quantity of

spawn in oysters taken from the same bed each season. In the sections cut anterior

to the heart the layer of reproductive tissue surrounding the liver was found to vary
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Figure 28.—Total air temperature departures from normal at New Haven, Conn., for tlio

period April 1 to August 1

t from over 1.5 centimeter in 1925 to 0.5 centimeter and less in 1926 and 1927. A
noticeable difference was also found in the consistency of this layer, which in 1925

was extremely soft and milky, while just the opposite condition was found the other

two years.

In order to determine the cause of this annual difference in the quantity and

ripeness of the spawn as observed on July I, water and air temperatures were exam-

ined during the preceding spring months. By using the departure of air temperature

from normal as a basis and estimating the approximate water temperatures at 2°

below the temperature of the air, we find that for the period April to July 1 the water

temperature in 1925 was several degrees above normal, while in 1926 and 1927 it was

decidedly below. This is illustrated by Figures 8 and 28, which show the monthly

20701—29 4
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Iand

total departure of air temperature from normal for this period during these years
and also for 1922, 1923, and 1924. In Figure 28 the total monthly departures for

this 4-month period has been given because of the cumulative effect of water tem-

iperature on the development of the gonads during this interval. It can be seen

I'clearly
that in 1922, 1923, and 1925 the water temperature was ahove normal, and we

iknow, because of the set obtained, that spawning in Long Island Sound was successful

(in these years. In 1924, 1926, and 1927 the water temperature was below normal
and setting was a failure This evidently was due to unsuccessful spawning, because

(virtually no oyster larva were found in the water. The success or failure of spawning
)in Long Island Sound apparently depends upon the quantity of eggs and sperm

jdeveloped by the oysters each year. Since fertilization of the eggs takes place outside

of the oyster and is a matter of chance, it is reasonable to e.xpect that the percentage
of eggs fertilized and number of larvae and spat produced will vary according to the

amount of spawn released. A small increase or decrease in the number of eggs or

spawn in a single oyster becomes of importance when we realize that it is midtiplied

by the number of oysters on the beds, which is from approximately 125,000 to 250,000
for each acre planted.

It is lilcely that the fullness of gonad development is dependent on the amount
of food consumed by the oyster. We know that the process of feeding consists in

filtering water through the gills, and that the amount filtered is controlled by tem-

perature. Galtsoff has measured accurately the amount of water filtered by the

oysters at various temperatures. Taking his figures (GaltsofF, 1928), we can estimate

the differences in quantity of water filtered by the average oyster during cold or

warm seasons. The period in which we are interested extends from the beginning
of feeding (about April 15, when the water temperature reaches 7° C) until the time

of spawning (the latter part of July). During this period the approximate number
of liters or quarts of water filtered by an average oyster at normal water temperatures
is given in the following table:

Table 11.—Approximate quantity of water filtered by an average oyster at normal water temperature

Month
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Table 12.—Approximate number of liters of water filtered by an average oy.iler in Milford Harbor

[S= successful setting; F^faiiure in setting]

Year
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The average of the "successful" years shows that the total quantity filtered by one

oyster during this time was 203 liters more than the amount filtered at normal

temperatures, while the average of the "failure" years was 159 liters less than the

normal amount. In the following table the average liters of water filtered monthly
and the total number of liters filtered during the successful and unsuccessful years
are given.

Table 13.—Comparison of the quanliiy of water filtered by an average oyster during setting and non-
setting years in Long Island Sound
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in 1925 and 1926 and its relation to tide and temperature arc shown in Figure 30.

Heavy and complete spawning of the harbor oysters occurred on July 13 in 1925,
but not until August 1 in 1926. Similarly, spawning in Long Island Sound at Station

No, 6 was 17 days earlier in 1925 than in 1926. IjiJ^92^^pawningj)ccurred more than

vc
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in Milford Harbor was studied in relation to the moon's phases and the range of

tide. The oysters were found to have spawned (as indicated by the presence and

age of larvae) on July 22, which was also at the end of the "full-moon tidal period,"
or eight days after the time of full moon. Fifteen days later, setting was found

to occur not only in Milford Harbor but also in Southport Harbor, Conn., and several

other inshore areas that were examined. The relationships between the moon's

phases and time of spawning depends largely upon the range of tide occurring during

any particular phase. Whether spawning will take place during or at the end of

the periods of greater tidal range is determined by the water temperature at the

beginning of the period and the weather conditions accompanying it. The effect of

the tide on the trend of water temperatures has been discussed on page 449.

^ In this connection, the studies of J. H. Orton in 1925 at Falmouth, England,
on the lunar periodicity in the spawning of the European oyster (Ostrea edulis) are

very interesting. He found that spawning of the European oyster can be corre-

lated with the moon's phases but was unable to determine the direct factors control-

ling spawning at such times, though he suggests tide, moonlight, food, temperature,

and sunshine. Unfortunately, he did not obtain water-temperature records for the

J locality in which the observations were made, and consequently, the relationship^ u between increase of water temperature and range of tide could not be determined.

*-V We know from the tide tables that the spring range of tide at Falmouth, England, is

nearly 16 feet, more than twice that in Milford Harbor. Under these conditions,

it is likely that the water over the Fahnouth beds would show a marked increase

in temperature during spring tide periods because of the warming of the water on a

greater area of tidal flats at such times. I^is interesting to note^that he found the

maximum percentage of recently spawned-oyatars, in the w_eel^^ter^uDrmoon ,

which corresponds very closely to the spawning observations made at Milford on

the American oyster. AJso, the first and apparently heaviest spawning at Falmouth

occurred on virtuallj^ the same date in July, 1925, as did the heavy spawning at

Milford. On the basis of our observations, we can state that oyster spawning in

Milford Harbor occurred at the end of the full moon tidal periods because of the

increase in water temperature that is produced as a result of the greater range of

tide during this period. The effect of the moon on the spawning of the American

oyster is only indirect through the changes it produces in the vertical and horizontal

movement of the water over the oyster beds. The effect of the tide on water tem-

peratures and spawning in any locaUty depends largely upon hydrograghic condi-

tions and especially the tidal range and area of tidal flats.

Another important observation made on oyster spawning in the harbor was

that the discharge of spawn occurs near or at the time of high water. From July

21 to 29, 1926, the water temperature on the last of ebb tide and at low water

was often from 20° to 26° C, and yet the oysters failed to spawn. The same oysters,

when placed in water pumped at high tide and warmed to the same degree, spawned^
in a very short time. It was observed also that oysters kept in the floats ajwava f ^

s,pawned near the time of high water, at temperatures ranging from 20° to 24° C.,^
*

and never at low~water, though it was several degrees warmer. In analyzing the

factors of temperature, salinity, and hydrogen-ion concentration at the time when

spawming occurred, it was found that the hydrogen-ion concentration orpH value

of the water showed the greatest difference. In all the observations but one, the
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water had a pH value ranging from 7.8 to 8.2 when spawning occurred, while in

the exceptional case the pH was 7.G and the water temperature 23° C.

As shown in Figure 26, the pH value of the water in Milford Harbor is lowest

at the time of low water, when the pH is approximately 7.2, and is highest near the

period of high water, when the pH averages about 8.2. The failure of the oysters

to spawn at low tide, when the water temperature is often above 20° C, evidently is

due to the low alkalinity of the water at this stage of tide, as indicated by the pH
readings. Spawning was found to occur near the times of high water at this same

temperature, when the alkalinity was much higher or when the pH value was 7.8

or above. In 1925, the heaviest spawning took place on the day when the water at

the times of high tide had attained a temperature of 20° and 21.5° C, and in 1926,

when the temperature at the same stage of tide was 20.5° and 21° C.

In summarizing the studies of spawning in Milford Harbor, it is concluded that

the most important controlling factors are the temperature of the water, the range of

tide, and the hydrogen-ion concentration.

OCCURRENCE AND DISTRIBUTION OF THE hAKVJE

For several years, studies of the oyster larvae in Connecticut waters have been

carried on by various investigators of the bureau (Churchill and Outsell, unpublished

reports), and extensive plankton collections were made in the region between Bridge-

port and New "Haven. In these collections the abundance and distribution of the

larvae were extremely irregular, and in the majority of the samples no larvae could

be found. In locating stations over tliis comparatively large area such a variety of

changes in the physical conditions is encountered that the results at each station are

hardly comparable and there are insufficient data for the study of any one locality.

The plan that was put into operation in 1925 consisted (1) in the rehabilitation of a

natural oyster-growing body of water, such as MUford Harbor, by the estabUshment

of spa\vning beds and (2) in an intensive study of the occurrence and distribution of

the oyster larvae in this restricted area in relation to the physical conditions existing

there. Both quantitative and qualitative plankton samples were collected, together

with data as to temperature, salinity, and stage of tide. The oyster larvae were found

in two rather distinct groups, the first of which was rather small in number and

appeared on July 8 and 9 in the straight-hinge stage, which indicates that light spawn-

ing occurred on Jiily T-, while the second or larger group of larvae was found in the

water on July 14 following a heavy spawning of oysters on July 13. The duration

of the larval period in the first group was approximately 1 3 days , with a mean daily

water temperature of 20.8° C, while in the second group the period from spawning to

setting was Ifijiajs at a mean water temperature of 20.6° C. The completion of the

larval period, with setting of the larvae on the 20th and 29th of July in 1925, occurred

approximately two weeks earlier than had been observed at any time previous and

can be attributed to the higher water temperatures of that year.

In 1925, 130 plankton samples were collected at the various stations from both

the surface and bottom. The results obtained from these collections were much
different than had been expected, and the oyster larvae not only were scarce but

occurred very irregularly. The majority of the larvse found were either a day or two

old or nearly fully developed and ready to set. The number of larvae at any station,
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in proportion to the intensity of setting, was extremely small, as, for example, at

Station 3, where the total number collected in a period of several weeks scarcely
reached 100, while in the same spot many thousands of them were found later attached

to the shells and brush. In studying the occurrence of the larvae in relation to the

stage of tide when the sample was taken, a rather definite relationship was found

to exist; namely, that the larvae were most abundant near and at the period of low

water and generally absent at the time of high water. In 1926 the methods of collec-

tion were changed and planned so as to permit study in greater detail of the occur-

rence of the larvae in relation to stage of tide. For this purpose two quantitative
methods of plankton collection were employed, one of which was to take 3 samples of

50 gallons each from the top, bottom, and middle zone at each stage of the tide, and
the other was to pump the water continuously from a point 1 foot below low-water

mark (which corresponded to the level of the spawning bed) and determine the

number of larvae present at each hour of the day and height of the tide. In 1926

the larvae were found in the samples at a much later date and again occurred in two
rather distinct "schools" or groups following light spawning on July 22 and heavy
spawning on August 1. The larval period of the first group was approximately 16

days at a mean temperature of 21.3° C, and of the second group was 14 days at

23.2° C During this summer, more than 185 plankton samples were collected, the

majority of which were taken in MUford Harbor within a short distance of the

spawning bed and especially over the area of heaviest setting.
'

DISTRIBUTION

The abundance of the larvae from the surface of the water to the bottom was

found to vary according to the stage of tide, which for convenience was divided into

three arbitrary periods
—

namely, low water, intermediate, and high water—each of

which covers an interval of four hours. The low-water period covers the last two
hours of ebb tide, slack water, and the first two hours of flood tide. The intermediate

period included the two hours of flood tide and two hours of ebb tide when the tide

was approximately halfway between high and low water marks. The high-water

period consisted of the last two hours of flood tide, slack high water, and the first

two hours of ebb tide. At mean range of tide the vertical movement of the water

during the low-water period is approximately IJ^ feet; during the intermediate

period, 3J^ feet; and during the high-water period, 1}^ feet.

In 140 samples made with reference to the tide the larvae were found to be most
abundant during the low-water period, virtually absent during the intermediate

period, and present only in small numbers during the high-water period. In the

following table the average number of larvae per 50 gallons that were collected during
three complete tidal cycles from August 11 to 13, 1926, is given as an example. In

this table the counts of the larvae include only those that have passed the straight-

hinge stage, or, in other words, "umbo" larvae that were from 3 days old to setting

size; and, of these, the majority in nearly every case were found to be in late stages

of development and within a few days of setting. The only time when umbo larvae

of different ages were found swimming in the water was at the time of low slack water

and even then the older forms predominated.
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Table 14.— Verlica! distrihition nf oyster larvae in Milford Harbor in relation to the stage of tide,

August 11 to 13, 19S6>

Period of tide
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Table 15.—Concenlration of umbo larva: in $00-gallon hourly samples taken at the level of the oyster bed

Sample No.



INVESTIGATION OF OYSTER SPAWNING, ETC., MILFORD, CONN. 485

These collections were made a few days before heaviest setting occurred in 1926,

and consequently the majority of the larva; were full grown and were retained by the

80 and 100 mesh screens. The greatest concentration of larvae in the hourly samples
was found at the time the tide changed from low slack water to flood, when an average
of 106 larvae per 200 gallons of water were collected. This finding is quite significant

in view of the fact that this is also the particular level or zone in which the heaviest

setting was observed to occur. In comparing the results of both quantitative methods

for the same days, we find that they are very similar and show that the largest num-
bers of oyster larvae are swimming in the water in Milford Harbor during the "low-

water period." In making the plankton collections from August 11 to 13, 1926, there

were no unusual meteorological conditions and the range of tide was approximately

6'}/2 feet, which is about equal to the mean daily range for this locality. _

Since a general scarcity of swimming larvae was found in the plankton collections,

the question naturally arises as to where the large numbers of larvae come from or

remain that later are found attached as spat in the same areas. Two possible ex-

planations of this phenomenon could be advanced: First, that the oyster larvae were

carried into the harbor by the flood tide from the sound, and second, that the larvae

were lying on the bottom during the greater part of the time. To investigate the first

possibility, it was necessary to determine (1) the horizontal distribution of the oyster
larvae during the low-water period and (2) the occurrence and abundance of the larvae

during the flood-tide interval at Stations Nos. 4, 5, and 6, which are located outside of

the harbor.

In the following table, the horizontal distribution of the larvae during the period
of low water is shown for Milford Harbor and vicinity. In this series, made on July

25, 1925, the majority of the larvae were fully developed and were retained by the 80

and 100 screens.

Table 16.—Horizontal dialrihution of larvse at low water on July 25, 19S5, for Milford Harbor and
vicinity

station No.
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the oyster larvae present in greatest numbers at stations near the spawning beds and

whirh are heavy setting areas.

The plankton collections of 1925 and 1926, which were made during flood tide at

Stations 4, 5, and 6 contained, on the average, less than 2 larva per 50 gallons.

From studies of the distribution of the larvae at various stages of the tide in both the

harbor and the Sound, it is evident that since the larvse are absent during flood tide

they could not be carried into the harbor from Long Island Sound.

The second possibility (that the larvse were lying on the bottom the greater part
of the time) was studied next by collecting thin layers of bottom at Station No. 3,

near the spawning bed. The area of bottom covered by each sample was approximately
4 square feet, and the thickness of the layer that was removed was about one-fourth

inch. The samples were taken during half-flood and half-ebb stages of the tide, when
no larvse could be foimd swimming in the water. In all, 12 bottom samples were

collected, 4 of which were made in 1925 and the remainder in 1926. The bottom

samples were placed in wood tanks filled with sea water and allowed to settle, after

which a small stream of filtered sea water was maintained in the tank and the overflow

strained through a No. 20 bolting-silk net. Oyster larvae were obtained from all of the

samples, the number per sample ranging from 15 to 147. The total number of larvae

collected in the 12 samples was 662, the average being 55 larvse per 4 square feet of

bottom. This number of larvse on a given area of bottom is small as compared to the

number of spat that were found near by on the shells and other collectors, and may
be due to the fact that the samples were taken from clean and smooth areas that

contained no shells or other objects that could obstruct the currents. The finding

of oyster larvae on the bottom at certain stages of the tide shows that they are not

passive planktonic forms, and therefore are not subject to wide dispersal by the tides

and currents. By remaining on the bottom during the greater part of the larval

period, and by limiting their swimming activities to the tidal periods, when horizontal

movement of the water is least, the oyster larvae are able to remain and set on and

near to the spawning bed that produced them.

One of the important questions that has presented itself in the study of the oyster

is. Where does the spawn or larvse from a bed of oysters finally attach or set? The

greater production of oyster larvae and spat in Milford Harbor foUowing its rehabili-

tation has shown definitely, during the past three years, that oyster larvse are not

distributed far from the spawning bed by the currents, the predominating drift of

which is out of the harbor. The final distribution of the larvae can be determined

easily by studying the relationship of setting areas to spawning bed. It has been

found that the majority of the larvse set within a radius of 300 yards from the center

of the spawning bed and that the greatest number of spat per square inch or per shell

is to be found on the bed within a radius of 100 yards. As indicated by setting, the

larvse are distributed both above and below the spawning bed and attach in greater

numbers on the areas that are below or in the direction of the Sound. Though the

intensity of setting varies from year to year, the distribution of the larvae was found

always to have this same relation each year to the spawning bed.

The occurrence and distribution of the oyster larvae in Milford Harbor was

entirely diflerent from that found in Great South Bay, Long Island, by Churchill

and Outsell (1920 and 1921; unpublished reports) and by Nelson (1922) in Barnegat
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Bay, N. J. In these bodies of water, which are quite similar, they found that oyster

larvae are abundant and actively swimming at all stages of the tide and are about

evenly distributed from the surface to the bottom during the entire larval period.

In order to determine the possible cause for this difference, a comparison was made of

the physical conditions in each locality. Various factors, such as temperature,

salinity, and hydrogen-ion concentration, were found to vary slightly but gave no

indications of being controlling factors. The chief difference appeared in the tidal

range and the velocity of the tidal currents in each body of water. In both Great

South and Barnegat Bays the mean range of tide is approximately 1 foot and the

tidal currents are very weak, while at Milford the mean range is 6.6 feet and the

tidal currents attain considerable velocity, as shown previously. Since the oyster
larvae were foiind to be most abundant in the harbor during slack-water periods, it

is probable that the current velocity is an important controlling factor. To test

this, a few experiments were made during the past summer, in which the swimming
movements of the larvae were observed in relation to the current. For this purpose,
an elliptical wood tank of 1,000 gallons capacity, in which larvae were being reared,

was employed, and tests were made as to the presence of the larvae when the water

stood or was in circulation. The velocity of the current created in the tank was 0.5

foot per second at the surface and 0.3 foot on the bottom. The average results

obtained in four experiments are given in the following table:

Table 17.—Abundance of oyster larvse in a lank when the water is standing or in circulation
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those in Milford Harbor. The drift of the water in these streams is decidedly seaward,

and the fact that under such conditions the oyster larva remain and set there strongly

indicates that they are not actively swimming at all times. The experiments with

drift bottles and the current measurements in Milford Harbor (mentioned on pp. 452 to

455) have shown that the horizontal movement of the water during ebb was much

greater than during the flood, and that floating objects carried out of the harbor by

the ebb current never were returned by the flood. A similar excess of ebb over

flood in tidal movement can be found in nearly all of the bays and rivers emptying

into Long Island Sound, and these are the very places where in the past the most

prolific natural beds were found to exist.

One of the theories advanced by the oystermen to explain the continued failure

of setting in Long Island Sound is that the inshore and harbor areas' supply larvae

and spat for the deep-water beds in the Sound; and since the depletion of these

inshore areas, oyster setting in the Sound has been a failure. Such a theory is con-

tradicted by (1) the location of the natural beds, as shown in Figure 2; (2) the general

set of 1925, when there were very few oysters on the inshore areas; and (3) the dis-

tribution of the oyster larvse and setting in Milford Harbor in relation to the spawn-

ing bed.

In recent years, when oysters were plentiful on the natural beds, setting often-

times failed on the leased bottoms lying outside of them in the Sound. The fact

that during the past centuries the natural beds were not extended into the deeper

waters of the Sound strongly indicates that oyster larvae were not distributed freely

by the currents over these areas. In 1925, oysters in sufficient quantity to produce

the set that was obtained could be found only on the planted beds in the Sound,

and the production of a greater number of larvae by these oysters is the only logical

explanation that can be given for successful setting during that year.

In many cases the failure of setting has been attributed to a mortahty of larvte

as a result of sudden changes in temperature or saUnity and to heavy rainstorms.

In the studies of physical conditions in Milford Harbor during the larval period it

has been found that many changes in temperature of 5 to 11.5 degrees in 24 hours

and in sahnity from 5 to 25 per mille produced no noticeable decrease in the numbers

of larvae present in the water. During the larval period in 1925 and in 1927 the

precipitation was several inches above normal, and a tremendous amount of fresh

water was discharged into Milford Harbor. The changes in salinity and the increased

velocity of the ebb current following these storms apparently did not kill the larvae

or carry them out of the harbor. These studies show that oyster larvae can with-

stand extreme changes in temperature, salinity, and hydrogen-ion concentration of

the water and are not widely distributed by the tides and currents.

SETTING

A most important and significant period in the life history of the oyster is that

during which the larva sets or attaches itself to some clean, firm surface, such as

shells or stones. The act of setting was observed many times by the author, and

it was possible to view this interesting process from several angles by causing the

larvae to attach themselves to glass shdes. To accomplish this, the fully developed

larva releases a fine, threadhke byssus, or anchor, which adheres to the first suitable
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surface with which it is brought in contact. The larva then ceases swimming and

crawls over the surface by means of its long muscular foot, at the same time laying

down the byssus behind it. After crawling about for a short time, the larva comes

to a standstill, ejects a quantity of cement on its left side, and quickly brings the

lower or left valve into contact with the cement-covered surface. The foot is used

in bringing the shell in contact with the substratum and holds it in position for

about one minute. This short interval of time is all that is necessary for complete

hardening of the cement and setting of the oyster larva. Immediately following

fixation, a metamorphosis occurs, and the larva develops into a spat with organs
similar in structure to those of the adult oyster. At this time the newly formed

spat is cf the same size as the fully developed larva and measures 0.33 of a milli-

meter, or approximately one seventy-fifth of an inch through its greatest diameter.

In shape it closely resembles a hard clam and has an amber-colored, irridescent shell,

near the center of which can be seen a small, deeply pigmented spot. The spat

grows rapidly and in one week is over five times its original length and in two weeks

over twenty times, when it reaches a length of about 7 millimeters, or one-fourth

inch. Spat of this size cau easily be seen on the shells and other collectors and were

the smallest to be counted in the field observations with regard to the number at-

tached on a given area of surface.

In the studies of the distribution of setting, various types of spat collectors were

used, such as tiles, brush, tar paper, and containers filled with oyster, clam, scallop,

and mussel shells. The collectors were arranged so as to cover the entire zone from

the bottom of the channel to high-water mark, a vertical distance of approximately
17 feet, of which the upper 5 to 9 feet are exposed by the tides. In addition, four

ropes, to which tiles were attached, were suspended from an oyster float anchored

near the beds.

Setting in Milford Harbor has been observed to occur from July 20 to September
1

,
but is generally most intensive during August, the peak occurring about the middle'

of the month. It was found that setting was not a continuous process, as there

occurred definite periods of setting that followed spawning by about two weeks. The
first set that occurs is early and extremely fight and is followed by a heavy and final

set about 8 or 10 days later. For example, in 1925 there were 10 to 15 spat per shell

at Station 3 in the light set and from 150 to 250 spat per shell in the heavy set. An
examination of the shell samples taken up daily showed that the majority of the larvae

from a single spawning became attached within a day or two of each other. In

1926 the heavy set occurred on August 16, which is representative of the average
time of setting for this region. In 1925 spawning and setting occurred two weeks

earlier than usual, and the heavy set was observed on July 29.

The number of spat produced in the harbor each year varied considerably,

though the size of the spawning bed was virtually the same in each instance. It

was found that the intensity of setting could be clearly correlated with the quantity
of spawn in the oysters and the early water temperatures. In 1925, when the tem-

perature was above normal and the oysters contained a large amount of spawn,

setting was heaviest, and an average of 15,000 spat per bushel of shells was collected.

In 1926 and 1927 we had the other extreme—that is, water temperatures below nor-

mal and a small amount of spawn in each oyster, with the result that the average
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number of spat collected per bushel was only 2,000 and 2,500, respectively. Such
annual variations in the production of seed on both natural and cultivated oyster
beds have long been observed and are largely the result of the annual and monthly
fluctuations in the physical conditions that have been discussed previously.

DISTRIBUTION OF SET

On a given area of bottom the setting was found to be distributed unevenly and
varied in intensity according to the distance from the spawning bed and the depth
of water. In the harbor the set was found to occur on such areas as are covered with

water when the tide is 2 feet above mean low water mark, with the exception of a

small portion above Station 1, where setting occurs rarely because of the discharge of

fresh water. In 1925 a set of commercial value was found principally within a radius

of 300 yards from the spawning bed, the number of spat ranging from 5 or 6 spat per
shell on the outside edge to 200 and 300 per shell in the central portion. The spat
were most abundant on shells planted over the spawning bed and within approxi-

mately 100 yards of its center. The concentration of spat at the 100-yard circle

averaged 50 per shell. Though setting occurred at virtually the same distance up-

stream, or above the bed, as it did below, it was found to be of slightly greater in-

tensity in the areas Ijdng below or toward Long Island Sound. The horizontal

distribution of the set in relation to the spawning bed clearly shows how close the

oyster larvse remain and attach to the place where they were produced. No notice-

able difference in the distribution of set from the spawning bed could be found in the

last three yeare. These facts make possible the development of special methods of

oyster-seed collection on the same areas where the heaviest setting is found to occur.

The variations in intensity of setting according to depth, or, in other words,
the vertical distribution of spat, has been found to be quite peculiar in Connecticut

waters. Setting occurs in a zone extending from the bottom of the channel to a

point 2 feet above mean low-water mark, while from above this level to high-water

mark, a distance of about 5 feet, no setting takes place. The vertical range of set-

ting found in other bodies of water is quite different, as shown in Figure 32. In

Great South Bay, Long Island, setting occurs from the bottom to nearly high-water

mark, while in South Carolina and Georgia the set is found chiefly between low and

high water marks and not below low-water mark. Since the velocity of the tidal

current was found to be an important controlling factor in the distribution and
occurrence of the oyster larvae, it appeared likely that it might also exert considerable

influence on the distribution of setting. In the studies of the relationship between

current velocity and setting it was found that in MUford Harbor the larvse began to

attach at low slack water and continued to do so during the first two hours' run of

flood tide until the current had developed a velocity of one-third foot per second, or

20 feet per minute. This was determined not only by plankton collections of fuUy de-

veloped larvae but especially by observations as to the position of the larvse on the col-

lectors in respect to the stage of tide and the velocity and direction of currents. The

portion of the collectors covered at low water, when there was no current, was found to

be covered equally with spat on all sides, while above this level spat occurred chiefly

on the lee side or that which was protected from the force of the flood current. Shells
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that were put out at low water and taken up after two hours' run of flood tide were

the only ones on which newly attached spat had collected.

In Great South Bay, Long Island, the zone of setting can be correlated with

the vertical distribution of the oyster larvse and the current. Here there is virtually

no current, and the spat are found attached from the surface to the bottom, which

corresponds to the distribution of the larvae. Tidal conditions similar to South

Bay were found in Holly Pond on the Connecticut shore, where the water was

impoimded for hydraulic power by means of a dam. There are insignificant tidal

currents in the pond, as it receives water from Long Island Sound only on the very
last of flood tide before liigh water. An examination of the pond showed that seed

oysters were attached in a zone extending from the bottom of the pond to within 1

foot of high-water mark, while just outside and below the dam the vertical distri-

bution of spat was entirely different and the same as found at Milford. In this

instance the chief difference in the physical conditions above and below the dam was
the velocity of the tidal current, which undoubtedly is an important factor in con-

trolhng the zone of setting in both places.

In South Carolina and Georgia waters, where setting occurs between the tide

marks, it may also be interpreted on the basis of current velocity, though no actual meas-

urements in this region have yet been made. According to Marnier (1926), the tidal

current in the mouths of most bays and rivers is different than Ln Long Island Sound,
and slack water occurs when the tide is about halfway between low and high water

marks. This means that in these coastal rivers the current will have zero velocity at

about half tide level in the lower portions of the streams. In examining the piling

and tidal flats at many points in South Carolina it was found that oyster setting was
heaviest about halfway between tide marks and gradually decreased in intensity in

the zones a few feet above or below this level in accordance with the increase in velocity
of the currents. An interesting observation in this connection was made near

Beaufort, S. C, where a bridge was being constructed and cofl'erdams had been used

in laying the piers. An examination was made of several of the steel plates used in

mid-channel in the Beaufort River operations and which had been taken up and

placed on the wharf. On the outer surface of the plates, the spat were found attached

between high and low water marks, a distance of about 6 feet, the distribution being
the same as is found on the piling along the shore. However, on the Inner surface,
the attachment of the spat was quite different and was found to extend from the

mud line, or bottom of the channel, nearly to high-water mark, a difference of approx-

imately 16 feet. The extreme difference in the vertical distribution of setting on the

outside and inside of the cofferdam apparently was due to the fact that there were
no currents within the dam and consequently the larvse were able to attach there

from virtually the surface to the bottom.

Although the vertical range of setting in Milford Harbor is several feet, the

intensity or number of spat per square inch at all points or levels is not the same.

The relative intensity of setting throughout the zone of attachment is shown in three

different locahties in Figure 32. In Milford Harbor the actual number of spat
attached per square inch at all levels was determined for the set of 1925. The setting
was found to be most intensive in a narrow strip extending approximately from a

20701—29 5
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point 1 foot above the level of low-water mark to 1 foot below it. Here the concentra-

tion of spat averaged 25 per square inch of surface. Above this strip, setting

gradually decreased in intensity untU at a level 2 feet above low-water mark scarcely
one spat was found per square inch. From a point 1 foot below low-water mark to

the bottom of the channel setting was comparatively light, averaging about one

spat per square inch. Directly on the bottom setting was slightly heavier, and an
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FiGUEE 32.—Vertical distribation and intensity of setting of oyster spat in relation to range

of tide. H. W.=bigh-water mark. S.=height of tide wlien slack water occurs

average concentration of 3 spat per square inch was found. The variations in intensity

of setting at different levels can be correlated closely with the distribution and oc-

currence of the larvos and the velocity of the tidal currents. Dming low slack water

the zone in which the larvae are most abundant and where the heaviest setting of

spat takes place is that in which the velocity of the current is least, or practically

zero. The reason that setting is not of equal intensity from low-water mark to the

bottom of the channel can be accounted for by the fact that at low slack water, when

setting occurs, the zone of least velocity is at the surface only and does not extend to



INVESTIGATION OF OYSTER SPAWNING, ETC., MILFORD, CONN. 493

the bottom. This is due to the underrun of flood tide along the bottom while the

surface strata of less saline water is still on the ebb or at a standstill.

It was found that at low water in Milford Harbor the current velocity increases

from zero at the surface to 24 feet per minute on the bottom, where the tide has already
been running flood for some time. Under such conditions it is apparent that at any

point from the surface layer to the bottom the current will be slack or of low velocity

for a very short interval. Consequently, the oyster larvte in this zone have a limited

time in which to attach, and setting here is of a much lower concentration on a given
area than is found at low-water mark when the slack-water interval is much longer.

With the change of tide from ebb to flood, it was observed that as the water level

rose from low-water mark to approximately 1 foot above it, there was virtually no

current at the surface, while during the next rise of 1 foot the current increased rapidly
to one-third foot per second. This sudden increase in the horizontal movement of the

water as it rises from 1 to 2 feet above low-water mark is due to the water leaving the

channel and spreading rapidly over the tidal flats. In the zone from low water to 1

foot above, setting is heavy; while at from 1 to 2 feet above, the number of spat per

square inch decreases gradually until, at the 2-foot level, very few are found. The

upper hmit of setting in Milford Harbor is determined by the height of the tide when
the surface current has attained a velocity of one-third foot per second after the period
of low slack water.

Since the current velocity at any level varies from day to day with the changes in

the range of tide, it is to be expected that sets occurring at different times would have

a different upper limit. This actually was found to be the case with the two sets of

1925 and was the first clue that led to the studies of the relationship between current

and setting. For the light set on July 20, 1925, the upper limit of setting on the glazed-
tile collectors was 1 foot above mean low-water mark, while with the heavy set on July
29 it was 2 feet above. The range of tide in the first instance was 7 feet, while at the

time of heavy set it was 6 feet. We know that current velocity increases with range
of tide, and consequently the current on July 20 was stronger at the 1 or 2 foot level

than it was on July 29. Under these conditions the limit of setting naturally would
be lower for the light set, when the currents were noticeably stronger, and would

prevent attachment of the larvse above the 1-foot level. The tile collectors, under

the same conditions, also show clearly the relative intensity of the two sets in 1925.

The surface of the tiles was approximately 1,000 square inches, and the average
number of spat coUected per tile was 1,500 from the first set and 4,000 from the second

or heaviest set. The setting on the tiles was not uniform, of course, but decreased

in intensity from the bottom to the upper setting Hmit.

Observations were made, also, in regard to the distribution of the spat on the

collectors in relation to the direction of the tidal currents when setting took place.

At low water and on the first of flood tide the horizontal current movement is very

weak, so that the current meter was useless for determining its direction or velocity.

For this purpose a simple device was used, which consisted of a hollow brass rod

]/i inch in diameter, to which pieces of fine white thread 1 foot long were tied at

intervals of 3 inches. By setting up the rod near the collectors the direction of the

current could be seen easily at depths up to 3 or 4 feet. The distribution of setting
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on the collectors was found to depend largely on their shape and the position in

which they were placed on the tidal flats in relation to the direction of the flood

current. The heaviest setting was found near the bottom and on the lee side of

the collectors, presumably because of the eddies created by them. The setting on
the brush that was planted on the tidal flats is a good example of the effect of the

current on attachment of the larvae. For a distance of about 3 inches above the

bottom the spat were found on all sides of the main branches and were most numerous
on the lee side. From above the 3-inch level to about the 1-foot level the majority
of spat were distributed only on the lee side and decreased gradually in numbers from

the bottom upward. Branches having the greatest diameter caught the most spat,

while small twigs at the same level caught virtually none. Further indication that

current velocity is an important factor controlling setting was found from a com-

parison of the distribution of spat in wire baskets filled with oyster shells with that

on the brush. The baskets were set out next to the brush and were foimd to have

received a much heavier set. The spat were found attached in the baskets up to

2 feet above the bottom, whereas on the brush setting stopped 1 foot above the

bottom. The intensity of setting in the baskets varied from 150 to 200 spat per
shell in the bottom layer to an average of 25 per shell at the top of the basket. The
differences in the intensity and upper limit of setting in the baskets as compared
with the brush undoubtedly is due to the type or shape of each collector. The
baskets were a greater obstruction to the current, and by decreasing its velocity they
facilitated the setting of a larger number of larvae.

In summarizing the studies of the time and distribution of oyster setting in

Milford Harbor, it has been found that—
1. Heaviest setting occurs in the surface layer during the period of low slack

water, which is the zone in which the oyster larvae were found to be most abundant.

2. Setting continues as the tide begins to run flood, gradually becoming less

intense as the velocity of the current increases, and finally ceasing altogether when
the current attains a velocity of 10 centimeters, or one-third foot, per second.

3. The intensity and vertical distribution of setting varies according to the

current velocity at the times when oyster larvae that are ready to set are found

swimming in the water.

4. The distribution of spat on various types of collectors depends upon their

shape and especially on the position Lq which they are placed in relation to low-water

mark and the direction of the flood current.

5. The upper hmit of setting varies according to tidal conditions when each set

occurs. The range of tide, level of low slack water, and rate of increase in current

velocity can be correlated with the intensity of setting and changes in the upper

setting hmit.

By comparing the tidal conditions in various oyster regions it has been found

that the zones in which the oysters are attached and the distribution of the natural

beds can be correlated with the velocity of the currents and the distribution of the

oyster larvae, the heaviest setting occurring at the levels where the larvae are abundant

when the current reaches its minimum velocity.
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PREDICTING THE INTENSITY AND TIME OF OYSTER SETTING =>

The production of seed oysters on both the natural and cultivated beds in

Connecticut has fluctuated tremendously from year to year; for example, from over

1,000,000 bushels in 1925 to virtually none in 1926 and 1927.

The present investigation has shown that the physical conditions in 1925 were

decidedly different than in 1926 and could be correlated with the quantity and

ripeness of the spawn in the oysters, the time of spawning and setting, and the

intensity of setting or quantity of seed oysters that were produced each year.

The data on the various factors have been presented, analyzed, and discussed

as to their effect on the oyster and oyster larvee and the environmental conditions

over the oyster beds. Of the many factors involved, water temperature has been

found to be the most important in controlling the development and ripening of the

gonads and in determining the time of spawning and setting. The studies have

shown that the success or failure of setting and its intensity depend largely upon the

departures of temperature from normal. As is shown in Figure 28, during the past
six years setting in Long Island Sound has been successful when the temperature was
above normal and has failed when it was below, for the period April to August.
Another important factor is the relationship between the range of tide and the

increase in water temperature to 20° C. and above, which is necessary to induce

spawning of the oyster.

The present investigation would not be complete without a discussion of the

economic and practical value of the results that have been obtained. The most

important application that can be made is in predicting the intensity and time of

oyster setting in Connecticut waters. A method or plan of procedure has been devel-

oped for the purpose of determining or predicting, one month in advance, (1) the

relative intensity of setting that will occur and (2) the time when spawning and setting

will take place. The fundamental principle of the method is a comparison of the

records of the present season with those of the preceding years for which the time

of spawning and yield of seed oysters is known. The predictions can be made from

about the 1st to the 10th of July of each year after careful consideration has been

given to the following conditions:

1. The quantity of adult oysters on the beds.

2. Water temperature from April to July.

3. Quantity and degree of ripeness of the spawn.
4. The range of tide for July and August, as shown in the tide tables.

The first condition obviously is important and can be determined without diffi-

culty from the planting records of the oyster-growing concerns or by examination of

the oyster bottoms. This factor is of great significance because it is multiplied by
the quantity of spawn per oyster and gives the approximate total quantity of spawn
that can be discharged into the water.

The second condition, water temperature, preferably should be determined by
a thermograph, although an approximate estimation can be made as to its departure

1 Predictions in regard to oyster spawning and setting in Connecticut waters were made on July 1, 1928, using as a basis the

conditions herein described. The light general set that was predicted to occur on Aug. 11 did talse place at that time and in the

quantity anticipated. On the beds off Stratford Point and Bridgeport the set on Aug. 11 averaged 10 spat per shell, while ofl

New Haven an average of 12 spat per shell was found on Aug. 15.
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from normal by reference to the air temperatures at near-by stations. If water

temperatures for this period are found to be above normal, the outlook for setting

is favorable; when below, it is unfavorable. The mean daily water temperature
on the bottom or the temperature at the times of high and low water must be

determined for a few days around the 1st of July, as it has direct bearing on the attain-

ment of a spawTiing temperature later.

The third condition, quantity of spawn per oyster and its degree of ripeness,

can be determined by the methods discussed previously on page 474. These factors

not only reflect water temperatures that occurred previously, but will show how

great a quantity of spawn can be discharged by each oyster when water temperatures
are suitable. Successful spawning can be expected only at a temperature of 20° C.

or above, when the gonads are ripe and when a sufficient amount of spawn is released

to insure fertilization.

The final analysis of the first three conditions mentioned will indicate whether

the total amount of spawn available is large or small and whether it is ripe enough
to be released by the oysters. It wiU indicate also whether a light, medium, or

heavy set can be expected, as this has been found to depend largely upon the com-

bination of the first three conditions.

The fourth condition, range of tide, should be considered for the purpose of

determining the time of spawning and setting. The relation of this factor to water

temperature and spawning, as discussed previously on page 480, shows us that during

the full-moon tidal period, in July or the first part of August, we may expect a rise

in water temperature of approximately 10° C. as a result of the warming of the

water on a greater area of tidal flats. The time of full-moon tides and the daily

range can be found in the tide tables issued by the United States Coast and Geodetic

Survey. During this period the date on which the water will reach 20° C. or more

certainly depends upon weather conditions and the temperature of the water at the

beginning of the period. The records for 1925 and 1926 show that when the tem-

perature at the beginning of the full-moon tidal period was 16° to 18° C, spawning
occurred about 10 days later in the harbor and inshore areas and about 15 days later,

or at the end of this period, in Long Island Sound. In calculating the time of

spawning, the ripeness of the oysters and early July water temperatures must be

taken into consideration. The time of setting depends, of course, on spawning and

will foUow it by an interval of approximately two weeks.

In the following table a comparison is given of the four conditions as they were ob-

served in Milford Harbor on July 1 in 1925, 1926, and 1927, together with the results

obtained each year in regard to time of spawning and setting and intensity of setting.

Table 18.—Comparison of conditions in Milford Harbor on July 1 with inlensiiy and lime of selling

in 1925, 1926, and 1927

Conditions observed 1925 1926 1927

Water temperature variations (Apr. 1 to July 1)..

Water temperature on July 1 (at Station 2)

Quautity of spawn per oyster
Condition of gonads.. _

Quantity of adult oysters
(greatest range of tide

Time of spawning --.

Time of set ting ,

Intensity of setting (spat per bushel of shells)

+3.5° C. above normal.
15.8° C
Large
Ripe.

—3.3° C. below normal,
13.5° C .-

Small
Unripe.

700 bushels 1,000 bushels.

July 7..

July 13..

July 29..

15,000...

July 26..

Aug. 1...

Aug. 16.

2,000

— 1.7° C. below normal.
14° C.
Small.

Umripe.
1,000 bushels.

July 17.

July 14.

Aug. 8.

2,450.
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Milford Harbor is a natural oyster region, and virtually every year there is

a set of oysters that varies in intensity in accordance with the conditions shown in

the table. In Long Island Sound, oyster setting is less regular, and here there was

a similar fluctuation from a good set in 1925 to virtually none in 1926 and 1927.

Though the method is new and far from being a statistical computation as to

the probability of the time of spawning and intensity of setting, it has proved to be

reliable after a trial of three years, and the results obtained strongly indicate that it

is based on the predominating factors that control oyster propagation. By accumu-

lating a greater number of data of this sort the method can be placed on a statistical

basis, definite values can be given to each variable, and more accurate predictions

can be made as to the yield of seed oysters per year.

PRACTICAL APPLICATION OF THE METHOD

Advance knowledge of the time and intensity of setting of oysters is of value

from a practical standpoint, because it can be utilized in controlling shell-planting

operations so as to obtain the maximum yield of seed oysters per year. On the

results obtained on July 1, deductions can be made as to (1) the quantity of shells or

cultch to be planted so as to take full advantage of the years of good set; (2) how

rapidly shell-planting operations must be carried on in order that they may be com-

pleted before setting occurs; and (3) the areas or beds that are most favorable for

obtaining a set under the existing conditions.

There is no better way to increase the yield of seed oysters during favorable years
than by increasing the amount of cultch, especially on the best setting areas. An
acre of bottom that produces 500 to 1,000 bushels of set, averaging 25, 50, or more

spat per shell, has been poorly utilized, because its production could easily have been

increased many times by additional shell plantings. By obtaining the maximum

yield during the best setting years the industry is benefited not only by having seed

to grow for the market but by having, in the coming summers, a good supply of

oysters for the production of spawn and future sets.

This method of predicting the intensity of oyster setting can be used in the future

in conjunction with the improved methods of seed collection that have been developed

by the bureau and will be described in a later report.

SUMMARY

1. The physical conditions in MUford Harbor and vicinity during the summers
of 1925 and 1926 have been discussed with special reference to the more important
factors—temperature, salinity, hydrogen-ion concentration, tides, and currents.

2. The most important factor, water temperature, varies according to climato-

logical conditions and is affected most by them when the daily range of tide is greatest.

3. The water temperatures from April to July were found to have a pronounced
efifect upon the quantity and ripeness of spawn in the oysters, while the temperatures
in July and August were found to be important in affecting the time of spawning.

4. Annual fluctuations in the intensity of setting and the production of seed

oysters in Milford Harbor and Long Island Sound can be correlated ^vith water

temperatures during the spring and early summer months.
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5. During the past six years oyster setting in Long Island Sound has been suc-

cessful when air and water temperatures were above normal and has faUed when

they were below normal.

6. Though some setting occurs each year in Milford Harbor, it was found that

over seven times as many spat per bushel were produced in 1925, when early water

temperatures were 3.5° C. above normal, than in 1926, when they were 3.3° below

normal.
'

7. Oyster spawning occurred on different dates during each summer and was

found to be dependent upon an increase in water temperature to 20° C. and above.

8. The time of spawning and the greatest increase in water temperature were

found to take*place during the "fxill-moon tidal period" in July or the first part of

August. As a result of greater range of tide during this period, the water was brought
to a spawning temperature by heating on a larger area of tidal flats.

9. In studying the occurrence and distribution of the oyster larvse, over 315

plankton collections were made, which showed that the larvae were relatively scarce

in the water in proportion to the number of spat found later in the same areas.

10. The oyster larvse were found to be most abundant at the time of low slack

water and gradually disappeared as the tide began to rim flood.

11. When the flood current had developed a velocity of 0.6 foot per second,

virtually no larvse could be found swimming in the water; while samples of bottom

taken at the same time contained an average of 14 larvse per square foot of surface.

12. Experiments with oyster larvse in a tank showed that they swam while the

water was at a standstill but dropped to the bottom when it was put in circulation

with a current velocity of 0.3 to 0.5 foot per second.

13. The majority of oyster larvse produced by the spawning bed in Milford

Harbor were found to remain and set within 300 yards of its center. This is accom-

plished by the oyster larvse remaining on the bottom during the greater part of the

larval period and limiting their swimming activities to the tidal periods, when hori-

zontal movement of the water is least.

14. The dm-ation of the larval period was found to vary from 13 to 16 days.

The average of the four periods observed during 1925 and 1926 was 15 days at a mean

water temperature of 21.5° C.

15. Setting of oysters occurs at from 2 feet above low-water mark to the bottom

of the channel and is of greatest intensity in a zone lying at from 1 foot above mean

low-water mark to 1 foot below it.

16. Setting or attachment of the larvse was found to take place during low slack

water and continued until the flood tide had developed a velocity of 0.33 foot per

second or 20 feet per minute.

17. It was found that the vertical distribution of spat and the intensity of setting

in any zone could be correlated with velocity of currents and distribution of oyster

larvse.

18. As a result of the investigation of the physical conditions and the biological

studies of the oyster, a method has been developed for determining or predicting, one

month in advance, (1) the relative intensity of setting that will occur each year and

(2) the time when spawning and setting will take place.
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