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I. DECLINE IN VIGOR. 

EARLIER VIEWS ON INBREEDING. 

Inbreeding and crossbreeding are subjects on which there has been 
much discussion for centuries. The marriage customs of primitive 

peoples indicate that definite views on them were entertained long 
before the beginning of history. These views, however, were appar- 
ently different among different peoples, as the customs of some 
seem designed to prevent inbreeding, while the reverse seems true 
in other cases. A diversity of views continues to exist. 

Livestock breeders have generally endeavored to prevent close 
inbreeding, holding that such breeding is likely to produce a pro- 
gressive degeneration, exhibited by reduction in size, constitutional 
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vigor and fertility, and leading ultimately to the appearance of 
monstrosities. On the other side, however, we find that most of 

the modern improved breeds of livestock originated in rather close 
inbreeding of selected stock. Systematic livestock breeding began 
in England about the middle of the eighteenth century with the 
attempt of Robert Bakewell to improve the native Leicester sheep 
and Longhorn cattle. Bakewell had definite views on the character- 
istics which he wished to combine in his animals, but he departed 
most from the prevailing customs of his time in his use of close in- 
breeding for the purpose of fixing these desired characteristics. His 
methods were followed in the foundation period of most of the other 
British breeds. In the course of time, however, certain unfortunate 

characteristics, such as low fertility in the Duchess family of Short- 
horns, came to be attributed to the inbreeding. At the present time 
there is much difference of opinion among practical breeders about 
the effects of inbreeding. 

The remarkable increase in size and vigor which often follows the 
crossing of different varieties was noted by the early plant breeders. 
Darwin made carefully controlled experiments on the effects of self- 
fertilization and crossing of various plants. In general, those species 
with mechanisms facilitating cross-fertilization suffered an obvious 
decline in vigor when self-fertilized, while those without such a 
mechanism suffered no ill effects. He found that little or no im- 
provement followed crossing within a self-fertilized strain, while 
marked improvement was the rule in crosses between such strains. 
In applying his results to livestock breeding Darwin pointed out 
that the advantage of close inbreeding in retaining characteristics 
might outweigh some loss in constitutional vigor. 

Darwin’s work on plants was followed by the experiments of 
Crampe and Ritzema-Bos with rats and of Weismann and Von 
Guaita with mice. The decrease in fertility and increase in sterility 
noted by all of these writers and the increased susceptibility to dis- 

ease and the appearance of abnormalities noted by Crampe have 
long done duty as the stock examples of degeneration through in- 
breeding. 

The problem has been attacked from a new viewpoint since the 
rediscovery of Mendel’s law. The experiments of Castle, Moenkhaus, 
Hyde, Wentworth, and others with the fruit fly, Drosophila melano- 
gaster, those of G. H. Shull, East, Hayes, Jones, Collins, and others 

with maize, and those of Miss King with rats have been rapidly 
bringing this subject into line with the current theory of heredity. 

The experiments with guinea pigs described in this bulletin have 
given results which agree in the main with those of the authors 
mentioned above, although appearing at first sight somewhat difficult 
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| to reconcile with the results in the only other recent extensive exper- 
iment on inbreeding of mammals, namely, those which Miss King 
obtained with rats. It will be signe however, that the two exper- 
iments are complementary rather than contradictory. It may 
be well to call attention to the excellent summaries of the present 
state of knowledge on the subject to be found in Miss King’s series 
of papers and in “Inbreeding and Outbreeding”’ by East and Jones. 

PLAN OF THE EXPERIMENTS. 

An extensive investigation of the effects of inbreeding was planned 
in 1906 by George M. Rommel, Chief of the aa Husbandry 
Division of the Bureau of Animal Industry. The work was com- 
| menced in that year at the Experiment Station of the bureau at Be- 
_thesda, Md., with guinea pigs as material. Since 1911 the experiments 
have been ood on at the Experiment Farm of the Bureau of 
Animal Industry at Beltsville, Md. Over 30,000 guinea pigs have 
been recorded. The work has been conducted successively by Ralph 
J. Carr, Dr. E. H. Riley, F. R. Marshall, and the writer. Essentially 
the same system of records has been kept throughout. On taking 
charge in September, 1915, the writer found the previous records 
in excellent condition. In analyzing these and later data a great 
amount of tabulation and calculation has been necessary. The 
writer has been assisted successively by Walter J. Hall and Orson 

_N. Eaton, to whose painstaking care in this laborious work the carry- 
ing through of the project is in a large measure due. All tabulations 
and calculations have been carefully checked. 

HISTORY OF THE GUINEA-PIG STOCK. 

Dr. E. C. Schroeder, superintendent of the experiment station at 
Bethesda, Md., has kindly furnished the following account of the 
early history of the stock: 

The history of the station’s stock of guinea pigs is as follows: When I took charge 
of the experiment station of the bureau (at that time located at Benning Road and 
Eighteenth Street NE., Washington, D. C.), during the summer of 1894, I found on 
hand about 250 to 300 guinea pigs, of all sizes and ages, about the history of which no 

records were available. The general character of the animals indicated that some 
attempts had been made to breed special varieties, such as curly haired guinea pigs, 
white guinea pigs with black-smudged muzzles, long-haired guinea pigs, etc. 

As there was a superabundance of other work which urgently required attention 
at the station, I at once abandoned all attempts to breed guinea pigs of special types 

and kinds, and made of the breeding pens a strict business project, with no other 
purpose in mind than the production of a sufficient number of satisfactory animals for 
the technical work of the bureau. I used the stock on hand, eliminating the fancy 
types as much as possible, because they are less satisfactory than the plain, vari- 
colored, smooth-haired type for laboratory use. 

In the year 1895, as nearly as I can remember, I purchased a number of plain, 

ordinary male guinea pigs, which, after a lengthy period of quarantine, were intro- 

duced into the breeding pens. 
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Toward the latter part of the year 1896 it became evident that I would be able to | 
move the experiment station from Benning Road and Eighteenth Street to some 
larger and more desirable place; hence I concluded that it would be wise to save as 
many young and vigorous pigs for breeding purposes as possible, and to start the guinea- 
pig pens at the prospective new station with this young stock. 

A new place for the station was found at Bethesda, Md., its present site, in May, | 

1897, but it was not ready to be occupied until the following November, during which 
month the whole stock of guinea pigs was moved from Benning Road to Bethesda. 
The stock at that time consisted of about 300 old breeders and about 400 young ani- 
mals, unbred but specially selected for breeding purposes, also 100 to 150 young pigs. 

During the journey from Benning Road to Bethesda, Md., a distance slightly more 
than 11 miles, a sudden, unexpected, heavy, cold shower of rain occurred, and many 

of the guinea pigs, though they were in cages and in a covered wagon, got thoroughly 
wet. 

From 10 days to 2 weeks later the guinea pigs began to die at the rate of from 30 to 
50 aday. The disease which caused the deaths was a combination of inflammation 
of the bowels and lungs. When the outbreak finally terminated just 63 guinea pigs 

were left alive, and of them 9 were in such hopeless condition that they were killed. 
This left 54 guinea pigs, varying in age from a few weeks to about 2 years. 
The 54 guinea pigs are the stock to which all the guinea pigs that are now in the 

breeding pens at the experiment station, or that ever have been in the guinea-pig 
breeding pens at the Bethesda station, trace their origin. 

The method of raising guinea pigs at the station has been always to select the best 
animals for breeding purposes, not only with reference to size and weight, but also 
with reference to smoothness of hair and productivity. 

Unprolific breeders have always been eliminated from the pens as quickly as pos- 

sible, and the progeny of such breeders have always been carefully avoided in select- 
ing fresh breeders. 

The total number of guinea pigs produced since the latter end of 1897 and the present 
time I can not give without spending several weeks searching our records. At present, 

however, the station is producing about 12,000 guinea pigs per annum, all of which 

trace their ancestry back to the 54 which were left after the disastrous outbreak of 
disease in the year 1897. 

To judge from the information I have been able to obtain from various persons who 
areinformed about guinea pigs, the stock we have at the station, so far as health, vigor, 
and productivity are concerned, in spite of the inbreeding to which they have been 
subjected, is, strictly speaking, very superior. 

The beginning of the inbreeding experiment is described as fol- 
lows in a report by Dr. E. H. Riley: 

Investigations were begun in July, 1906, to study the effects of inbreeding when 

continued for successive generations. Guinea pigs were selected for this work because 
larger numbers could be housed and cared for with greater convenience than any other 
animal at our disposal, and, being prolific breeders, the data from succeeding inbred 

generations accumulated rapidly, thus enabling one to draw conclusions in a compara- 

tively short time. Since large numbers of guinea pigs are used annually in the bureau 

laboratories, all stock which has served its purpose in the breeding experiment is 
readily made use of. 

Two inbreeding tests were planned in this experiment. In Test No. 1 the founda- 
tion stock was line-bred for 12 years at the Bureau of Animal Industry Experiment 
Station. This foundation stock was selected from a group of 150 guinea pigs. The 
largest and most vigorous individuals of both sexes were selected for breeders. No 
attention was paid to color or color markings, except that no albinos were selected. 

| 
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Record was made of the coat color patterns as a means of identification. This record 
has later served as a means of noting certain family characteristics, which, in many 

cases, were transmitted to succeeding generations of inbred stock with quite uniform 
regularity. “All animals of the foundation stock were between 5 and 6 months old 
when mated. 
Twenty-four females of uniform size and conformation were selected and num- 

bered consecutively from 1 to 24. The males were selected in a like manner and 
numbered in another series beginning with 1. The number of each of these females 
of the foundation stock was given to the family of guinea pigs which descended from 

her. Generation 1 is the progeny of the foundation stock, and is, therefore, not 
inbred. In order to follow the closest line of inbreeding, brother and sister of the 
same litter were mated. In all cases the best individuals in the litter were selected 
for breeders. Their progeny were selected and mated inalikemanner. This method 
is being continued, and at present (1913) individuals in a few of the families have 
been inbred for 13 generations. All breeders in each of the families have been inbred 
through 4 generations. 

In Family 4, parents were bred to their progeny: that is, sires were mated with 

_ theirdaughters, granddaughters, etc., of each succeeding generation during the breed- 
_ ing period of their lives. In a similar manner dams were mated with their sons, 
_ grandsons, etc., of succeeding generations. 

In Test 2 of this experiment the animals of the foundation stock were unrelated to 
_ each other. Some of the breeders were selected from the same general stock at the 
Bureau of Animal Industry Experiment Station as were those in Test 1, but in all 

_ cases they were mated with stock which was obtained from a different source. The 
alien stock was apparently as healthy and vigorous as the other. The foundation 

_ females used in this test were numbered consecutively from 31 to 42, inclusive. The 

_ families were numbered in the same manner as those in Test 1. All animals were 
_ housed, fed, and cared for in the same manner. Practically no change has been made 

_ in the method of rearing our breeding stock since the experiment was started. The 
methods which we use are those which have been followed successfully for the past 
14 years by the Bureau of Animal Industry Experiment Station, where thousands of 

euinea pigs are raised annually for laboratory purposes. 
* It was found that more satisfactory results could be obtained by having one male 

and only onefemale occupy each breeding cage, because frequently two females gave 
birth to young at about,the same time, making it impossible to tell to which femaie 

the young belonged. In all such cases these mixed litters were eliminated from the 
experiment. Inafew instances young females became pregnant by their sires before 

they were weaned, which was at the age of 33 days. Young from these matings were 
also eliminated from the experiment. 

According to this report, 35 families were started, 24 wholly from 
_the line-bred stock of the Bureau of Animal Industry and 11 from a 
cross between this stock and guinea pigs obtained from a local 
dealer. All were carefully selected, for vigor, from large stocks. 
In all but one family, matings were made exclusively between full 
brothers and sisters. The data from Family 4, in which matings 
were made between parent and offspring, have not yet been analyzed. 
Seven of the remaining 23 families in Test 1 (from the line-bred 
stock) went out of existence before the second generation was pro- 
duced, for various reasons, such as the early death of the female or 
the failure to produce living young of both sexes. Four of the 12 

- families in Test 2 failed for similar reasons, and another was disposed 
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of in the third generation because a skin disease had become estab- 
lished in it. These failures can not be ascribed to inbreeding. | 

There were thus 23 families with which the inbreeding experiment 
really started. One of these (Family 15) became extinct in 1911. |. 
Family 1 followed in 1914 and Families 3, 11, and 21 in 1915, leaving 
18 families in existence at the end of 1915. Families 14, 19, and 34 
became extinct before the middle of 1917. In the summer of 1917 
several other experiments had become so extensive that it seemed 
best not to attempt to maintain all of the inbred families. Five 
families—2, 13, 32, 35, and 39, were selected for perpetuation, while 
the others were gradually eliminated. (Pls. I to VI.) The condi- 
tion of the families in November, 1915, is shown in Table 1. 

TABLE 1.—Number of matings in each generation of inbreeding in each family on 
November 15, 1915. 

[The original matings are called the zero generation.] 

Generation— Num- 

Family. are Dacvayst eB tA LIE BM NTR I eae Pla Moroes | | OE 
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The 23 families which have been made the basis of analysis were 
descended from 23 different females, but are not so distinct from one 

another on the male side. Only nine males were in fact used in the 
foundation stock. Male 1 was used with Females 1, 2, 3, and 7 to 
found the families named from these females. Male 13 was the male 
ancestor of Families 9 and 11 and parts of Families 13 and 14. Male 2 
was the male ancestor of the remaining lines in Families 13 and 14 
and all of Family 15. Families 17 to 24 are all descended from 
Male 3; Families 31 and 32 from Male 9; Families 35 and 36 from 
Male 11, while Families 34, 38, and 39 had separate male ancestors. 

It may be seen that Families 13 and 14 are really composite and 
each might well have been treated as two families. In Family 13. 
the line descended from Male 2, began to decline after three genera- 
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|tions, and produced its last litter in January, 1913, having reached 

the ninth generation. The family characters may in the main be 

considered to represent the large stock descended from Male 13. 

In Family 14 the two lines kept about the same ratio to each other 

in strength. The line from Male 2 was the strongest in numbers. 

It rah out in the tenth generation, while the line descended from 

Male 13 lasted only to the ninth generation. 

The families other than 13 and 14 all descend from a single original 

‘pair but yet are of varying degrees of homogeneity. Some idea of 

the degree of homogeneity of the various families can be obtained 

from Table 2. This table shows the number of matings made in 

each family in two periods, 1906 to 1909, inclusive, and 1910 to 1914, 

inclusive, and the maximum percentage of these matings which can 

be traced back to a single mating in each generation of inbreeding. 

The original mating is called the zero generation. 

The table reveals that certain families, such as 18 and 39, became 

dominated by a particular subfamily in their early history and 

remained so later. At the other extreme are families, such as 11, 

14, 17, and 32, which remained split up into many subfamilies even 

through 1914. Most of the families became more homogeneous as 

time went on. Families 2 and 38 are extreme examples of the 

emergence of one subfamily into predominance. In a few cases 

(19, 24, 31, and 35) the most important subfamily in the first period 

- became supplanted by another in the second. The most remarkable 

ease of this sort, that of Family 35, is not fully brought out by the 

table. One of the four matings made in the second generation pro- 

duced only 10 out of 59 matings of the third to seventh generations. 

Its only pair of descendants in the seventh generation produced 49 

out of the 75 matings of Family 35 of the eighth to twelfth genera- 

tions and produced all matings following the twelfth. T his family 

has reached the twenty-third generation (1921) and now traces 

entirely to a single mating of the twelfth generation. There seems 

to have been no conscious effort to bring about the predominance 

of the descendants of the single mating of the seventh generation. 

In interpreting the results in the various inbred families, it will 

be important to bear in mind that those in which one subfamily 

was predominant from the first or in which several subfamilies 

remained about equally important should maintain about the same 

average of hereditary characteristics throughout their history, while 

a marked change in the hereditary characteristics of the family as a 

whole need not be surprising in cases in which a subfamily, which is 

unimportant at first, later emerges into predominance. 
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TABLE 2.—The relative homogeneity of the inbred families. 

(The number of matings made in each family from 1906 to 1909 (first line of each family) and from 1910 © 
to 1915 (second line of each family) is given in the second column. The maximum percentage of these | | 
matings descended from a single mating in each generation is shown in the ee columns. Change 
in the dominant subfamily is indicated by an asterisk.*] 
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From 1906 to 1911 the inbred stock, as already stated, was kept at 
the bureau Experiment Station at Benet, Md., evil many other 
guinea pigs raised for pathological experiments. In 1911 the inbred 
stock was taken to the experiment farm at Beltsville, Md. Shortly 
before moving, 40 pairs of normally bred guinea pigs were selected on 
the basis of vigor and set aside as a control stock to be maintained 
without inbreeding. They were from the same stock from which 
Families 1 to 24 and the original females of Families 31 to 39 were 
derived. They had, however, been maintained up to 1911 without 
records. This control stock was called Experiment B. It has been 
kept at Beltsville since 1911 under the same conditions as the inbred 
families except that matings as close as those between second cousins 
have been avoided. 

SYSTEM OF MATING, CARE, AND FEED. 

With rare exceptions, the matings in the inbred families have been 
made between litter mates at the time of weaning at 33 days. This 
was to avoid mistakes in identity which would make the strictness of 
the inbreeding doubtful. Females occasionally are sufficiently mature 
at 33 days to bear litters sired by their own sire at about 100 days of 
age. They do not appear to suffer ill effects, and as the males do not 
become mature until over 2 months of age, the system of breeding 
followed is not believed to be injurious to the animals to an appre- 
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ciable extent. Most but not all of the matings in the control stock 
were made between immature guinea pigs. A single pair has been 
kept in each pen as already stated, except for cases in the early genera- 
tions. 

Large wooden pens, 23 by 16 by 29 inches on the inside, were used 
until 1916. They had got into rather bad condition by this time and 
had become infested with bedbugs. They were replaced in Decem- 
ber, 1916, by metal pens, 16 by 14 by 24 inches, with removable trays 
for ease in cleaning. Whether the improvement in cleanliness and 
freedom from bedbugs compensates for the smaller amount of room 
for exercise and the greater difficulty in maintaining an even tem- 
perature in winter is not certain. In any event, experiments con- 

_ ducted in different years must be compared with due caution. 
The guinea pigs have been given oats and fresh water every day. 

Green feed is supplied three times a week and hay once a week when 
_ the pens are cleaned. Green oats and fresh grass in spring and sum- 
_mer, and cabbage and kale in fall and winter have been used most 
successfully as green feed. The greatest difficulty in procuring good 
green feed comes in late winter and early spring, after other winter 

_ conditions have depressed the stock. All records indicate that the 
_ stock is in the poorest state at this time. Conditions are also better 
_ as a rule in the early part of summer and in fall than during the hot 
_ weather in July and August. 

THE DATA RECORDED. 

All litters are recorded on the day on which they are born, except 
that litters born on Sunday or a holiday are recorded on the next day. 
At birth the date, pen, number, sex, color, and weight are recorded 
for each young one. Drawings are made of the coat pattern of each 
guinea pig in a rubber-stamp outline. The variety of the colors, 
including intense and dilute agouti, black with red, yellow, or cream 
spotting, and albinism, together with the almost endless variety in 
the tricolor pattern, make color and pattern an almost certain means 
for the identification of individuals. Ear punches are also used as a 
help to identification. All mated animals are identified at death to 
insure that no confusion has occurred in the matings. LEach of the 
young is weighed at the ages of 3, 13, 23, and 33 days as well as at 
birth. Up to 1916 the mated animals were weighed when 1 year old. 
Since 1917 more frequent weighings have been made. 

THE CHARACTERS STUDIED. 

* Possible effects of inbreeding have been looked for in age of matur- 
ity, fertility, rate of growth, mortality among the young, resistance 
to tuberculosis, sex ratio, the production of monstrosities, and coat 
color. 

106851°—22—Bull. 1090-—2 a 
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Under the head of fertility, both the size and frequency of litters 
have been considered. Little attempt has been made to distinguish 
complete and partial sterility, as cases of complete sterility have been 
rare and uncertain in all stocks. The failure of a mating to produce 
litters has usually been due to the early death of one member of the 
pair. 

The data on the rate of growth up to the age of weaning (33 days) 
are naturally much more extensive than those on later growth, and 
have been studied in more detail. The principal characters which 
are used in this connection are the weight at birth of all of the young 
born, the birth weight of those which survive to 33 days, and the gain 
between birth and 33 days. 

The losses among the young are considered under two heads, death 
at or before birth and death between birth and weaning. The char- 
acters used are the percentage born and found alive and the percent- 
age raised to 33 days of those born alive. The product of these two, 
namely, the total percentage raised, is also used. 

LIFE HISTORY. 

Guinea pigs are born in litters of 1 to 9. Litters of from 2 to 4 are 
most common, and litters of more than 6 have been decidedly rare in 
the present work. The young are born in a very advanced state of 
development, with thick fur, open eyes, and the ability to run about 
at once. They soon begin nibbling at the leaves of cabbage or other 
ereen food in the pen. They are, in short, rather better able to take 
care of themselves from the time of birth than the young of any other 
familar domesticated mammal. They grow rapidly and reach about 
half the adult weight when between 2 and 3 months of age. The final 
weight is nearly reached at a year, but there is slow growth for a 
longer time. Guinea pigs are in their prime between 1 and 3 years. 
After reaching 3 years there seems to be a distinct decline. The 
present experiments, however, have not been designed to study 
longevity, as matings have often been disposed of to make room for 
those of a later generation. The oldest dam recorded had reached 
47 months. The average age of dams has been between 14 and 16 
months. One female is reported to have died at an age of 59 months. 
Her last litter was born at 38 months. 

Sexual maturity is reached early. In nearly every family and ex- 
periment there have been a few cases in which females have had 
young when about 100 days old. As the gestation period is about 68 
days, this means that these litters were sired by the dam’s sire before 
she was weaned at 33 days. The minimum age at which a male 
may sire a litter seems to be about 60 days, although we have one 
apparently reliable record at about 48 days (litter born at 117 days). 
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The average age under ordinary conditions seems to be about 3 
months, bringing the first litter between 5 and 6 months. 

The birth of a litter is followed at once by an cestrus period. In 50 
to 60 per cent of the matings in a vigorous stock, fertilization takes 
place at this time, and one litter follows another after an interval of 
65 to 74 days. If fertilization does not take place, there is a period 
of about 17 days before the next cestrus, and recurrence thereafter at 
about this period. The average interval from one litter to another, 
if there is no delay, is about 69 days (68. 93 40.04 in 1,332 cases among 

‘inbreds and controls in which the interval was between 65 and 74 

days). The true gestation period would of course be slightly shorter. 
The gestation period is subject to much variation, its standard devia- 
tion, judging by that of the intervals between litters, being almost 
two days (1.91+0.03 in the above data). The most important cause 

of variation is the size of litter. Large litters are born earlier than 
small ones. The correlation between size of litter and interval in 
the data mentioned above was —0.457+0.015. Under unfavorable 
conditions the average gestation period is slightly shorter than under 
favorable conditions. Young born before 65 days are seldom raised, 
or even born alive. 

FERTILITY. 

The number of litters produced per year depends in the main on 
whether many of the litters succeed one another without delay, which 
doubtless depends in part on whether or not ovulation takes place 
immediately after the birth of the preceding litter. Evidence 
which will be presented later, however, shows that the sire is more apt 
to be responsible than the dam for irregularity in this respect. The 
most important factors are associated with the conditions at this 
time. If the preceding litter is small, if environmental conditions are 
improving (as in April and May as a rule), or if the female is above the 

average weight for her age, there is considerably more likelihood 
that a second litter will start on its career at once than if, for example, 
a large litter is born in December leaving the dam much under 
weight. The age of the dam, at least up to 3 years, does not seem to 
be an important factor. There is, however, a trifle more regularity 
between 1 and 2 years of age than before or after. Regularity or ir- 
regularity is not characteristic of particular matings to any marked 
extent. The correlation between successive intervals, classified as 
more or less than 77 days, came out virtually zero in the control 
stock (—0.01+0.03). This excludes both heredity and condition of 

health over long periods of time as important factors. Other results 
show the small importance of heredity in particular cases, the corre- 
lations between parent and offspring matings, in litters per year, being 

insignificant in both controls and inbreds. On the other hand, as we 
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shall see later, by comparing the averages of whole families significant | 
differences can be found which must be attributed to heredity. 

For the purposes of the present work, frequency of litter has been 
measured in-a somewhat rough way. Matings are entered in a table 
under the month in which the male reaches 4 months of age (an aver- 
age of 3.5 months) or under the month following that in which the 
mating was made if the male was already more than 3 months old. 
The mating is dropped from the table the month after the death or 
disposal of the female. The number of litters produced by a given 
group of matings, divided by their effective duration in years, as cal- 
culated by the above method, gives the average number of litters pro- 
duced by a mating in a year. In comparing experiments it must be 
borne in mind that difference in the age of maturity as well as in the 
regularity in producing litters may be responsible for observed | 
differences in frequency of litter as calculated by this method. 

The production of a given size of litter, as in the case of frequency, 
is only to a slight extent characteristic of matings. The correlation 
between successive litters produced by the same mating among the 
controls was —0.011+0.023 and that between litters which were not 
successive was +0.064+0.014. Similarly insignificant correlations 
were obtained from extensive tabulations among the inbred families. 
The correlation between parent and offspring in the average size of 
the litters produced is in all cases so small as to be of doubtful 
significance. Here, again, the only satisfactory evidence of heredity 
is found on comparing different inbred families raised under identical 
conditions. 

Variations in environmental conditions have a marked influence 
on size of litters. The average is usually higher in summer and fall 
than in winter and spring. In the controls (first 112 matings, 588 
litters) averages of 2.75, 2.84, 3.26, and 3.16 were found for successive 
periods of three months beginning with January to March. This 
decrease in the average size of litter under unfavorable conditions 
seems to be due to a reduction of large litters to medium-sized ones 
(perhaps by death and absorption of some of the embryos), rather 
than to increase in the percentage of small litters. The percentage 
of litters of 1 and 2 in these data was found to be nearly constant at 
all seasons of the year, but the percentage of litters of three increased 
greatly in winter and spring at the expense of litters of 4 or more, 
litters of 3 rising from 25.5 per cent in summer to 45.9 per cent in spring. 
In such of the inbred families as were characterized by a markedly 
smaller average size of litter the percentage of small litters was 
much greater than in the controls. Such inbred families under 
good conditions might produce litters of the same average size as 
the controls under poor conditions, but the distribution of litter 
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‘sizes has been strikingly different in these cases. The average size 
of litter among the controls born in the years 1911 to 1916 under 
the unfavorable conditions from January to June was 2.77. The 
average for the eight poorest inbred families during the months 
July to December in 1906 to 1910 was nearly the same, 2.74. The 
difference in distribution may be seen in Table 3. It appears that 
inferior heredity reduces the size of litter in a different way from 
inferior environmental conditions. 

TABLE 3.—Percentage of litters of each size in two stocks of guinea pigs—a vigorous 
stock under poor conditions and a weak stock under good conditions. 

Percentage in litters of 1 to 6. 
Average 

: Number : 
Kind of stock. é size of 

of litters. eters: 

ee eee eee 8 eS ee | Se ee 

Controls (conditions unfavorable).-........... 386 Qi LleAa Qi on 40g el eile 4. 
8 inbred families (conditions favorable)......- 372 2.74 | 16.9 | 31.7 | 24.51 16.4] 8. 

The age of the dam has an influence on the size of the hitter, but 
not an important one. First litters are smaller than later ones on 
the average (2.77 compared with 3.05 in the first 112 matings of the 

controls). This difference, however, exists mainly because first 
litters are especially apt to be born in winter and spring. Most mat- 
ings have been made in summer and fall, when conditions are favor- 
able, and the first litter, born when the dam is about 6 months old, 
has thus been smaller on the average than litters born at 12 months 
or 24 months, but not much smaller than litters born in the neigh- 
borhood of 18 months. Females from 1 to 24 years old, however, 

produce slightly larger litters than younger or older females, apart 
from the seasonal complication. 
Among the controls, litters which follow others without delay are 

slightly larger than those born after a long interval (3.16 compared 
with 2.91 in the tabulation referred to above). Presumably the 
same causes which were favorable to immediate fertilization were 
favorable also to a large size of litter. Curiously enough, a tabula- 
tion among the inbreds born in 1916 gave a contrary result. The 
average was 2.22 after a short interval and 2.46 after a long one. 
In this case only 36 per cent of the litters were born after an interval 
of less than 75 days as compared with 56 per cent in the controls in 
the former tabulation. Apparently in this case the advantage of 
the recuperation furnished by the delay outweighed {he unfavorable- 
ness of the conditions which was indicated by the mere fact of a 
delay. 

Taking the record of each mating as a whole, there is no significant 
correlation between the size and frequency of litters. 
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All the factors which have been considered—constitutional vigor, 
heredity, season, age of dam, and interval since preceding litter—if | 

combined, determine the size of litter only to a small extent, prob- 
ably less than one-tenth. The determination of the size of any par- 
ticular litter must be due largely to rather temporary conditions. 
The immediate direction of change in the condition of the dam at a 
critical period, for example, may be the important factor. From 
the standpoint of the condition of the female, during an appreciable 
period of time, it appears that variations in size of litter are largely 
a matter of chance. The most vigorous female may have a litter of 
1 under what seems the best of conditions, and a litter of 4 may be 
born when everything seems opposed. 

MORTALITY AMONG THE YOUNG. 

Guinea pigs may be born dead for a variety of reasons. A large 
percentage of those classified as born dead are born prematurely, 
and the average weight is much less than that of those born alive. 
There are, however, not infrequent cases of animals which are unu- | 

sually large at birth, but are found dead apparently because of dif- 
ficulties in parturition. Many of those classified as born dead un- | 
doubtedly were born alive but died before being recorded. In gen- 
eral the percentage born alive obviously depends largely on the 
health of the dam. Unfavorable environmental conditions act in 
the main indirectly on the young. The inherent vigor of the young, 
however, plays some part, as is shown by the improvement in the 
percentage born alive when inbred females are mated with unre- 
lated males, instead of with their brothers, a point which will be © 
discussed in a bulletin to follow. 

The percentage of the young which is raised among those born 
alive also depends much on the health of the dam, but to a less ex- 
tent than the percentage born alive. There have been cases in 
which the young reached 33 days largely through their own efforts, 
the mother having died a few days after their birth. Environmental | 
influences act on the young directly as well as indirectly in this case. 
The inherent vigor of the young counts for much. Thus we find 
that the percentage raised of those born alive shows a more marked 
improvement when inbred females are crossed with unrelated males 
instead of with brothers than is the case with the percentage born 
alive. 

Both of these percentages reflect closely the changes in environ- 
mental conditions. Inadequate or inferior green feed causes a large 
number of stillbirths and an increased mortality among the hying 
young. A change from alfalfa to timothy hay has been observed 
to have the same effects. The records are usually much better in 
both respects in summer than in winter. In years in which one of 

: 
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these percentages was high, as 1910 and 1914, the other was also 
high, the same years showing, moreover, high records in size and 
frequency of litter and rate of growth. 

It will be shown later that there are significant differences among 
the inbred families, differences which must be hereditary. It will be 
shown also that success in bearing living young is not correlated 
with success in rearing them. Genetically the constitutional vigor 
of the young themselves and the qualities of the dam which favor 
their successful rearing seem to be largely independent of the qualities 
which insure against stillbirth. 

The size of litter naturally makes a difference in the percentages 
born alive and reared. The effect, however, is different in different 

stocks. In the vigorous control stock there was not much difference 
even up to litters of 6. Litters of 3, however, were most successful 
in both respects, with litters of 2,°4, and 5 following closely. In the 
inbred families the most favorable size of litter has shifted to 2 or 
even 1, and litters of 3 or more are at a disadvantage. Apparently 
in a vigorous stock a litter of 1 is itself so much of an indication of 
lack of vigor that smaller percentages are born alive and reared. 
This effect is not a seasonal one, since litters of 1 and 2 were hardly 
more numerous in winter than in summer among the controls, while 
litters of 3 were much more numerous in winter. 

There is no appreciable difference between males and females in 
the percentages born alive and reared. Among the controls (112 
matings) 87.1 per cent of the males and 87.5 per cent of the females 
were born alive. Among those born alive, 84.9 per cent of the males 
and 85.4 per cent of the females were reared. Equally insignificant 
differences, reversing, however, the slight advantage of the females, 
were found among the inbred families. 
The age of the dam has little bearing on the percentage born alive 

or reared, except as it is correlated with seasonal changes. The 
cyclical tendency toward maxima at 12 and 24 months and minima 
at 6 and 18 months, noted in the case of size of litter, is also pro- 
nounced in the mortality percentages. 

There is naturally a strong tendency for the young in the same 
litter to share the same fate. 3 

RATE OF GROWTH. 

The birth weight of guinea pigs varies greatly. Animals which 
ultimately reach maturity may have weighed anywhere from 40 to 
150 grams at birth. The average is about 80 grams. About half 
fall between 64 and 91 grams. There is little difference between the 

sexes. An extensive tabulation among the controls gave a difference 
of only 2.7+0.8 grams in favor of the males. There was a difference 
of 11.1+2.6 grams in favor of the males at 33 days. The males con- 
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tinue rapid growth longer and are much heavier-at 1 year. A tabu- © 
lation among the inbred families (1910 to 1914) gave averages of | 
888 grams and 763 grams, respectively, for the weight at a year in | 
males and females. 
A little experience is enough to demonstrate that the size of litter 

is a very important factor in determining the variations in birth 
weight. Single guinea pigs are not only conspicuously larger as a 
rule but also have longer hair and are more active than those in 
large litters. The correlation between the size of litter and mean 
weight of litter mates came out —0.658+0.007 as the average of 
determinations in 11 inbred families and in the controls. The 
correlation between size of litter and individual birth weights is, of 
course, somewhat less (about —0.57). The correlation between 

mean birth weight of litters and interval since last litter was + 0.533 
+0.013 in the cases in which this interval was less than 75 days. 
The correlation between interval and litter size was —0.457+0.015, 

as previously stated. Analysis of these and other data shows that 
size of litter has considerably more effect on birth weight through 
its effect on rate of growth than by merely determining a longer or 
shorter period of growth, a conclusion contrary to that reached by 
Minot.t. The analysis further indicates that the rate of growth is 
affected by the general condition of the dam even more than by the 
size of the litter. The hereditary potentialities of the fetus itself 
are in addition important factors in a crossbred stock. 

Hereditary differences are, however, relatively unimportant in a 
random-bred stock. The correlation between the mean birth 
weights in successive litters was found to be —0.051+0.023 in. the 
control stock and that between litters which were not successive 
was +0.058+0.014. Nevertheless, it will be shown later that 

hereditary variation was sufficiently great in this stock to permit 
the isolation of marked differences among the inbred families de- 
rived from it. 

Even when all of the above factors are constant, as within a litter 
produced by an inbred stock, there may be considerable variation. 
There was an average standard deviation of about 10 grams within 
litters of any given size from 2 to 7 in the control stock, after making 
due corrections for the small numbers. The standard deviation of 
the mean birth weights of litters, again making the necessary correc- 
tions, was of about the same size, declining from 13.7 in litters of 
2 to 7.4 in litters of 7. Thus in this case variations within litters and 
among litters means are about equally important. Only an insignifi- 
cant part of the variation within litters is genetic in the controls as 

1 Minot, C. S., 1891. Senescence and rejuvenation. Jour. Physiol. v 2 p. 97-153. 
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Fiac. |1.—MALE OF FAMILY 2, BELONGING TO THE TWELFTH GENERATION 

OF INBREEDING. 

Fic. 2.—FEMALE OF FAMILY 2, FULL SISTER OF THE MALE SHOWN ABOVE. 

This family is characterized by frequent but rather small litters, heavy mortality at birth but 
great vitality and longevity thereafter. It is second in resistance to tuberculosis. 
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Fig. |.—MALE OF FAMILY 18, BELONGING TO THE EIGHTEENTH GENERATION 
OF INBREEDING. 

Fig. 2.—FEMALE OF FAMILY I3, FULL SISTER OF THE MALE SHOWN ABOVE. 

The heaviest animals and the largest litters come in this family. It is above the average in 
most other respects but is next to the poorest in resistance to tuberculosis. The large 
amount of white is characteristic. 
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Fig. 1.—MALE OF FAMILY 32, BELONGING TO THE SEVENTEENTH GENERATION 

OF INBREEDING. 

FiG. 2.—FEMALE OF FAMILY 32, FULL SISTER OF THE MALE SHOWN ABOVE. 

This family is below the average in most respects. It contrasts with Family 13 in its light 
average weight and small litters, but resembles that family in the large amount of white in 
the coat and in its only very slightly greater resistance to tuberculosis. 

yan 
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Fic. |1.—MALE OF FAMILY 35. BELONGING TO THE NINETEENTH GENERATION 

OF INBREEDING. 

Fic. 2.—FEMALE OF FAMILY 35, FULL SISTER OF MALE SHOWN ABOVE. 

NoTE THE LARGE AMOUNT OF NONGENETIC VARIATION IN AMOUNT OF 
WHITE. 

Inbreeding has gone further in this family than in any other, possibly because it is above the 
average in nearly all elements of vigor. It is much the most resistant to tuberculosis. 
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FIG. |.—MALE OF FAMILY 39, BELONGING TO THE THIRTEENTH GENERATION 

OF INBREEDING. 

FiG. 2.—FEMALE OF FAMILY 89, FULL SISTER OF THE MALE SHOWN ABOVE. 

THE SMALL AMOUNT OF WHITE AND THE SWAY BACK ARE CHARACTER- 
ISTICS FIXED IN THIS FAMILY. 

Other characteristics are the greatest success in bearing young alive, but lack of success 
re ee them, irregularity in producing litters, and the greatest susceptibility to 
tuberculosis. 
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FOUR GENERATIONS OF FAMILY 385. 

The young pair at the right is descended from 19 generations of matings of brother with sister. 
Their parents, grandparents, and great-grandparents were all found to be alive and are shown 
in the picture. There is little if any genetic variation left in this stock. The variation in pat- 
tern, which persists, seems to be due to nontransmissible irregularities in development. 
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shown above. Most of the variation within litters thus must be 
_ due to such a cause as position in the uterus. 

_ Seasonal conditions have a marked effect on birth weight through 
_ their influence on the condition of the dam. The age of the dam is 
_ not an important factor. 

The gain in weight between birth and,33 days is affected by the 
same factors which affect the prenatal rate of growth, namely, size 

_ of litter, condition of dam, and heredity. 
The correlation between gain and size of litter in the same data as 

those used above was —0.381+0.011. That between gain and inter- 

val was +0.283 +0.018. There is naturally considerable correla- 
tion between birth weight and gain, the figure being +0.533 +0.009. 
Heredity plays a larger part than in the case of birth weight, and the 
condition of the dam a smaller one. This was shown, as in the case 
of the percentages born dead and reared, by the relatively greater 
improvement in gain than in birth weight among the offspring of 
inbred dams when mated with unrelated males instead of with 
brothers. 

Hereditary variation, however, is not of much importance within 
the control stock. The correlation between the mean gain of suc- 
cessive litters was +0.221 +0.026, and that of litters which were not 

successive was +0.062 +0.016. Common environmental factors 

may play a part in the former case as well as heredity. 
Comparison of the gains made in different seasons and years demon- 

strate the importance of differences in environmental conditions in 
the present experiments. 

The effect of size of litter on the early growth is soon lost. There 
is no correlation between size of litter and weight at a year among 
the inbreds (r= +0.010 +0.018, in males; r= —0.029 +0.019 in 
females). The common influence of heredity, however, is seen in the 

correlations of +0.395 +0.031, +0.375 +0.024, +0.374 +0.035, 
and +0.494 +0.051, between weight at birth and weight at a year in 
litters of 2 to 5 respectively among males. The correlations were 
smaller among females (+0.339 +0.032, +0.160 +0.029, +0.187 

+0.041, +0.134 +0.070), owing, doubtless, to the greater unrelia- 

bility of their weights at a year. It was shown in an earlier paper ” 
that the correlation of +0.375 +0.024 for males in litters of 3 was in 
part due to a correlation of +0.630 +0.083 between average birth 

weight and average year weight among 24 inbred families (including 
Family 4) and in part to an average correlation of +0.308 +0.026 
between birth weight and year weight within a family. The value 

3 Wright, S. 1917. The average correlation within subgroups of a population. Proc. Wash. Acad. Sci. 

eT, p. 532-535. 
106851°—22—Bull. 1090-——3 
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for the correlation of family means is doubtless wholly due to the 
common factor, heredity of size. The correlation within families is 
probably due in part to genetic differentiation within the families and 
in part to environmental causes. 

SEX RATIO. 

Sex follows closely the laws of random sampling in guinea pigs. 
The sexes have been produced in nearly equal numbers in all experi- 
ments. Thus, in the tabulation of the controls born in 1906 to 1920 

there were 2,051 males and 2,007 females. Among the inbreds born 
in the same years were 12,831 males and 12,529 females. Exten- 
sive tabulations have given no indications of any connection between 
sex ratio and size of litter or season or year of birth. In every other 
character considered, by far the highest records were obtained in the 
year 1910. The percentage of males in this year was 50. Again, if 
there were any important extraneous causes determining sex, litters 
exclusively of males and exclusively of females should be more 
numerous than expected by the laws of random sampling. The 
actual numbers, however, have been very close to those expected; 

(580 males and females were born in litters of 2 to 5 containing only 
one sex, during 1916 and 1917, where 590 was the expected number.) 
The only contrary indication was in an apparent differentiation of the 
inbred families with respect to sex ratio, which was somewhat greater 
than would be expected by random sampling. 

INDEXES FOR GROWTH AND MORTALITY. 

The purpose in going into the causes which affect the various 
characteristics of guinea pigs has been to bring out the precautions 
necessary in studying the effects of inbreeding and crossbreeding 
upon them. 

Size of litter, for example, has such important effects on the rate 
of growth and the mortality among the young that it would be unfair 
to compare such characters as the average weight at 33 days and the 
percentage raised, in stocks with different average sizes of litter. It 
is, however, desirable to obtain a single figure to express the record of 
each experiment with respect to each character. Accordingly, 
indexes have been calculated for the weights and mortality percent- 
ages for’ each stock, based on a fixed number of litters of each size. 
The averages of litters of 1, 2, 3 and 4 have been assigned weights of 
1, 3, 4, and 2, respectively, the resulting sum being divided by 10. 
An index in a given stock is thus the average which would be obtained 
if 100 guinea pigs were picked at random from litters of 1, 300 from 
litters of 2, 400 from litters of 3, and 200 from litters of 4. The 

different weights assigned to the different sizes of litter measure 
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roughly the relative reliability of the averages. The number of 
litters of each size produced by the inbred families between 1906 and 

| 1915 was as follows: 

Size of Size of 
litter. Number litter. Number. 

1 1, 187 5 387 
2 2, 230 6 100 
3 2,253 7 19 
4 1111 8 2 

Data for later years are discussed in more detail in Bulletin 1121. 
There was a considerable smaller average size of litter than in the 
preceding years, which made a different index desirable. In this 
bulletin the same index is used for 1916 to 1920 as in the earlier years. 

In the above data we see that litters of 1, 2, 3, and 4 occurred ap- 
proximately in the ratio of 1 :2 : 2:1, while large litters were much 
lessnumerous. The young in these litters were in the ratiol :4:6:4. 
Use of the latter ratio would give too much importance to the larger 
litters, because of the obvious tendency for litter mates to resemble 
each other in birth weight, rate of gain, andfate. On the other hand, 
averages based on a given number of litters of 4 are more reliable than 
ones based on the same number of litters of 1. In the case of birth 
weight it has been noted that variations within litters and variations 
among the means of litters of a given size are about equally important. 
It has accordingly seemed best to adopt a compromise between the 
ratio based on litters and the ratio based on individuals. The ratio 
1:3 :4:2 has thus been arrived at. Where two stocks differ con- 
sistently in all sizes of litters it makes little difference what ratio is 
used in calculating indexes. Where they do not differ consistently, 
no index is of much value. 

ENVIRONMENTAL CONDITIONS. 

Tabulations of the various characters among the inbred families 
were originally made according to generation. The results, however, 
were irregular. Family 2, for example, reached its highest point in 
size of litter in the fifth generation of inbreeding. The high point in 
Family 23 was a generation earlier. The variations in other characters 
tended to agree with those for size of litter in a given family. A 
study of the curves suggested that much of the variation was probably 
due to variations in conditions from year to year. In order to inter- 
pret theresults with safety it isnecessary to bring out as fully as possible 
all causes of change other than inbreeding. Thus tabulations were 
made with the year instead of the generation as a unit. As all 
inbreeding began in 1906 and the original matings produced no young 
after the spring of 1907, each year can safely be assumed to represent 
a higher average degree of inbreeding than the preceding year. 
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Table 2 gives the number of matings in each generation of each 
family near the end of 1915. The average number of brother-sister 
matings in the ancestry of the young from these matings was 11.4. 

Sex has aslight influence on birth weight and slightly more influence 
on gain to weaning. ‘These effects, however, are so small in compari- 
son with those of other causes.of variation, and the ratio of the sexes 
is so close to equality in all experiments, that it has not seemed 
necessary to make tabulations of these characteristics with the sexes 
separate. On the other hand, in studying the growth after weaning, 
separate averages must be made for the males and females. Similarly 
the influence of sex on the juvenile mortality can be neglected, al- 
though very important in dealing with the death rate of adults. 

The age and previous record of the dam have been found to have 
slight effects on some of the characteristics studied, but so slight that 
they can safely be neglected in comparing different experiments 
with each other. 
Summing up, size of litter and environmental conditions, together 

with sex, in the case of adult characteristics, are the only factors for 
which constant allowance must be made. Tabulations have thus 
been made separately for each size of litter and for each year. A 
method by which the averages for different sizes of litters are com- 
bined in a single index has been described. 3 

CHANGES IN THE INBRED AND CONTROL STOCKS. 

The averages for each character in each size of litter in the inbred 
and control experiments are given by years in Tables 6 to 22. The 
indexes for each year, calculated as described above, are also given. 
The results are presented graphically for the indexes in Figures 1 to11. 

Turning first to the indexes, we see that there are considerable 
fluctuations from year to year. These fluctuations are evidently 
significant, being based on quite large numbers. There is, moreover, 
not only a remarkable degree of parallelism between the fluctuations 
among the inbreds (A) and the controls (B) in most respects, but also 
a high degree of parallelism between the fluctuations of different 
characters. In the year 1910 all characters were at a maximum. 
There was a sharp drop in 1911, improvement in 1912, decline in 
1913, and a marked improvement in 1914. There was a pronounced 
decline in 1915, continued to 1918, and followed by a rise in 1919. 
The only departure from parallelism that requires comment is the 
much greater decline in the mortality curves in 1916 and 1917 among 
the inbreds than in the control stock. The marked decline in 1916 
was undoubtedly due to the severity of the winter of 1915-16 and a 
shortage of green feed in winter and early sprmg. The decline in the 
inbreds, however, is probably somewhat exaggerated, since the pens 
which they occupied were decreasing in number during 1916 and 1917 
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Fic. 1.—The percentage born alive among theinbreds (A ) and controls (B) in successive years 1906 to 1920. 

Correction made for effect of size of litter by assigning weights of 1, 3, 4, and 2 to the averages for litters 

uf1, 2,3, and 4, respectively. 
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Fic. 2.—The percentage raised of those born alive. Inbreds (A) and controls (B), 1906 to 1920. Corrected 

for effect of size oflitter asin Figure 1. 
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as room was made for other experiments. This meant that an 
unusually large percentage of the inbred young were born in both 
years in the winter and spring months, when conditions were un-— 
favorable. Unfavorable conditions have a more immediate effect on 
the mortality among the young than on other characters. This 
explanation, however, is not wholly adequate to account for the dis- 
proportionate decline in the inbreds as compared with the controls in 
one set of characters only. It therefore seems probable that the in- 
breds had reached a critical stage, in which a given change for the 
worse in environmental conditions actually produced a disproportion- 
ately great effect on the mortality. 

: PsA 1908 /H10 112 19/4 1H16 1H8 19E0 

60 

40 
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20 

O 
Fic. 3.—The percentage raised of all young born. Inbreds (A) and controls (B), 1906 to 1920. Corrected 

for effect of size of litter asin Figure 1. 

Disregarding the fluctuations from year to year, a downward trend 
is apparent in all characters. The trend can be measured by fitting 
the best straight line to the graphs. This has been done by Pearson’s 
method of moments for the characters given below, for the years 
from 1907 to 1915. It is, of course, recognized that a straight line 
would not be appropriate for changes in percentages over a very wide 
range. A uniform decrease in the ability to rear young would be 
represented by a curve starting from 100 per cent as an asymptote 
and falling away ever more rapidly for some distance. Fitting with 
a straight line, however, brings out the fact of a decline. 
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TaBLE 4.—Innear equations representing the trend in the inbred stock relative to each 
characteristic. 

(In these equations y is the measure of the character in question and zis the number of years from 1906.) 

SEA EN TTA TS R21 Dacha PaO, EPRI NR ce) Se y= 2.885—0. 0432 
iaittera per y Cat ererete ss = 2s twee aE ie ies Maes st y= 4.210— .110z 
ECTS? | ETE Ae ER Ee ee 9 ee ete y= 12.092— .450z 
Bereemiace born alivers: yet she “sat oe el eee seed y= 88.27 — .29x 
Percentage raised of those born alive..........-....--22------- y= 92.10 —1. 04x 
erecnoaee raced oualiepom | 2 |. oo SASL e Se eee a SS ee at y= 81.30 —1. 16z 
Birth weight of young raised (grams). ....-.-----2-24.--------: y= 86.17 — .19¢ 
Gain O toca Gaye (erLais) 22 202 aS Te Sor ae eet y=163. 70 —1. 96z 
WierrhintitsatdaMs(ShAINS) <<. O22 oso e Sete hes eeme eo o ee Se y=249. 87 —2. lix 

Both elements in fertility, gain, and percentage raised of those born 
alive have shown considerable decline, while the birth weight and 
percentage born alive have shown very little decline, according to these 
figures. 
A downward trend can of course be interpreted in two ways. It 

may be due in some way to the inbreeding, or it may be due in some 
way to progressively deteriorating environmental conditions. In 
regard to the latter hypothesis, arguments could be advanced on 
both sides. There are, however, certain considerations which show 

that some at least of the decline was genetic in character. 
Consider first the inequalities in the decline in different characters. 

The record for 1914, after eight years of inbreeding, surpassed any 
preceding year except 1910 in gain, weight at 33 days, and birth 
weight. The records surpassed five earlier years in percentage born 
alive, and four earlier years in percentage of the latter which were 
raised and in total percentage raised. These points indicate that in 
1914 environmental conditions were at least as good as in any earlier 
year, with the probable exception of 1910. Nevertheless the average 

size and frequency of litters in 1914 is markedly inferior to all years 
before 1911. Two inbred families had become extinct by 1914, but 
these two families (1 and 15) were the two lowest in fertility and 
their elimination should have resulted in genetic improvement of the 
average. Thus, whatever may have been the case with other char- 
acters, the conclusion seems unavoidable that fertility had suffered 
a real genetic decline after eight years of inbreeding. 
A comparison between the inbreds and controls shows that in every 

respect the controls, born in a given year under identical conditions, 

were more vigorous than the inbreds. The difference is most marked 
in the case of size of litter, a result which agrees with the greater 
decline in size of litter than in other characters. It will be noted that 
the controls were taken from the same line-bred stock from which the 
inbred families were mainly derived. The most vigorous guinea 
pigs were selected in both cases. The inbred families (31 to 39) 
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1906 £906... THO IW12 19/4 1916 19/8 1920 

Fic. 4.—The average birth weight. Inbreds (A) and controls (B), 1906 to 1920. Corrected for effect ofsize 

oflitter asin Figure 1. 

sl /908 19/0 1912 19/4 19/6 1918 /920 
/ 

Fic. 5.—The average birth weight of young raised to 33 days. Inbreds (A) and controls (B), 1906 to 1920. 

Corrected for effect of size of litter asin Figure 1. 
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Fic. 6.—The average gain between birth and 33 days. Inbreds (A) and controls (B), 1906 to 1920. Cor- 

rected for effect of size of litter asin Figure 1. 
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Fic. 7.—The average weight at 33 days. Inbreds (A) and controls (B), 1906 to 1920. Corrected for effect 

of size oflitter asin Figure 1. 
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which were derived in part from another source were at least as vig- 
orous as the others, as is shown in Part II. It would thus be a 
remarkable coincidence if the animals selected to found the control 
stock happened to have so much more hereditary vigor in every » 
spect than those selected to found the inbred families, especially 
it will be shown later that vigor in one character is not correlat: 
with vigor in others. It thus seems improbable to the writer that t 
differences can be explained on the grounds of an initial genetic in 
riority in the foundation stock of the inbred families. 

Another possible explanation of the difference between inbreds and 
controls is in the greater average age at which the latter were mated. 
During 1916 and 1917 the differences in vigor were even more marked 
than previously. During these years the average age of inbred dams 
was 14.1 months and that of control dams 15.5 months. This differ- 
ence is altogether too small, considering the slight effects of age + 
the various characters, to give the controls any appreciable advantza: ° 

The average age of the inbreds at their first htter was 5.9 montle © 
About two-thirds of the controls were immature when mated. Their — 
average age was 5.2 months at the first litter. Most of the remaining 
control matings were between more or less immature guinea pigs. 
These considerations, therefore, merely indicate another character | 

in which the controls were more vigorous than inbreds, namely, age 
of maturity. 

The most probable interpretation of the differences between the 
inbreds and controls, is, therefore, that the inbreds started at about the 
same level of vigor in all respects as the controls, but declined in the 
course of time as a direct or indirect result of inbreeding. Here, 
however, the objection arises that the controls have also declined since 
1911, and at almost the same rate as the inbreds. If this decline 
among the inbreds is genetic, so, it would seem, must be the decline 
among the controls, while if the latter is due to environmental con- 
ditions, so must be the former. The decline among the controls, how- 

ever, was probably not genetic. It may be urged to the contrary 
that the rigid system of mating by pedigree prevented selection of 
animals for vigor as effectually as in the inbreeding experiments. 
This is true, but the characteristics with which we are concerned 
depend on heredity to such a slight extent that any selection of indi- 
viduals should be wholly without appreciable effect, one way or the 
other, in the short time in which the experiment has been in progress. 
So far as we know at present, there seems to be no valid reason for 
assuming any genetic change in the control stock. This being the case, 
the decline since 1911 in both control and inbreds must be environ- 
mental. The excellent record made by both stocks in 1919 and 
1920 confirms this view. We thus reach the seemingly paradoxical 
conclusions that the inbreds were falling off genetically from the 
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Fig. 9.—The average number of litters produced per year by mature matings. Inbreds (A) and controls 
(B), 1906 to 1920, 
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level of the normally bred stock in the years preceding 1911 in which 
their records show an actual rise, while they were holding their own 
genetically in the subsequent years in which their records show a 
marked decline. The situation brings out most strikingly the diffi- 
culty in drawing conclusions from results obtained in different years. 

The figures which show the changes in the percentage of young 
raised in the different sizes of litter separately (Tables 8 and 17) 

[78 1908 I1H0 J/H2 19/4 1916 19/8 1920 

NUMBER OF YOUNG 

Fic. 10.—The average number of young produced per year by mature matings. Inbreds (A) and controls 

(B), 1906 to 1920. 

bring out an interesting point, which was touched on earlier in this 
bulletin (page 15). It will be seen that there was not much difference 

in the percentages raised in litters of 1 to 5 in the early years. In 
litters of 1 and 2 there has not been much subsequent decline and the 
controls do not have much advantage over the inbreds. In litters 
of 3 the controls begin to show a distinct superiority, which increases 
in litters of 4 and 5, the decline among the inbreds becoming rapid. 
Thus it is in the ability to raise large litters that the inbreds show 
their deterioration most strikingly. 
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SEX RATIO. 

Since the experiment began, there have been no changes in sex 
ratio which can be relied upon. The number of males per 100 females 

‘|, in different years is given in Table 22. The results are presented 
graphically in Figure 11. The most interesting point brought out by 
the figures is the small size of the fluctuations and the absence of any 
parallelism with those of the other characters. Evidently the favor- 
able conditions of 1910 and 1914 and the unfavorable conditions of 
1911, 1916, and 1917 are, like inbreeding itself, without effect on 
the sex ratio. 

y Re 1206 — [HO IQI2 19/4. /H6 VEL (EY AZAD 

/2O 

80 
Fig. 11.—Sex ratio. Number of males per 100 females. Inbreds (A) and controls (B), 1906 to 1920. 

TESTS FOR DISEASE RESISTANCE. 

Tests were made in 1911 on the resistance of inbred and normal 
guinea pigs to tuberculosis. The methods used and their results 
are described, as follows, in a report by Dr. E. H. Riley: 

The relative susceptibility to disease of inbred and normally bred guinea pigs was 
tested by inoculating inbred animals as principals and normally bred animals as 
checks with an equal quantity of material containing tubercle bacilli. This work 
was done in cooperation with Dr. E. C. Schroeder, Superintendent of the Bureau oi 
Animal Industry Experiment Station, Bethesda, Md. The inoculations were 
made under his direction, and facilities were supplied by him for the housing and 
care of the animals during the progress of the disease. The results of the autopsies, 
which were made at the Experiment Station, for eight different tests are recorded in 
Table 5. 

The principals used in the first two tests were inbred, brother and sister, for six 
generations, and were selected from the inbreeding experiment. The checks were 
not inbred, but were selected from the general stock of guinea pigs bred and reared 
at the experiment station. Aside from having been born and reared in different 
buildings, they were raised under practically the same conditions of feeding, care, 
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and management. At the time they were selected for these two tests there was no 
apparent difference in principals and checks. All were practically the same age 
and weight when they were inoculated. From two to four weeks before inoculation — 
the animals which were to be inoculated were selected in groups of four, two principals 
and two checks, all of approximately the same weight, and placed in the cages which ~ 
they were to occupy after inoculation. This was done so that they could become 
accustomed to being together and to the conditions of care, feed, and management 
which they were to receive after inoculation. 

The guinea pigs which were used in the remaining six tests here reported were 
the progeny of selected stock, both the seventh generation inbred and the normally 
bred individuals. They were kept under exactly the same conditions from the time 
they were born until they died, so that results obtained from them may be attributed 
directly to the different methods by which they were bred. When the progeny 
of this selected stock were large enough—which was when they weighed between 
400 and 500 grams—they were selected according to size and age and placed in pens, 
as indicated in the case of the first two tests, preparatory to inoculation. Afterinocula- 

tion with tubercle bacilli they were kept in the same cages until they died from 
tuberculosis, or for some other cause which was determined so far as possible by 
autopsy. 

Table 5 shows the relative susceptibility to tuberculosis of normally bred and 
seventh-generation inbred guinea pigs. It will be seen that there were other causes 
of death than tuberculosis, the most frequent being pneumonia and inflammation 

of the bowels. A greater percentage of normally bred than inbred guinea pigs died 
of generalized tuberculosis. Thisis accounted for by the fact that a larger percentage 
of the inbred stock died of other diseases after inoculation, principally pneumonia 
and inflammation of the bowels. It is probable that their vitality had become di- 
minished to such an extent through inbreeding that they easily succumbed to these 
diseases. In both tests there were instances where the lesions of tuberculosis were 
found on autopsy, but death was due to some other cause. The comparative resist- 
ance to tuberculosis will be apparent on noting the number of days of life after inocula- 
tion with tubercle bacilli. In each of the eight tests the number of days of life after 
inoculation was greater in the case of guinea pigs that were notinbred. Theshortness 
of the time which the animals in some of the tests lived after inoculation was due to 
the extreme virulence of the organism used. Considering the average number of 
days of life after inoculation for each test, it will be noted that the inbred guinea pigs 
died 12.49 days sooner than the normally bred pigs. 

TABLE 5.—Relative susceptibility of inbred and normally bred guinea pigs to disease 
as determined by inoculation with tubercle bacilli. 

Normally bred. Inbred. 
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The results of more recent tests of the resistance to tuberculosis 
of guinea pigs of the control stock and five of the inbred families have 
been discussed in a paper by the writer in collaboration with Dr. 
Paul A. Lewis.* In these tests the controls did not live so long on 
the average as the five inbred families used (2, 13, 32, 35, and 39). 
These inbred families, however, were markedly differentiated among 
themselves in resistance and probably do not represent the average 
of the entire inbred stock as well as did the inbreds of the earlier 
test, made at. a time when most of the families were still on hand. 

SUMMARY. 

‘There has been an average decline in vigor in all characteristics 
during the course of 13 years of inbreeding of guinea pigs, brother 
with sister. The decline is most marked in the frequency and size 
of litter, in which it is so great that it would have to be accounted for 
even though the decline in other respects were assumed to be due 
wholly to a deterioration in the environmental conditions. The 
decline is greater in the gains after birth than in the birth weight, and 
ereater in the percentage raised of the young born alive than in the 
percentage born alive. The ability to raise large litters has fallen off 
much more than ability to raise small litters. 

_A comparison of the inbred guinea pigs with a control stock, raised 
under identical conditions without inbreeding, and derived in the 
main from the same line-bred stock as the inbred families, indicates 
that the inbreds have suffered a genetic decline in vigor in all char- 
acteristics. The decline in fertility is again shown to be most marked. 
Experimental inoculation with tuberculosis has shown that the in- 
breds were inferior on the average to the controls in disease resist- 
ance. A study of sex ratio yields results in marked contrast to those 
obtained in connection with the other characters. There are no 
sionificant fluctuations from year to year, no contrast between inbreds 
and controls, and no indications of change due to inbreeding. 

In addition to the points brought out in this bulletin which in- 
dicates genetic decline during inbreeding, extensive experiments 
have been made in which different inbred families have been crossed 

together. These are described in another paper (Bulletin No. 1121), 
in which it is shown that crossbred guinea pigs born of unrelated 
inbred parents are distinctly superior to their inbred relatives in 
nearly all elements of vigor. A slightly larger percentage are born 
alive, in small litters at least, and a distinctly larger percentage of 
those born alive are raised. The young are slightly heavier at birth 
in a given size of litter and gain much more between birth and wean- 

3 Wright, S. and Lewis, P. A. 1921. Factorsin the resistance of guinea pigs to tuberculosis with especial 

regard to inbreeding and heredity. Amer. Nat. v. 55, p. 20-50. 
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ing. They mature earlier, produce larger litters, and produce them 
more regularly than inbreds. Of the young which they produce a 
much larger percentage are born alive, especially in large litters, and 
even more of these are raised than in the first generation. Their 
young show a further increase in birth weight and in later gains. 

Combining the results described in this and in Bulletin No. 1121, 
there seems no escape from the conclusion that a loss of vigor, especi- 
ally in fertility, took place as a more or less direct consequence of 
close inbreeding. The question whether this is an inevitable result 
of inbreeding, or merely a likely one, as well as other phases of the 
subject, will be discussed after the presentation of further data. 

APPENDIX. 

TaBLE 6.—Data on the fertility of the inbred stock by years, 1906 to 1920. 

Si f litter. ize oO e€ Mat- Num- | Num- | Aver- | Litters} Young 
Year F ber of | ber of | agesize| per per 

1 2 3 4 5 6 7 8 iNgS- | litters. young. |oflitter.| year. | year. 

1906 1 AU SIOs | POGUE ic. a1 Sete eee ee 6.1 24 72| 3.00) 3.93} 11.80 
1907 31 77 79 39 13 ie esae Bosse 59. 9 245 679 2.77 4,09} 11.33 
1908 92) 173) 177 94 46 | 14 2. le sapere 155. 6 598 | 1,673 2. 80 3. 84 10.75 
1909 |} 138] 308} 275 | 153 54] 15 2 1} 244.3 946 | 2,573 2. 12 3. 87 10. 53 
1910| 145} 302] 410] 254) 1381} 26 7 1| 293.4] 1,276 | 3, 363 3. 03 4,35 13.17 
1911 | 184] 303] 293} 120 32 6 earners 284. 7 940 | 2,359 2. 51 3. 30 8. 29 
1912) | 13541) 270) F276. 119 39} 11 2D Nisyaye cre 231.7 853 | 2, 256 2. 64 3. 68 9.73 
1913 | 168} 274] 234); 108 27 5 Boe crs 256. 4 820 | 2,043 2, 49 3. 20 7.97 
1914 | 132} 2384} 208] 105 Pay | Melb HE fe Ree BES 217. 2 715 | 1,885 2. 57 3. 29 8. 45 
1915 | 161} 284] 288) 113 20 Os| Pe orlieee 260. 8 872 | 2,181 2. 50 3. 34 8.36 
1916 | 164] 300] 228 70 18 We a coliaeegs 254. 4 781 | 1, 824 2.34 3. 07 7.17 
1917 | 103} 196) 127 32 1 i byl eames Bees 153.5 460 |} 1,015 2. 21 3. 00 6. 61 
1918 64 | 126 89 27 ee See een) ee 96. 8 309 2. 28 3.19 7. 29 
1919 83} 144] 1386 55 11 PF esate bac ages a 3 118.9 431 | 1,066 2. 47 3. 63 - 8.97 
1920 87 | 208 | 188 67 16 Dis) caer es eee 152. 9 568 | 1,427 2. 51 3. 71 9. 33 

TABLE 7.—The percentage born alive. Inbred stock by years, 1906 to 1930. 

[The average in litters of each size and an index, litters of 1, 2,3, and 4 weighted 1, 3, 4, and 2, respectively.] 

Size of litter. Size of litter. 
‘ Tn- In- Year dex. |} Year. dex 

1 2 3 4 5 6 1 2 3 4 5 6 

1906 |100.0 |100.0 |100.0 |100.0 |......J]...... 100.0 1914 | 81.1 | 91.2 | 89.6 | 82.4 | 67.2 | 77.3} 987.8 
1907 | 87.1 | 90.3 | 91.6 | 90.4 | 89.1 | 61.1 90.5 1915 |-86.3 | 90.0 | 85.2 | 79.2 | 64.0 | 22.2} 85.6 
1908 | 85.9 | 86.1 | 86.8 | 84.3 | 81.7 | 69.0] 86.0 1916 | 79.9 | 80.3 | 73.8 | 51.1 | 37.8 100.0 | 71.8 
1909 | 89.1 | 89.0 | 86.7 | 80.6 | 79.3 | 73.3] 86.4 1917 | 83.5 | 81.4 | 72.4 | 60.2} 40.0] 0.0] 73.8 
1910 | 85.5 | 90.9 | 91.6 | 85.2 | 79.7 | 71.2} 89.5 1918 | 82.8 | 85.3 | 76.0] 71.3 | 46.7 |.....- daun 
1911 | 77.2 | 84.7 | 86.2 | 74.6 | 53.8 | 638.9 82.5 1919 | 67.5 | 88.9 | 89.0 | 70.4 | 50.9 |......| 83.1 
1912 | 83.7 | 91.3 | 86.0 | 86.6} 65.1] 51.5) 87.5 1920 | 82.8 | 89.9 | 82.8 | 72.4 | 77.5 82.9 
1913} 80.4 185.9} 90.8 | 78.55) 78.5 | 63.3 85.8 
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TaBLEe 8.—The percentage raised to 33 days of the young born alive. Inbred stock by 
years, 1906 to 1920. 

[The average in litters of each size and the index as in Table 7.] 

Size of litter. Size of litter. 

Tn- r In- 
Year Ae Year dex 

1 2 3 4 5 6 1 2 3 4 5 6 

1906 |100.0 |100.0 | 97.4 | 75.0 |......]...... 94.0 1914 | 85.0 | 91.3 | 89.3 | 79.2 | 81.0 | 68.6] 87.5 
1907 | 96.3 | 94.2 | 92.6 | 90.8] 87.9 | 90.9] 93.1 1915 | 84.2 | 87.5 | 85.2 | 80.2 | 56.2] 62.5 84.8 
1908 | 89.9] 89.6] 90.4 | 89.6 | 88.3 | 86.2] 90.0 1916 | 67.2 | 72.0} 60.6 | 58.0] 38.2] 0.0] 64.2 
1909 | 84.6 | 84.8] 86.7 | 87.8] 89.2] 65.2] 86.1 1QE7 =|) SO820 14. 6) |) 6324 1) STALE [100.0 |, 67.2 
1910 | 91.1 | 93.1 | 92.6} 89.5 | 82.2] 77.5] 92.0 1988 |) 86.8) |) 75.8) |) 68.5 | 61.10 | 57.0). 71.0 
1911 | 88.1] 86.4] 88.0] 77.1} 80.2] 56.5] 84.9 1919 | 89.3 | 89.4 | 84.8 | 69.0] 50.0 |......] 83.5 
1912 | 85.8] 86.5 | 86.6 | 82.3 | 66.1] 73.5] 85.6 1920 | 80.6 | 88.0 | 84.6 | 74.7 | 64.5 |100.0 | 83.2 
1913 | 80.0} 81.3 | 75.4 | 77.3 | 75.5 | 57.9 | 78.0 

TaBLE 9.—The percentage raised to 33 days of all young born. Inbred stock by years, 
Z 1906 to 1920. 

[The average in litters of each size and the index, as in Table 7.] 

Size of litter. Size of litter. 

In- 7A In- 

Year. dex Y ear dex 

1 2 3 4 5 6 1 2 3 4 | 5 6 | 

VOCE SCT Lote a ee coe |) Solr eb ao: lt Orel MLR. | 

1906 |100.0 {100.0 | 97.4 | 75.0 |......}....-. 94.0 1914 | 68.9 | 83.3 | 80.0 | 65.2 | 54.4 | 53.0 76.9 
1907 | 83.9 | 85.1] 84.8] 82.0] 78.5] 55.6] 842 1915 | 72.7 | 78.7 | 72.6 | 63.5 | 36.0] 13.9] 72.6 
1908 | 77.2 | 77.2 | 78.5 | 75.5 | 72.2) 59.5] 77.4 1916 | 53.7 | 57.8 | 44.7 | 29.6] 14.4] 0.0] 46.5 
1909 | 75.4] 75.5 | 75.2] 70.8 | 70.7] 47.8 | 744 1917 | 67.0 | 60.7 | 45.9 | 34.4 | 40.0] 0.0 50. 2 
1910 | 77.9 | 84.6 | 84.8] 76.3 | 65.5 | 55.1 82. 3 ATS ES G4 ee lb2. Lb 43558) 2b07e ls 6 56.1 
WOU GAT is. 2 lito. 9) tat. 5. | 40. 2 36. L | Ol 1919 | 60.2 | 79.5 | 75.5 | 48.6 | 25.4 |..-... 69.8 
GID T= S| 95074.) lade | 40. £1 S7.9 74.9 1920 | 66.7 | 79.1 | 70.0 | 54.1 | 50.0 | 41.7 69. 2 

64.3 | 69.9 | 68.4 | 60.6 | 59.2 | 36.7] 66.9 

TaBLE 10.— The average birth weight in grams. Inbred stock by years, 1906 to 1920. 

[The average in litters of each size and the index, as in Table 7.] 

Size of litter. Size of litter. 
In- In- 

Year dee Year | | dax 

1 2 3 4 5 6 1 2 3 4 | 5 6 | 

419063/104. 5. |CIOA7ISE DF 67. 4ef 2 eh 89.6 1914 |106.5 | 93.0 | 80.2 | 69.3 | 62.3 | 57.8 | 84.5 
1907 |100.3 | 89.5 | 77.1 | 67.6 | 61.8 | 54.1] 81.2 1915 | 97.4 | 87.4 | 72.9 | 63.8 | 53.5 | 52.8] 77.9 
1908 |107.4 | 90.1 | 78.8 | 72.0] 64.4 | 58.0] 83.7 1916 | 89.9 | 75.8 | 63.9 | 52.7 | 46.9 }...... 67.8 
1909 |102.4 | 87.6] 76.2 | 68.6] 65.8] 55.2] 80.7 1917 | 90.8 | 72.6 | 60.9 | 49.6 | 54.5 }...... 65.1 
1910 {110.9 | 95.5] 81.6 | 72.3 | 63.8] 60.1] 86.8 AGUSS BOS oso nOssoullDos4al Dos |a- neo 67.9 
1911 |102. 7 | 89.8 | 76.7 | 67.3 | 60.4 | 54.8 81.4 1919 {101.8 } 87.1 | 73.1 | 61.0 | 50.5 | 39.5 77.8 
1912 |102.2 | 92.7 | 78.6 | 69.4 | 61.6 | 56.4] 83.4 1920 |102.4 | 86.0 | 70.4 | 62.5 | 54.5] 48.7] 76.7 
1913 {103.8 | 89.2 | 78.3 | 67.1 | 62.4 | 50.6 | 81.9 

—eSESEeeeee SSeS 
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TABLE 11.—The average birth weight in grams of young raised to 33 days. Inbred stock 
by years, 1906 to 1920. 

[The average in litters of each size and the index, as in Table 7.] 

Size of litter. Size of litter. 

Year ae Year. |. a 

1 2 3 4 5 6 1 2 3 4 5 

TSOG 10425 IO Se SII OLGue 2 Seale oe 90. 2 1914 |109.9 | 94.2 | 82.0 | 71.9 | 67.4 | 61.6 86. 4 
1907 |101.8 | 91.8 | 78.8 } 69.0 | 64.3 | 58.5 83. 0 1915 |105.3 | 89.3 | 76.0 | 67.1 | 61.2] 60.5] 81.1 
1908 |112.2 | 92.9 | 82.2 | 75.1 | 67.2 | 62.9] 87.0 1916 | 99.4 | 81.5 | 68.2 | 59.6 | 58.3] 47.81 73.6 
1909 |107.5 | 91.3 | 80.6 | 72.6 | 68.0 | 58.9 84.9 1917 | 98.3 | 77.7 | 67.0 | 56.1 | 59.5 [LL e -71.2 
1910 |113.0 | 97.4 | 88.1 | 74.2 | 67.5 | 68.7) 88.6 1918 | 99.5 | 81.4 | 70.3 | 61.9 | 79.5 |...... 74.9 
1911 }107. 4 | 93.2 | 79.7 | 71.9 | 66.8 | 58.3 85. 0 1919 {108.3 | 87.9 | 74.7 | 66.1 | 60.9 |...... 80.3 
1912 }108.1 | 94.2 | 81.0 | 71.7 | 67.0 | 64.1 85. 8 1920 {105.4 | 87.4 | 73.5 | 66.4 | 60.7 | 56.5 | 79.4 
1913 |109.6 | 92.4 | 81.2 | 70.8 | 65.9 | 60.9 85.3 

TaBLE 12.—The average gain in grams between birth and 33 days. Inbred stock by years, 
1906 to 1920. 

[The average in each size of litter and the index, as in Table 7.] 

Size of litter. Size of litter. 

1 2 3 4 5 6 

_—$— | | | | | J | 

1914 |191.0 |174.5 155.6 |136.4 |124.5 /111.3 | 161.0 
1915 |163. 5 |152.9 |126.5 /102.3 {111.1 |137.0 | 133.3 
1916 |143.2 |114.7 | 89.9 | 77.6 | 76.7 |.....- 100. 2 
1917 {141.1 |123. 8 |110.8 | 94.3 |140.0].._... 114.4 
1918 {139.5 |134.3 [124.4 |121. 2 |130.0 |...... 128. 2 
1919 |164. 8 |143.6 |126.0 |115.4 |112.9 |...... 133. .0 
1920 |163.4 155.9 |133.6 |124.5 129.3 |129.0 | 141.5 

TABLE 13.—The average weight in grams at 33 days. 

Size of litter. 

1910. .|312. 2 |284. 3 |248. 5 |224. 1 |202. 4 |193. 2 
1911. .|275. 9 |250. 3 |212. 7 |200. 2 |188. 4 |171.0 
1912. .|283. 9 |260.9 |226.5 |195. 8 192.1 171.1 
1913. ./291.7 |248.7 |229.3 |208.0 |202.5 |225. 9 

Inbred stock by years, 1906 to 
1920. 

[The average in each size of litter and the index, as in Table 7.]} 

Size of litter. 

Yeo eS 

1914. .|300.9 |268.7 [287.6 |208.3 |191.9 172.9 | 247.4 
1915. .|268. 8 [242.2 |202.5 |169.4 |172.3 |197.5 | 214.4 
1916. .|242.6 {196.2 |158. 1 )137. 2 }184.1 |...... 173.8 
1917. .|239.4 |201.5 |177.8 |150. 4 |199. 5 |...... 185. 6 
1918. .|239. 0 |215. 7 |194. 7 |183. 1 1209.5 |...... 203. 1 
1919. .|273. 1 |231.5 |200. 7 }181.5 |173.8 |...... 213.3 
1920. .|268. 8 |243.3 207.1 190.9 |190.0 185.5 | 220.9 

TABLE 14.—Data on the fertility of the control stock (B) by years, 1911 to 1920. 

Size of litter. 

Year. 

1 2 3 4 5 6 7 

1911 6} 20] 41 16 9 2 0 
1912 TG Soi | oo elo 7 6 2 
1913 Up aye) Gta) ale 9 5 1 
1914 Ne |p Sb PG | Ee ag? 8 1 
1915 190) 23 | A Ono 13 2 0 
1916 203), *56u Oar: 7 2 0 
1917 PAN EIEN ET | Be 2 0 1 
1918 28 | 40] 43 17 il 1 0 
1919 (iba) Zab 2k PKR |p ae 4 0 
1920 PALI Sty OT Sek |) UI 4 1 cooococooocr 

Average Litters | Young Num- | Num- 
Mat: ber of | ber of car per per 

8 litters. | young. litter year. | year. 

0 23.0 95 298 3.14 4.13 | 12.96 
1 26.9 109 336 3.08 4.05} 12.49 
0 40. 7 151 438 2. 90 3.71 10. 76 
0 53.0 192 597 Seal SeO2 5) ldo 
0 42.5 136 402 2. 96 3. 21 9.46 
0 48. 0 170 455 2. 68 3. 54 9.48 
0 41.8 159 414 2.60 3. 81 9.90 
0 35.6 130 316 2.43 3.65 8.88 
0 34. 3 129 374 2.90 3.76] 10.90 
0 34.7 158 465 2. 94 4.55 | 13.44 
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TABLE 15.—The percentage born alive. Control stock by years, 1911 to 1920. 

[The average in each size of litter and the index, as in Table 7.] 

Size of litter. Size of litter. 
In- In- Year dex. || Year- dex. 

1 2 3 4 5 6 1 2 3 4 5 6 

1911. .|100.0 | 87.5 | 81.3 | 87.5 | 86.7 | 91.7] 86.3 || 1916..} 90.0 |} 92.0 | 88.5 | 73.8 | 80.0] 16.71 86.8 
1912_.| 81.8 | 90.3 | 92.4 | 96.9 | 91.4 | 77.8 | 91.6 || 1917..| 72.7 | 91.2 | 84.2 | 84.4] 90.0 ]__.... 85, 2 
1913 87.5 | 87.8 | 92.9 | 86.8 | 88.9 | 63.3 89.6 || 1918. .| 85.7 | 87.5 | 79.8] 79.4 | 40.0 }...... 82.6 
1914 82.3 | 86.3 | 93.3 | 86.9 | 85.6 | 81.2 88. 8 || 1919. .| 90.9 | 92.7 | 87.7 | 87.5 | 83.6] 83.3 89.5 
1915 73.7 | 87.1 | 92.5 | 92.8 | 84.6 | 50.0 89.1 || 1920..| 78.3 | 88.6 | 84.7 | 81.6 | 85.4] 70.8 $4. 6 

TABLE 16.—The percentage raised to 33 days of the young born alive. Control stock by 
years, 1911 to 1920. 

[The average in each size of litter and the index, as in Table 7.] 

Size of litter. Size of litter. 
In- eee Cee ee ee = 

Year dex. Year. dex 

1 2 3 4 5 6 1 2 3 4 5 6 

1911_.| 66.7 | 91.4 | 92.0 | 75.0 | 87.2 | 72.7] 85.9 || 1916..| 83.3 | 86.4 | 82.4 | 77.4 | 42.9 |100.0 | 82.7 
1912. .| 88.9 | 92.8} 89.7 | 83.9 |100.0 | 82.2 89.4 || 1917...) 87.5 | 86.0 | 78.5] 75.3 | 77.8 }...... 81.0 
HOTS PSOne || Glau Souci) O¢sOill W520) |) 6854 |" W8.c0 || LOTS. | S7eaar S84 Sl S455 Bba2 Wk oo sacl 5. See 84.9 
1914_.] 85.7 | 94.3 | $0.9 | 84.2 | 93.5 | 79.5 | 90:0 || 1919..| 70.0 | 88.2 | 86.8} 83.9 | 82.6] 45.0] 85.0 
1915. .| 64.3 | 87.0 ] 89.2 | 88.7 | 78.2 | 66.7 | 86.0 || 1920..| 88.9 | 93.5 | 91.3 | 80.2 | 66.0 | 52.9 | 89.5 

ee ee eee eee | ule er arrestee (ee Lee Mena bane 

TABLE 17.—The percentage raised to 33 days of all young born. Control stock by years, 
1911 to 1920. 

[The average in each size of litter and the index, as in Table 7.] 

Size of litter. Size of litter. 
In- Tn- 

Year dex. Year dex. 
1 2 3 4 5 6 1 2 3 4 5 6 

1911. .| 6 80.0 | 74.8 | 65.6 | 75.6 | 66.7 | 73.7 || 1916..] 75.0 | 79.5 | 72.9 | 57.1 | 34.3 | 16.7] 71.8 
1912_.| 72.7 | 83.9 | 82.9 | 81.2 | 91.4 | 63.9 | 81.9 || 1917..] 68.6 | 78.4 | 66.1 | 63.5 | 70.0]...... 69.0 
1913. .|' 75.0.) 71.6 | 79.3 |.50.0:| 66.7 | 43.3 | 70.5.|) 1918. .| 75.0 | 73.7 | 67.4-| 67.6 | 0.0}....-- 70.1 
1914. .| 70.6 | 81.4 | 84.8 | 73.2 | 80.0 | 64.6 |° 79.9 || 1919.-|] 63.6 | 81.7] 76.1 | 73.4 | 69.1 | 37.5] 76.0 
1915. .| 47 75.8 | 82.5 | 82.2 | 66.2 | 33.3 | 76.6 || 1920..| 69.6 | 82.9 | 77.3 | 65.4 | 56.4 | 37.5 | 75.8 

| = 

TABLE 18.—The average birth weight in grams. Control stock by years, 1911 to 1920. 

[The average in each size of litter and the index, as in Table 7.] 

Size of litter. j Size of litter. 
In- Tn- 

Year ce Year des 

1 2 3 4 5) 6 1 2 3 4 5 6 

1911. .| 92.8 | 89.8 | 77.1 | 64.8 | 64.3 | 57.8] 80.0 || 1916..] 89.2 | 85.0 | 70.1 | 56.8 | 48.6 | 50.3 | 73.8 
1912. .|115.4 | 94.8 | 85.9 | 72.9 | 67.0 | 60.0 | 88.9 || 1917..| 99.5 | 83.4 | 69.5 | 57.8 | 62.5 |...... 74.3 
1913__|110.2 | 90.6 | 81.1 | 70.2 | 60.5 | 53.5] 84.7 || 1918. .|109.5 | 85.6 | 68.2 | 65.8 | 48.3 | 47.8] 77.1 
1914. _|105.1 |101.1 | 83.6 | 73.6 | 69.3 | 58.9] 89.0 || 1919. .|105.4 | 95.3 | 80.5 69.5 | 62.2 | 58.7 | 85.2 

- 1915..| 98.2 | 94.2 | 83.4 | 68.7 | 61.3 | 47.0 | 85.2 || 1920..|118.0 | 90.4 | 80.8 | 69.2 | 59.2 | 45.8] 85.1 

Leeann ne ee 
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TABLE 19.—The average birth weight in grams of young raised to 33 days. Control 
stock by years, 1911 to 1920. 

[The average in each size of litter and the index, asin Table 7.] 

Size of litter. Size of litter. 
Tn- : lire 

Year dex. || Year dex 
1 2 3 4 5 6 1 2 3 4 5 

1911..| 99.5 | 93.6 { 80.2 | 69.3 | 65.1 | 62.0] 84.0 || 1916..|108.5 | 88.7 | 73.1 | 64.5 | 53.71 59.5 | 79.6 
1912. .|110.7 | 96.2 | 88.5 | 73.7 | 67.9 | 63.6} 90.1 || 1917..]105.2 | 86.8 | 73.0} 68.5 5D be ae 78.5 
1913. .|111.2 | 96.6 | 83.0 | 70.1 | 64.2 | 63.0} 87.3 || 1918..|117.4 | 91.3 | 73.8 | 71.9 |......)...... 83.0 
1914. .]117.8 |108.7 | 85.5 | 77.8 | 72.7 | 63.2 | 92.7 || 1919. .|113.1 | 97.9 | 80.9 | 72.2 | 65.6 | 60.1 |~ 87.5 
1915. ./100.1 | 95.1 | 84.5 | 69.8 | 64.5 | 59.5 | 86.3 |] 1920../118.9 | 95.9 | 838.4 | 72.1 | 63.2 | 51.2] 88.4 

TaBLE 20.—The average gain between birth and 33 days, in grams. Control stock by 
years, 1911 to 1920. 

[The average in each size of litter and the index, asin Table 7.] 

Size of litter. Size of litter. 

1911. .|195.0 |141.5 |136.7 |127.8 | 92.6 |120.0 | 142.2 || 1916. .|173.0 |137.2 |102.0 | 96.6 |102.5 |130.0 | 118.6 
1912. .]168.8 178.3 |164.4 |120.4 {139.7 112.9 | 160.2 || 1917_-.|170.0 |152.7 |129.8 | 98.1 | 90.7 |__...- 134.3 
1913. .}190.0 {175.5 |135.9 |128.8 |109.3 |103.4 | 151.8 |) 1918. .|193.0 |168.7 |135.0 |139.8 |......]...... 151.9 
1914. .]198.4 |201.5 |167.9 |148.2 |114.0 130.8 | 176.0 || 1919. .)185.0 |180.6 |147.8 {133.5 |112.8 |113.8 | 158.5 
1915. ./160.5 |171.0 |131.1 |114.4 | 94.8 | 95.0 | 142.7 || 1920. ./218.1 |182.2 aes 147.1 |123.7 |120.5 | 170.4 

TABLE 21.—The average weight at 33 days, in grams. Control stock by years, 1911 to 1920. 

[The average in each size of litter and the index, asin Table 7.] 

Size of litter. Size of litter. 

ey ns ey Cn ne 

1911. ./294. 5 |235.1 |216.9 |197.1 |157.7 |182.0 | 226.2 || 1916. .|281.5 |225.9 |175.1 |161.1 |156.2 |189.5 | 198.2 
1912. .|279. 5 |274. 5 |252.9 {194.1 |207.6 |176.5 | 250.3 || 1917-.|275. 2 |239.5 |202. 8 161.6 |155.2 |...... 212.8 
1913. .|301. 2 |272. 1 |218.9 {198.9 |173.5 }166. 4 | 239.1 || 1918. -./310. 4 |260. 0 |208. 8 |211.7 |......]..222. 234.9 
1914. .|316. 2 |805. 2 |253. 4 |221.0 |186. 7 |194.0 | 268.7 || 1919. ./298. 1 278. 5 |228.7 |205.7 |178. 4 |173.9 | 246.0 
1915. .|260.6 |266.1 }215.6 |184.2 |159.3 |154.5 | 229.0 || 1920. .|337.0 |278.1 |244.7 |219.2 |186.9 |171.7 | 258.9 

TABLE 22.—The number of males and females and the sex ratio (males per 100 females). 

fInbred and control stocks by years, 1906 to 1920.] 

Inbred stock. Control stock. Inbred stock. Control stock. 

8 g 3 g 
3 3 3 3 

5 B 5 5 
Year. me “ Year. - = 

S S Ss S 
re =— bao! re 

. mH p eH . _— . Mm 

na g| & Qo) Bt ie ee 
= SI o = © o SI oS = cs 

rene) Elpal | reso | eed) Beel |. vee seghill ha NO]Y aaVS | | OA] EI ee 
a |e | es] se) ae | Se as |e | a | se | we] es 

1OOGE= foe h ee 37 oy OD sei Berets | ete ls eee 1015. .....--/1, 129 }1,051 |107. 4 191 211 90.5 
LOOT tee Syl SRR OSA) sae eee lie ee a 1G1G eee. 894 | 879 |101.7 | 223] 223 | 100.0 
1908 8 BOOM NOE Salsa eee ose 1917-sossces 498 | 480 |103.8] 209} 199 | 105.0 
Ai? 0! eae Seen, SA I 38359 L783, OS) 2) ee once oeeodsoaboc LOTS Se eee ee 341 329 |103.6 151 153 98. 7 
ASTOR ws aes TOUS MRO Z2 MRD. Salat el sericea lonenere 1G1LG ese al epoDo 504 |110.3 178 187 95. 2 
TOU: bo eee 1,188 }1,158 |102.6 | 155 | 143 | 108.5 }/ 1920. .| 704] 711} 99.0] 255] 209 | 122.0 
LON ee ce 1,135 |1,119 |101. 4 176 160 | 110.0 ae SY a ee eee 

LOIS See 1,051 991 |106. 0 239 199 | 120.1 Total... .|12, 831 12, 529)102. 4 |2,051 |2,007 | 102.2 
1914........| 895 | 939] 95.3 | 274) 323) 848 
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ii. DIFFERENTIATION AMONG INBRED FAMILIES. 

The first part of this bulletin gives a description of an inbreeding 
| experiment with guinea pigs begun in 1906 by the Bureau of Animal 

Industry. An account is given of the origin of 23 families, descended 
from 23 females and 9 males by matings exclusively of brother with 
sister. Itis shown that the inbred stock as a whole suffered a decline 
in vigor in all characteristics studied, but most markedly in fertility. 
This decline was not, however, a rapid one, the relatively high vigor 
after more than a dozen generations of the closest inbreeding being, 
perhaps, as noteworthy a result as the fact of a slow average decline. 
In this part of the bulletin the different families will be considered 
separately, in order to determine how far differentiation has taken 
place among them and how far inbreeding has affected them alike. 

DIFFERENTIATION IN COLOR. 

A differentiation among the families in color has been obvious. 
The original stock contained both intense and dilute agoutis, blacks 
with red, yellow or cream spotting, reds, and albinos. All grades of 
the piebald and tortoise-shell patterns werefound. [ach of the fami- 
lies produced a variety of colors in the early generations. As time 
went on, however, different colors automatically became fixed in 
different lines, and as the families became more homogeneous through 
the elimination of early branches ftom the main line of descent most 
of them came to be characterized by a particular color. The mode 
of inheritance of the main color varieties is thoroughly understood, 
and as their automatic fixation through inbreeding is a well-known 
consequence of their mode of inheritance, it will not be necessary to 
go into the rather complex details. 

Of greater interest is the fixation of those color variations and 
patterns whose heredity has not yet been analyzed as Mendelian and 
which appear to follow a blending mode of inheritance. Among 
these characters are’ the minor variations in intensity of color, and 

the minor variations in the extent and localization of the piebald and 
tortoise-shell patterns. Among the minor differences in intensity 
come interesting contrasts between Families 38 and 32 and between 
Families 18 and 35. All four of these families have red or yellow 
spotting. The red in Family 32 is always a remarkably intense 
mahogany color, like that of no other guinea pigs which the writer 
has seen. [amily 38 has pale red or yellow, impossible to confound 
with the red of Family 32, but rather similar to the pale red or yellow 
of Family 18. The young of Family 18 are usually classified as hght 
red when born, appearing slightly more intense than the young in 
Family 38, but changing to a typical yellow when older. Family 35 
shows a typical yellow at all ages. When these 4 families are crossed 
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with albinos (c#c?), it at once becomes apparent that Families 32 

and 38 alike have the intensity factor (C), the crossbred young (Cc?) 
showing a red spotting which is less intense than that of Family 32 
but more intense than in Family 38. Families 18 and 35, on the — 
other hand, are proved unmistakably to possess an intermediate 
factor in the albino series (ck) the young in both cases having the 
cream-colored spots typical of heterozygous dilutes (c¥c?). 

In quantity of white spotting, the families have also become 
markedly differentiated from each other. At one extreme are Fam- 
ilies 38 and 39 with only about 20 per cent white on the average, and 
at the other are Families 13 and 31, with about 90 per cent of white. 
The remaining families are scattered between these limits. Simi- 
larly, grades of yellow spotting have also become fixed. This sub- 
ject will be treated in detail in another paper. Here it is enough to 
note that the 23 families, most of them descended from the same 
line-bred stock and the rest of them half descended from it, have auto- 
matically become so differentiated from each other in kind of color, 
in intensity of color, and in pattern that a new litter could usually 
be recognized at a glance as belonging to its particular family. 

ABNORMALITIES. 

Another kind of variation in which differentiation among the fam- 
ilies is clearly shown is polydactylism. Guinea pigs normally have 
only three toes on the hind feet. It is not uncommon, however, to 
find a vestigial fourth toe hanging loosely beside the others. Castle 
has shown that this condition is hereditary although not following 
any simple Mendelian scheme. He produced by selection a stock in 
which the fourth toe was regularly as well developed as the other 
toes. This abnormal fourth toe, it may be noted in passing, is inter- 
esting from an evolutionary standpoint as a true vestigial organ, 
representing a toe which is present in most rodents but which cavies 
have nearly lost. It is of a different kind from the extra toes occa- 
sionally found in cats and man, which are due to a symmetrical redu- 
plication. The extra toe of guinea pigs is not placed symmetrically 
with respect to any of the other toes. 

Extra toes were occasionally to be found in the stock from which 
the inbreeding experiments were started. Four cases were recorded 
in the control stock (B) between 1911 and 1915. Among the inbred 
families, 1906 to 1915, the distribution of extra toes has been irregular. 
There were 181 cases recorded in Family 35, 152 in Family 31, 59 
in Family 38, 26 in Family 36, 25 in Family 11, and 19 in Family 24, 
while 12 were scattered among Families 2, 7, 14, 17, and 39. None 
were recorded in Families 1, 3, 13, 15, 18, 19, 20, 21, 23, 32, and 34. 

4Castle, W. E. 1906. The origin of a polydactylous race of guinea pigs. Carnegie Inst. Wash. Pub, 

No. 49. 
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The genetic differentiation among the families is obvious. It is 
_ further interesting to note that there was segregation in this respect 
among the lines of descent within the families. 

The history of Family 31 is especially interesting. The original 
_ pair were both normal as to toes and produced only normal young. 
_ Two matings were made in the next generation, neither of which 

_ produced any four-toed young. Sixty-six matings were made among 
the descendants of one of them. Among the numerous young only 
2 are recorded as four-toed. One of these came in the fourth gene- 
ration, the other in the twelfth. The two matings which produced 
the four-toed young also produced 11 normal young. [Evidently the 
vestigial toe was almost below the threshold of appearance in this 
line. A mating of 2 normals derived from the other mating in the 
first generation produced 11 normals but also 4 four-toed young. 
Two matings made in the next generation left numerous descendants. 
The two lines derived from these two matings and thus diverging in 
the third generation were remarkably different from each other in 
respect to heredity of polydactylism. One line starting from a 
mating of normal with normal contained 18 matings, of which only 
5 produced four-toed young. These 5 matings produced 23 normal 
young and 6 four-toed young. The other line, starting from a mating 
of 2 four-teed animals, contained 27 matings, of which 25 produced 
139 four-toed to 70 normal young. A large percentage of the four- 
toed young in this line had four well-developed toes on both hind feet. 

There are similar evidences of segregation within Family 35. In 
this case three out of four lines starting from matings in the second 
generation produced numerous four-toed young. The other line, 
containing 43 matings, produced none. The segregation among the 
family lines is so sharp that it is probable that a careful investigation 
of polydactylism would yield Mendelian results, though much non- 
genetic variation must be present. The differentiation among the 
families and-among the lines of descent within families is obviously 
very similar to that found in the case of the color characters. 

Of more interest from the standpoint of inbreeding are abnormali- 
ties which are not merely reappearances of formerly normal characters. 
It has often been held that inbreeding has a specific tendency to 
cause physical malformations to appear. The array of bottles of 
preserved specimens of abnormalities which have appeared in the 
present experiments is indeed rather imposing. The total number 
of young born, however, has been so great that the sum of all of the 
abnormalities (excluding polydactylism) forms really an insignificant 
proportion. 

Most of the types of abnormalities have appeared also in the con- 
trol stock, showing that inbreeding can not be the prime cause of their 
appearance. Moreover, a study of their distribution among the fami- 
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lies shows a situation similar to that found with color, pattern, and 
polydactylism. 

Three of the families (1, 9, and 20) produced no abnormalities of — 
any kind. It will be shown later that Family 1 was one of the two — 
poorest families in regard to vigor. It was the second family to 
become extinct, doubtless because of its deterioration in both fertility 
and ability to raise such young as were born. The other poorest 
family, No. 15, produced only two abnormalities. One was no more 
serious than a tuft of long hair or ““mustache”’ on the right side of the 
muzzle. The other was an animal in which the legs were rudimentary. 

Turning to the family which was unquestionably the most vigorous 
between 1906 and 1915, namely, Family 13, we find a considerable 
number of abnormalities. Aside from 7 animals with ‘‘mustaches,”’ 
1 with an abnormally small left eye, 1 with the neck twisted to the 
right, 1 with a hole in the skull through which the brain protruded, 
and one with the front legs bent back against the body, there were 
11 of the well-known cyclopean type of monster. Another cyclops 
was a crossbred, three-fourths of whose ancestry came from Family 
13. All of the other inbred families combined produced only 23 of 
these monsters. Five came from Family 19, 9 from Family 32, 3 
from Family 35, and the rest from Families 7, 11, 17, and 18. Here 

again we find evidences of family differentiation, the family most 
productive in cyclopean monsters happening to be the most vigorous 
in other respects. 

The distribution of the cyclopeans within Family 13 is interesting. 
All were descended from a single mating in the second generation. 
All but two (uncle and niece) were descended from a single mating 
in the seventh generation. Two were sisters. 

As the 11 cyclopeans in Family 13 had 162 normal brothers and 
sisters, the variation can not be a simple Mendelian recessive. 

Nevertheless it seems clear that a tendency to produce it is heredi- 
tary, segregating out in particular lines of particular families, and 
that this tendency has nothing to do with the vigor of the stock. 

One cyclopean monster of an extreme type was produced by the 

control stock. 
In another type of monster the body was undersized (which was 

not the case in the cyclopean monsters) and the legs were rudimentary, 

In extreme cases a leg would be represented externally merely by a 
single claw to be found only by feeling in the fur. One such case, 
as already noted, was produced by Family 15. There were 5 in 
Family 24 and possibly 1 in Family 39. Two of those in Family 24 

were born in different litters from a single mating in the eighth genera- 
tion. This mating also produced 16 normal young. Three matings 
were made among the normal young. Two produced only normals 
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(6 and 24, respectively). The other produced the 3 other abnormals 
as well as 10 normals. These abnormals again all came in different 
litters. Each of the five litters containing an abnormal also contained 
normals. Only one mating was made in the next generation from this 

line, and only 3 normal young were produced. The abnormality is 
evidently hereditary and the data consistent with the view that it is 
due to a recessive Mendelian factor. The matings of normal to 
normal produced 26 normals to 5 abnormals. It is quite probable that 
the abnormality arose as a mutation sometime during the course 
of the experiment, as it is hardly likely that it would have failed to 
appear in others of the many lines in this family if the factor had been 
present in the original pair. Even in this case, however, it is clear 
that we are dealing with a definite hereditary factor or factors, not 
with a specific effect of inbreeding. 

The same conclusion applies to another abnormality, the absence 
of one or both eyeballs. There were 4 of these animals in the control 
experiment and 11 among the inbreds. Eight were produced by 
Family 38, 2 by Family 7, and 1 by Family 32. Five individuals, 
one in each of the Families 3, 11, 13, 31, and 36, were recorded as 
having one eye smaller than the other. 

The remaining abnormalities were well scattered among the fam- 
ilies. There were nine with various malformations of the jaws or 
muzzle. One described as having a “bulldog face with no upper 
incisors’? appeared among the controls. There were 23 with de- 
formed legs of various kinds besides those with miniature legs, noted 
above. Three of this kind appeared among the controls. Ten 
were described as having a hole in the skull, through which the brain 
protruded. Three had abnormally large heads. There were 2 in 
which toes were fused, a variation which also appeared among the 
controls. Twenty-nine individuals had “mustaches,” besides 2 
among the controls. The inheritance of many of these variations is, 
is, of course, very doubtful. 

The general conclusion which is suggested by a survey of these 
abnormalities is the same as that advanced in connection with color, 
pattern, and vestigial toes. Inbreeding per se has nothing to do 
with their origin. We find a cyclops, several eyeless pigs, and several 
head and leg abnormalities among the controls. Whether an abnor- 
mality appears in an inbred family depends mainly on its initial 
heredity in that particular respect. One family, as it happens the 
most vigorous, has the greatest tendency toward producing cyclopean 
monsters. Another family produces most of the eyeless animals. 
Another produces monsters with miniature legs. The two weakest 
families, in most respects, produce few or no abnormalities. Thus 
inbreeding can not be considered to be a cause of the origin of abnor- 
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malities. At the most it merely brings out more frequently variations — 
which depend on recessive factors, which factors are either already — 
in the stock or which arise from time to time as mutations. 

DIFFERENTIATION IN VIGOR. | 

These results raise the question as to whether the inbred families — 
have become differentiated in a similar manner in the less tangible 
traits connected with vigor, such as fertility, rate of growth, and 
ability to raise the young successfully. 

The characters of this kind which have been used in the present 
work were defined in the first part of this bulletin. Their relations to 
each other and their variation under the influence of external con- 
ditions were discussed there at some length. Under the heading of 
fertility are considered the average size of litter, the number of litters 
produced per year by mature parents, and the product of these 
factors, the number of young produced per year. The rate of growth 
is studied in the birth weight, in the gain between birth and weaning 
at 33 days of age, and in the sum of these weights, the weight at 33 
days. The percentage of the young born alive, the percentage of 
these raised to weaning, and the product, the percentage of all of the 
young raised to weaning, measure the vitality of the young and the 
capacity of the females for raising them. 

Averages for each of these characters have been calculated in each 
inbred family for two periods, 1906 to 1910, and 1911 to 1915. In 
the former period most of the families were composed of several lines 
of descent, connected with each other only in the first generation of 
inbreeding. Many of the lines had been eliminated before the 
second period, in which, therefore, the families might be expected to 
be more homogeneous. The figures on mortality among the young 
and also the weights were calculated separately for each size of litter. 
Indexes were obtained, as previously, by weighting the averages for © 
litters of 1, 2, 3, and 4, in the ratio 1:3:4:2. The results are given in | 

Tables 7 to 15. 
Examination of the tables reveals considerable differences be- 

tween the families. Table 1 shows the extremes in the period from 
1911 to 1915. 

TABLE 1.—Families with extreme records in the period from 1911 to 1915. 

Character. Best family. Poorest family. 

Sive othitter. osha ee Na Sant. te oe Ek IN ee a wee ee No. 1 (1.74). 
NASI BRC IAY C2 eet aa = ee aa ne alee No. 23 (3.80)..-..----- No. 38 (2.46). 
VOHBS NCE Vea ne ae oa en a es ae No. 35 (10.34)....-..-.- No. 1 (4.68). 
Percentare'bormalivers >.<. 2252. ¢2..0 A+ 2s AAA LI No. 39 (91.5 percent)..| No. 3 (76.5 percent). 
Percentage raised of those bern alive.-.-...............-. No. 2 (89.3 per cent)...| No. 3 (76.1 percent). 
Percentage FRISCO EE Pocee Seen aee eee. te one eee No. 30 (78.5 per cent).. No. 3 (57.7 percent). 
Birth weight of youne raised s45. sooo 5k ae eee de No’ 13 (91.5 grams).... Ne. 2 (75.6 grams). 
Gainfrom birth ta d3idays-:./32 222232222. 2. SRA No. 11 (169.1 grams)...| No. 2 (122.2 grams). 
WieIEHG at dai ayser sen nme cen occa taistn viele nie Joemmcisic emcee No. 11 (260.2 grams)...| No. 2 (197.8 grams). 



EFFECTS OF INBREEDING AND CROSSBREEDING. 43 

A certain amount of difference between families from 1911 to 1915 
would be expected to occur simply by chance, owing to the limited 
number of observations. It is important to determine whether the 

_actual differences are greater than those expected by chance. The 
actual differences can best be measured by considering the families 

_as units and finding the standard deviation in the group of family 
-Imeans, with respect to each character. The reliability of each 
family mean can be estimated by calculating its standard deviation 
(om). The average of these standard deviations gives the standard 

_ deviation in the group of family means which might be expected by 
_ chance, and may be compared with the figures actually found. 

The expected standard deviation in each family in the cases of the 
_ percentage born alive, the percentage raised of those born alive, 
and the total percentage raised, can be calculated by the formula 

Te 1004 Ya where 100 p is the percentage in question and n 

is the number of cases. In the case of the size of litter, the formula 

for the standard deviation of the mean is Te Se Pate da ilacetan diate 

deviation within a family (about 1.14) and n is the number of litters. 

In the cases of the weights the same formula apples, but the use of in- 
dexes somewhat complicates the matter. The indexes for the standard 
deviations of the weight at birth of the young raised to 33 days, the 
gain, and the weight at 33 days are approximately 11.0, 34.0, and 
39.4 grams. These figures were derived from the total inbred fami- 
lies in 1916 and 1917. The figures within a single family would be 
slightly smaller, but these results are sufficiently accurate for the 
present purpose. For the reasons given in the discussion of the in- 
dexes in Part I of this bulletin this should be a compromise between 
the number of litters of 1 to 4 and the number of individuals in these 
litters. A standard deviation of means based on litters is about 
60 per cent larger than one based on individuals. A reduction of 
23 per cent from the figure based on a number of litters is in accordance 
with the assumptions involved in the indexes and is used here. In 
the cases of the number of litters and number of young produced 
per year the writer has not attempted to calculate the standard 
deviation to be expected by chance, and the reality of the differen- 
tiation among the families must be established by other means. 

Having found the standard deviation of the mean in each family, 
the unweighted average in the 22 families has been used to measure 
the standard deviation to be expected by chance in the population 
of family means. Table 2 gives the comparison of these expected 
figures with the standard deviations actually found. It will be seen 
that in every case the actual variation is much the greater. The 
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difference is greatest among the weights, but is great enough in the | | 
other cases to make it reasonably certain that there are significant | 
differences among the families, differences which might be expected 
to persist, even though so many young were raised in each family 
that the standard deviation of each a mean became practically 
zero. 

TABLE 2.—The differentiation among the inbred families. 

[The mean and standard deviation of the 22 family means relative to each of the characteristics studied 
is given for the two periods 1906 to 1910 and 1911 to1915 (columns 2,3,5,and6). Thestandard deviation 
of family means expected from random sampling (columns 4 and 7) may be compared with the actual 
standard deviations (columns 3 and 6). The yearly rate of decline in each element of vigor is estimated, 
taking either the family (column 8) or the individual (column 9) as the unit.] 

| 

1906-1910. 1911-1915. Yearly decline. 

| | . f f | Character. Mean |store peel) Sap 
Ce) 

family family 
Due to 

means. | Actual.! puanic 

_——_—$—— a a Eee 

Sizewllitters445: ~ See e Ns ys. 2.820 | 0.2385] 0.116 | 2.492] 0.268] 0.094] 0.085 0. 043 
AGGEES Dela VeCalmear epee se te eee 4.090 232U0 Sse S- 3. 303 Mateos | ieee . 203 .110 
YOUN Peryeal =o. Sees cece aoe 11.536 | 1-302 [2 os. 2 8.220) 1226) eo ee - 853 . 450 

Per Per Per Per Per Per Per Per 
cent. cent. | cent cent. cent. cent. cent cent. 

Percentage born alive................ 88.55 3.92 2.50 . | 85.00 3.99 2.03 0. 92 0. 29 
Percentage raised of those born alive. .| 89.36 3. 80 2.42 | 82.95 4,24 1.96 1.65 1.04 
Percentage raised: : feb (08 685-2 Les. 79.14 4.96 3.20 | 70.64 5.38 2.59 2.19 1.16 

Grams.| Grams.| Grams.| Grams.| Grams.| Grams.| Grams.| Grams 
Birth weight ofall young............ 83.95 Sits b Meee eee 81. 82 HIG E. £32 0. 55 0.19 
Birth weight of young raised -........ 86. 86 3.00 0.87 | 85.00 4.57 0.70 . 48 1.19 
Gainibossidaysis-- ee oon tee 1165.18 9. 26 2.67 {146.55 | 11.75 2.16 4.80 1.96 
Weight at 33 tie BEL E Baan Meare 252.04 | 12.17 | 3.10 [231.55 | 15.02 2.51 5. 28 2.15 B 

It will be noticed that, with one exception, the actual variation 

among family means is greater in the second period than in the first, 
in spite of the fact that the larger numbers born in the second period 
have reduced the variation due to random sampling. In the case of © 
the one apparent exception, the number of young produced per year, | 
the standard deviation is slightly smaller in the second period, but 
the coefficient of variation is much greater, owing to the smaller mean. 
It can thus be said with safety that there has been a pronounced 
increase in the differentiation among the families in every respect 
between the first and second periods. This increase in differentiation | 
is a natural consequence of the increasing homogeneity in each family. | 

The unweighted average of the family means was calculated for 
each character in each period, and a consideration of the results 
brings out some interesting points. In every case the second period 
shows a marked decline compared with the first. This is in harmony 
with the results described in Part I. It is to be noted, however, 
that in the present figures the family is the unit, so that changes in 

| relative importance among the families have no effect on the results. 
In order to make a comparison with the results obtained when all 
families were combined we must calculate the average difference 
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in time between the two periods. The average date of birth for the 
first period comes out 1909.04 or 1909.07, depending on whether the 
years are weighted by the number of litters born or the number of 
individuals. The average for the second period is 1912.93 in both 
cases. The periods may thus be considered as 3.88 years apart on 

_the average. The yearly rate of decline in each character on this 
basis is given in the next to the last column of Table 2. The last 
' column gives the rate of decline found, as described in Part I, by 
| fitting the best straight line to the yearly averages for all inbred 
_ young born between 1907 and 1915. It appears that the decline 
| within an average family has been about twice as rapid as that in the 
_ inbred stock as a whole. The reason is easy to understand. The 
vigorous families expanded at the expense of the families in which 

hereditary weaknesses had become fixed, and this expansion to some 
extent obscured the decline within the families. 

DETAILED STUDY OF FAMILY CHARACTERS. 

The existence of a significant degree of differentiation among the 
families would lead us to expect a correlation between the average 
of a character in the first period and its average in the second. 
Inspection of Tables 7 to 15 in fact soon shows that families which 
were high in rank in one period tended to be above the average in 
the other, and conversely. Among the extreme families listed in 
Table 1, Family 1 produced the smallest litters from 1906 to 1910 
as well as from 1911 to 1915. Family 3 had the smallest percentage 
born alive in both periods excepting Family 15, which became 
extinct in 1911, while Family 13 led in birth weight i in both periods, 
and Family 2 fade the poorest gains. 

More conclusive evidence can be obtained by calculating the 
coefficients of correlation between the averages in the two periods. 
This has been done for each character, using the product-moment 
method (Table 3). It will be seen that all of the correlations are 

positive and the lowest is +0.25. Unfortunately, the probable 
errors are also rather high, owing to the small number of families 
(22) on which the correlations are based. Nevertheless, a pronounced 

and lasting differentiation among the families is demonstrated in 
most of the cases. In regard to rate of growth, we find correlations 
of +0.65, +0.64, and +0.68 for birth weight, gain, and weight at 

33 days, respectively, with a probable error of only +0.08 in each 
case. The permanent differentiation in size of litter is of similar 
degree, with a correlation of +0.65 +0.08 between the periods. In 
regard to the other element in fertility, the frequency of litters, the 
correlation of +0.25 +0.13 can merely be said to be consistent with 

a genetic differentiation. Total fertility, as measured by the number 
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of young produced per year by mature matings, shows a probably 
significant correlation of +0.41 +0.12. Hereditary differences in © 
the ability to bear the young alive are demonstrated by the correla- 
tion of +0.51 +0.11, while hereditary differences in the percentage 
raised of the young born alive are at least indicated by the correla- — 
tion of +0.32 +0.13. The correlation in the case of percentage 
raised of all the young is of course a compromise between these 
figures, +0.36 +0.13. 

In considering these results it must be carefully noted that a signifi- 
cant degree of genetic differentiation among the families during a 
given period of time does not necessarily imply a significant degree 
of correlation between different periods. It is to be expected that 
there will be a certain amount of differentiation among the lines of 
descent, which diverged in the early generations within a family. 
The lines of descent which are most important in the first period are 
not always most important in the second. A striking example of a 
change in the character of a family, No. 35, brought about by the © 
rapid displacement of one set of lines of descent by the expansion © 
of a hitherto insignificant line, is discussed later. If this family , 
and another one, Family 2, which also changed its character to a 
very marked extent in the course of the experiment, were omitted 
from the tables, the correlations would be increased. 

TABLE 3.—Correlations between the family averages for each character, 1906 to 1910, 
and those for the same character 1911 to 1915. 

[The positive correlations indicate heredity. Based on 22 families.] 

Vitality: 

Ber cemt bornyaliveszcoes a-ciek- deh Bed Seb eras oe abate dees Eee +0. 51 

Percent raised: of those born: aliives. su. a ler ae ale oh eee oe +. 32 

J EeTARCOLSS i pe HUST oY ke MeN ENG GA ec ate gad a il GR pec some al SENAY aaah uae +.36 

Growth: 

Birth: weirs tele. ft OM | a LE OA LEU ab ad ERE eee +. 65 
Galnictee cere cif: SEIS se . OR Sse TD eee OEE OTe EN. CPR ee See +. 64 

Sa-day WEIGhb.. cobs BEE tats. cei spaces = bE ee Oe. cee ee BR +. 68 

Fertility: 
POHUVA( SCG Wa HTH REV ge GRA ce i SAE cc Aa ue eR A A ag Cy OS +. 65 

anGtersipertyears. fo csteee css = ARS, ofa HONS aL e MOSS acee aoe Seamer +. 25 

(Vioune per iveano. ji soya te. sce eGG GIs GSR Pa SR ES SPI ot +.41 
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TaBLe 4.—Correlation between the family averages for various pairs of characters. 
Calculated separately for 1906 to 1910 and 1911 to 1915. 

[Significant correlations indicate physiological interrelation. Effect of size of litter on mortality and 
growth eliminated from consideration by use of indexes.] 

1906-10. | 1911-15. 

\S AULT BA Fae ek a0 ae Per cent born alive with per cent raised (BA)!-} +40.03 +0. 30 
Growth: \ 3). 28 fb eee iBirthiweicht: with gaine sere. 27 bes. Fhe. + .75 + .59 

NALD nee S26 hs seb ese seks Size of litter with litters per year-.........------ + .04 — .03 
Vitality with growth............- Per cent born alive with birth weight........-.- — .08 + .01 

Percent Dorn’ alive withigaine. 92-2... se25--5- + .03 — .28 
Per cent raised (BA) ! with birth weight.......-. + .07 — .21 
Per cent raised (BA)! with gain....-.......-...- + .02 — .23 

Per cent raised with 33 days’ weight-............ — .04 — .d3l 

Vitality with fertility............. Per cent born alive with size of litter...........- — .10 + .12 
Per cent born alive with litters per year-.-......-. + .04 + .01 
Per cent raised (BA)! with size of litter......... + .28 + .17 
Per cent raised (BA)! with litters per year..-.-..- - 00 + .23 

Per cent raised with young per year............. + .03 + .29 

Fertility with growth............. Size of litter with birth weight.................- + .26 + .62 
SIZE OMItteD wa Uhealn) seep eeeee eee se cea cence + .37 + .62 
Litters per year with birth weight. ............. — .05 — .34 
TAITLEES, DCT Year Wath Sanne ane ee eee aaa esae = eae + .09 — .22 

Young per year with 33 days’ weight...-.......- + .21 + .22 
| 

1 Per cent raised of those born alive. 

The demonstration of significant differences among the families 
in rate of growth, fertility, and mortality among the young, raises 
the question as to whether the variations in these characters are in- 
herited independently of each other, or are merely so many mani- 
festations of a differentiation in general vigor. Such a differentiation, 
if present, might be due to the transmission of disease in families 
as well as to genetic causes. To settle this point, the various char- 
acters were correlated with each other in each period, again using 
the product-moment method. The results are given in Table 4. 

Before examining these results in detail it will be well to point. out 
that if the differentiation among the families were merely in general 
vigor we should expect to find even higher correlations than where 
the families were compared at different periods of time with respect 
to a given character. In the present case we are comparing char- 
acters of the very same animals. 

The results, however, contain few correlations which are at all 
significant, remembering that only values above 0.40 can be looked 
on as definitely significant, while values below 0.30 can be given 
little weight. Among the 36 correlations, only 4 are above +0.40, 
and only 2 more are between +0.30 and +0.40. The latter are 
balanced by two correlations between —0.30 and —0.40. This, 
of course, is directly antagonistic to the hypothesis of a differentiation 
in general vigor, genetic or otherwise. 

Two of the four significant correlations are between birth weight 
and gain—namely, +0.75 +0.06, and +0.59 +0.09 in the two 
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periods. There are evidently genetic factors which act alike on the 1 
rate of growth before and after birth. It would, indeed, be surprising 
if it were otherwise. The correlation between the family means 
for weight at birth and weight at a year, of males born in litters of 
three, was given as +0.63 in an earlier paper. (Wright, 1917)°. 
The difference between the undersized guinea pigs of such a family 
as No. 2 and the large ones of such a family as No. 13, is in fact 
even more marked among the adults than among the young. The 
demonstration of factors which affect the rate of growth at all ages 
has, however, no bearing on differentiation in general vigor. 

The other two significant correlations connect size of litter with 
birth weight and gain, respectively, in the period from 1911 to 1915. 
Each of these correlations was +0.62 +0.08. The correlations, in 
the period from 1906 to 1910, were not certainly significant, although 
relatively high (+0.26 and +0.37 respectively). Because of the 
close connection between birth weight and gain, it is evident that 
we are really dealing with a single correlation, one between size of 
litter and rate of growth (for a given size of litter). There is an in- 
dication of an interrelation here, although, as will be shown later, 

there is another possible explanation which must be considered. 
In opposition to the hypothesis of a differentiation in general vigor, 

we have the evidence of the remaining 30 correlations, only 1 of which 
is as high as +0.30, and 11 of which are negative. The low correla- 
tions in certain cases are especially noteworthy. The percentage 
born alive, and the percentage of those raised to weaning, show 
virtually no correlation in the first period (+ 0.03), and only a doubtful 
one in the second (+0.30). It would appear that these depend, to 
a large extent, on independent hereditary factors. There is evidence 
which is brought out in Bulletin 1121 that the percentage born 
alive depends more on the vigor of the dam, while the percentage 
raised of those born alive depends more on the vigor of the young 
themselves. There must, of course, be important factors In common, 
but the effects of these seem to be neutralized by the tendency toward 
negative correlation which independent factors would have in this 
case. Factors which tend to remove the less vigorous young at or 
before birth tend thereby to increase the percentage raised of those 
born alive, if they do not also prejudice the chances of the young 
after birth. ) 

But even though there may be factors in common, the differences 
among the families in vigor in these respects is in marked contrast 
to the differences between stocks of guinea pigs raised under different 
environmental conditions. Under unfavorable conditions both the 
percentage born alive and the percentage raised of those born alive 
tend to decline. 

5 See footnote 2. 
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The lack of correlation between the two elements in fertility, size 
and frequency of litters (+0.04 and —0.03 in the two periods) 
is also surprising. Here again the hereditary factors must be largely 
independent of each other. A small amount of common heredity 
may be obscured by a tendency toward negative correlation due to 
independent factors. Within inbred stock large litters tend to be 
followed by a long delay, and fertilization immediately after the 
birth of a litter tends to result in a small litter. These tendencies 
‘are not very important, however, as was shown in the first part 
of this bulletin. 
' The correlations between average weight and ability to bear 
and raise the young successfully have more tendency to be negative 
than positive. The lack of correlation between percentage born 
alive and birth weight or gain is noteworthy because genetic differ- 
entiation with respect to these characters is beyond question. The 
absence of significant correlation between the percentage born alive 
and size of litter is important for the same reason. The other 
correlations which connect vitality and fertility agree in giving no 
significant indications of heredity of general vigor. There is finally 
a tendency toward negative correlation between body size and 
frequency of litters. 

It will be seen that in general the differences among the families 
are of a different kind from those which distinguish individuals in 
a given stock or similar stocks raised under different conditions. In 
the latter cases we are undoubtedly dealing largely with differences 
n general condition. In summer and fall litters are both larger and 
more frequent, larger percentages of the young are born alive and 
also raised among those born alive, and growth is more rapid, than 
in winter and spring. Inspection of the yearly fluctuations in the 
averages of the various characters (given in Part I) shows that if 
the year were made the unit very high positive correlations would 
be obtained in all cases instead of the insignificant ones of Table 4, 
got by making the family the unit. This would be true even though 
the downward trend of all characters were eiminated. The conclusion 
which is forced on us by these considerations is that there is little 
or no differentiation among the families in general vigor, but instead 
a, fixing in each family of particular traits in some particular com- 
bination. 
A detailed study of the combinations of characters actually found 

in the 22 families is instructive. For this purpose it is convenient to 
arrange the families in the order of excellence in each character in 
each period of years. - A division into five groups makes the relations 
more easy to grasp. In Table 5 the best three families in any 
respect are given rank A; the next five, rank B; the middle six, 
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rank C; the next five, rank D; and the poorest three, rank E. Family | 

15, which produced too few young in the second period to give’ 
significant results, is assigned ranks in the first period but is not 
counted in assigning ranks to the other families. 

TaBLE 5.—Ranks of the families during years 1906 to 1910, and 1911 to 1915. 

[The best three are given rank A; the next five, rank B; the middle six, rank C; the next five, rank D; 
and the poorest three, rank E. Family 15 is given a rank in the first period only and is not counted _ 
in assigning ranks to ‘the others. The ranks for 1906-1910 and 1911-1915 are givenin succession. For | 
example, EC means among the poorest three in 1906-1910 and middling in 1911-1915. Great changes if 
in rank are indicated by stars.] 

ip Per ee Birth ae 
| Per cent | raised 0 i . eight . 4 : | : Per cent || weight | Gain to Size of | Litters | Youn 

Family. bee ine? raised. (those | 33 days. x = litter. | per year. | per aed 
: atid raised). ¥S- 

1 | CC ER ED ED DE EE EE DE EE 
2 EC* CA* DB* CE* EE EE DD EA*** EB* 
3 EE CE* EE BC BA BB BC DB* CB 
7 DD DB* EC* DC CC CB BC CC BB 
9 DD CC DD AB AA AA BA CD BC 

11 DC EE DE BA BA BA AA DD BC 
13 CB CB CB AA AB AA AB CC BA 
14 EE CD DD CC CB CB CC CE* CE*¥ 
15 E B E C E D E D E 
17 AB AB AA ED ED ED DD DC DC 
18 BB DD BC BB - CC CC CC BB CC 
19 DD BD* CD CB DD DC BB BB BA 
20 DB* DA** DA** CC CD CD ~ EC* CD DD 
21 BD* DB* CC AD**« BC AC* EE BB DD 
23 AA ED CC BC BD* BE** BD* AA AB 
24 CE* BD* BE* || ~ DE DC DC CE* AB AD** 
31 AD** BA AB CC DC CC CB ED DD 
32 BC CC BD* DD ED DD CD BC CC 
34 CB AC* BC BB BE*« BD* DD CD cD 
35 BC DB* CB DB* DB* DB* DA** DA** DA* 
36 CC BC BC DD CB CC AC* BC AC* 
38 BA *AC* AB CA* AB BB CB EE EE 
39 CA* BC CA* EE CC DD DB* AC* CB 

Inspection of Table 5 brings out clearly the tendency of the fam-_ 
ilies to hold their rank with respect to each character. Changes of — 
rank of more than one grade are indicated by stars. A shift of two — 
grades is shown by one star, of three grades by two stars, and one > 
case in which there was a change from E to A by three stars. There > 
was the greatest shifting of places in the percentage raised among 
those born alive, but even here 12 of the 22 held their rank or changed © 

by only one grade. The correlation between successive penedat 
was rather low in this case, being only +0.32. In the cases of the — 
other characters, there were from 16 to 19 of the 22 families which | 
held their place in the sense given above or changed only one grade. | 
The case of the frequency of litters is especially interesting, since the — 
coefficient of correlation between successive periods (+0.25) did not — 

appear to be significant. It is therefore surprising to find that eight — 
of the families were of the same grade in both periods and that nine ~ 
changed by only one grade, leaving only five which made conspicuous ~ 
changes inrank. The low correlation is evidently due to the remark- | 
able change in character of two families, namely, Nos. 2 and 35. 
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Family 2 was the poorest family in producing litters between 1906 
and 1910, but tied with Family 23 for the first place in the second 
period. The change was nearly as great in Family 35. The cor- 
relation becomes + 0.66 if these two families are omitted. 

Looking through the table, we find that Families 35 and 2 made 
conspicuous changes in rank in several other respects. A few other 
families also made numerous changes. In fact, a majority of the 
marked cases of relative improvement or deterioration are found in 
Families 35, 2, 24, 20, and 21, and these include 10 of the 13 cases 
in which there were changes of more than two grades. There were, 
on the other hand, six families (1, 9, 11, 13, 17, and 18) which made 
no important changes and eight more with only one or two changes. 
We are thus led to look into the history of the families to see why it 
is that certain of them have changed in many respects while others 
have remained constant, 

Careful study of the peavonbes shows that there has been a much 
greater revolution in the predominant lines of descent in Family 35 
than in any other family. A single mating was made in the first 
generation of this family, but four were made in the second genera- 
tion, which may be looked upon as founding four subfamilies. The 
smallest of these subfamilies, which during the first seven generations 
included only 17 per cent of the matings, suddenly began to expand 
at this time and produced 65 per cent of the matings made between 
the eighth and twelfth generations. All of these were descended 
from a single mating in the seventh generation. By the end of 1917 
the entire family, which was one of the largest in the stock, was 
descended from a single mating in the twelfth generation and had 
reached the most advanced generation of inbreeding in any family. 
With this history, it can hardly be a coincidence that Family 35 

has changed in character more than any other family. It will be 
seen from Table 5 that Family 35 made poor records during the first 
period in birth weight, gain, and weight at 33 days, in size and fre- 
quency of litter, and hence in total fertility, and finally in the per- 
centage raised of those born alive. During the second period the 
birth weight, gain, and weight at weaning were good; size and fre- 
quency of litters and total fertility were among the best, and the 
percentage born alive and the total percentage raised were good. A 
decline from rank B to C in the percentage born alive meant merely 
a‘ change from eighth to ninth among the 22 families. Following 
the second period, 1. e., since 1915, the relative improvement con- 

tinued in every respect and the family became on the whole 
the most vigorous in the stock, displacing Family 13, which had 
previously held this position. Family 35 evidently started with 
relatively inferior heredity for most elements of vigor. Apparently, 
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however, a remarkably fortunate combination of genetic factors ) 
segregated out in one line, and this line ultimately displaced all other 
lines. 

Family 2 had a somewhat similar history. There were many lines 
in the early generations, but after the seventh generation all of the 
matings traced back to a single pair in the fourth generation. The 
family began as one of the weakest in nearly every way and was ab- 
solutely the poorest in rate of gain and in frequency of litters. The 
successful line continued to produce small litters of undersized ani- 
mals, and held the record for smallness of gains in the second period, 

as well as in the first. The percentage born alive, however, increased 
from very poor to medium, and the percentage raised of those born 
alive increased from medium to the very best. The most remarkable 
change was from the lowest in litters per year in the first period to a 
tie with Family 23 for the highest record in the second. Since 1915 
small litters and very light weight have remained characteristic, but 
also frequent litters and great success In raising the young born alive. 
In spite of its defects it is one of the easiest families to maintain. Its 
ability to raise the young which are born alive seems to be correlated 
with high vitality thereafter. 

Study of the pedigrees indicates that Family 24 must probably be 
considered as next to Family 35 in the extent to which there has been 
a shifting in the importance of lines of descent. Table 5 shows that 
it stands third in change of characteristics. In this case, however, 
the change was for the worse in most respects. Apparently a number 
of fairly vigorous lines were superseded by an inferior one. ‘This 
would seem hardly as likely to happen as the expansion of a good 
line, noted in Families 35 and 2, but it is not impossible. It must be 
remembered that the characters of a line of descent can be determined 
only from the average of many individuals. At a given time the 
genetically inferior line might well happen to be represented by the 
more vigorous individuals. . 
Among the remaining families, Nos. 20, 21, and probably also 34, 

were ones in which the rather important changes in character may 
also well have been due to the expansion of particular lines of descent. 
The changes in 23 and 39 can not be explained so satisfactorily in this 
way. In certain cases families remained fairly true to type, even 
though the predominant lines of descent altered considerably. This 
was true of Families 1, 9, 13, 19, and 38. This, however, is not sur- 

prising. In the remaiming families the original lines of descent run 
parallel to each other through both periods and there were few im- 
portant changes in the family characteristics. 
A consideration of these family histories, especially those cf Fam- 

ilies 35, 2, and 24, strengthens the argument for the inheritance of 

characters in which the coefficient of correlation between the suc- 
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| cessive periods was too low to be certainly significant. The low cor- 
relation in regard to litters per year (+0.25) is, as already noted, 
_ largely due to the remarkable change from one extreme to the other 
_ in Family 2, and the only slightly less remarkable change in Family 
35. But in view of the likelihood that a real genetic change took 
_ place in these families, through segregation in the éarly generations 
_ and expansion of one line of descent at the expense of the others, the 
changes in these families must not be weighed too heavily against the 
absence of important changes in rank in 17 other families. Similarly, 
in the case of the percentage raised of those born alive, and the per- 
centage raised of all young, the changes in Families 35, 2, and 24 play 
a large part in making the correlations low (+0.32, +0.36). 

If we attempt to arrange the families in order with respect to 
general vigor, there would be little hesitation in picking out Family 13 
as the best. It is the only family which was average or better than 
average in every character in both periods. It was easily among the 
best families in weight and fertility, and changed from medium to_ 
good in the ability to raise the young. At the other extreme come 
Families 1 and 15. Family 1 was among the poorest families in the 
majority of characters in both periods. Family 15 was similarly 
poor during the first period and it is not surprising that it was the 
first family to become extinct, in spite of all efforts to maintain it, 
and that it was followed to extinction by Family 1. 
Even in these families, however, we are not dealing merely with 

differences in general vigor. Family 13 is relatively lower in its 
ability to raise its young than in growth and fertility, and Families 
1 and 15 each have a redeeming trait. In both the earlier and later 
period shghtly more than the average percentage of the young were 
born alive in Family 1, an advantage lost through imability to rear 
them successfully. The situation was reversed in Family 15, which 
lost a larger percentage of the young at birth than any other family, 
but was well above the average in the percentage raised of those born 
alive. | 
When we consider the remaining families, the impossibility of 

ranking them in general vigor becomes at once apparent. Family 38 
would be placed second to Family 13 in general vigor but for the fact 
that it produced litters less frequently than any other family. Owing 
probably to this defect, it was always a small family. Families 11 
and 9 are two similar families which have a remarkable combination 
of vigor and weakness in different characters. They were among 
the best three families in both size of litter and weight, yet both of 
them produced litters irregularly and were unsuccessful in raising the 
young. The contrast was especially marked in Family 11, which led 
all of the families during the second period in size of litter, gain, and 
weight at 33 days, but was one of the three poorest families in the 

: 
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percentage of young which reached weaning. Family 3 agrees with 
Families 9 and 11 in combining rapid growth with inability to raise the 
young successfully. It was doubtless this poor success in raising the 
young which caused Families 3 and 11 to be among the five families 
which were extinct at the end of 1915. 

Family 2, during the second period, had a combination of char- 
acters the opposite of that-in Families 9 and 11. With the smallest 
weight and small litters it combined the greatest regularity in pro- 
ducing litters and the best record in raising the young which were 
born alive. Family 17 was consistently of this type in most respects. 
During both periods it produced small litters and small pigs, but 
pigs which were easily raised. This combination seemed to be more 
fortunate than that of Families 9, 11, and 3, since Family 2 became 

the most numerous of all the families after 1915, and Family 17 was a 
large family, while, as noted above, Families 3 and 11 were among 

the first to become extinct and Family 9 was always a small family. 
_ It was shown earlier that the only significant correlations between 
the different groups of characters were those between birth weight or 
gain and size of litter (+0.26 and + 0.37 in the first period, both + 0.62 
in the second). The impossibility of considering these correlations as 
an indication of heredity of general vigor may be seen by comparing 
Families 9, 11, and 3 with Families 2 and 17. As we have just seen, 
the latter families appeared to be the more successful, in spite of 
their great inferiority in size of litter and weight. 

There is a possible cause of correlation between characters which 
should be mentioned. It will be remembered that the experi- 
ment started with 23 different females, but only 9 males. If one of 
the male ancestors of several families happened to transmit two of 
the characters in an extreme degree, it would tend to bring about a 
correlation in these characters among the families, which would have 
no significance as an indication of inheritance of general vigor or of a 
common physiological factor. It may not be a coincidence that the 
three families which traced back in all lines (Families 9 and 11) or 

in the principal line (Family 13) to a certain foundation male ancestor 
(Male 3) should be the three leading families in both size of litter and 
weight. Again, two of the four families descended from Male 1 
(Families 1 and 2 in the group 1, 2, 3, and 7) are characterized by 
remarkably small litters and light weight. If we suppose that 
Male 3 transmitted both large size of litter and great weight in a 
remarkable degree, and perhaps that the converse was true of Male 1, 
we can account for the correlation between these characters observed 
in the present data. 

The other groups of families with common male ancestors, namely, 

Families 17 to 24, 31 and 32, 35 and 36, were not clearly differen- 

tiated, but it may well have been that Males 3, 9, and 11 were medioc- 
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rities genetically, heterozygous in many respects, among whose 
descendants any trait was likely to segregate out. That one or two 
of the males transmitted extreme degrees of two characters is a mere 
coincidence on the view suggested above and would not be exposed 
to happen with other characters. 

The absence of correlation between the characters finds extreme 
illustrations in most cases. Compare, for example, Family 23, in 
which the young were born alive with great success, but died in 
unusually large numbers before weaning, with Family 13, in which 
the reverse was true. Families 17 and 3 have already been noted 

_ as families which were successful or failed in both respects. Families 
| 11, 21, 19, and 1 show extremes of size and frequency of litters, com- 

_ bined in four different ways. Even in the case of birth weight and 
_ gain, some independence may be noted. In Family 39 the young 
made better gains in both periods than their birth weights indicated 
as most likely, while the opposite was true of Family 19. 

RECORDS OF FIVE FAMILIES IN RECENT YEARS. 

As already noted, most of the inbred families have been disposed 
of since 1915 to make room for a more intensive study of the five 
which have been retained, Nos. 2, 13, 32, 35, and 39, and for experi- 

ments on crossbreeding. The data for years 1916 to 1919 is pre- 
sented in Bulletin 1121. It is desirable here, however, to com- 

pare the standing of the above-mentioned five families in 1916-19 
with their standing in the earlier periods. This is especially true be- 
cause two of these families, Nos. 2 and 35, were the ones among the 
original 22 which showed the greatest change in character from the 
first to the second period. The rank in various characters of the five 
remaining families is shown in Table 6 for the three periods together 
with rank in longevity of the males and females (1915-1918) and 

resistance to tuberculosis during 1919-20. The resistance to tuber- 
-culosis has been obtained in experiments in cooperation with Dr. Paul 

_ A. Lewis, of the Henry Phipps Institute. (Wright and Lewis, 1921.)° 
The correlation between the ranks in the first and second, the first 

and third, and the second and third periods are shown in the last 
three lines of Table 6. A single correlation based on five entries 
does not, of course, have much significance by itself. It will be 
seen, however, that while the correlation between standing in the 
first period and the second or third is negative in almost as many 
‘cases as it is positive, all of the correlations between the second and 
third periods are positive, and most of them are high. Their average 
is + 0.75, where +0.04 and +0.01 are the averages in the cases of the 
correlation of first with second and third period respectively. The 

6 See footnote 3. 
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absence of appreciable correlation between first and second periods 
among the five families in contrast with the significant correlation 
found in dealing with all 22 families (Table 3) is of course due to the 

large part played by Families 2’ and 35 among the 5 families. It 
strengthens the evidence for inheritance to find that even these 
families became fairly well settled in relation to the other families 
during the second period. | 

Considering the separate characters the evidence for differentiation | 
in weight is most consistent. There is close agreement between 
rank in weight at all ages and in both sexes. The only important 
exception is that Family 32 appears to produce heavy young rela- — 
tive to its adult weight. 

The rank of the families in both size and frequency of litters 
appears to have become fairly well settled in the second period. 
Because of the negative correlation present in the five families 
between these elements of fertility there is not much differentiation 
in the product, the number of young produced per year. The 
perfect correlation in 1916-1919 between adult weight and size of 
litter is noteworthy. It will be remembered that significant correla- 

_ tions were found among the 22 families between birth weight or gain 
and size of litter in the second period. The possible explanation 
suggested in that case, namely that the three best families in both 
ent and size of litter were all derived from one male ancestor, has 
no Soplieenes among the five families considered here. There is 
undoubtedly an indication of a direct physiological relation between 
weight and size of litter, apart, of course, from the direct (negative) 

effect of size of litter on the early weights, for which due correction is 
made by the use of indexes. 
There is good evidence for differentiation in both percentage born 

alive and percentage raised of those born alive. Just as in the case 
of the two elements of fertility, there happens to be a negative correla- 
tion between the two characters among the five families, with the 
consequence that there is no very clear-cut differentiation in their 
product, the percentage raised of all births. 

The longevity of the males and females born 1915-1918 was obtained 
by taking each interval of three months in age separately and finding 
the death rate among those not disposed of during the period in 
question. The most noteworthy feature is the marked superiority 
of Family 2 shown by both sexes. There was not much differentia- 
tion among the other families. 
A comparison of ranks in different characters during the third period 

confirms the conclusion drawn from study of the 22 families in the 
earlier periods, namely, that there is not differentiation in general 
vigor, but differentiation in each characteristic separately. The 
number of young raised per year by a mating is perhaps the best single 
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measure of the efficiency of the families. There is good evidence for 
differentiation in this in the second and third periods. There is also 
rather close agreement with rank in resistance to tuberculosis. There 
is not, however, agreement with longevity or with weight. 

TaBLe 6.—The rank of five inbred families in various characteristics in three successive 
periods, 1906 to 1910, 1911 to 1915, 1916 to 1919. 

[The correlations between these ranks in the first and second, the first and third, and the second and third 
periods are shown below. The ranks of the families in longevity of males and females, born from 1915 
to 1918, and in resistance to tuberculosis (1919-1920) are shown in the three columns at theright.] 
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SUMMARY. 

Part II deals with the differences found among 23 inbred families, 
derived whoily or in part from the same original line-bred stock. 

It is found that a certain color and pattern tended to become fixed 
automatically in each line of descent. In certain cases an entire 
family came to breed true to a given color and pattern. In other cases 
subfamilies derived from different matings in the early generations of 
a family each developed a characteristic color and type of pattern to 
which they came to breed true. 

In a similar way, certain subfamilies became differentiated from 

other subfamilies and from other families by developing a strong ten- 
dency toward reappearance of an ancestral fourth toe on the hind feet. 

Relatively few monstrosities were produced either by the inbred 
families or by the controls. The tendency to produce a given type of 
monstrosity has been characteristic of certain families. Such a 
tendency has had no connection with the vigor of the family in other 
respects. The two feeblest families gave few or no pronounced ab- 
normalities, while about 30 per cent of the cyclopean monsters were 
produced by the most vigorous family. Another family produced 
most of the eyeless young and another had several defective young 
with rudimentary legs. There was evidence of heredity within the 
families, of the tendency to produce these abnormalities. There was 
no evidence that inbreeding has any specific causal connection with 
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the origin of the monsters. Inbreeding seems merely to have brought | 
to light genetic traits in the original stock. | 

Although most of the families came from the same line-bred stock, 
a striking differentiation with respect to traits connected with vigor 
was found among them. These traits included size and frequency of 
litters, percentage born alive and raised of those born alive, birth 
weight, and gain to 33 days. The differences between the families 
were greater than could be due to chance, and increased as the in- 
breeding progressed and the families became more homogeneous 
through the elimination of early branches from the main lines of © 
descent. The families tended to keep the same rank with respect to 
each character. The correlation between the average grades in the 
early and later histories of the families was high in respect to size 
of litter, birth weight, and gain. It was high enough to be significant 
in the case of the percentage born alive. The correlations were 
positive but of doubtful significance for the percentage rzised of the 
young born alive and for the frequency of litters. A detailed study 
of the individual families, however, showed that the correlations would 
have been higher and all would have been significant but for two or 
three families in which there had been reversal of relative importance 
among the subfamilies and in which therefore a change in rank in all 
or many respects was not surprising. Recent evidence indicates 
that even these families have now become fixed in their characteris- 
tics. The conclusion seems warranted that there was heredity of 
all of the traits studied. 

There did not, however, appear to be heredity of general vigor. 
The average vigor of a family in one respect was found to be in the 
main independent of its vigor in other respects. Thus the average 
success of the families in raising their young was not correlated with 
weight or with size or frequency of litters. Neither was weight cor- 
related with regularity in producing litters. There was not even a 
significant correlation between the percentage born alive and the 
percentage of those raised, although success or failure in each separa- 
ately was undoubtedly characteristic of families. Similarly there was 
no correlation between the average size of litter and litter frequency. 
The only apparent exception, outside of high correlations between 
birth weight, gain, and year weight, was in a hich correlation between 
weight and size of litter, for which there is undoubtedly some indi- 
cation of a physiological interrelation. 

The study of the individual families brought out interesting ex- 
amples of extreme vigor throughout the history of a family in certain 
respects, associated with extreme weakness in others, as well as cases 

in which all kinds of vigor or all kinds of weakness were combined. 



EFFECTS OF INBREEDING AND CROSSBREEDING. 59 

While the characteristics of a family probably reflected to a con- 
siderable extent simply the average of the genetic factors in the orig- 

inal pair, there was considerable evidence of segregation in the early 
generations in characters associated with vigor, just as in the cases 
of color, pattern, polydactylism, and tendency to produce monstrosi- 
ties. In one family which was very weak in most respects in the early 
generations, a single line of descent began to expand in the eighth 
generation until it composed the entire family. This line revealed 
itself as the most vigorous in nearly all respects in the entire stock of 
inbred families.. There were other less extreme cases of this sort. 

The study brought out a striking contrast between the effects 
on vigor of hereditary and environmental factors. Favorable or 
unfavorable conditions affect alike growth, mortality among the 
young, and fertility, in all their aspects. On the other hand, hered- 
itary factors which affect each character by itself appear to be much 
more important than ones which affect general vigor. 

Finally the study illustrates what is one of the most important re- 
sults of inbreeding, namely, the bringing to light and fixing of char- 
acters in a family. In the case of color the mechanism of heredity 
is thoroughly understood and the automatic fixation of type is a 
necessary consequence of this mechanism. The similarity of the 
phenomena in the other characters makes it probable that the mechan- 
ism is essentially the same in all cases. 

APPENDIX. 

TABLE 7.—Data on the fertility of the different inbred families, 1906 to 1910. 
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TaBLE 8.—Data on the fertility of the different inbred families, 1911 to 1915. 
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TABLE 9.—The percentage born alwe in the different inbred families. 

[The averagein litters of each size and anindex (litters of 1,2, 3, and 4, weighted 1, 3, 4,and 2 respec- 
tively), 1906 to 1910 and 1911 to 1915.] 
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TABLE 10.— The percentage raised to 33 oe of the young born alive in the different inbred 
amilies. 

[The average in litters of each size and the index (see Table 9), 1906 to 1910 and 1911 to 1915,] 
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TaBLE 11.—The percentage raised to 33 days of all young (born dead or alive) in the differ- 
ent inbred families. 

[The average in litters of each size and the index (see Table 9), 1906 to 1910 and 1911 to 1915.] 
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TaBLE 12.—The average birth weight of all young born (dead or alive) in the different 
, inbred families. 

[The average in litters of each size and the index (see Table 9), 1906 to 1910 and 1911 to 1915.] 
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TABLE 13.—The average birth weight of young raised to 33 days in the different inbred | 
families. 

[The average in litters of each size and the index (see Table 9), 1906 to 1910 and 1911 to 1915.] 

Size of litter, 1906-1910. Size of litter, 1911-1915. 
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TABLE 14.—The average gain between birth and 33 days, in the different inbred families. 

[The average in litters of each size and the index (see Table 9), 1906 to 1910 and 1911 to 1915.] 

Size of litter, 1906-1910. Size of litter, 1911-1915. 
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TaBLE 15.—The average weight at 33 days in the different inbred families. 

[The averagein litters of each size and the index (see Table 9), 1906 to 1910 and 1911 to 1915.] 

Size of litter, 1906-1910. Size of litter, 1911-1915. 
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