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Abstract—Commercial fishermen
have argued that localized concen-

trations of spiny dogfish (Squa

-

lus acanthias) in the northeast U.S.

shelf large marine ecosystem (NES
LME) have impeded their fishing

operations when monitoring surveys

estimated lower relative abundances.

Fishery-dependent and -independent

data were analyzed simultaneously

to examine whether increased spa-

tial overlap between spiny dogfish

and commercial fisheries may ex-

plain high catches of this species on

fishing grounds. Spatial overlap was
quantified between spiny dogfish

distribution and commercial fisher-

ies from 1989 to 2009 during au-

tumn and spring in the NES LME.
Combined, the sink gillnet (SGN)
and otter trawl (OT) fisheries ac-

counted for the majority of spiny

dogfish catch (autumn: 85%; spring:

92%), either retained (SGN) or dis-

carded (OT). Centers of spiny dog-

fish abundance illustrated spatial

differences in local density within

the NES LME and revealed seasonal

differences in spiny dogfish density.

Recent increases in spatial overlap

indicate that a growing portion of

the spiny dogfish stock was available

to each fishery over the time series.

Availability, estimated as the per-

centage of spiny dogfish present on

fishing grounds, also increased and
was generally higher during autumn
than spring. Abundance of mature
(total length >80 cm) female spiny

dogfish was significantly related to

availability, but trends were vari-

able between fisheries and seasons.

Although recent increases in abun-

dance indicate recovery, research

regarding the mechanisms behind
these changes may help explain why
abundance in the NES LME appears

highly variable.

Manuscript submitted 21 November 2013.

Manuscript accepted 21 January 2015.
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The recent recovery, with increased

abundance, of spiny dogfish (Squalus
acanthias) in the late 2000s in the

northeast U.S. shelf large marine
ecosystem (NES LME) is considered

a success; however, it remains un-

clear what mechanisms are behind

recent catches regarded as “unac-

ceptably high” by fishermen (Tal-

lack and Mandelman, 2009) and the

increase in abundance observed in

monitoring surveys since 2006 (Rago

and Sosebee 1
). Large fluctuations in

1 Rago, P. J., and K. A. Sosebee. 2013.
Update on the status of spiny dogfish
in 2013 and projected harvests at the
Fmsy Proxy and Pstar of 40%. Report
to the Mid-Atlantic Fishery Manage-
ment Council Scientific and Statistical

Committee, 51 p. [Available at http://

www.nefsc.noaa.gov/program_review/

spiny dogfish abundance derived

from Northeast Fisheries Science

Center (NEFSC) bottom trawl sur-

veys contrast with the expected dy-

namics of a species with a “slow” life

history (Musick, 1999), namely late

age at maturity, low fecundity, and
slow growth (Nammack et al., 1985).

Spiny dogfish have experienced

varying levels of exploitation since

the reporting of commercial land-

ings in the 1960s. Although foreign

fishing fleets harvested substantial

amounts (mean: 11,310 metric tons

[t] [standard deviation (SD) 7900])

of spiny dogfish before the establish-

ment of the U.S. Exclusive Economic

background2014/TOR3TerceiroDogfish
2013%20Stat°us% 20Report%20and%20
Projections.pdf.]
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Zone in 1977, domestic fishery landings averaged 208

t (SD 185) (Rago and Sosebee, 2009). The majority

of spiny dogfish landed during the 1970s and 1980s

(mean: 4500 t [SD 1280]) were indirectly caught by

otter trawls (OT) as bycatch in groundfish and other

fisheries (Rago and Sosebee, 2009). After the depletion

of commercially important groundfish stocks, including

the Atlantic cod (Gadus morhua) in the 1980s, a direct-

ed domestic spiny dogfish fishery commenced in 1990

(Rago et al., 1998), which predominantly used sink

gillnets (SGN) to target spiny dogfish (Rago and Sos-

ebee, 2009). Domestic landings increased substantially

throughout the 1990s (mean: 18,800 t [SD 4230]) and
peaked at 27,200 t in 1996 (Rago and Sosebee, 2009).

In 1998, the National Marine Fisheries Service de-

clared the stock overfished as a result of rapid expan-

sion of the fishery and overharvest of large fecund fe-

males (ASMFC 2
). In 1999, nearly twice as many spiny

dogfish (9.3 million versus 4.6 million) were needed to

match the same weight (17,000 t) landed in 1992 (Rago

and Sosebee, 2009). This substantial exploitation drove

recruitment to record lows between 1997 and 2003

(Rago and Sosebee, 2009), leading to implementation

of regulatory measures, such as trip quotas and strict

regulations, in the early 2000s to reduce commercial

harvest (ASMFC2
). The population was expected to be

rebuilt by 2020 (ASMFC 2
); however, target reference

points for spawning stock biomass (i.e., mature female

abundance) were met in 2008 (Rago and Sosebee 1
),

partly the result of an abnormally large spawning
stock estimate from the bottom trawl survey conducted

in spring 2006. This high estimate was the outcome of

above average catches in 5 separate survey strata that

may have been caused in part by dogfish schooling be-

havior and shifts in concentration from Southern New
England and Georges Bank to the Gulf of Maine and
Mid-Atlantic Bight (NEFSC 3

). This nearly 5-fold in-

crease in estimated stock size between 2005 and 2006,

however, appears biologically unrealistic given the slow

life-history characteristics of the species (NEFSC3
).

Collection of fishery-dependent data offers an in-

expensive opportunity to obtain highly detailed data

on commercially exploited species over large tempo-
ral and spatial scales (Bertrand et al., 2004; Hilborn,

2007). Catch per unit of effort (CPUE), an important

metric derived from either fishery-dependent or fish-

ery-independent data, is often assumed proportional to

abundance (Hilborn and Walters, 1992). In nature, this

assumption rarely holds because nonlinear relation-

ships often arise between CPUE and stock abundance

2 ASMFC (Atlantic States Marine Fisheries Commission).
2002. Interstate fishery management plan for spiny dogfish.

Fishery Management Report No. 40, 107 p. ASMFC, Wash-
ington, D.C. [Available at http://www.asmfc.org/uploads/file/

spinyDogfishFMP.pdf.]
3 NEFSC (Northeast Fisheries Science Center). 2006. 43rd
Northeast Regional Stock Assessment Workshop (43rd SAW):
43rd SAW assessment report. Northeast Fish. Sci. Cent.

Ref. Doc. 06-25, 400 p. [Available from http://www.nefsc.

noaa.gov/publications/crd/crd0625/.]

because of changes in catchability (Arreguin-Sanchez,

1996; Harley and Myers, 2001; Salthaug and Aanes,

2003).

Defined as the proportion of the population biomass
caught by 1 unit of effort (Hilborn and Walters, 1992),

catchability incorporates both the proportion of the

stock accessible (i.e., available) and the proportion of

fish in the swept volume that are caught by the gear

(i.e., vulnerable) (Michalsen et al., 1996; Francis et al.,

2003; Trenkel et al., 2004). The probability that an in-

dividual encountered by the gear is captured is called

gear efficiency (Trenkel et al., 2004). Catchability is

often parsimoniously assumed constant in both space

and time (Godo, 1994; Pennington and Godo, 1995;

Aglen et al., 1999) but can vary with the environment

(Swain et al., 2000), fish behavior (Frisk et al., 2011),

or fleet dynamics (Bertrand et al., 2004), among other

factors. In particular, CPUE estimates obtained from

fishery-dependent data are often discouraged as a mea-
sure for relative stock abundance. However, examina-

tion of trends from fishery-dependent data can enhance

understanding of fishery distribution, fishery behavior,

and fishery-fish interactions over time. For spiny dog-

fish, simultaneous investigation of fishery-dependent

and fishery-independent information may provide criti-

cal insight into whether commercial fisheries and spiny

dogfish are becoming more coincident in time and space,

a potential explanation for unacceptably high catches

of spiny dogfish (Tallack and Mandelman, 2009).

Survey-derived estimates of abundance provide the

best available science for quantifying distribution of

spiny dogfish and are used in U.S. stock assessment

models to describe population dynamics. However, con-

cerns regarding spiny dogfish availability to the NEF-
SC bottom trawl survey are well documented (Carlson

et al., 2014; Sagarese et al., 2014a; Sagarese et al.,

2014b). Complex seasonal and transboundary migrato-

ry behaviors may displace spiny dogfish outside of the

survey domain (Nye et al., 2009). Further, the avail-

ability of spiny dogfish to the survey varies with envi-

ronmental conditions (e.g., bottom temperature) at the

time of the survey (Sagarese et al., 2014a). Relatively

warmer water temperatures early in the season may
cue migration earlier from southern wintering grounds

(North Carolina) to northern feeding grounds (north-

ern U.S. and Canadian waters), resulting in a greater

portion of the population at the northernmost extent

of the survey domain in the United States (and poten-

tial emigration into Canadian waters) (Sagarese et al.,

2014a). Additionally, spiny dogfish occur south of Cape
Hatteras, the southernmost point sampled by the sur-

vey, where densities may depend upon the position of

the Gulf Stream (Rulifson and Moore, 2009).

This migratory behavior of spiny dogfish has result-

ed in a highly seasonal fishery, with fisheries gener-

ally operating in New England during the summer and

off North Carolina during the winter (Camhi, 1998).

In the late 1990s, the implementation of semiannual

quota periods (period 1: May 1-Oct. 31; period 2: Nov.

1-Apr. 30) prevented southern fishermen from harvest-
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ing spiny dogfish during period 2 because the entire

quota was filled during period 1 off New England.

Catchability can be affected by changes in the spa-

tial distribution of a species on fishing grounds, either

by increasing or decreasing their availability or vul-

nerability to the fishery (Freon et al., 1993; Smith and
Page, 1996; Godo et al., 1999). Off the coast of Peru,

the catchability of Peruvian anchoveta (Engraulis rin-

gens) changed as vulnerability increased because of

high densities coupled with improved detection ability

through sonar and radar (Bertrand et al., 2004). Com-
mercial CPUE can be artificially high if fishing occurs

in high-density areas because of hyperaggregation, the

aggregation of fish at low abundances (Rose and Kul-

ka, 1999). The risk of hyperaggregation is related to

temporal and spatial behavior of a species and varies

among species (Frisk et al., 2011).

Hyperstability can occur if CPUE remains high

while stock abundance declines (Hilborn and Walters,

1992). Atlantic cod was a prime example of this con-

cept in the late 1980s and early 1990s, when commer-
cial CPUE remained relatively stable near the south-

ern extent of their range while the size of the fishery

footprint decreased (Hutchings, 1996; Rose and Kulka,

1999; Salthaug and Aanes, 2003). At the same time,

a southward shift in distribution during the 1990s in-

creased the vulnerability of Atlantic cod to domestic

fleets within the Canadian Exclusive Economic Zone

and to foreign fishing fleets outside the Canadian Ex-

clusive Economic Zone, thereby altering its catchability

(Rose et al., 1994; Rose and Kulka, 1999). For spiny

dogfish, inshore shifts in population centroids during

spring (males: -50 km; females: -20 km) (NEFSC3
)

indicate that spiny dogfish may be more available to

commercial fisheries that operate inshore.

Frisk et al. (2011) ranked spiny dogfish as a species

of greatest concern to undergo overexploitation because

of its potential for nonlinearity in survey catchability

combined with a slow life history (Musick, 1999). Large-

scale seasonal movements and resulting distributional

changes, both spatially and temporally, likely modify

the availability of spiny dogfish to both the NEFSC
bottom trawl survey and commercial fisheries. Chang-
ing availability to the bottom trawl survey may ex-

plain the large fluctuations in interannual abundance
observed in survey estimates (Rago and Sosebee 1

). For

commercial fisheries, altered availability of spiny dog-

fish can lead to increased bycatch and mortality if it

becomes more coincident with fishing grounds.

The study described here does not attempt to ad-

dress apparent increases in abundances estimated by
bottom trawl surveys. Rather, we examined whether in-

creased spatial overlap between spiny dogfish and com-

mercial fisheries has manifested as increases in local

abundance on fishing grounds—a hypothesis that has

motivated a number of studies where bycatch reduc-

tion of spiny dogfish has been examined (Tallack and
Mandelman, 2009; Chosid et al., 2012; O’Connell et al.,

2012). The objectives of this study were 1) to describe

the behavior of major commercial fisheries that catch

spiny dogfish (either directly or indirectly as bycatch)

between 1989 and 2009, 2) to quantify spatial overlap

and investigate spatiotemporal interactions between
spiny dogfish distribution (derived from the NEFSC
bottom trawl survey) and commercial fisheries (i.e., ef-

fort and catch) during this time period, and 3) to ex-

plore and relate changes in availability of spiny dogfish

to catchability on commercial fishing grounds.

Materials and methods

Data sources

Fishery-dependent data Data collected by the NEFSC’s
large-scale Northeast Fisheries Observer Program (NE-

FOP) were assumed representative of commercial fish-

ery distribution and behavior between 1989 and 2009.

Within NEFOP data, observed trips were selected care-

fully to ensure representation of fleet performance by
season, area, and other factors (Murawski et al., 1995).

At-sea sampling provided catch (total, retained, and
discarded), effort, location, and associated biological

and fishery data (e.g., gear) on a tow-by-tow basis with

a high spatial resolution (Murawski et al., 1995).

Fishery-independent data Spiny dogfish distribution

and abundance were derived from annual NEFSC bot-

tom trawl surveys conducted with an OT during au-

tumn and spring. These stratified random sampling
surveys sample groundfish including spiny dogfish from

the NES LME from Cape Hatteras, North Carolina,

north to the U.S. boundary located within the Gulf of

Maine (GM). Four regions were surveyed, including the

GM, Georges Bank (GB), southern New England (SNE),

and the Mid-Atlantic Bight. Offshore strata have been

sampled during autumn since 1963 and inshore strata

have been sampled during autumn since 1972, where-

as the spring survey has sampled groundfish includ-

ing spiny dogfish from these regions since 1968 and

1973, respectively. The number of stations sampled per

stratum was proportional to its area; however, inshore

strata were sampled at approximately 3 times the rate

at which offshore strata were sampled. Survey design

and data collection methods have remained relatively

consistent throughout the time series and are detailed

in Azarovitz (1981) and Azarovitz et al.
4 Correction fac-

tors based on field experiments were applied for chang-

es in vessels, gear, and doors when necessary. A transi-

tion in 2009 from the NOAA Ship Albatross IV to the

NOAA Ship Henry B. Bigelow brought about changes to

the trawling gear and survey protocol (Brown et al. 5 )

4 Azarovitz, T., S. Clark, L. Despres, and C. J. Byrne. 1997.

The Northeast Fisheries Science Center bottom trawl sur-

vey programme. ICES Committee Meeting (C.M.) document
1997/Y:33, 21 p.

5 Brown, R. W., M. Fogarty, C. Legault, T. Miller, V. Nordahl, R
Politis, and P. Rago. 2007. Survey transition and calibra-

tion of bottom trawl surveys along the Northeastern Conti-
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and initiated a calibration study in which the catch-

ability of the old vessel was compared with the new
vessel (Miller et al. 6).

Data

lowing equation, provided the degree of clustering for

points within a given distance (d):

I
n Eij^ijUi -x)

d_
Q>ij)£r=i(*i-*)

2 ’

CPUE from the NEFSC bottom trawl survey was used

as an index of relative abundance of spiny dogfish in

the NES LME and was defined as the number of spiny

dogfish caught per tow. To enable investigation of fish-

ery behavior (i.e., effort and catch), CPUE was used to

index local fish density and was defined as the number
of spiny dogfish caught per hour fished. Spatial overlap

analyses between spiny dogfish distribution and com-

mercial fisheries were based solely on positive catches

(i.e., CPUE >0) and did not depend upon magnitude.

No attempts were made to standardize CPUE between
gear types or compare magnitudes directly in any spa-

tial analyses. Differences between effort allocation,

gear configuration, and catchability invalidated direct

comparison of any trends in relative abundance be-

tween the survey and fisheries. Spatial locations were
provided by latitudes and longitudes reported within

both data sets.

Sampling during NEFSC bottom trawl surveys typi-

cally occurred over an 8-week period and proceeded

from Cape Hatteras, North Carolina, north to the GM
(Rago, 2005). These surveys generally lasted from Sep-

tember through November during autumn and from
March through May during spring. Point data from
the NEFOP showed that major fisheries, including the

SGN and OT fisheries, covered both inshore and off-

shore regions of the NES LME between 1989 and 2009.

The footprint of the SGN fishery and its coverage by

observers expanded in that period. To enable temporal

comparisons of spiny dogfish occurrence in the survey

and in each fishery, the only fishery-dependent data

that were used in analyses were collected during these

time periods. Spatially, spiny dogfish distribution was
comparable with fishery effort and catch because the

overall footprint identified from the NEFOP covered

much of the NES LME.

Spatial distribution

Spatial autocorrelation To assess the spatial pattern

of spiny dogfish within each commercial fishery and
the NEFSC bottom trawl survey, the spatial depen-

dency among observations of spiny dogfish CPUE in

geographic space (i.e., spatial correlation) was assessed

through the use of Moran’s 7 statistic (Moran, 1948;

Goodchild, 1986). This statistic, calculated with the fol-

nental Shelf of the United States. ICES Committee Meeting
(C.M.) document 2007/Q:20, 25 p.

Miller, T. J., C. Das, P. J. Politis, A. S. Miller, S. M. Lucey, C.

M. Legault, R. W. Brown, and P. J. Rago. 2010. Estima-
tion of Albatross IV to Henry B. Bigelow calibration factors.

Northeast Fish. Sci. Cent. Ref. Doc. 10-05, 233 p. [Avail-

able at http://www.nefsc.noaa.gov/publications/crd/crdl005/

crdl005.pdf.]

where n = the number of observations, x; and xj are the

attribute values (CPUE >0) at points i and

j;

x = the mean CPUE;
it;jj = the weighting function (mjj=l if points are

within d, otherwise my=0) (Nielsen et al.,

2007); and
ly = the sum over i and j with i±j.

Moran’s I tested the null hypothesis of a random spa-

tial pattern in spiny dogfish CPUE (i.e., Moran’s 7=0)

with values ranging from -1 (dispersed) to +1 (clus-

tered). Moran’s 7 was calculated in R software, vers.

2.14.0 (R Development Core Team, 2011) with the sp-

dep package and a spatial weights matrix based on the

5-nearest neighbors (Bivand et al., 2012).

Center of abundance Annual centers of spiny dogfish

abundance (Marino et al., 2009) were estimated to

identify and compare interannual locations of spiny

dogfish catch for each fishery and the bottom trawl

survey. This metric was calculated with the following

equation:

EtifrjXij

Zbi

’ (2 )

where Xj = the parameter of interest (latitude, longi-

tude) at station i in year j; and

b{ - the loge-transformed abundance (loge[CPUE
>0]+0.05) (Nye et al., 2009).

Annual centers of spiny dogfish abundance were
mapped in ArcGIS7

,
vers. 10.1 (ESRI Corp., Redlands,

CA). Annual centers of spiny dogfish abundance with-

in each fishery do not reflect true shifts in distribu-

tion but instead reflect locations of catches (whether

targeted or occurring as bycatch) on fishing grounds.

In contrast, centers from the bottom trawl survey are

unbiased representations of spiny dogfish distribution

and, therefore, estimate true changes in the population

distribution in the survey domain.

Annual centers of spiny dogfish abundance docu-

mented during the bottom trawl survey and each fish-

ery were compared to determine whether the spatial

locations of abundance differed for each season. De-

spite transformation efforts, non-normality and highly

correlated dependent variables prevented the use of

parametric techniques (Quinn and Keough, 2002). In-

stead, a one-way permutational multivariate analysis

of variance (Anderson, 2001), for analysis of variance

with a balanced design based on Bray-Curtis distances,

was used to test for differences in location through the

7 Mention of trade names or commercial companies is for iden-

tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.
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use of the program PERMANOVA, vers. 1.6 (former-

ly called NPMANOVA; Anderson, 2005). This method
tested for the multivariate null hypothesis of no rela-

tionship between modes of fishing (i.e., fisheries versus

survey) (Anderson, 2001). A multivariate test statistic

analogous to Fisher’s E-ratio was calculated directly

from a dissimilarity matrix with the P-value obtained

by both permutation and Monte Carlo randomization

(Anderson, 2001).

For comparisons between the bottom trawl survey

and each fishery, the mode of fishing was treated as

a fixed factor, the dependent variables latitude and
longitude defined centers of spiny dogfish abundance,

and annual values served as observations. Significance

was determined by 9999 permutations of the raw data

and an a priori significance level of a=0.05. If the re-

sult was statistically significant, a posteriori pairwise

comparisons were conducted with 9999 permutations

to determine which modes of fishing differed signifi-

cantly (Anderson, 2001). All a posteriori significance

levels (a=0.05) were adjusted through the use of the

Bonferroni correction method (aadj=0.0167) to reduce

the potential for type-I errors during multiple compari-

sons (Crawley, 2007).

Spatial analyses

Grid determination with semivariograms A comparable
grid scheme of spatially identical grid cells enabled di-

rect comparison and geostatistical modeling to quan-

tify the spatiotemporal overlap between spiny dogfish

distribution and commercial fisheries. Empirical semi-

variograms (y[/z] ) estimated the range (a) or the asymp-
totic distance beyond which samples were spatially in-

dependent (Matheron, 1971). For each year, survey and
fishery CPUE of spiny dogfish were loge transformed

(logJCPUE >0]+0.05) to meet the normality require-

ment for semivariogram modeling and to account for

zero values. Semivariograms were fitted both annually

and overall (i.e., all years combined). After multiple

theoretical models (nugget, spherical, Gaussian, and
exponential) were tested, the optimal model given the

data was selected on the basis of the lowest Akaike’s

information criterion (Webster and McBratney, 1989)

and of model weights (Wagenmakers and Farrell,

2004). All models were run in R software with the gstat

package (Pebesma, 2004). Annual range estimates av-

eraged across years were compared to range estimates

obtained from all the data. Further details regarding

semivariogram modeling are provided in the Appendix.

Spatial overlap Seasonal spatial overlap was quanti-

fied on an annual basis to examine how spiny dogfish

distribution was related to both commercial fishery

effort and catch throughout the NEFOP time series

(1989-2009). First, station data for the NEFSC bot-

tom trawl survey and each fishery were converted into

rasters with the raster package (Hijmans et al., 2012)
in R to summarize data points and interpolate catch

(survey and fishery) in grid cells that were not directly

sampled and, therefore, to enable estimation of spatial

overlap outside the spatial domain. Grid cells for which

CPUE >0 (i.e., positive catch of spiny dogfish by fish-

ery) were identified and used in spatial overlap analy-

ses concerning fishery catch. The magnitude of CPUE
was not considered in any spatial analyses.

We assessed the amount of direct spatial overlap

(Brodeur et al., 2008) between spiny dogfish distribu-

tion and 2 aspects of each commercial fishery: 1) effort,

indicative of where a fishery fished (fleet presence),

and 2) catch, indicative of spiny dogfish presence on

the fishing grounds. The percentage of spatial overlap

of spiny dogfish distribution with commercial fisher ef-

fort (SOe) was calculated with the following equation:

SOE(%)=^c ’
F
-xl00, (3)

afe

where N^c,FE = the number of grid cells that contained

both survey catch of spiny dogfish

and commercial fishery effort; and
Npe = the number ofsurveyed grid cells repre-

senting areas that were fished.

This metric described how each commercial fishery was
operating in relation to distribution of spiny dogfish

and served as a proxy of spiny dogfish availability to

the OT and SGN fisheries. Low overlap indicated that

fishing crews were infrequently encountering spiny

dogfish (whether directly or as bycatch), indicating re-

duced availability to the fishery. The footprint of the

SOe metric was equivalent to the fishing grounds be-

cause only fished areas contributed toward the denomi-

nator (sites that were surveyed but not fished had no

bearing on SOe).
The percentage of spatial overlap of spiny dogfish

distribution with commercial fishery catch (SOq) was
calculated with an equation similar to Equation 3:

SOc(%)=
iVsc

’
FC

xlOO, (4)
iVFC

where Nqq fq = the number of grid cells that contained

both survey and fishery catch of

spiny dogfish; and

Npc = the number ofsurveyed grid cells where
commercial fishing crews caught
spiny dogfish.

This metric represented the similarity between the

commercial fishery and the bottom trawl survey in en-

countering spiny dogfish. Here, low overlap indicated

a spatial mismatch between the area where the fish-

ery and the survey caught spiny dogfish. The footprint

of the SOq was based on fishing grounds where spiny

dogfish were encountered. As explained previously for

SOe, sites that were surveyed but not fished had no

bearing on SOq.
In addition to estimation of direct spatial over-

lap with station data, estimation of spatial overlap

was done with interpolated survey and fishery catch.

Semivariograms were used in conjunction with or-

dinary kriging (Oliver and Webster, 1990; Reese and
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Brodeur, 2006; Brodeur et al., 2008) to estimate sur-

vey and fishery catch outside the sampled domain.

To assess ordinary kriging model performance, model

diagnostics (including root mean square error of pre-

diction [RMSE] and variance estimates from 100-fold

cross-validation) were investigated (Cressie, 1993). All

analyses were carried out in R with the gstat pack-

age (Pebesma, 2004). After interpolation of survey and
fishery catch throughout the NES LME, geostatistical

spatial overlap of predicted spiny dogfish distribution

with predicted fishery catch (SOj) was calculated with

the following equation:

SOA%) = ^^-xlOO, (5)NFl

where iVsi,FI = the number of grid cells with predicted

survey and fishery catch of spiny dog-

fish; and
Npi

= the number of grid cells with predicted

fishery catch.

As with SOq, this metric provides insight regarding

the area where both the commercial fishery and bot-

tom trawl survey were predicted to catch spiny dog-

fish but does so over a larger spatial scale. Here, low

overlap indicated that the fishery caught spiny dogfish

that were not accounted for by the bottom trawl survey.

The footprint of the SO\ encompassed predicted fishing

grounds inhabited by spiny dogfish. As explained previ-

ously for SOq and SOp, sites that were surveyed but

not fished had no bearing on SOp

Availability to fishery

The percentage of spiny dogfish stock available to each

commercial fishery was used to infer changes in catch-

ability of the population, in the sense that increased

availability could lead to increased catchability. Annual
estimates were obtained with the following equation:

where CF = the total survey catch of spiny dogfish

in grid cells where commercial fishing oc-

curred; and
CT - the total survey catch of spiny dogfish.

Availability was reported both overall (i.e., for all spiny

dogfish) and separately for each life-history stage be-

cause of sex-specific trends in habitat preference and
distribution (Sagarese et al., 2014b). The life-history

stages that were examined included aggregated male
and female neonates (<26 cm in total length [TL] ), im-

mature males (>26 cm TL and <60 cm TL), immature
females (>26 cm TL and <80 cm TL), mature males (>60

cm TL), and mature females (>80 cm TL). We assumed
that the survey catch was representative of trends for

the entire spiny dogfish stock and also for individual

life-history stages throughout the NES LME. A high

percentage indicated that a large portion of the spiny

dogfish stock was present in areas represented by the

grid cells where commercial fisheries were operating.

For each fishery, the relationship between availability

and loge-transformed abundance of spiny dogfish was
examined with annual values considered observations.

This analysis focused on mature females because this

stage is preferentially landed for maximal profit in the

highly sex-selective fishery for spiny dogfish (Rago et al.,

1998) and also because of their close proximity to shore

(Sagarese et al., 2014b). Between 1982 and 1995, 95% of

sampled landings were mature females (NEFSC3
).

Correlation between fisheries and survey catch data

We investigated annual correlations between com-

mercial fisheries (effort and catch) and survey catch

of spiny dogfish (Park and Obrycki, 2004). Map-cor-

relation coefficients were calculated on the basis of

sample-to-sample correlations in which grid cells were

treated as samples. Pearson’s coefficient of correlation

(r) measured the “strength” of the relationship, and
Spearman’s rank correlation coefficient (rsp ) measured
the similarity between ranks of observed and predicted

values (Quinn and Keough, 2002).

Results

Comparison of data from different gears

Preliminary analysis of observer data from the NE-
FOP revealed that the majority of spiny dogfish were

captured by the SGN (autumn: 57%; spring: 47%) and
OT fisheries (autumn: 29%; spring: 45%). Therefore, all

analyses focused on these 2 fisheries. Data for these

fisheries covered the longest and most continuous time

series (1989-2010). The SGN fishery expended more ef-

fort (in hours fished) and kept a larger percentage of

spiny dogfish catch (autumn: 61%; spring: 82%) than

the OT fishery (autumn: 8%; spring: 6%). Annual dis-

cards (%) of spiny dogfish for the OT fishery generally

exceeded 85% during both seasons, although a few ex-

ceptions were noted in the mid- to late 1990s (range:

from 20% [1996] to 68% [1999]). In contrast, annual

discards of spiny dogfish for the SGN fishery were
highly variable during both seasons (spring: 1-100%;

autumn: 1-90%) but exhibited consistently low values

during the mid- to late 2000s. Interannual differences

existed in the percentage of discarded catch, likely be-

cause of the complex history of dogfish harvest—which

began in 1990, was shut down in 1999, and was pri-

marily bycatch in the 2000s.

Estimates of mean percent observer coverage (the

number of trips observed compared with the number
of commercial trips reported) were as follows: north-

east SGN (1990-2008: 5.1% [standard deviation (SD)

1.7]), mid-Atlantic SGN (1995-2008: 2.9% [SD 1.3]),

northeast bottom trawl (including beam, bottom fish

[otter], bottom shrimp, and bottom scallop trawls)

(1994-2008: 3.2% [SD 3.6]), and mid-Atlantic bottom
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SGN fall SGN spring OT fall OT spring Survey fall Survey spring

Figure 1

Seasonal clustering of spiny dogfish (Squalus acanthias) catch per unit

of effort (CPUE) in the northeast U.S. shelf large marine ecosystem

between 1989 and 2009 during autumn and spring for the sink gillnet

(SGN) fishery, otter trawl (OT) fishery, and Northeast Fisheries Science

Center bottom trawl survey (Survey). Moran’s I statistic ranges from +1.0

(clustered) to -1.0 (dispersed) with values of 0.0 indicative of a random
spatial association. The thick horizontal line indicates the median, the

notched box represents the interquartile range and the 25th (bottom) and
75th (top) percentiles, and the whiskers show either the maximum value

or 1.5 times the interquartile range. Nonoverlapping notches provide a

rough impression of the significance of the differences between medians.

trawl (1996-2008: 1.4% [SD 1.2]) (Waring et al., 2011).

Mean rates of spiny dogfish bycatch for the northeast

(94.8% [SD 5.2]) and mid-Atlantic (89.7% [SD 14.0])

OT fisheries were similar but differed by a factor of

2 between the northeast (42.0% [SD 29.1]) and mid-

Atlantic (22.2% [SD 24.0]) SGN fisheries. Fishery be-

havior was assumed similar between the northeast

and mid-Atlantic regions for each commercial fishery

and, therefore, regional trends were combined for all

analyses.

Distribution of seasonal catch

Both commercial fisheries operated year-round in all 4

regions that are covered by the NEFSC bottom trawl

survey. Although spiny dogfish were encountered in

each region during all months, they were less common-
ly encountered in the Mid-Atlantic Bight during sum-
mer months. During cooler months (November through

April), high catches of spiny dogfish occurred off Cape
Hatteras, North Carolina, in both fisheries. In contrast,

during warmer months (May through October), spiny

dogfish were more common throughout the GM and
on GB. The SGN fishery operated throughout the NES

LME with the exception of GB, and
the OT fishery operated both on the

NES LME and along its edge.

Spatial distribution

Seasonal spatial patterns of spiny

dogfish CPUE were significantly more
clustered in the SGN fishery (Moran’s

I median: -0.31) than in the OT fish-

ery (Moran’s I median: 0.07-0.11) and
the bottom trawl survey (Moran’s I

median: 0.13-0.17 (Fig. 1; signifi-

cance determined by lack of overlap

in notches). Although seasonal me-
dians in Moran’s I were higher dur-

ing autumn than during spring for

the OT fishery and the survey, these

differences were not statistically sig-

nificant. CPUE estimates from both

the OT fishery and the bottom trawl

survey were characterized by low

Moran’s I (<0.2) throughout the time

series, indicating a fairly random
spatial association of spiny dogfish

CPUE (Fig. 1). Overall, the paucity

of negative Moran’s I values indicates

that spiny dogfish CPUE was never

dispersed.

Centers of abundance

Annual centers of spiny dogfish catch-

es differed significantly during both

seasons for each fishery and for the

bottom trawl survey (

P

<0.05; Table

1), matching expected trends in seasonal availability.

In addition, the locations of these centers differed sig-

nificantly among modes of fishing (Pa(jj
<0.0167; Table

1), with the exceptions of the bottom trawl survey ver-

sus the SGN fishery during autumn and the survey

versus the OT fishery during spring. During autumn,
both the survey and SGN fishery frequently encoun-

tered spiny dogfish in the southwestern GM (Fig. 2A).

Centers of abundance from the survey were located far-

thest offshore in the central GM between the early to

mid-1990s (Fig. 2A). During spring, spiny dogfish were
encountered along the edge of the continental shelf in

SNE during both survey and OT fishery trips (Fig. 2B).

Centers of spiny dogfish abundance determined from
SGN fishery data revealed a northward shift during

much of the 2000s (Fig. 2B).

Spatial analyses

Grid size A grid cell size of 0.25° latitude x 0.25° lon-

gitude was selected and resulted in 468 grid cells, with

grid areas ranging from 532 km2 to 644 km2 in the

northernmost and southernmost grids, respectively.

Although annual semivariogram trends were investi-
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Table 1

Permutational multivariate analysis of variance on Bray-Curtis distances for the center of

spiny dogfish (Squalus acanthias ) abundance based on 3 modes of fishing, sink gillnet (SGN),

otter trawl (OT), and the Northeast Fisheries Science Center (NEFSC) bottom trawl survey

(Surv), during autumn and spring between 1995 and 2009 in the northeast U.S. shelf large

marine ecosystem. Overall significance (*) is based on an a priori a=0.05, and comparison
significance is based on an adjusted a of 0.0167 (a=0.05 corrected for 3 comparisons between
modes of fishing). Pairwise a posteriori comparisons were executed with t, a multivariate ver-

sion of the f-statistic based on distances. Note that the period from 1989 through 1994 was
excluded from analysis because of a lack of coverage of the Mid-Atlantic Bight by the NEF-
SC Northeast Fishery Observer Program for the sink gillnet fishery. df=degrees of freedom;

SS=sums of squares; MS=mean square; F=pseudo-F ratio test statistic; P (perm)=permutated

P-value; MC=Monte Carlo asymptotic P-value.

Source df SS MS F P (perm) P (MC)

Autumn
Modes of fishing 2 81.48 40.74 10.04 0.0002* 0.0002*

Residual 42 170.50 4.06

Total 44 251.97

Spring

Modes of fishing 2 260.88 130.44 18.16 0.0001* 0.0001*

Residual 42 301.59 7.18

Total 44 562.47

Comparison t P (perm) P (MC)

Autumn
SGN vs OT 3.366 0.0005* 0.0019*

SGN vs Surv 2.313 0.0148 0.0202

OT vs Surv 4.918 0.0001* 0.0001*

Spring

SGN vs OT 7.692 0.0001* 0.0001*

SGN vs Surv 3.853 0.0006* 0.0004*

OT vs Surv 1.421 0.1659 0.1682

gated across gears and seasons, model structure and
range estimates were similar to those obtained across

all years. Ranges obtained from optimal semivariogram

models varied from 0.10 km to 20.19 km and rarely

exceeded 2 km (Table 2) when examined annually. The
large range identified for the OT fishery during spring

was driven by trends in 1995 and 2003. Details on

semivariogram fits and model selection are provided in

Appendix Figure 1 and Appendix Table 1, respectively,

in the Appendix.

Spatial overlap of spiny dogfish distribution with fishery

effort For the SGN fishery, SOe during autumn gener-

ally exceeded estimates during spring, indicating that

a greater portion of the spiny dogfish stock was avail-

able to that fishery during autumn (Fig. 3A). During
spring, SOe gradually increased throughout the 1990s

and remained relatively high for the remainder of the

time series (Fig. 3A). For the OT fishery before 1997,

SOe during spring consistently exceeded SOe during

autumn (Fig. 3B). SOe for the OT fishery showed a

trend of slightly increasing values over time during au-

tumn but no noticeable pattern during spring (Fig. 3B).

Spatial overlap of spiny dogfish distribution with fishery

catch For the SGN, lower SOq during spring, compared
with values during autumn, indicated less overlap be-

tween spiny dogfish distribution and the areas where
the SGN encountered them (Fig. 4, A and B). During
spring, SOq values ranged from 0% in 1990 and 1991 to

peak estimates in the late 2000s (overall mean 47% [SD

24]) (Fig. 4B). Predicted spatial distributions of spiny

dogfish estimated with interpolation methods were ac-

companied by reasonable 100-fold cross-validation er-

rors for the SGN fishery and the bottom trawl survey,

whereas RMSE estimates from mean predictions were

large for the survey (Table 3). SO\ yielded trends simi-

lar to those observed for SOq and often exceeded SOq
estimates during both seasons (Fig. 4, A and B). Dur-

ing spring, SOi was relatively high with the exception

of values in the mid-2000s (overall mean 48% [SD 34])

(Fig. 4B). SOi estimated for the period 2003-2006 was
0 because of small predicted catches (<0.5) that were

converted into either presence (>0.5) or absence (<0.5)

for analyses. Saturated values (i.e., 100%) of SOi were

often artifacts of very low sample sizes (< 10 grid cells)

used during interpolation.
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Figure 2

Annual centers of spiny dogfish (Squalus acanthias) abundance in the northeast U.S. shelf large

marine ecosystem between 1989 and 2009 during (A) autumn and (B) spring as observed in the

sink gillnet fishery (red line), otter trawl fishery (green line), and Northeast Fisheries Science

Center (NEFSC) bottom trawl survey (black line). Shaded gray area indicates land mass. Gray
lines represent depth contours (200-, 100-, 80-, 60-, 40-, and 20-m isobaths). Note that values for

the sink gillnet fishery start in 1995 because of the commencement of the NEFSC Northeast Fish-

ery Observer Program in the mid-Atlantic. Numbers on each colored line refer to years, where
89=1989, 90=1990, 00=2000, and so on.
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Table 2

Best-fit semivariogram models and parameters for the spatial distribu-

tion of spiny dogfish (Squalus acanthias) catch per unit of effort (CPUE)
for the sink gillnet (SGN) and otter trawl (OT) fisheries and in the North-

east Fisheries Science Center bottom trawl survey (Survey) between 1989

and 2009 during autumn and spring in the northeast U.S. shelf large

marine ecosystem. Semivariogram parameters included the sill (Cs ), the

nugget (Co), and the range (a). Anisotropy parameters included the ratio

of the minor to major lengths (Ratio) and the angle for the principal di-

rection of continuity (Angle). Models include exponential (Exp), Gaussian

(Gau), and spherical (Sph).

Gear Model cs c0 a (km) Ratio Angle (°)

Autumn
SGN Exp 6.74 0.00 0.10 0.93 54

OT Gau 4.94 6.16 1.79 0.93 141

Survey Exp 3.45 4.94 1.57 0.91 130

Spring

SGN Gau 2.30 1.90 1.31 0.73 30

OT Exp 12.02 4.80 20.19 0.98 39

Survey Sph 4.37 4.76 1.38 0.76 37

For the OT fishery, the magnitude of SOq was rela-

tively similar between seasons but differed in trend

(Fig. 4, C and D). During autumn, a period of relatively

low SOq (42% [SD 11.5]) was observed in 1990-1997

and higher SOq was seen in 1998 and thereafter (68%
[SD 12.2] (Fig. 4C). In contrast, no pattern was evident

during spring (Fig. 4D). Predicted spatial distributions

of spiny dogfish estimated with interpolation methods
for the OT fishery revealed reasonable mean predic-

tion and 100-fold cross-validation errors (Table 3). For

this fishery, trends between SOq and SO\ were similar

during autumn but more variable during spring. Dur-

ing autumn, lower SOj values were identified through-

out the mid-1990s (Fig. 4C). During spring, SOj values

were consistently larger than SOq estimates; however,

a marked reduction was observed during the early to

mid-2000s (Fig. 4D).

Availability to fishery

Aggregated spiny dogfish The percentage of the spiny

dogfish stock available to both fisheries was gener-

ally higher during autumn than during spring (Fig.

5A), indicating that a greater portion of the popula-

tion was available to each commercial fishery during

this season. In general, availability to the SGN fishery

remained below 30% with the exception of availability

in the mid- to late 2000s (Fig. 5A). Although a similar

pattern was observed for the OT fishery during spring,

availability to this fishery during autumn increased

abruptly in 2001 and remained high (Fig. 5A).

Stage-dependent availability The availability of each

life-history stage of spiny dogfish was highly vari-

able for fisheries and seasons (Fig. 5). Sporadic sur-

vey catches of neonates, particularly during autumn,
resulted in erratic (and potentially unreliable) trends

for both seasons and fisheries (Fig. 5B). Patterns in

availability of immature males were also relatively in-

consistent throughout the time series, although analy-

ses indicated recent increases for the OT fishery during

both seasons (Fig. 5C). Availability of mature males,

immature females, and mature females revealed simi-

lar trends, namely recent increases and higher avail-

ability during autumn than during spring for both fish-

eries (Fig. 5, D-F).

Abundance of mature female spiny dogfish from the

bottom trawl survey was related significantly to avail-

ability of mature female spiny dogfish to the OT fish-

ery during autumn (availability=22.269 loge [CPUE] +

10.954, coefficient of multiple determination [i?
2]=0.48,

P=0.0005) and to the SGN fishery during spring (avail-

ability=-7.867 loge[CPUE]+24.217, P2=0.24, P=0.0236)

(Fig. 6). As abundance increased during autumn, the

percentage of mature females available to the OT fish-

ery increased significantly (Fig. 6A). The relationship

between survey abundance and availability to the SGN
fishery revealed an opposite but significant trend dur-

ing spring. As abundance of mature females increased,

the percentage available to the SGN fishery decreased

significantly (Fig. 6B).

Correlation between fisheries and survey catch data

Spiny dogfish distribution was not highly correlat-

ed with commercial fishery effort for either fishery

(r<0.23, rsp<0.43). Although most correlations between

spiny dogfish distribution and fishery catch (SOq, SO{)
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Figure 3

Spatial overlap (.SOe). measured as a percentage, of spiny dogfish

(Squalus acanthias) distribution (derived from the Northeast Fisher-

ies Science Center bottom trawl survey) with commercial fishery effort

in the northeast U.S. shelf large marine ecosystem between 1989 and
2009 during autumn (solid line) and spring (dashed line) for the (A)

sink gillnet fishery and (B) otter trawl fishery. SOe was calculated as

the number of grid cells contained both survey catch and commercial

fishery effort divided by the number of survey grid cells representing

areas that were fished. Higher overlap indicates increased availability

of spiny dogfish to the fishery.

were also relatively weak, some exceptions were noted.

Interpolated values resulted in moderate to high cor-

relations (rsp : autumn: -0.02 to 0.75; spring: -0.54 to

0.33) for the SGN fishery during both seasons. The OT
fishery also displayed moderate correlations (rsp<0.66)

during each season.

Discussion

Spatial overlap analyses indicate that changes in

availability of spiny dogfish to commercial fisheries

may have been manifested as apparent increases in

local abundance on commercial fishing grounds. In-

creased co-occurrence of spiny dogfish with commer-
cial fisheries was further indicated by availability

analyses that assessed the annual percentage of the

spiny dogfish stock that was located on SGN and OT
fishing grounds between 1989 and 2009. A proxy for

spawning stock biomass, abundance of mature female

spiny dogfish was significantly related to availability

for each commercial fishery, although the pattern was
not consistent among fisheries. Spatial overlap anal-

yses revealed recent increases for both the SGN and
OT fisheries but not consistently across seasons. Anal-

ysis of fishery-dependent data revealed differences in

fishery behavior between the SGN and OT fisheries: a

high spiny dogfish bycatch in the OT fishery and high

retained catch in the SGN fishery indicative of target-

ing. Seasonal examination of centers of spiny dogfish

abundance revealed differences between inshore and
offshore areas, with trends in data from the bottom
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Figure 4

Spatial overlap (SOq, SOj), measured as a percentage, of spiny dogfish (Squalus acanthias)

distribution (derived from the Northeast Fisheries Science Center trawl survey data) with com-

mercial fishery catch in the northeast U.S. shelf large marine ecosystem between 1989 and
2009 for the sink gillnet fishery in (A) autumn and (B) spring and the otter trawl fishery in

(C) autumn and (D) spring. Solid lines indicate direct spatial overlap (SOq), and dashed lines

indicate spatial overlap revealed through the use of interpolated values (SO\). Higher values

indicate increased overlap between spiny dogfish distribution and fishery catches.

trawl survey validating seasonal movements of spiny

dogfish (Sagarese et al., 2014b). Trends in fishery-de-

pendent data displayed interannual differences in lo-

cations where spiny dogfish were encountered on com-

mercial fishing grounds.

Availability can be understood as a localized effect

between CPUE and density of spiny dogfish (Wilberg et

al., 2009). Changes in availability to commercial fisher-

ies can have long-lasting impacts on marine resourc-

es, especially on species, such as the spiny dogfish,

which has a slow life history (Musick, 1999). During
the 1990s, a southward shift in distribution of Atlantic

cod increased the availability of this stock to fishing

fleets and helped contribute to its collapse (Rose et al.,

1994; Rose and Kulka, 1999). For spiny dogfish, the

observed increase in SOe throughout the time series

for the SGN fishery during spring and for the OT fish-

ery during autumn indicates a concomitant increase in

the portion of the stock available to fisheries. Results

from an availability analysis, in addition to quantified

spatial overlap, support recent increases in availabil-

ity of spiny dogfish and revealed changes in availabil-

ity for individual life-history stages. Increased overlap

may stem from technological advancements or social

networking that can increase the efficiency of fishing

crews in locating and capturing aggregations of either

spiny dogfish directly or indirectly by targeting their

prey (Hilborn and Walters, 1992).

The trend toward increased availability, particu-

larly for mature females either as targeted catch or

as bycatch, elicits the need for caution regarding the

sustainability of the stock of spiny dogfish in the NES
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Table 3

Ordinary kriging model performance for prediction of catches of spiny dogfish (Squalus acanthias) from the sink gillnet

(SGN) and otter trawl (OT) fisheries and the Northeast Fisheries Science Center bottom trawl survey (Survey) during

autumn and spring between 1989 and 2009 in the northeast U.S. shelf large marine ecosystem. RMSE=root mean square

error of prediction; CV=cross-validation; Var=variance. An en dash indicates no data were available. Additional metrics can

be found in Sagarese. 1

Year

Mean prediction RMSE 100-fold CVVar

Autumn Spring Autumn Spring

SGN OT Survey SGN OT Survey SGN OT Survey SGN OT Survey

1989 0.35 0.99 29.13 _ 1.37 139.76 4.71 8.57 2.40 _ 7.23 2.90

1990 0.32 0.81 58.83 2.67 1.36 309.12 3.82 12.26 4.35 0.07 6.70 2.03

1991 0.53 1.43 108.86 2.17 1.31 90.94 4.27 8.22 2.87 0.36 7.02 1.84

1992 0.89 1.00 88.06 1.69 1.40 89.23 4.40 4.56 1.77 1.04 7.59 2.57

1993 0.98 0.69 53.23 2.27 1.73 63.03 5.08 4.79 2.31 0.92 4.28 1.70

1994 1.90 1.78 43.44 2.42 1.71 180.14 0.34 4.37 2.31 0.61 7.37 2.09

1995 1.53 1.69 107.64 2.25 1.65 39.02 3.34 3.91 2.62 1.18 4.24 3.81

1996 1.12 1.68 101.36 2.35 1.91 99.61 3.46 5.07 2.58 0.58 2.55 2.16

1997 1.34 1.89 58.86 1.97 1.61 43.53 4.27 3.63 2.47 1.40 3.36 3.75

1998 1.23 1.53 92.84 1.84 1.99 34.09 3.99 2.18 3.00 2.73 4.51 3.47

1999 1.17 1.61 51.07 1.67 2.02 48.72 3.28 4.22 2.22 0.60 3.05 4.76

2000 2.63 2.23 36.73 2.16 1.58 28.50 0.50 1.87 1.42 2.72 5.03 3.78

2001 2.51 1.61 72.45 2.76 1.44 42.29 0.58 3.84 2.71 0.05 4.57 2.72

2002 2.13 1.57 49.65 2.41 0.81 56.69 0.27 3.41 3.13 0.60 4.22 3.34

2003 1.56 1.61 78.64 2.73 1.63 84.51 4.47 4.69 4.03 1.38 4.03 3.08

2004 1.00 1.38 55.32 2.45 1.58 46.27 3.25 4.67 3.00 2.59 4.51 2.25

2005 1.20 1.71 94.89 2.66 2.06 68.57 4.06 3.29 2.54 0.10 4.01 3.79

2006 1.97 1.25 72.39 2.67 1.80 85.31 2.24 5.88 3.11 1.17 3.88 3.03

2007 1.88 1.40 71.29 2.48 1.86 45.62 0.62 8.25 2.08 1.16 4.02 2.56

2008 1.54 1.97 53.40 2.44 1.81 46.04 0.60 3.71 3.22 0.01 4.65 2.73

2009 0.71 1.80 85.35 2.27 2.10 143.12 0.61 6.60 4.54 0.05 3.70 3.31

1Sagarese, S. R. 2013. The population ecology of the spiny dogfish in the Northeast (US) shelf large marine ecosystem: im-

plications for the status of the stock. Ph.D. diss., 501 p. Stony Brook Univ., Stony Brook, NY.

LME. Traditionally, mature female spiny dogfish were
preferentially harvested for maximal profit and be-

cause they were close to shore (Shepherd et al., 2002;

Sagarese et al., 2014b). Other factors, such as environ-

mental conditions, also influence catchability observed

in analyses of data from both surveys and fisheries,

for example, by concentrating fish in preferred habitats

(e.g., Smith and Page, 1996). Environmental conditions

at the time of the NEFSC trawl survey influenced the

probability of occurrence of life-history stages of spiny

dogfish throughout the NES LME (Sagarese et al.,

2014a). Changes in availability to monitoring surveys

could affect abundance estimates used in stock assess-

ment models (Methot and Wetzel, 2013).

Changes in the spatial distribution of spiny dogfish

may also affect their availability to both commercial
fisheries and monitoring surveys. Any change in spa-

tial structure of the stock (Pennington and Godp, 1995),

such as the documented shoreward shifts of spiny dog-

fish (NEFSC3
), can increase availability and catch-

ability if fish density increases on commercial fishing

grounds. Increased availability to commercial fisheries

can increase bycatch, which corresponds to higher lev-

els of mortality from OTs (Mandelman and Farrington,

2007).

For spiny dogfish, a relationship was identified be-

tween abundance of mature females in the bottom trawl

survey and their availability to each fishery. During au-

tumn, availability to the OT fishery increased with ma-
ture female abundance. The plausibility of this result is

supported by recent field studies that examined devices

or repellents aimed at deterring spiny dogfish from mul-

tiple gears, including trawls, in the NES LME (Chosid

et al., 2012; O’Connell et al., 2012). For the SGN fishery,

an opposite trend of reduced availability was observed

when there was a higher abundance of mature female

spiny dogfish during spring. A potential explanation,

based on MacCall (1990), is that as abundance increases

mature females spread into offshore areas or seasonal

areas less frequented by SGN fishing crews. It also

is possible that the SGN fishery actively avoids large

aggregations of mature female spiny dogfish because

this nuisance species can overwhelm SGNs and either

saturate some nets or destroy them (Tallack and Man-



114 Fishery Bulletin 113(2)

10° "i A
SGN — autumn
SGN — spring

OT — autumn
- - OT — spring

40 -

20 -

0 -

100

'
' 60 —

I

>.

ro 40-

5
< 20

0

100

80

60

40

20

0

40 -|

20

0

2010 1990

100

80

60

40 -

20 -

0 -

n

\

Y/

1

\ N \ I

l\ A
\

/ i\l w
/, < < w yV./ 1

!

1990 1995 2000 2005 2010 1990 1995 2000 2005 2010

Year

Figure 5

Availability of spiny dogfish (Squalus acanthias ) to the sink gillnet (SGN; black lines) and otter

trawl (OT; gray lines) fisheries in the northeast U.S. shelf large marine ecosystem between 1989

and 2009 during autumn (solid lines) and spring (dashed lines) for (A) all dogfish at all stages

combined, (B) neonates (<26 cm in total length [TL]), (C) immature males (>26 cm TL and <60

cm TL), (D) mature males (>60 cm TL), (E) immature females (>26 cm TL and <80 cm TL) and
(F) mature females (>80 cm TL). Availability was estimated collectively and separately for each

life-history stage as the percentage of total survey catch in grid cells representing areas fished

by commercial fishermen divided by the entire survey catch.

delman, 2009). Further, presence of nontargeted spiny

dogfish can reduce the quality of target groundfish spe-

cies in gillnet catches (Rafferty et al., 2012).

In this study, we addressed the question of whether
recent increases in spiny dogfish abundance, as identi-

fied by fishermen (Tallack and Mandelman, 2009), have

resulted from increased availability of the spiny dogfish

stock to major fisheries. Examination of SOq revealed

2 periods of contrasting overlap during autumn: 1) a

low period before 1998 during which spiny dogfish were

infrequently caught in both fisheries and the bottom

trawl survey and 2) a high period, thereafter, reflect-

ing a greater area where spiny dogfish were captured

by the survey crew and each fishery. Interestingly, the

year separating the 2 distinct periods, 1998, was also

the year in which the stock was declared overfished
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Figure 6

Relationship between loge-transformed abundance of mature female (to-

tal length >80 cm) spiny dogfish (Squalus acanthias ) in the northeast

U.S. shelf large marine ecosystem and their availability to (A) the otter

trawl fishery during autumn (availability=22.269 loge [catch per unit of

effort (CPUE)]+10.954, coefficient of multiple determination [f?
2]=0.48,

P=0.0005) and (B) the sink gillnet fishery during spring (availabil-

ity^.867 loge [CPUE]+24.217, R2=0.24, P=0.024) between 1989 and
2009. Data points reflect annual observations. Solid lines indicate fitted

logarithmic trends.

(ASMFC2
). Higher spatial overlap after 1998 indicates

increased availability of the stock to each fishery. Al-

though this observation seems counterintuitive given

that the fishery in the 2000s was strictly one of by-

catch, it is possible that this increased overlap is re-

lated to distributions of species targeted by fisheries

and spiny dogfish (i.e., predation).

The use of commercial statistics in tracking abun-

dance trends is often discouraged because of nonran-

dom fishery behavior, particularly because fishing

crews search for concentrations of fish rather than
fish at random (Paloheimo and Dickie, 1964; Salthaug

and Aanes, 2003); however, fishery-dependent data

have provided a rare opportunity to examine fishery

behavior and investigate how fisheries are distributed

with respect to a marine resource. Clustering of spiny

dogfish CPUE in the SGN fishery indicated that this

fishery, compared with the OT fishery, targeted spiny

dogfish more directly. Annual Moran’s I values revealed

relatively high clustering of CPUE during the 1990s

as fishing effort spread inshore in SNE and Mid-At-

lantic Bight. During this same time period, a shore-

ward shift in distribution, predominantly of mature
males but also of mature females, was documented by
the bottom trawl survey (NEFSC 3

). Trends for the OT
fishery indicated more random catches of spiny dogfish

compared with trends for the SGN fishery, supporting

the notion that OT catches are likely bycatch. Further
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support was provided by the lower percentage of catch

retained by the OT fishery (autumn: 8%; spring: 5%)
than by the SGN fishery (autumn: 61%; spring: 81%).

The observed fishing patterns for the OT fishery likely

are linked to target species distributions rather than

to spiny dogfish distribution.

For the spatial analyses presented here, we relied

on numerous assumptions. Trends within NEFOP data

were assumed to represent those of domestic fishing

fleets since 1989. This time period encompassed the de-

velopment of the directed domestic fishery (1990), its

collapse (late 1990s), and the onset of recovery (late

2000s). For analyses of spatial overlap of spiny dog-

fish distribution and fishery effort and catch, we as-

sumed that the selected grid cell size was appropriate

for both the rasterization and interpolation of station

data. In contrast with our grid cell size, grid sizes of

much smaller sizes (185-261 km2
) have been used in

other distributional studies in which the same fishery-

independent data set within the same geographic re-

gion have been analyzed (Methratta and Link, 2007;

Nye et al., 2009). For spatial overlap analyses, results

were not available on a stage-specific basis because of

limited reporting of sex within fisheries data. Further

investigation of interactions of spiny dogfish and fish-

eries at the level of life-history stages could provide in-

sight into stage-dependent availability, elucidating the

potential relationship between fishermen and spawn-
ing stock biomass (i.e., mature female abundance), ma-
ture male biomass (i.e., alternative harvest by way of

a male-selective fishery), and recruitment (i.e., neonate

abundance).
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*h) =
2^h)

nZ(Xi) ~ Z(Xi+h)]2 ’ (1)

where ZOq) and Z(xj+h) = measured values of catch per

unit of effort (CPUE) at sample points Xj

and respectively; and
n(h) = the total number of sample pairs for any

separation distance h (Matheron, 1971).

Each semivariogram was used to estimate 3 parame-

ters: 1) the range (a), or the asymptotic distance beyond

which samples were spatially independent; 2) the sill

(Cg), or the value of the semivariance at any distance

>a; and 3) the nugget (Co), the semivariance at the ori-

gin (h= 0). In situations where autocorrelation between

2 locations changed with both direction and distance (a

condition known as anisotropy), 2 additional parame-

ters were estimated: 1) the ratio of the minor to major

axis lengths and 2) the angle of the principal direction

of continuity (Pebesma et al., 2011). Anisotropic param-

eters were estimated with the use of the intamap pack-

age (Pebesma et al., 2011). Multiple theoretical models

were tested, including the following ones:
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Appendix Table

Model selection criteria used to identify optimal semivariogram models for spiny dogfish (Squalus acanthias ) catch

per unit effort in the northeast U.S. shelf large marine ecosystem between 1989 and 2009 for the sink gillnet (SGN)
fishery, otter trawl (OT) fishery, and Northeast Fisheries Science Center bottom trawl survey (Survey). Model types

include nugget (Nug), exponential (Exp), Gaussian (Gau), and spherical (Sph). AIC=Akaike’s information criterion;

AAIC=difference in AIC with respect to the AIC of the best candidate model; wAIC=model weights.

Autumn Spring

Nug Exp Gau Sph Nug Exp Gau Sph

SGN AIC 283.3 255.1 304.1 257.0 284.6 245.0 231.7 242.5

AAIC 28.3 0.0 49.0 1.9 52.9 13.3 0.0 10.8

wAIC 0.0 72.3 0.0 27.7 0.0 0.1 99.4 0.5

OT AIC 315.0 265.1 263.5 263.8 283.3 254.7 262.9 254.8

AAIC 51.5 1.6 0.0 0.4 28.6 0.0 8.3 0.1

wAIC 0.0 19.8 43.8 36.4 0.0 50.9 0.8 48.3

Survey AIC 263.8 181.1 215.1 205.8 273.6 209.7 289.2 208.2

AAIC 82.6 0.0 34.0 24.7 65.4 1.5 81.0 0.0

wAIC 0.0 100.0 0.0 0.0 0.0 32.2 0.0 67.8

Nugget: -y(h) = C0 = Cs ; (2)

Gaussian: ~t(h) = C0 + (CS -C0 )x
i (

h 2
'

1-exp —

j

(3)

Exponential: 'y(h) = C0 + (CS -C0
)x 1-exp ; (4)

l CL J

Spherical:

7(h) — C0 + (Cg — Cq)

1.5 x - -0.5x - (5)

Optimal semivariogram models were selected on the

basis of the lowest Akaike’s information criterion (AIC)

calculated with the following equation:

AIC — n\n(R) + 2p, (6)

where n = the number of experimental points on the

semivariogram;

R = the residual sum of squares; and

p = the number of parameters in the model
(Webster and McBratney, 1989).

AIC values also were reported in terms of delta (A) AIC,

which represents the difference in AIC with respect to

the AIC of the best candidate model (AAICi=AICi-mini-

mum AIC), and weights to determine conditional prob-

abilities of each model configuration (Wagenmakers
and Farrell, 2004).

Results

Optimal semivariogram models for each of 2 major
commercial fisheries, the sink gillnet (SGN) fishery

and the otter trawl (OT) fishery, and the Northeast

Fisheries Science Center bottom trawl survey incor-

porated anisotropy and varied seasonally in structure

(see Table 2 in the main article). For the SGN fishery,

the spatial correlation of spiny dogfish CPUE was best

fitted by an exponential model during autumn and a

Gaussian model during spring (Appdx. Table 1). For the

OT fishery, Gaussian and exponential models were se-

lected for autumn and spring, respectively. The spatial

correlation of spiny dogfish CPUE for the survey was
best fitted by exponential and spherical models during

autumn and spring, respectively. Overall, optimal semi-

variogram models were at least adequate in capturing

the overall trend indicated by the sample semivario-

grams (Appdx. Fig. 1).
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Appendix Figure

Sample and fitted semivariograms of spiny dogfish (Squalus acanthias) catch

per unit effort in the northeast U.S. shelf large marine ecosystem between 1989

and 2009 for the sink gillnet fishery in (A) autumn and (B) spring, the ot-

ter trawl fishery in (C) autumn and (D) spring, and the Northeast Fisheries

Science Center bottom trawl survey in (E) autumn and (F) spring. Note that

ranges on x- and y-axes differ between panels.
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Abstract—To clarify the ontogenetic

changes in antipredator behavior

of juvenile white rockfish (Sebastes

cheni), effects of light intensity (0.1,

1, 10, 100, 1000, and 10,000 lx) and

body size (23.4, 30.3, 41.1, 49.4 and

58.6 mm in total length [TL] ) on

swimming (cruising [swimming]
speed [CS] and burst [swimming]

speed [BS]) and schooling behavior

(nearest neighbor distance [NND]
and separation angle [SA]) were ex-

amined under laboratory conditions.

The CS was higher under higher

light intensities for all length class-

es. The BS increased with increas-

es in fish body size at the highest

light intensity although there was
no significant effect of body size at

the lowest light intensity. The NND
was largest for the smallest fish-size

class at all light intensities. The ef-

fects of light intensity and fish body

size on SA were not significant.

Schooling behavior of the juvenile

white rockfish was determined to

begin to develop at body sizes >30
mm TL. In this study, we found the

ability of juvenile white rockfish to

avoid predation through schooling

behavior to be minimal in compari-

son with other species because the

instinct appears to not be well devel-

oped during the early postsettlement

period (20-30 mm TL).
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Vegetated habitats, such as seagrass

and macroalgae beds, are recognized

as critical habitat for a variety of

fish species because they serve as

feeding grounds and refuges from
predation for early life stages of fish-

es (Heck and Orth, 2006). However,
observations of higher abundances of

piscivorous fishes during night than

during the day in recent field sur-

veys have indicated that larval and
juvenile fishes are exposed to higher

rates of mortality (owing to preda-

tion at night in vegetated habitats)

than rates of mortality owing to pre-

dation during the day in these habi-

tats (Hindell et al., 2000; Guest et

al., 2003). In addition, stomach con-

tent analyses of piscivorous fishes,

coupled with tethering experiments

in seagrass beds in the Seto Inland

Sea off southwestern Japan, have
revealed that the predation rate on

juvenile white rockfish (Sebastes

cheni) by piscivorous fishes was sig-

nificantly higher at night than dur-

ing the day (Kinoshita et ah, 2012).

Throughout this article, we refer to

Sebastes cheni as “white rockfish” to

reduce confusion with other common
names applied to this and other spe-

cies of Sebastes. For example, S. che-

ni has been called “black rockfish” in

other publications, but that common
name is used in the United States

and Canada for a different species,

S. melanops. Other common names
for S. cheni are “rockfish,” “Japanese

black rockfish,” “white seapearch”

and “shiro-mebaru.”

The recent observations noted
in the previous paragraph suggest

that a re-evaluation is needed for a

common understanding that aquatic

macrophytes have a function as a

refuge from predation for juvenile

fishes (e.g., Petr, 2000)—a notion that

has been established mainly on the

basis of observations during the day.

Comprehensive analysis of predator-

prey interactions during both day
and night, with a focus on possible

diurnal changes in both predator and
prey behaviors, would help us better

understand the survival mechanisms
of early life stages of fishes in these

habitats.

Rockfishes (Sebastes spp.) are dis-

tributed widely in coastal waters of

the western North Pacific and are

commercially and recreationally im-

portant species (Love et al., 1991;
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Jones et al., 2012). A recent taxonomic review of speci-

mens considered to be Sebastes inermis has provided

evidence that they are a species group of 3 congeners:

S. inermis, S. ventricosus, and S. cheni on the basis of

morphological and genetic analyses (Kai and Nakabo,

2008). Sebastes cheni dominates the fish community of

the vegetated habitats (seagrass and macroalgal beds)

in coastal waters of the Seto Inland Sea, off south-

western Japan (Kamimura and Shoji 2009; Kamimura
et al., 2011). Juveniles settle in vegetated habitats at

~20 mm in total length (TL) and grow to 60 mm TL in

their first summer. Juveniles of several Sebastes spe-

cies have been shown to exhibit a strong association

with seagrass and macroalgae during the postsettle-

ment period, inhabiting substrates, such as kelp and
rocky reef, until they reach a body size of >60 mm TL
(Love et al., 1991, 2002; Plaza et al., 2002; Dauble et

al., 2012). Recent surveys have indicated that survival

during the substrate-associated period has the poten-

tial to determine the abundance of regional Sebastes

stocks in the eastern and western North Pacific (Ad-

ams and Howard, 1996; Laidig et al., 2007; Kamimura
and Shoji, 2013).

Predation is considered one of the most impor-

tant sources of mortality during the early life stages

of fishes (Houde, 1987). The instantaneous predation

rate of juvenile white rockfish during night in sea-

grass beds in the Seto Inland Sea was -5.1% in a

study conducted in 2009-2011 (Kinoshita et al., 2012).

Furthermore, size-selective predation, by which white

rockfish juveniles <30 mm TL were eaten more fre-

quently than those >30 mm TL, was observed during

night in the macroalgal bed (Kinoshita et al., 2014).

Generally, ontogenetic improvement in swimming and
schooling behaviors during the early life of fishes is

believed to enhance fish survival by the development
of antipredator behavior (Masuda and Tsukamoto,

1998). Information on how the interactions between
juvenile white rockfish at various sizes and diurnal

changes in their behavior affect predation probability

is indispensable for the formation of a comprehen-
sive understanding of survival mechanism in juvenile

habitats.

In our study, effects of body size and light inten-

sity on swimming and schooling behaviors of juvenile

white rockfish were examined under laboratory condi-

tions. We hypothesized that swimming and schooling

behaviors develop during the juvenile period and that

the effect of light condition on these behaviors begins

to operate during this period. In addition, antipredator

behaviors among species were compared by using data

reported for other species in previous studies.

Materials and methods

Experimental fish

White rockfish larvae and juveniles reared at the Hi-

roshima Prefectural Farming Fisheries Center were

60
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Figure 1

Growth of larval and juvenile white rockfish (Sebastes

cheni) in the laboratory experiments conducted in 2012

to determine the development of swimming speed and
schooling behavior of white rockfish in relation to light

intensity. Error bars indicate standard deviation, and
arrows indicate day of experiment. Shaded bars indi-

cate feeding schedule, during which rotifers (Brachio-

nus sp.) were supplied from day 0 to day 55, brine

shrimp (Artemia sp.) nauplii from day 13 to day 80,

frozen copepods from day 25 to day 80, and dry pellets

from day 50 to day 151.

used for our experiments. Larvae were extruded from

adult white rockfish (4-6 years old) on 5-9 January
2012. Mean larval TL at extrusion was 6.4 mm. Roti-

fers (Brachionus sp.) were given to fish as feed from

day 0 to 55, and the food supply for fish included

brine shrimp (Artemia sp.) nauplii from day 13 to

80, frozen copepods from day 25 to day 80, and dry

pellet from day 50 to day 151 (Fig. 1). Water tem-

perature of the rearing tanks increased from 11°C

to 17°C during the experiments. To investigate the

ontogenetic changes in swimming and schooling be-

haviors, experiments were conducted with fish in 5

length classes, covering the postsettlement stage (20-

60 mm TL): 1) 23.4 mm TL (standard deviation [SD]

1.4) by day 61; 2) 30.3 mm TL (SD 3.1) by day 78; 3)

41.1 mm TL (SD 2.4) by day 112; 4) 49.4 mm TL (SD

2.8) by day 140; and 5) 58.6 mm TL (SD 2.9) by day

151 (Fig. 1).

Lux (lx) was used as the light intensity unit for

comparison of behaviors of other fish species in pre-

vious studies. Six levels of light intensity (0.1, 1,

10, 100, 1000, and 10,000 lx) were set by using 1-5

incandescent bulbs (40 or 500 W) and translucent

black vinyl sheets, which allowed some light to pass

through them, in an experimental room (1.8x0.9x1.

8

m). Light intensity was measured with a digital light



Nakano et al.: Development of swimming speed and schooling behavior in juvenile Sebastes cheni 123

meter (400-TST-902, Sanwa Supply Inc. 1
,
Okayama,

Japan) at the surface of each tank. A video camera
(Handycam DCR-DVD505, Sony Corp.) was mounted
vertically above the center of the experimental tanks

to record fish behavior. Red light was used for ob-

servations at 0.1 and 1 lx. Fish were not fed for 1

day before the experiments. No fish died during these

experiments.

Experiment 1

Two circular polycarbonate tanks of different sizes

were used for the experiments, and fish were put in

one of the tanks depending on fish size. A 30-L tank,

with a water depth of 28 cm, was used for the experi-

ment with fish at 23.4, 30.3, and 41.1 mm TL, and a

100-L tank, with a water depth of 40 cm, was used

for the experiment with fish at 49.4 and 58.6 mm TL.

Fish behavior was observed under 6 light levels (0.1, 1,

10, 100, 1000, and 10,000 lx). Twenty fish in each size

group were introduced into each tank and were accli-

mated for 1 h at 100 lx, a level that approximates the

light intensity in their natural habitat (seagrass and
macro-algal beds) during day. Fish were acclimated at

each light intensity for 30 min before each observation.

Fish behavior was recorded for 5 min by the video

camera. Fish behavior observed in the 10 s of video

collected immediately after the first 1 min of record-

ing was used for analysis of cruising speed (CS). Two
parameters of schooling behavior, nearest neighbor dis-

tance (NND) and separation angle (SA), were defined

according to the method described by Masuda et al.

(2003). NND and SA are descriptors of parallel orien-

tation and aggregation, respectively, calculated from a

still frame of video at 1 min from the start of record-

ing. NND was divided by TL to facilitate the compari-

son among different size groups. SA, ranging from 0°

to 180°, was expected to be 90° when fish were located

in a random direction and was expected to decrease

as they developed a parallel orientation. Aeration was
stopped during this experiment. Individual fish were
used in only one treatment and were not reused in this

study.

Experiment 2

Burst [swimming] speed (BS) was measured by using

sound stimuli according to the methods in Masuda et

al. (2002). A 10-L, circular, polycarbonate tank, with a

water depth of 15 cm, was used for observations of fish

in all size classes. Ten fish were introduced into the

tank and were kept for 1 h at 100 lx for acclimation.

The fish were acclimated for 30 min under experimen-

tal light intensity before the start of each experiment.

A sound stimulus was produced with a steel nut (10 g)

hung by a string (40 cm); the nut was released from a

Mention of trade names or commercial companies is for iden-

tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.

distance of 20 cm from the side of the tank to hit the

tank wall. The experiment was conducted at the low-

est and highest light intensities (0.1 and 10,000 lx).

The BS was calculated from the distance of fish move-

ment for 0.25 s after the sound stimulus. Aeration was
stopped during the experiment. Individual fish were

used in only one treatment and were not reused in this

study.

Statistic

The CS, NND, and SA of juvenile white rockfish were

compared at the different light intensities (6 levels)

within the same size class and among results for fish

in different size classes within the same light intensity

by means of Kruskal-Wallis tests with Steel-Dwass’s

tests for multiple comparisons. BS was compared for

fish at the different light intensities (2 levels) within

the same size class by the Wilcoxon test and among
results for fish in the different size classes within the

same light intensity by the Kruskal-Wallis test with

Steel-Dwass’s test for multiple comparisons. All these

statistical analyses were performed with the software

programs R, vers. 3.1.1 (R Core Team, 2014) and JMP,
vers. 8, (SAS Institute Inc., Cary, NC).

Results

Mean CS was highest under higher light intensi-

ties (1000 or 10,000 lx) within all size classes of fish

(Fig. 2). There was a significant effect of light intensity

on CS in each fish size class (Kruskal-Wallis test with

Steel-Dwass’s test for multiple comparisons: PcO.OOl).

For fish within the same light intensity, size had a sig-

nificant effect on CS. Across all light intensities, the CS
of fish in the 2 largest size classes (49.4 and 58.6 mm
TL) was significantly larger than the CS of fish in the

smaller size classes (PcO.OOl).

Mean NND decreased as fish grew. At 23.4 and 30.3

mm TL, the NND under 0.1 lx was significantly greater

than that under 100 lx (Kruskal-Wallis test with Steel-

Dwass’s test for multiple comparisons: PcO.OOl; Fig. 3).

Light treatment had no significant effect on NND in

the three largest fish size classes (41.1, 49.4, and 58.6

mm TL: P>0.05). Within the same light intensity, the

NNDs of the one (23.4 mm TL under 1 and 10 lx) or

two smallest size classes (23.4 and 30.3 mm TL under

0.1 and 10,000 lx) were significantly greater than those

of other size classes (PcO.OOl).

The variability in SA within size and light-intensity

groups was large enough that no significant effect of

light intensity and fish size was detected (Kruskal-Wal-

lis test: P>0.05). Mean values of SA ranged between
29.8° (SD 17.7) for fish under 100 lx and in the size

class of 49.4 mm TL and 102.0° (SD 51.6) for fish under
0.1 lx and in the size class of 30.3 mm TL (Fig. 4).

The effect of fish size on BS was significant under the

highest light intensity of 10,000 lx (Kruskal-Wallis test:
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Figure 2

Cruising [swimming] speed (CS; measured in millimeters per

second) of juvenile white rockfish (Sebastes cheni ) at each

size class (total length in millimeters) under different light

conditions (from 0.1 to 10,000 lx). Error bars indicate stan-

dard deviations and letters indicate significant difference in

CS among fish at different light conditions within the same
size class (Kruskal-Wallis test with Steel-Dwass’s test as

post-hoc test: PcO.001).

P<0.05), but no size effect was detected under the lowest

light intensity of 0.1 lx (Kruskal-Wallis test: P>0.05).

The BS under the lowest light intensity was significantly

lower than BS under the highest light intensity for fish

in all size classes tested (Wilcoxon test: P<0.05 for fish

23.4-49.4 mm TL and P<0.01 for fish 58.6 mm TL; Fig. 5).

Discussion

Cruising [swimming] speed

Changes in CS and adaptation to low-light conditions

have been reported in larvae and juveniles of a vari-

ety of fish species (Blaxter, 1968; Batty et al., 1990;

Miyazaki et al., 2000). In general, CS increases with

increases in body size of larval and juvenile fishes. De-

velopment of their sensory organs enables larger ju-

venile fishes to be more active under dark conditions.

The results from a comparison of CS among groups of

fish of different body sizes in different light conditions

in this study indicated that the CS of white rockfish

juveniles <41.1 mm TL was lower under low light con-

ditions than under greater light intensities. The CS of

fish >41.1 mm TL increased in relation to speeds of

smaller fish at all light intensities.

Mean CS was slowest for juvenile white rockfish

under intermediate light intensity in the 2 largest

size classes: 49.4 mm TL under 10 lx and 58.6 mm
TL under 1 lx. In a previous laboratory experiment,

white trevally (Pseudocaranx dentex ) juveniles were
reported to have swum along the tank wall under to-

tal darkness at a CS faster than their CS at a higher

light intensity (0.1 lx; Miyazaki et al., 2000). In our

study, similar swimming behavior was observed in ju-

venile white rockfish at 49.4 and 58.6 mm TL under

0.1 lx (H. Nakano, personal observ.). Swimming may
help white rockfish juveniles maintain stable NND
under lowest light intensity (0.1 lx in this study) by
providing motion cues to the lateral-line sensors of

the fish: by contrast, they likely are able to maintain

NND under intermediate light conditions (e.g., 1-10

lx) by using their vision. In general, juvenile fishes de-

velop swimming and schooling behaviors under dark

conditions with the formation of their lateral lines, a

change that enables them to keep favorable distance

from other fishes without strong visual cues (Masuda,

2006; Miyazaki et al., 2000). Development of lateral

lines at 30-40 mm TL (Suzuki and Aida, 1999) may
relate to the increase in CS observed in our study for

white rockfish juveniles under the low light conditions

(0.1-1 lx in this study).
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Total length (mm)

Figure 3

Nearest neighbor distance (NND), which was measured in millimeters

and divided by total length (TL) to facilitate comparison among size

classes of juvenile white rockfish (Sebastes cheni) at each size class (TL

in millimeters) under different light conditions (from 0.1 to 10,000 lx).

Error bars indicate standard deviations, and letters indicate significant

difference in NND among fish at different light conditions within the

same size class (Kruskal-Wallis test with Steel-Dwass’s test as post-

hoc: P<0.001). NS indicates that no significant difference was observed

for fish within the same size class (P>0.05).

0.1 lx Hi lx Bio lx El 100 lx 1000 lx 10,000 lx

23.4 30.3 41.1 49.4 58.6

Total length (mm)

Figure 4

Separation angle (SA), measured in degrees, of juvenile white rockfish (Se-

bastes cheni) at each size class (total length in millimeters) under different

light conditions (from 0.1 to 10,000 lx). Error bars indicate standard devia-

tions. The effect of light condition on SA was not significant within each

size class (Kruskal-Wallis test: P>0.05).
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0.1 lx 10,000 lx

jyiM
Total length (mm)

Figure 5

Burst [swimming] speed (BS; measured in millimeters per sec-

ond) ofjuvenile white rockfish (Sebastes cheni) in each size class

(total length in millimeters). Error bars indicate standard de-

viations. The effect of fish length on BS was significant only at

the light intensity of 10,000 lx (Kruskal-Wallis test, P<0.05). As-

terisks indicate significant difference in BS between the treat-

ments with different light intensities (Wilcoxon test: * P<0.05;
** PcO.Ol).

Schooling behavior

The NND and SA have been referred to as indices of

the density of individual fish and the orderliness of a

fish school (Masuda, 2006; Miyazaki et al., 2000). De-

velopment of schooling behavior has been observed to

decrease predation risk of larval and juvenile fishes

(Masuda, 2006, 2011). The sizes of experimental tanks

were expected to affect the NND with smaller values in

smaller tank sizes. The NND of juvenile white rockfish

at 30.3 mm TL (tank size: 30 L) was greater than val-

ues observed for fish at larger sizes (49.4 and 58.6 mm
TL) that were put in larger tanks (100 L) in our study.

These results indicate that the decrease in NND for

fish at larger sizes was not attributed to the difference

in tank size in our experiments.

Compared with data from tank experiments avail-

able for other fish species at similar body lengths and

light conditions, NNDs of juvenile white rockfish from

our study were greater. The NND (absolute value in

millimeters) of white trevally juveniles in a previous

experiment was 15.5 mm (SD 1.4) at 20 mm TL (Mi-

yazaki et al., 2000), a much shorter NND than that

of juvenile white rockfish (62.5 mm [SD 27.9] at 23.4

mm TL) in our study under the same light intensity

(0.1 lx). The standardized NND (divided by fish total

length) was also smaller in white trevally (0.75 mm
TL-1 at 20 mm TL) than in white rockfish (2.69 mm
TL-1 at 23.4 mm TL). The decrease in NND with in-

crease in body size (from 23.4 to 41.1 mm TL) indi-

cates the development of school formation. The ability

of white rockfish juveniles to avoid predation through

the use of schooling behavior would be mini-

mal during the postsettlement period (about

20-40 mm TL) compared with the ability of

white trevally because that behavior is not

well developed in white rockfish.

It has been suggested that development of

mechanosensory organs, such as lateral lines,

contribute to decreases in NND in school for-

mations of juvenile fish (Masuda and Tsuka-

moto, 1998). Formation of scales and change

in body color both have been reported to occur

in cultured rockfishes at about 30 mm TL, the

size at which physiological and morphological

metamorphosis is complete (Suzuki and Aida,

1999; Nagasawa, 2001). The decrease in NND
observed for fish up to 41.1 mm TL at all light

levels in our study appears to coincide with

the size at which white rockfish complete their

metamorphosis from larvae to juveniles. For

fish in the size classes of 23.4 and 30.3 mm
TL, the NND was shortest under intermediate

light intensity (100 lx). Juvenile white rockfish

of these sizes are considered daylight feed-

ers (Shoji et al., 2011) and swim faster under

high light intensities than under intermedi-

ate intensities, when compared with the same
size class. It seems that small juveniles can-

not form schools with small NNDs under low

light conditions because the complete sensory functions

of the eyes and lateral lines are undeveloped at the

2 smallest size classes (Suzuki and Aida, 1999; Naga-

sawa, 2001).

Separation angle of fish in early life stages is a proxy

of orderliness of a fish school (Masuda et al, 2003).

Japanese anchovy (Engraulis japonicus) juveniles form

schools with SAs <30° (Masuda, 2011). Juveniles of a

piscivorous fish, Japanese Spanish mackerel (Scomb -
j

eromorus niphonius), form schools in which individuals

are more dispersed with an SA of 33-44° (Masuda et

al., 2003). In our study, SAs observed for white rock-

fish in all length classes and at light intensities tested

(>40°) were larger than previously reported SAs of oth-

er species. These observations from our study indicate

that juvenile white rockfish form loosely aligned aggre-

gations that maintain their body angle in inconsistent

directions during the juvenile period.

Antipredator behavior

Predation rate of juvenile fishes is controlled by the

probability of encounter with, and capture by, their

predators (Bailey and Houde, 1989). Capture success

of predators is affected by the BS of prey fish (Bai-

ley and Houde, 1989). In our study, BS of the juvenile

white rockfish under the low light intensity (0.1 lx) was
significantly lower than BS of fish under high light in-

tensity (10,000 lx) in all size classes tested. In addi-

tion, the BS of fish under the highest light intensity

increased as white rockfish grew, but BS of fish under

lowest light intensity was stable regardless of juvenile
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body size. These results indicate that the effect of ju-

venile total length on the BS (a speed that allows for

prompt reply to predator’s attack) is less during night

than during day. Small white rockfish juveniles (21.3

mm TL) in captivity feed during day and are not active

during night (Shoji et al., 2011). Larger white rockfish

juveniles begin to feed during night at a body size >80

mm TL (at 1 year old) when their major prey shifts

from crustaceans to fish (Kinoshita et al., 2014). The
low BS observed under low light conditions can be at-

tributed to their low activity during night.

Juveniles of the white rockfish form loosely aligned

aggregations and maintain their body angle in incon-

sistent directions. The ability of white rockfish juve-

niles to avoid predation through the use of schooling

behavior would be minimal because the ability of ju-

venile white rockfish to school is not well developed

during the early postsettlement period (about 20-30

mm TL). Therefore, juveniles are considered most vul-

nerable to predation during the early postsettlement

period. School formation develops in juveniles with in-

creasing body length, indicating that vulnerability to

predation may decrease with growth. The size-selective

predation (lower predation rate in larger white rockfish

juveniles) observed in natural habitats during night

(Kinoshita et al., 2014) could be explained by the devel-

opment of antipredator behavior by juveniles through

improvement in their schooling behavior as indicated

by the decrease in NND at >30.3 mm TL. In contrast,

improvement of swimming performance cannot explain

the size-selective predation because BSs were not sig-

nificantly higher for fish in the larger size classes at

the lowest light intensity.
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Abstract—The systematic status

of North Pacific sand lances (ge-

nus Ammodytes) was assessed from

mitochondrial DNA (cytochrome

oxidase c subunit 1) sequence data

and morphological data to identify

the number of species in the North

Pacific Ocean and its fringing seas.

Although only 2 species, Ammodytes
hexapterus and A. personatus, have

been considered valid in the region,

haplotype networks and trees con-

structed with maximum parsimony

and genetic distance (neighbor-

joining) methods revealed 4 highly

divergent monophyletic clades that

clearly represent 4 species ofAmmo-
dytes in the North Pacific region. On
the basis of our material and com-

parisons with sequence data report-

ed in online databases, A. personatus

is found throughout the eastern

North Pacific Ocean, Gulf of Alaska,

Aleutian Islands, and the eastern

Bering Sea where it co-occurs with

a northwestern Arctic species, A.

hexapterus, that is found through-

out the North American Arctic from

Hudson Bay, Canada, in the east,

through the Beaufort and Chukchi
seas, into the northern and western

Bering Sea, and to the southern Sea

of Okhotsk in the Soya Strait off

Hokkaido, Japan. Two other species

reside in waters around Japan: A.

japonicus throughout the Sea of Ja-

pan and the Seto Inland Sea and a

new species in the Sea of Japan and
the North Pacific Ocean off north-

ern Honshu. We designate neotypes

for A. hexapterus and A. personatus

because of the absence of type mate-

rial and the close similarity of these

2 species. Ammodytes aleutensis is a

junior synonym of A. japonicus, and
A. alascanus is a junior synonym of

A. personatus.
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Sand lances of the genus Ammodytes
(family Ammodytidae) are small

silvery fishes that inhabit marine
and adjacent brackish waters of the

Northern Hemisphere. They reside

primarily over sandy substrates,

where they are able to quickly bury

themselves to avoid predators, but

are found also over bedrock, eelgrass,

and kelp. Species of Ammodytes are

cornerstone prey items for more
than 100 species of marine mam-
mals, birds, and other fishes in the

region of the North Pacific Ocean
(Field, 1988; Willson et al. 1

). Despite

1 Willson, M. F., R. H. Armstrong, M. D.

Robards, and J. F. Piatt. 1999. Sand
lance as cornerstone prey for predator
populations. In Sand lance: a review of

biology and predator relations and anno-
tated bibliography (M. D. Robards, M. F.
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their tremendous importance in eco-

systems and as targets in fisheries

off Japan (Hamada, 1985; Han et al.,

2012) and in the North Sea (Sher-

man et al., 1981; Furness, 2002), lit-

tle is known about their distribution

or life history.

The family Ammodytidae com-

prises about 31 species in 7 gen-

era and 2 subfamilies found in the

Arctic, Atlantic, Indian, and Pacific

oceans (Nelson, 2006; Randall and
Heemstra, 2008; Shibukawa and Ida,

2013; Randall and Ida, 2014). Placed

within the subfamily Ammodytinae,

Willson, R. H. Armstrong, and J. F. Piatt,

eds.), p. 17-44. Research Paper PNW-
RP-521. U.S. Department of Agricul-
ture, Forest Service, Pacific Northwest
Research Station. Portland OR. [http://

www.fs.fed.us/pnw/pubs/rp_521a.pdfl
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which also includes the genera Gymnammodytes and
Hyperoplus, Ammodytes is diagnosed by the presence

of scales deeply embedded in dermal plicae below the

lateral line, a highly protrusible upper jaw (Pietsch,

1984), and non-expanded neural and haemal spines

on the caudal vertebrae (Ida et al., 1994). Six species

currently are recognized in the genus Ammodytes: 2 in

the eastern North Atlantic Ocean (A. tobianus Linnae-

us, 1758, and A. marinus Raitt, 1934), 2 in the west-

ern North Atlantic Ocean (A. americanus DeKay, 1842,

and A. dubius Reinhardt, 1837), and 2 in the North
Pacific Ocean (A. hexapterus Pallas, 1814, and A. per-

sonatus Girard, 1856). All are very similar morpholog-

ically, having an elongate body up to 280 mm in total

length, scales aligned in dermal plicae for the length

of the body, long dorsal and anal fins, and no pelvic

fins. Species generally are distinguished by meristic

characters and relative body depth. We focus primar-

ily on the sand lances of the North Pacific Ocean and
adjacent seas for the purpose of clarifying their sys-

tematic status.

The first species recognized in this genus was col-

lected from Sweden to the Mediterranean and de-

scribed by Linnaeus (1758) as A. tobianus. Of 2 other

names published in this genus in the early 1800s, A.

alliciens Lacepede, 1800, was designated an unneed-

ed replacement name for A. tobianus, and A. cicerelus

Rafinesque, 1810, was allocated to Gymnammodytes as

a valid species (Eschmeyer, 2013). In the North Pacific

region, the first species described was A. hexapterus,

from material collected or observed from off the Ka-
mchatka Peninsula and Kuril Islands in Russia, the

islands “between Asia and North America,” and the

coast of North America (Pallas, 1814; Lindberg, 1937).

Pallas (1814) compared it with the Atlantic species

A. tobianus as described by Artedi (1738; Walbaum
1792), noting that A. hexapterus had more numerous
vertebrae.

In his work on fishes collected during the Pacific

railroad surveys of the early 1800s, Girard (1856) de-

scribed A. personatus from Cape Flattery, Washing-
ton. In 1873, Cope described A. alascanus from Sitka,

Alaska, without comparing it with previously de-

scribed species. Jordan (1906) referred all Ammodytes
of the North Pacific region to Ammodytes personatus,

including populations from Alaska to Monterey, Cali-

fornia, and from Siberia to the Inland Sea of Japan.

He made no comments on A. hexapterus and was un-

certain about the status of A. alascanus, as well as of

the northernmost populations of Ammodytes, suggest-

ing that they may be referable to a circumboreal A.

tobianus. Lindberg (1937) recognized differences be-

tween Ammodytes off the coast of Japan and species

from more northern areas, referring these populations

in Japan to A. personatus, although much later he and
Krasyukova (Lindberg and Krasyukova, 1975) synony-

mized all nominal North Pacific species of Ammodytes
under A. hexapterus.

The last 2 species to be described from the North
Pacific region were Ammodytes aleutensis and A. ja-

ponicus of Duncker and Mohr (1939). They recognized

A. aleutensis to be widely distributed from Unalaska
in the eastern Aleutian Islands to Hokkaido in north-

ern Japan and Nagasaki in southern Japan and A.

japonicus to be only from the type locality of Otaru
(=“Otaka”), Hokkaido, that also is included among
the type localities of A. aleutensis. Duncker and Mohr
(1939) distinguished A. japonicus from A. aleutensis

on the basis of its fewer dorsal-fin rays and higher

number of dermal plicae. In addition, they observed

that, in their specimens of A. japonicus, the origin

of the dorsal fin was farther posterior (posterior half

versus middle of pectoral fin) and the ventrolateral

fold was shorter (extending to mid-anal fin versus the

posterior third of the anal fin and beyond). Although
Andriashev (1954) noted the presence of significant

variation among more southern forms and the need
for additional taxonomic work, he recognized 2 species

of Ammodytes across northern seas: A. tobianus in the

Atlantic Ocean and A. hexapterus from the Barents

Sea to the Baltic Sea. Within A. hexapterus, he recog-

nized the subspecies A. hexapterus marinus from the

Barents Sea to the Baltic Sea and A. hexapterus hexa-

pterus in the North Pacific region.

The number of species of Ammodytes in waters

off Japan has been in question for the last century.

Ohshima (1950) examined the numbers of vertebrae

in Ammodytes from 7 locations around Japan—in

the Seto Inland Sea, southern and northern Japan
on the Pacific Ocean side, the northern tip of Hon-
shu, and the northcentral Kuril Islands—and found

differences in vertebral numbers. Lindberg and Kra-

syukova (1975) noted confusion in use of the names
A. hexapterus and A. personatus, as well as the un-

certain status of A. aleutensis and A. japonicus, and
proposed the synonymy of all northern Ammodytes
within A. hexapterus, including those species in the

western North Pacific region around Japan. Kitaguchi

(1979) also examined meristic data and found that 2

species, which he identified as A. personatus and A.

hexapterus, occurred together in the area around Wak-
kanai in the Soya Strait off northeastern Hokkaido. In

their study of the life history characteristics of Ammo-
dytes, Hashimoto and Kawasaki (1981) concluded that

2 populations were included in “A. personatus” col-

lected from the Pacific Ocean coast of northern Japan

(Tohoku district) on the basis of meristic and allozyme

analyses. Later, Hashimoto (1984) expanded his study

of meristics within Ammodytes, examining material

from several localities around Japan, and concluded

that 3 genetically independent but geographically

overlapping subspecies were likely present around

Japan.

No comprehensive genetic studies of sand lanc-

es of the North Pacific Ocean and surrounding seas

have been conducted; however, several regional stud-

ies have been published. An allozyme study compared

populations around Japan with one sample from Ko-

diak Island, Alaska, and described 3 non-interbreeding

groups that were living sympatrically around Japan;

i
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none of these groups were genetically similar to the

Kodiak population (Okamoto, 1989). In recent studies

where the mitochondrial DNA (mtDNA) control re-

gion and 16s ribosomal RNA (rRNA) were examined
(Kim et al., 2006) and where mtDNA cytochrome ox-

idase c subunit 1 (COI) was used to identify larvae,

Kim et al. (2006, 2008, 2010) proposed that at least 2

species of sand lances were present in material from
around Korea and Japan. Han et al. (2012) examined
the population structure of Ammodytes in waters off

Japan and determined that 2 lineages resulted from
the past isolation of the Sea of Japan from neighbor-

ing seas—a separation that was facilitated by cur-

rent flows and temperature barriers. Mecklenburg et

al. (2011) used evidence from COI to suggest that 2

species were among specimens collected in Alaska:

1 species (A. hexapterus) in the Bering and Chukchi
seas and 1 species in the Gulf of Alaska (“likely ...

A. personatus”). Most recently, Turanov and Kartavt-

sev (2014) combined sequence data from 7 specimens

collected in the Bering and Okhotsk seas with 34

samples taken from the online data source GenBank
(www.ncbi.nlm.nih.gov) and concluded that 4 species

are present in the North Pacific region.

Two names are now considered valid in the region

of the North Pacific Ocean, with A. hexapterus applied

to populations in the eastern North Pacific Ocean,
Bering Sea, Chukchi Sea, Sea of Okhotsk, and Sea of

Japan (Miller and Lea, 1972; Hart, 1973; Mecklenburg
et al., 2002; Hatooka, 2013) and A. personatus recog-

nized in the western North Pacific Ocean, southern

Sea of Okhotsk, and Sea of Japan (e.g. Ida, 1984; Ha-
tooka, 2000, 2002, 2013). As a result of this study, we
revise the genus Ammodytes in the North Pacific re-

gion, on the basis of an examination of genetic varia-

tion at the COI gene and morphological variation

in specimens collected throughout nearly the entire

range of the genus in the North Pacific region: from
California to Puget Sound, the Gulf of Alaska, the

Bering and Chukchi seas, Sea of Okhotsk, Sea of Ja-

pan, Seto Inland Sea, and the Pacific coast of Japan.

Materials and methods

Whole samples of Ammodytes were obtained from ar-

chival collections and collected over the 13 years from
2000 to 2013, from the eastern and western coastlines

of the North Pacific Ocean and its fringing seas from
latitudes of 40°N to 70°N (Table 1; Fig. 1; Appdx. 1).

Additional samples of Atlantic species were obtained

from the eastern and western North Atlantic Ocean for

comparison. Specimens with known preservation his-

tories from archival collections had been fixed in 10%
formalin and preserved in 70% ethanol or 45% isopro-

panol. For freshly collected specimens obtained for ge-

netic analyses, tissues were fixed and preserved in 95%
ethanol, and whole specimens were then fixed in 10%
formalin and preserved in 70% ethanol. Institutional

abbreviations are listed in Leviton et al. (1985).

Genetics

DNA was extracted and purified from more than 498

tissue samples with a Qiagen2 (Valencia, CA) DNeasy
Blood & Tissue Kit. Primers were developed for the

flanking regions of the COI gene of the mitochondrial

DNA from a consensus of 21 DNA sequences obtained

from GenBank (FJ666901-FJ666921). Primers used to

sequence DNA were F: 5'CTCCTGCAGGGTCAAAGAAG
and R: 5'GGCACCCTTTATCTAGTATT, resulting in a

638 base-pair (bp) fragment of the COI region. The
fragment was amplified by polymerase chain reaction

(PCR) in a 50-pL reaction volume containing IX GoTaq
Buffer (Promega Corp., Madison, WI), 2.5 mM MgCl2 ,

0.2 mM of each dNTP, 0.2 pM each of forward and re-

verse primer, 1 unit of GoTaq, 10 ng DNA, and deion-

ized water. Thermal cycling conditions were as follows:

95°C for 2 min; 30 cycles of 95°C for 40 s, 55°C for 40

s, and 72°C for 1 min; 72°C for 7 min; and 4°C indefi-

nitely. Forward sequences were obtained from the PCR
product by the Sanger sequencing method. Sequences
were aligned and edited with the software program
CodonCode Aligner, vers. 3.7.1 (CodonCode Corp., Ded-
ham, MA). Ambiguous end regions, particularly on the
3' end of the sequences, were aggressively trimmed to

560 bp in length to achieve the maximum number of

high-quality sequences.

The following genetic indices were calculated in Ar-

lequin, vers. 3.5 (Excoffier and Lischer, 2010): number
of haplotypes (H), number of polymorphic sites (S ),

haplotype diversity (h), and average nucleotide diver-

sity (jt). For the purpose of examining phylogenetic re-

lationships within the genus Ammodytes, the data were
supplemented with 15 samples representing 4 species

of Ammodytes from the Atlantic Ocean and a DNA
sequence from Uranoscopus oligolepis from GenBank
(FJ237962) to use as an out-group for phylogenetic

analysis.

The number of nucleotide differences between se-

quences was visually represented by a haplotype net-

work (minimum spanning tree) created with the pro-

gram Sneato, vers. 2 (Wooding, 2004; http://user.xmis-

sion.com/~wooding/Sneato/). Phylogenetic relationships

among unique mtDNA haplotypes were evaluated with

the program MEGA 6 (Tamura et al., 2013), wherein
trees were constructed with maximum parsimony (MP)
(Nei and Kumar, 2000), maximum likelihood (ML)
(Tamura and Nei, 1993), and neighbor-joining (NJ)

methods (Saitou and Nei, 1987; by using the distance

algorithm of Tamura and Nei, 1993). Support for nodes

of the 3 trees was evaluated with 1000 bootstrap rep-

licates (Felsenstein, 1985). Branches with >95% boot-

strap support were collapsed into consensus sequences,

which were used to create summary trees.

Analyses of the number of substitutions per site be-

tween all unique sequences were examined with the

2 Mention of trade names or commercial companies is for iden-

tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.
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Table 1

Geographic area of collections and other details about the collections of tissues that were used in molecular analysis of

species ofAmmodytes in the region of the North Pacific Ocean. per=A. personatus ; hex=A. hexapterus; ja=A. japonicus; and
hn=A. heian new species. uncat.=uncataloged.

Area of collection Latitude Longitude Number Species Catalog number

Eastern North Pacific Ocean

Humboldt Bay, CA
San Juan Islands, WA

San Juan Islands, WA

Gulf ofAlaska

Red Bluff Bay
Gastineau Channel, off Juneau
Yakutat Bay
Prince William Sound
Resurrection Bay, Kenai Peninsula

Deadman Bay
Eastern Bering Sea

Cold Bay (haul 4)

Bristol Bay
Bristol Bay
Bristol Bay
Kuskokwim Bay (haul 33)

Kuskokwim Bay (hauls 15, 16, 18, 19, 41)

Kuskokwim Bay
Nunivak Island (haul 64)

Norton Sound (haul 58)

Norton Sound
Aleutian Islands

Unalaska, Summer Bay
Attu Island

Eastern Chukchi Sea

Chukchi Sea

Chukchi Sea

Chukchi Sea

Chukchi Sea

Russia

Western Bering Sea, sample A
Western Bering Sea, sample B
Sea of Okhotsk, off Sakhalin Island

Sea of Okhotsk, off Sakhalin Island

Japan

Soya Strait, off Wakkanai, Hokkaido

Seto Inland Sea, Akashi, Hyogo

Nohara Maizuru, Kyoto

Ise Bay
Ofunato, Iwate

40.75 -124.23 10

48.69 -123.02 9

48.57 -123.05 12

56.51 -134.45 10

58.22 -134.35 10

60.02 -142.26 9

60.51 -147.62 9

59.97 -149.38 10

57.02 -153.59 9

55.51 -163.02 6

56.6 -159.7 1

58.29 -160.8 1

58.6 -163.3 1

58.99 -165.06 48

58.67 -165.02 52

59.3 -166.6 2

59.49 -166.96 10

64.2 -165.14 14

64.02 -164.01 1

53.54 -166.28 10

53 174 18

70.05 -167.81 44

70.05 -167.81 8

67.404 -173.604 19

70.049 -167.861 16

62 177 10

64.54 179.32 10

51.57 144.24 10

52.54 144.12 10

45.55 142.23 25

34.38 135 30

35.45 135.3 12

34.73 136.68 50

38.5 141.8 6

per UW 152676

per UW 116044-45,

116047-53

per UW 116055-60,

116066-71

per ABL 13-0001

per ABL 13-0002

per ABL 13-0003

per ABL 13-0004

per ABL 13-0005

per UW 152349

per ABL uncat.

per UW 116220

per UW 116219

per UW 116221

per=43, hex=5 ABL uncat.

per=50, hex=2 ABL uncat.

hex UW 116222-23

per ABL uncat.

per=l, hex=13 ABL uncat.

hex UW 150610

per ABL uncat.

per UW 116092-99,

116200-207

hex UW 150610

hex UW 150611

hex UAM 1255, 2813

hex ABL uncat.

hex ABL 11-0005

hex ABL 11-0004

hex ABL 11-0007

hex ABL 11-0006

hex=13, ja=3, hn=9 UW 116840

ja FAKU
130979-131008

ja UW 153060

ja UW 153061

hn FAKU 130767-

130774

Tamura-Nei model (1993) and included mean diver-

gence and range of divergence between each species

pair, as well as ranges of divergence within each spe-

cies. Because divergences between the sequences were
large, all sequences, including those of the Atlantic

specimens and the Uranoscopus sequence, were ana-

lyzed for substitution saturation of the mitochondrial

COI sequence by using Xia’s method (Xia et al., 2003)

in DAMBE, vers. 5.3.109 (Xia, 2013).

Morphology

Counts of median-fin rays and internal features were

taken from radiographs; other counts were taken from
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Figure 1

Distribution of species ofAmmodytes of the North Pacific region based on material examined. Genetic material,

listed in Table 1, was collected from 2000 to 2013. Morphological material is listed in Appendix 1. The gray line

indicates the 200-m depth contour.

the left side and supplemented with right-side counts

when the left side was damaged. Counts of dorsal-fin

rays were made according to the method of Nizinski et

al. (1990) and began with the first visible ray and ex-

cluded the 1 or 2 anterior rayless pterygiophores, and
these counts included the last 2 rays that were each

supported by a pterygiophore. Counts of anal-fin rays

included all visible rays, the last 2 rays each support-

ed by a pterygiophore. Anterior anal-fin pterygiophores

were anterior to the first pterygiophore supported by
the first haemal spine and did not include the anteri-

ormost 1 or 2 rayless pterygiophores. Pectoral-fin ray

counts did not include the rudimentary ventralmost

ray. Pigmented pectoral-fin rays were the dorsalmost

rays with evident melanophores and, because pigment
appears consistently with development, counts of these

rays are presented for specimens larger than 100 mm
in standard length (SL) only. Gill rakers of the lower

arch included the raker at the junction between up-

per and lower parts of the arch. Dermal plicae included

those anterior and posterior to the lateral-line pores.

When these plicae were incomplete or not aligned in

parallel rows, counts were supplemented from the right

side. The first caudal vertebra was defined as the first

centrum with a long haemal spine, and the centrum
fused to the hypural plate was counted as the last

vertebra.

Unless indicated otherwise, SL was used throughout

this study, always measured from the tip of the snout.

Measurements were taken according to the methods
of Hubbs and Lagler (1958), with these additions: the

length of the prepectoral process (a flap-like axillary

process at the dorsal base of the pectoral fin) was mea-
sured from the dorsal base of the pectoral fin to the tip

of the process, and prepectoral length was measured
from the same point on the pectoral-fin base to the

snout tip. Measurements and counts are presented in

species descriptions as the range for all material exam-
ined, followed by the value for the holotype, lectotype,

or neotype in parentheses, when intraspecific variation

is indicated. Statistical analyses were performed with

Statgraphics Centurion XV, vers. 15.2 (StatPoint Tech-
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A. personatus

A. hexapterus

A. heian n. sp

A. japonicus

tobianus

Figure 2

Haplotype network of species of Ammodytes

.

Size of circle indicates number
of individuals with that haplotype. Length of branch indicates number of

segregating nucleotides; numbers on the longer branches are the number of

nucleotide differences between haplotypes. In the clade of A. dubius and A.

americanus, A. americanus haplotypes are represented by filled circles and A.

dubius haplotypes by open circles.

nologies Inc., Warrenton, VA), Spotfire S+ 8.2 (TIBCO
Software Inc., Palo Alto, CA), and SPSS 11.5.1 (IBM,

Armonk, NY). Using the Bonferroni method to adjust

for multiple comparisons, we considered differences

significant at P<0.05.

More than 600 specimens were examined morpho-
logically for meristic and morphometric data or for

meristic data only. For all specimens identified geneti-

cally or by geographic range, meristic frequency dis-

tributions are presented. A reduced data set of 214
genetically identified specimens that had a complete

suite of meristic and morphometric character data was
used to conduct both univariate and multivariate anal-

yses. Arcsine-transformed morphometric ratios (with

SL as denominator) were tested to meet the assump-
tions of normality and equality of variance required

for analysis of covariance (ANCOVA). A Kruskal-Wallis

nonparametric test was used to test for differences in

all characters with heterogenetic variances. Differences

were considered significant at PcO.OOl. A stepwise dis-

criminant function analysis was conducted with mor-

phometric and meristic data to establish the relative

significance of characters in distinguishing the species

and to identify specimens preserved in formalin with-

out tissues available for genetic identification. Morpho-
metric data were standardized by dividing values by
SL. The robustness of the discriminant function anal-

ysis was tested with a leave-one-out cross-validation

procedure conducted in SPSS 11.5.1. Allometry was
evaluated by plotting each measurement divided by
head length (HL) against SL.

Results

Genetics

In the 560-bp COI sequences, 152 haplotypes were
identified at 176 polymorphic sites, with no insertions

or deletions. Seven monophyletic clades emerged from

the sequence analysis of Pacific and Atlantic speci-

mens. Each clade included many singleton haplotypes

and up to 4-bp differences radiating from a common
haplotype (Fig. 2).

Four clades within the North Pacific region were rep-

resented in the haplotype network of Ammodytes (Fig.

2). We refer to these clades as A. personatus (range:

throughout the eastern North Pacific Ocean from Cali-
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Table 2

Genetic distance calculated in MEGA 6 (Tamura et al., 2013) with the Tamura and Nei (1993) model for species of Ammo-
dytes. On the diagonal, which is indicated with a gray background, is the range of distances among haplotypes within each

species. Mean distance between each species pair is below the diagonal. Above the diagonal is the range of distances among
all haplotypes between each species pair. Ammodytes dubius and A. americanus are reported together because the samples

exhibited identical sequence patterns.

dubius!

hexapterus personatus japonicus heian marinus americanus tobianus Uranoscopus

hexapterus 0-0.004 0.029-0.043 0.059-0.074 0.044-0.052 0.004-0.005 0.033-0.047 0.044-0.051 0.274-0.280

personatus 0.031 0-0.013 0.056-0.077 0.043-0.056 0.022-0.032 0.034-0.049 0.052-0.066 0.276-0.290

japonicus 0.065 0.065 0-0.013 0.063-0.076 0.059-0.070 0.059-0.082 0.070-0.087 0.274-0.282

heian 0.047 0.049 0.068 0-0.007 0.040-0.046 0.051-0.063 0.057-0.068 0.265-0.273

marinus 0.005 0.027 0.063 0.042 0 0.032-0.041 0.042-0.045 0.282

dubius!americanus 0.04 0.043 0.068 0.057 0.036 0-0.009 0.049-0.059 0.281-0.289

tobianus 0.048 0.058 0.079 0.062 0.044 0.055 0.004 0.276-0.282

Uranoscopus 0.276 0.282 0.277 0.268 0.282 0.286 0.279 0

fornia to the Aleutian Islands and the southeastern

Bering Sea), A. hexapterus (range: Chukchi Sea, north-

ern and western Bering Sea, and Sea of Okhotsk), A.

japonicus (range: Sea of Japan and Seto Inland Sea),

and a new species (range: Pacific Ocean side of north-

ern Japan and Soya Strait) (Fig. 1). Only 3 clades of

Atlantic species emerged from the analyses; specimens

identified morphologically as A. dubius or A. america-

nus as defined by Nizinski et al. (1990) were homog-
enous at the COI gene (as also noted by McCusker et

al., 2013). Ammodytes marinus was closely related to A.

hexapterus, differing by up to 10 bp. At 8 of these sites,

however, A. marinus appeared to be heteroplastic or

otherwise ambiguous. These results indicate that fur-

ther investigation of Ammodytes of the North Atlantic

Ocean is warranted.

Differentiation between clades within the North Pa-

cific region ranged from 15 to 32 nucleotide polymor-

phisms. Ammodytes personatus differed from A. hexa-

pterus by a minimum of 2.7% (15 of 560 bp), from A.

japonicus by 5.7%, and from the new species by 4.3%.

Percent divergence between A. hexapterus and A. ja-

ponicus was 6.4% and between A. hexapterus and the

new species, 4.8%. The percent divergence between the

2 species in Japan, A. japonicus and the new species,

was 6.4%. Sequence divergences, corrected for satura-

tion, between each species pair were similar and are

reported in Table 2. The index of substitution satura-

tion was significantly below both the symmetrical and
asymmetrical critical values (P=0.000) for all tests,

indicating little evidence for substitution saturation

within the COI DNA sequences among Ammodytes or

between out-groups.

In all genetic analyses, 4 monophyletic and highly

divergent groupings among Pacific specimens were ob-

served, representing 4 distinct species in the region

of the North Pacific Ocean. Bootstrap support of the

phylogenetic results was high (95-99%) for all spe-

cies clades (Fig. 3). Summaries of the variation in the

groupings within the phylogenetic trees, by method,

are represented by trees of consensus sequences of

each highly supported species clade (Fig. 4). These phy-

logenetic resolutions differed only in the position of A.

personatus as sister of the A. dubius and A. america-

nus clade or sister of the A. hexapterus and A. marinus
clade. The low bootstrap values indicate that neither of

these resolutions is well supported by these data. In-

traspecific variation differed within the 4 clades (Table

3). The 2 clades representing A. japonicus and the new
species displayed the highest levels of gene diversity

(0.50 and 0.53), followed by a high level of diversity

within A. personatus (0.31), which exhibited 3 second-

ary nodes of haplotypes. Specimens within these sec-

ondary branches were not geographically related (Fig.

3). Ammodytes hexapterus was nearly monomorphic,
with a low level of genetic diversity (0.04): only 6 single

transitions were detected in 143 individuals.

All COI sequences reported in GenBank and the

Barcode of Life Database (BOLD) for Ammodytes of

the North Pacific region were aligned in CodonCode
Aligner. Each sequence clearly corresponded with 1 of

the 4 species described in this article (Table 4).

Morphology

Meristic characters Among meristic characters of speci-

mens identified genetically and with a complete suite

of morphological characters, only counts of total gill

rakers, lateral-line pores, dermal plicae, and pectoral-

fin rays met variance assumptions necessary to conduct

an ANCOVA (Table 5). Counts of gill rakers differed

between A. japonicus, A. hexapterus, and A. personatus',

counts in the new species and A. personatus did not

differ significantly from each other, but each had sig-
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Figure 3

Neighbor-joining tree of unique haplotypes among species of the genus Ammodytes, with Uranoscopus as

the outgroup taxon. Each haplotype is labeled by major geographic area of collection. See Table 1 for more
detailed position data for locations. Numbers on branches indicate bootstrap support.

nificantly higher counts than either A. japonicus or A.

hexapterus. Counts of lateral-line pores differed signifi-

cantly among all species: A. personatus had the lowest

counts, followed by A. hexapterus, A. japonicus, and the

new species with higher counts. Pectoral-fin rays dif-

fered significantly only in the new species, which had
significantly higher counts than all other species. All

other meristic characters violated the equality of vari-

ance assumption required for ANOVA and were tested

by using the nonparametric Kruskal-Wallis test. With
the exception of gill rakers of the lower arch and cau-

dal-fin rays, all characters were significantly different

between 2 or more species (Table 5). Importantly, the

new species exhibited higher counts of anal-fin rays

and anterior anal-fin pterygiophores. Meristic charac-

ter frequencies are presented in Tables 6-8.

Morphometric characters Among morphometric charac-

ters of specimens identified genetically and with a com-

plete suite of morphological characters, only caudal pe-

duncle depth, caudal peduncle length, preanal length,

and anal-fin base length met variance assumptions

necessary to conduct an ANCOVA (Table 5). The cau-

dal peduncle was significantly deeper in A. personatus

than in A. hexapterus and the new species (which were

not significantly different from each other), as well as

in A. japonicus, in which this character was signifi-

cantly more slender than it was in all other species.

The caudal peduncle was also longer in A. hexapterus

and A. personatus (which were not significantly differ-

ent from each other) than in the new species and A.

japonicus, in which it was shorter than it was in all

other species. The preanal length was significantly lon-

ger in A. personatus and was significantly shorter in

the new species than in all other species. The anal-fin

base was significantly longer in A. japonicus, followed

by the new species, A. hexapterus, and A. personatus.

Other characters were tested with the Kruskal-Wallis
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A. dubius

A. americanus

A. personatus

A. hexapterus

A. marinus

A. tobianus

A. heian n. sp.

A. japonicus

Uranoscopus

A. dubius

A. americanus

A. personatus

A. hexapterus

1. marinus

A. tobianus

A. heian n. sp.

A. japonicus

Uranoscopus

fPA -

. 59| 99 1—A hexapterus

A. marinus

A. americanus

personatus

A. tobianus

A. heian n. sp.

- A. japonicus

Uranoscopus

Figure 4

Trees of consensus haplotypes of species ofAmmodytes,
with Uranoscopus as the out-group taxon: (A) most
parsimonious tree; (B) maximum likelihood tree; and
(C) neighbor-joining tree. Numbers on branches indi-

cate bootstrap support.

test and, with the exception of gill raker length, all

differed significantly between 2 or more species (Table

5). Most significantly, the new species had a smaller

orbit, wider interorbital space, and longer prepectoral

process than all other species, and A. personatus had a

shorter preanal length than all other species (Table 5).

All species exhibited ontogenetic allometry in orbit size

and pectoral-fin length; the orbit was proportionately

longer and deeper and the pectoral fin was longer in

smaller individuals. In A. japonicus alone, gill rakers

were proportionally longer in smaller individuals.

Discriminant function analysis All 3 discriminant func-

tions obtained in this analysis were significant (Wilks’s

lambda; P<0.0001). All specimens of the 2 species of

Ammodytes of the eastern and northern parts of the

North Pacific Ocean (A. personatus and A. hexapterus )

were distinguished from specimens of the 2 species of

Ammodytes found only in waters off Japan (A. japoni-

cus and the new species) on the first discriminant axis

(Fig. 5). Scores were calculated from the following first

discriminant function equation:

Di = -0.991 (od) - 0.413 (iow ) + 0.465 (pb) + 0.379

(pi) + 0.914 (cpvl ) + 0.048 (pdl) + 0.423 (ppl) + 0.230

(gr) - 0.192 (Up) + 0.146 (dp) - 0.270 (ap) + 0.875

(pcv) + 0.445 (cv) - 62.266,

where Z)l=the first discriminant score of an individual;

od=orbit depth divided by HL; iou;=interorbital width

divided by HL; pfe=pectoral-fin base depth divided by
HL; p/=pectoral fin length divided by HL; cpu/=caudal

peduncle ventral length divided by HL; pcP=predorsal

length divided by HL; pp/=prepectoral length divided

by HL; gr=the number of gill rakers on the entire gill

arch; llp=the number of lateral-line pores; dp=the num-
ber of dermal plicae; ap=the number of anal-fin pteryg-

iophores anterior to the first haemal spine; pcv=the
number of precaudal vertebrae; and cu=the number of

caudal vertebrae.

A specimen with a score above 0 was identified as

an individual of an eastern or northern Pacific species

(either A. personatus or A. hexapterus)', scores below 0

indicated the specimen was a species of Japan (either

A. japonicus or the new species).

On the second discriminant axis, all but 3 specimens

of A. japonicus and the new species were distinguished

from each other (95.0%; Fig. 5). Three specimens iden-

tified genetically as A. japonicus were misclassified

as the new species (Fig. 5). Among individuals iden-

tified as A. personatus or A. hexapterus, 98.6% were
distinguished from each other, the exceptions being a

specimen genetically identified as A. personatus and
misclassified as A. hexapterus and 2 specimens geneti-

cally identified as A. hexapterus but misclassified as

A. personatus. Scores on the second discriminant axis

were calculated with the second discriminant function

equation:

D2 = -0.334 (od) - 0.578 (iow) - 2.674 (pb) + 0.818

(pi) + 0.958 (cpvl) + 0.446 (pdl) - 0.765 (ppl) + 0.031

(gr) + 0.027 (lip) - 0.007 (dp) - 0.675 (ap) - 0.265

(pcv) + 0.170 (cv) - 2.458,

where D2=the first discriminant score of an individual;

od=orbit depth divided by HL; iou>=interorbital width

divided by HL; p6=pectoral-fin base depth divided by
HL; pZ=pectoral fin length divided by HL; cpvl=caudal

peduncle ventral length divided by HL; pdl=predorsal

length divided by HL; ppZ=prepectoral length divided

by HL; gr=the number of gill rakers on the entire gill

arch; llp=the number of lateral-line pores; dp=the num-
ber of dermal plicae; ap=the number of anal-fin pteryg-

iophores anterior to the first haemal spine; pcv=the
number of precaudal vertebrae; and cu=the number of

caudal vertebrae.

Most specimens with a score above 0 were identified

as either A. hexapterus or A. japonicus', scores below 0
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Table 3

Genetic indices for the 4 species of Ammodytes of the North Pacific region. n=sample size;

H=number of haplotypes; S=number of polymorphic sites; /i=haplotype diversity; 7i=average

nucleotide diversity; and SE=standard error.

n H S h (SE) jt (SE)

A. hexapterus 143 6 5 0.1500 (0.39) 0.0002 (0.0003)

A. personatus 229 75 64 0.8100 (0.02) 0.0030 (0.0020)

A. japonicus 95 47 47 0.8471 (0.36) 0.0049 (0.0029)

A. heian n. sp. 15 8 8 0.8476 (0.08) 0.0027 (0.0019)

identified most specimens as either A. personatus or

the new species.

The cross-validation procedure correctly classified

95.3% of the specimens. Of 76 specimens of A. japoni-

cus and the new species, 3 specimens of A. japonicus

were misidentified as the new species. Of 136 speci-

mens of A. hexapterus or A. personatus, 4 specimens of

A. hexapterus were misidentified as A. personatus.

Systematics

Ammodytes Linnaeus, 1 758

Ammodytes (Artedi) Linnaeus, 1758:247 (type A. tobia-

nus Linnaeus).

Argyrotaenia Gill, 1861:40 (type A. vittatus DeKay,
1842).

Diagnosis

Body elongate, covered with small cycloid scales situ-

ated at right angles along oblique dermal plicae be-

low lateral line. Lateral line incomplete, straight, un-

branched, 3-4 scale rows below the dorsal-fin base.

Ventrolateral dermal fold extends from isthmus along

edge of belly and above anal fin. Median ventral fold

present, extending from isthmus to vent. Premaxilla

protractile, with well-developed ascending process. An-
terior ends of maxillae not broadened and not touching

each other but connected by tendon. Teeth absent. Dor-

sal fin long, origin anterior to posterior tip of pectoral

fin, anterior 1-3 pterygiophores inserted between neu-

ral spines 6-7, 7-8, 8-9, or 9-10. Pectoral fin pointed,

rays 6-7 longest, rays 3-10 bifurcate, other rays sim-

ple. Pelvic fins absent. Vertebrae 59-78.

Description

Body elongate, slender, depth about 10-15 times into

SL. Body anterior to vent longer than posterior portion,

distance from snout to anal-fin origin about 60-70%
SL. Head elongate, with long pointed snout. Mouth

large, superior: upper jaw protractile, with elaborate

cartilages supporting premaxilla (Pietsch, 1984); lower

jaw projecting, mandible with strong and sharp sym-
physeal process. Orbit moderately large, length 5 to

6 times into HL. Gill membranes separate, free from

isthmus. Gill rakers long and slender, 20-31 on first

arch.

Body covered with small cycloid scales: scales be-

low lateral line situated along 106-198 oblique dermal

plicae, fading to scale rows on caudal peduncle, scales

above lateral line 3-4, and scales on belly between me-
dian ridge and ventrolateral fold 3-4. Head naked. Lat-

eral line straight, unbranched, incomplete, extending

from above operculum to posterior portion of anal fin.

Pored lateral line scales 106-185.

Dorsal-fin rays 49-69, simple except for few poste-

rior-most. Dorsal fin long, with origin anterior to tip of

pectoral fin. Anal-fin rays 24-36, simple except for few

posterior-most. Anal fin about half the length of dorsal

fin, with origin at 66% of body. Pectoral-fin rays 11-17,

rays 7-9 longest. Pelvic fins absent. Caudal fin forked.

Total vertebrae 59-78, precaudal vertebrae 33-49, cau-

dal vertebrae 21-28.

Ammodytes hexapterus Pallas, 1814

Arctic sand lance [Japanese name: Kita-ikanago]

Figures 6A and 7A; Tables 5-7

Ammodytes hexapterus Pallas, 1814:226 (original de-

scription; types lost; circumboreal, Kamchatka, Kuril

and Aleutian islands, American coast, Baltic Sea).

Ammodytes tobianus personatus Popov, 1931:145

(Nagaeva Bay, northern Sea of Okhotsk).

Ammodytes hexapterus hexapterus Lindberg, 1937:87

(Commander Islands, Avachinskaya Bay, Ayan Bay,

Shantar Islands, Terpenia Bay, Gulf of Tartary).

Neotype

UAM 2813, 126.5 mm, Russia, Chukchi Sea, 67.4093°N,

173.5757°W, RUSALCA 2012, station CLIO, PSBT, haul

16, 13 September 2012 (GenBank Accession KJ137280),

herein designated.
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Table 4

Cytochrome oxidase c subunit 1 sequences ofAmmodytes of the North Pacific region mined from GenBank (www.ncbi.nlm.

nih.gov) and Barcode of Life Database (BOLD; www.boldsystems.org) with GenBank accession number, BOLD sequence

identification (ID), general location of collection, current name assigned to the sequence data in GenBank and BOLD
(Current ID), and “revised” name (Revised ID), which refers to the species in this study with which the sequence aligned.

GenBank accession BOLD sequence ID Location Current ID Revised ID

A. hexapterus

HQ712266 DSFAL1 17-07 Chukchi Sea hexapterus hexapterus

HQ712267 DSFAL118-07 Chukchi Sea hexapterus hexapterus

HQ712268 DSFAL157-07 Chukchi Sea hexapterus hexapterus

HQ712269 DSFAL282-07 N. Bering Sea hexapterus hexapterus

HQ704752 N. Bering Sea hexapterus hexapterus

HQ704753 N. Bering Sea hexapterus hexapterus

HQ704754 N. Bering Sea hexapterus hexapterus

HM421764 DSFAL626-09 Chukchi Sea hexapterus hexapterus

HM421765 DSFAL627-09 Chukchi Sea hexapterus hexapterus

DSFIB095-11 Arctic Ocean hexapterus hexapterus

DSFAL703-11 Arctic Ocean hexapterus hexapterus

DSFAL709-11 Arctic Ocean hexapterus hexapterus

DSFAL712-11 Arctic Ocean hexapterus hexapterus

DSFIB090-11 Arctic Ocean hexapterus hexapterus

TZAIC 156-05 Hudson Bay hexapterus hexapterus

TZAIC 160-05 Hudson Bay hexapterus hexapterus

TZAIC 176-05 Hudson Bay hexapterus hexapterus

A. personatus

FJ666917 GBGC9217-09 Bering Sea hexapterus personatus

FJ666918 GBGC9216-09 Bering Sea hexapterus personatus

FJ666919 GBGC9215-09 Bering Sea hexapterus personatus

FJ666920 GBGC92 14-09 Bering Sea hexapterus personatus

FJ666921 GBGC9213-09 Bering Sea hexapterus personatus

HQ712264 DSFAL0 19-07 Kodiak Island cf. personatus personatus

HQ712265 DSFAL257-07 Kodiak Island cf. personatus personatus

FMV428-09 Vancouver Island, BC hexapterus personatus

FMV429-09 Vancouver Island, BC hexapterus personatus

A. japonicus

FJ666901 GBGC9212-09 Yellow Sea personatus japonicus

FJ666902 GBGC92 11-09 Yellow Sea personatus japonicus

FJ666903 GBGC92 10-09 Yellow Sea personatus japonicus

FJ666904 GBGC9209-09 Yellow Sea personatus japonicus

FJ666905 GBGC9208-09 Yellow Sea personatus japonicus

FJ666906 GBGC9207-09 Yellow Sea personatus japonicus

FJ666907 GBGC9206-09 Yellow Sea personatus japonicus

FJ666908 GBGC92 19-09 East China Sea personatus japonicus

FJ666909 GBGC9218-09 East China Sea personatus japonicus

FJ666910 GBGC9205-09 Sea of Japan (=East Sea) personatus japonicus

FJ666911 GBGC9204-09 Sea of Japan (=East Sea) personatus japonicus

FJ666912 GBGC9203-09 Sea of Japan (=East Sea) personatus japonicus

FJ666913 GBGC9202-09 Sea of Japan (=East Sea) personatus japonicus

FJ666914 GBGC9201-09 Sea of Japan (=East Sea) personatus japonicus

EU266366 GBGC7790-09 no location noted personatus japonicus

HQ711864 ANGBF1790-12 Shandong, China personatus japonicus

JQ738429 ANGBF2227-12 no location noted personatus japonicus

JQ738549 ANGBF2283-12 no location noted personatus japonicus

JQ738551 ANGBF2284-12 no location noted personatus japonicus

JQ738553 ANGBF2285-12 no location noted personatus japonicus

JQ738552 ANGBF4508-12 no location noted personatus japonicus

JQ738550 ANGBF4509-12 no location noted personatus japonicus

JQ738428 ANGBF4565-12 no location noted personatus japonicus

A. heian n. sp.

FJ666915 GBGC9200-09 Sea of Japan (=East Sea) personatus heian

FJ666916 GBGC9199-09 Sea of Japan (=East Sea) personatus heian
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Table 6

Counts of dorsal-fin rays, anal-fin rays, anterior anal-fin pterygiophores, pectoral-fin rays, pigmented pectoral-fin rays, and
caudal-fin rays in species ofAmmodytes of the North Pacific region. Pigmented pectoral-fin rays are reported only for speci-

mens larger than 100 mm in standard length.

Dorsal-fin rays

50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 n

A hexapterus 9 20 28 26 15 10 2 2 113

A. personatus 4 19 41 39 56 50 40 18 17 8 1 293

A. japonicus 1 5 4 6 12 21 20 12 7 5 2 95

A. heian n. sp. 2 2 3 6 8 2 23

Anal-fin rays

25 26 27 28 29 30 31 32 33 n

A hexapterus 2 18 22 49 26 10 2 130

A. personatus 1 1 15 44 65 106 40 19 2 292

A. japonicus 1 2 14 37 24 8 3 1 90

A. heian n. sp. 3 7 5 8 23

Anterior anal-fin pterygiophores

7 8 9 10 11 12 13 14 n

A hexapterus 1 8 39 26 25 13 9 4 126

A. personatus 4 23 61 96 75 27 5 291

A. japonicus 1 6 24 36 12 4 83

A. heian n. sp. 2 7 11 3 23

Pectoral-fin rays

13 14 15 16 17 n

A hexapterus 6 47 48 1 103

A. personatus 37 135 54 7 233

A. japonicus 6 50 32 2 1 91

A. heian n. sp. 7 11 4 1 23

Pigmented pectoral-fin rays

2 3 4 5 6 7 8 9 10 11 n

A hexapterus 3 14 25 18 3 63

A. personatus 19 20 28 12 5 84

A. japonicus 3 10 14 15 14 6 1 63

A. heian n. sp. 1 5 6 4 3 1 20

Principal caudal-fin rays

13 14 15 16 17 18 n

A hexapterus 1 99 19 2 122

A. personatus 1 2 240 26 8 1 278

A. japonicus 2 73 13 5 1 94

A. heian n. sp. 19 2 2 23

Diagnosis

A species of Ammodytes distinguished from A. japoni-

cus by significantly more total vertebrae (65-72 vs. 59-

66) and precaudal vertebrae (40-47 vs. 36-43), fewer

pored lateral-line scales (121-152 vs. 132-163) and

dermal plicae (143-172 vs. 144-182), more dorsal-fin

rays (56-63 vs. 50-60), and fewer pigmented pectoral-

fin rays (2-6 vs. 4-11). It is further distinguished from

the new species by its significantly larger orbit (12-
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Counts of precaudal

of the North Pacific

Table 7

caudal, total vertebrae, and gill rakers of the lower arch in

region that were analyzed in this study.

specimens of species ofAmmodytes

Precaudal vertebrae

36 37 38 39 40 41 42 43 44 45 46 47 48 49 n

A hexapterus 1 2 14 32 52 19 9 3 132

A. personatus 2 9 52 80 66 51 25 9 1 295

A. japonicus 1 12 9 27 33 18 6 1 108

A. heian n. sp. 2 5 1 9 6 23

Caudal vertebrae

21 22 23 24 25 26 27 28 n

A hexapterus 1 6 22 34 46 18 5 113

A. personatus 3 9 50 103 89 35 6 295

A. japonicus 5 23 43 23 8 3 2 107

A. heian n. sp. 2 6 14 1 23

Total vertebrae

59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 n

A hexapterus 2 6 26 44 35 16 3 1 133

A. personatus 2 16 43 62 61 42 39 27 4 296

A. japonicus 1 3 16 29 45 18 5 1 117

A. heian n. sp. 2 7 2 10 2 23

Lower gill rakers

16 17 18 19 20 21 22 23 24 25 26 n

A hexapterus 4 12 33 14 7 2 72

A. personatus 1 1 23 54 64 48 13 11 1 217

A. japonicus 2 9 12 25 19 5 2 3 4 1 82

A. heian n. sp. 1 2 5 9 5 1 23

21% HL vs. 11-15% HL), more total vertebrae (65-72

vs. 63-67) and precaudal vertebrae (40-47 vs. 39-43),

fewer pored lateral line scales (121-152 vs. 142-185)

and dermal plicae (143-172 vs. 156-198), and fewer

pigmented pectoral fin rays (2-6 vs. 4-10). This species

is distinguished from A. personatus and all other spe-

cies of the North Pacific region by a unique COI haplo-

type (GenBank Accession KJ137280; Appdx. 2).

Description

Body elongate, slender, depth at dorsal-fin origin

27.5-

56.9% HL (43.6% HL), depth at anal-fin origin

28.0-55.4% HL (39.3% HL), depth at caudal peduncle

9.5-

15.3% HL (12.0% HL). Head long, 18.7-22.2% SL
(21.7% SL). Snout long, 23.0-30.0% HL (26.9% HL).

Mouth large: upper jaw 27.0-36.0% HL (30.9% HL);

lower jaw 36.0-50.0% HL (43.3% HL). Orbit moder-
ately large, 12.0-21.0% HL (18.2% HL). Gill rakers

long, slender, 4-6 (5) on upper part of arch, 20-25 (23)

on lower part, 25-30 (28) total, longest raker length

7.4-12.7% HL (11.3% HL). Pseudobranchs 9-16 (11).

Pored lateral-line scales 121-152 (125). Scales be-

low lateral line situated along 143-172 (149) oblique

dermal plicae.

Dorsal-fin rays 56-63 (59). Anal-fin rays 27-33 (30),

7-14 (9) pterygiophores anterior to first caudal verte-

bra. Pectoral-fin rays 13-16 (15), rays 2-6 (4) pigment-

ed. Total vertebrae 65-72 (68), precaudal vertebrae

40-47 (44), caudal vertebrae 21-27 (24).

Distribution

On the basis of material examined, we determined that

Ammodytes hexapterus ranges from the Soya Strait off

Wakkanai, Hokkaido, Japan, through the Sea of Ok-

hotsk, the western and northeastern Bering Sea, and
into the Chukchi Sea (Fig. 1). In the eastern Bering

Sea, its range overlaps with that of A. personatus south

to Norton Sound, the Pribilof Islands, Kuskokwim Bay,
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Figure 5

Plot of scores from stepwise discriminant function analysis of morphometric and
meristic characters for species ofAmmodytes of the North Pacific region.

and Unimak Pass (Fig. 1). Published sequences in Gen-
Bank indicate A. hexapterus is also distributed in the

Beaufort Sea and Hudson Bay, Canada (Table 4).

Etymology

The specific name hexapterus is derived from hex

meaning “six” and aptera literally meaning “without

wings,” likely referring to the lack of pelvic fins in this

species. We propose the common name “Arctic sand
lance,” replacing the name “Pacific sand lance,” which
we assign to A. personatus, to more properly reflect its

distribution.

Remarks

No type material is extant for Ammodytes hexapterus

(Svetovidov, 1978, 1981). Because of the close morpho-
logical similarity but distinct genetic signature of spe-

cies of Ammodytes, we, therefore, designate UAM 2813
from the Chukchi Sea as the neotype. Among species

of Ammodytes, only A. hexapterus is known from the

Chukchi Sea. The species was described originally from

material obtained at uncertain locations during Rus-

sian expeditions into the Bering and Chukchi seas.

Duncker and Mohr (1939) uncertainly synonymized
A. hexapterus under A. dubius, despite the priority by

date of A. hexapterus. Following Nizinski et al. (1990),

we identified A. dubius morphologically and found COI
sequence data to support the species-level separation

of A. hexapterus and A. dubius, although A. dubius it-

self was genetically indistinguishable from A. america-

nus in the COI region.

Ammoytes personatus Girard, 1 856
Pacific sand lance

Figures 6B and 7B; Tables 5-7

Ammodytes personatus Girard, 1856:137 (original de-

scription; no types known; possibly USNM 612,

3 specimens, the lot is missing; Cape Flattery,

Washington).

Ammodytes alascanus Cope, 1873:30 (original descrip-

tion; syntypes ANSP 8956-57, 2 specimens; Sitka,

Alaska).

Ammodytes aleutensis Duncker and Mohr, 1939:20

(in part; original description; paralectotypes ZMB
14235, 5 specimens, 87.0-114.5 mm, Unalaska, Alas-

ka, Albatross, 16 June 1890).

Neotype

UW 152354, 124.0 mm, Washington, Strait of Juan de

Fuca, off Miller Peninsula, 48.4°N, 122.9°W, 25 April

2013, A. Kagley (GenBank Accession KJ137281), herein

designated.
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Figure 6

Fresh specimens of Ammodytes of the North Pacific region: (A) A. hexapterus

,

Arctic sand lance, UW 151476,

120.0 mm in standard length (SL), Norton Sound, Alaska (photograph by J. W. Orr); (B) A. personatus, Pacific

sand lance, neotype, UW 152354, 124.0 mm SL, female, Washington, Strait of Juan de Fuca, Miller Peninsula,

25 April 2013, A. Kagley (photograph by J. W. Orr); (C) A. japonicus, western sand lance, FAKU 130765, 104.8

mm SL, Sea of Japan, Kyoto Prefecture, off Maizuru (photograph by Y. Kai); and < D ) Ammodytes heian new spe-

cies, peaceful sand lance, paratype, FAKU 131795, 165.9 mm SL, Fukushima Prefecture (photograph by Y. Kai).

Diagnosis

A species of Ammodytes distinguished from A. japoni-

cus by having significantly more total vertebrae (65-73

vs. 59-66) and precaudal vertebrae (41-49 vs. 36-43),

more dorsal-fin rays (56-66 vs. 50-60), and fewer pig-

mented pectoral-fin rays (3-7 vs. 4-11). It is further

distinguished from the new species by its narrower body
(depth at dorsal-fin origin 24-53% HL vs. 33-57% HL;
depth at anal-fin origin 33-52% HL vs. 27-55% HL),

larger orbit (12-18% HL vs. 11-15% HL), fewer pored

lateral-line scales (114-170 vs. 142-185) and dermal pli-

cae (139-193 vs. 156-198), more total vertebrae (65-73

vs. 63-67) and precaudal vertebrae (41-49 vs. 39-43),

and fewer pigmented pectoral-fin rays (3-7 vs. 4-10). It

is distinguished from A. hexapterus and all other species

of the North Pacific region by a unique COI haplotype

(GenBank Accession KJ137281; Appdx. 2).

Description

Body elongate, slender, depth at dorsal-fin origin

27.2-53.5% HL (45.2% HL), depth at anal-fin origin

25.8-52.2% HL (42.1% HL), depth at caudal peduncle

10.0-15.0% HL (13.9% HL). Head long, 18.8-25.4% SL
(20.3% SL). Snout long, 23.1-29.9% HL (27.8% HL).
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Figure 7

Selected preserved primary type specimens ofAmmodytes of the North Pacific region: (A) A. hexapterus, neotype,

UAM 2813, 126.5 mm in standard length (SL), Russia, Chukchi Sea, 13 September 2013 (photograph by J. W.

Orr); (B) A. personatus, neotype, UW 152354, 124.0 mm SL, Washington, Strait of Juan de Fuca, 25 April 2013, A.

Kagley (photograph by J. W. Orr); and (C) Ammodytes heian new species, holotype, FAKU 130770, 184.8 mm SL,

Japan, Iwate Prefecture, Pacific coast of Tohoku District, Ohfunato, 3 May 2008, Y. Kai (photograph by J. W. Orr).

Mouth large: upper jaw 29.8-35.8% HL (30.2% HL);

lower jaw 40.5-48.0% HL (41.7% HL). Orbit moderate-

ly large, 11.5-18.8% HL (14.7% HL). Gill rakers 22-30

(28), long, 8.2-12.4% HL (9.5% HL), slender, 4-6 (4) on

upper part of arch, 18-26 (24) on lower part. Pseudo-

branchs 8-19 (10).

Pored lateral-line scales 114-170 (126). Scales be-

low lateral line situated along 139-193 (150) oblique

dermal plicae.

Dorsal-fin rays 56-66 (58). Anal-fin rays 25-33 (27),

7—13 (9) pterygiophores anterior to first caudal ver-

tebrae. Pectoral-fin rays 13-16 (14), rays 3-7 (3) pig-

mented. Total vertebrae 65-73 (69), precaudal verte-

brae 40-47 (44), caudal vertebrae 21-27 (25).

Distribution

On the basis of material examined, we determined that

Ammodytes personatus ranges from California to the

Gulf of Alaska, west to Attu Island in the Aleutian Is-

lands, and north to Norton Sound in the northeastern

Bering Sea (Fig. 1). In the eastern Bering Sea, its range

overlaps with that of A. hexapterus in Norton Sound,

the Pribilof Islands, Kuskokwim Bay, and Unimak Pass

(Fig. 1). Ammodytes personatus (as A. hexapterus) has

been reported also from as far south as Balboa Island

in Southern California (Love et al., 2005). Unpublished

sequence data of Turanov and Kartavtsev (2014) sug-

gest that A personatus may range from Bering Island
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into the Sea of Okhotsk, a conclusion that will require

further analysis of specimens from these areas.

Etymology

The specific name personatus is derived from the Latin

personata meaning “masked,” perhaps referring to a

dark area on the head found in a few specimens. The
author’s intent is uncertain, as the derivation of the

name was not specified in the original description and

type material is missing. Because most specimens do

not have a masked appearance, we chose the common
name of “Pacific sand lance.” Although this common
name has been assigned previously to A. hexapterus

(Nelson et al., 2004; Page et al., 2013), and the name
has been applied to all eastern populations of the North

Pacific region, A. hexapterus as now recognized is known
in the Pacific Ocean only around the Kuril Islands, un-

like A. personatus, which is found in the Pacific Ocean
from the western Aleutian Islands to California.

Remarks

No type material is extant for Ammodytes personatus.

Girard (1856) described the species from material col-

lected by Lieutenant Trowbridge at Cape Flattery,

Washington. Listed with the same collector and local-

ity, USNM 612 likely composed at least part of the

material used for the original description but is now
missing and presumed lost (Williams 3

). Because of

the close morphological similarity but distinct genetic

signature of species of Ammodytes, we designate UW
116044 from the Strait of Juan de Fuca in the Salish

Sea as the neotype. The locality is about 130 km east

of the original type locality, and no other species ofAm-
modytes is known from the eastern North Pacific Ocean
or Salish Sea.

Ammodytes japonicus Duncker and Mohr, 1939

Western sand lance [Japanese name: Ikanago]

Figures 6C and 7C; Tables 5-7

Ammodytes personatus-. Jordan, 1906:717, fig. 2 (in

part; revision, all Ammodytes of the North Pacific

region referred to A. personatus ); Hashimoto and
Kawasaki, 1981 (in part, “type N”); Han et al., 2012

(in part, “lineage B”).

Ammodytes japonicus Duncker and Mohr, 1939:20 (in

part; original description; lectotype ZMH H142, 88.5

mm, Hokkaido, Japan; paralectotypes ZMH H143, 51

specimens, 6 of 51 examined, 64.0-86.7 mm, Otaru

[=“Otaka”], Hokkaido, Japan).

Ammodytes aleutensis Duncker and Mohr, 1939:20

(original description; lectotype ZMH H139, 1 speci-

men, 81.0 mm, Otaru, Hokkaido, Japan; paralec-

totypes: ZMH H140, 1 specimen, 86.3 mm, Otaru

3 Williams, J. 2013. Personal commun. Department of Ver-

tebrate Biology, National Museum of Natural History, Smith-
sonian Institution, Suitland, MD 20746.

[=“Otaka”], Hokkaido, Japan; ZMH H141, 6 speci-

mens, 62.0-73.2 mm, Kobe fish market, Japan;

ZMB 14235, 5 specimens, 87-114.5 mm, Unalaska,

Alaska).

Diagnosis

A species of Ammodytes distinguished from A. hexa-

pterus by its significantly fewer total vertebrae (59-66

vs. 65-72) and precaudal vertebrae (36-43 vs. 40-47),

more pored lateral-line scales (132-166 vs. 121-152)

and dermal plicae (144-182 vs. 143-172), fewer dorsal-

fin rays (50-60 vs. 56-63), and more pigmented pecto-

ral-fin rays (4-11 vs. 2-6); from A. personatus by sig-

nificantly fewer total vertebrae (59-66 vs. 65-73) and
precaudal vertebrae (36-43 vs. 41-49), fewer dorsal-fin

rays (50-60 vs. 56-66), and more pigmented pectoral-

fin rays (4-11 vs. 3-7); and from the new species by
its narrower body anteriorly (depth at dorsal-fin origin

32-53% HL vs. 33-57% HL), longer upper jaw (30-39%
HL vs. 29-34% HL), larger orbit (12-20% HL vs. 11-

15% HL), fewer pored lateral-line scales (132-163 vs.

142-185), and fewer dermal plicae (144-182 vs. 156-

198). It is further distinguished from all other species

of the North Pacific region by a unique COI haplotype

(GenBank Accession KJ137283; Appdx 2).

Description

Body elongate, slender, depth at dorsal-fin origin

32.0-

53.0% HL (38.4% HL), depth at anal-fin origin

33.0-

57.0% HL (42.4% HL), depth at caudal peduncle

10.0-

16.0% HL (11.3% HL). Head long, 17.6-24.5% SL.

Snout long, 25.0-30.0% HL (28.8% HL). Mouth large:

upper jaw 30.0-39.0% HL (32.8% HL); lower jaw 35.0-

50.0% HL (43.5% HL). Orbit moderately large, 12.0-

20.0% HL (15.8% HL). Gill rakers long, 7.5-13.4% HL,
slender, 20-29 (31), 3-6 on upper part of arch, 16-26

on lower part. Pseudobranchs 7-14.

Pored lateral-line scales 132-163 (132). Scales be-

low lateral-line situated along 144-182 (144) oblique

dermal plicae.

Dorsal-fin rays 50-60 (51). Anal-fin rays 26-33 (30),

7-12 (9) pterygiophores anterior to first caudal verte-

bra. Pectoral-fin rays 13-17 (15), rays 4-11 pigmented.

Total vertebrae 59-66 (63), precaudal vertebrae 36-43

(39), caudal vertebrae 21-28 (24).

Distribution

On the basis of material examined, we determined that

Ammodytes japonicus ranges from the southern Sea of

Okhotsk through the Sea of Japan into the Seto Inland

Sea and the Pacific Ocean off the southern part of Ja-

pan (Fig. 1). In the southern Sea of Okhotsk, its range

overlaps with that of A. hexapterus and the new spe-

cies in the Soya Strait off Wakkanai, Hokkaido (Fig. 1).

Data of Okamoto (1989), Kim et al. (2006, 2008, 2010),

Han et al. (2012), and published sequences in GenBank
indicate that A. japonicus also ranges to Kyushu, the
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East China Sea, the Yellow Sea, and the Pacific Ocean
side of northern Japan, where its range overlaps with

that of the new species (Table 4).

Etymology

The specific name japonicus is the Latinized adjectival

form of Japan
,
meaning “of Japan.”

Remarks

We consider Ammodytes aleutensis to be a junior syn-

onym of A. japonicus. In their original description,

Duncker and Mohr (1939) included material from Un-
alaska Island, concluding erroneously that the spe-

cies ranged throughout the Aleutian Islands. Meristic

characters serve to identify those specimens as either

A. personatus or A. hexapterus, and only A. personatus

is recorded from the Aleutian Islands. Otherwise, all

characters of the lectotype and other paralectotypes

were well within the range of our genetically identified

material for A. japonicus. Duncker and Mohr (1939)

distinguished A. japonicus from A. aleutensis on the

basis of meristic characters, as well as the position of

the dorsal-fin origin (posterior to the center of the pec-

toral fin in A. aleutensis versus at the posterior end of

the pectoral fin in A. japonicus), the posterior extension

of the ventrolateral ridge (posterior to the second third

of the anal fin and becoming reduced farther posterior

versus extending posterior to the center of the anal

fin). We find no differences among these morphometric
characters in our material or in the pertinent type ma-
terial examined.

The lectotype and 1 paralectoype of A. aleutensis

and 1 lot of paralectoypes of A. japonicus (designated

by Ladiges et al., 1958) were collected from “Otaka,”

according to Duncker and Mohr (1939). We were unable

to find a place with that name in Japan. However, in

examining material at ZMH, we found that the original

label for ZMH 143 (originally 13708) had been misin-

terpreted and should have been recorded as “Otaru,” a

town on the western coast of Hokkaido.

Ammodytes heian Orr, Wildes, and Kai, new species

Peaceful sand lance [New Japanese name: Oh-ikanago]

Figures 6D and 7D; Tables 5-7

Ammodytes personatus: Kawamura, 1940 (in part; cit-

ed in Ohshima, 1950; Onagawa and Moura bays);

Hashimoto and Kawasaki, 1981 (in part, “type A”);

Hashimoto, 1984 (in part, “group II”); Okamoto, 1989

(in part; off Rishiri Island, Wakkanai, Ryogoku Bay);

Kim et al., 2010 (in part; specimens Ell and E30,

table 1 and fig. 2); Han et al., 2012 (in part, “lineage

A”).

Holotype

FAKU 130770, 184.8 mm, Japan, Iwate Prefecture, Pacif-

ic coast ofTohoku District, Ohfunato, 3 May 2008, Y. Kai.

Paratypes

FAKU 131506, 131507, 131795, 3 specimens, 148-
165.9 mm, Japan, Fukushima Prefecture, Pacific coast

of Tohoku District, Soma, 3 May 2008, Y. Kai; FAKU
s

130767-130769, 130771-131774, 7 specimens, 184.8-

218.6 mm, Japan, Iwate Prefecture, Pacific coast of

Tohoku District, Ohfunato, 3 May 2008, Y. Kai; UW
152685, 9 specimens, 202.9-225.9 mm, Japan, Hokkai-
do, off Wakkanai, 45.4492°N, 141.6446°E, Y. Kai.

Diagnosis

A species of Ammodytes distinguished from A. hexa-

pterus by its significantly smaller orbit (11-15% HL
vs. 12-21% HL), fewer total vertebrae (63-67 vs. 65-

72), fewer precaudal vertebrae (39-43 vs. 40-47), more
pored lateral-line scales (142-185 vs. 121-152), more
dermal plicae (156-198 vs. 143-172), and more pig-

mented pectoral-fin rays (4-10 vs. 2-6). It is further

distinguished from A. personatus by its deeper body
(depth at dorsal-fin origin 40-57% HL vs. 24-53%
HL; greater depth at anal-fin origin 39-55% HL vs.

33-52% HL), smaller orbit (11-15% HL vs. 12-18%
HL), more pored lateral-line scales (142-185 vs. 114-

170) and dermal plicae (156-198 vs. 139-193), fewer

total vertebrae (63-67 vs. 65-73) and fewer precau-

dal vertebrae (39-43 vs. 41-49), and more pigmented
pectoral-fin rays (4-10 vs. 3-7). It is further distin-

guished from A. japonicus by its deeper body anteri-

orly (depth at dorsal-fin origin 40-57% HL vs. 32-53%
HL), shorter upper jaw (29-32% HL vs. 30-39% HL),

smaller orbit (11-15% HL vs. 12-20% HL), more pored

lateral-line scales (142-185 vs. 132-166) and more
dermal plicae (156-198 vs. 144-182). It is further

distinguished from all species of the North Pacific re-

gion by a unique COI haplotype (GenBank Accession

KJ137282; Appdx. 2).

Description

Body elongate, slender, depth at dorsal-fin origin

40.1-

57.6% HL (48.1% HL), depth at anal-fin origin

39.3-55.4% HL (48.1% HL), depth at caudal peduncle

11.2-

14.0% HL (12.0% HL). Head long, 18.8-22.1% SL
(20.1% SL). Snout long, 27.1-29.2% HL (28.5% HL).

Mouth large: upper jaw 29.0-32.6% HL (32.2% HL);

lower jaw 40.9-45.9% HL (43.7% HL). Orbit moderate-

ly sized, 11.1-15.2% HL (12.9% HL). Gill rakers 23-30

(27), long, 8.5-12.8% HL (11.0% HL), slender, 4-5 (4)

on upper part of arch, 19-25 (23) on lower part. Pseu-

dobranchs 10-17 (12).

Pored lateral-line scales 142-185 (158). Scales be-

low lateral line situated along 156-198 (172) oblique

dermal plicae.

Dorsal-fin rays 55-60 (56). Anal-fin rays 30-33 (31),

10-13 (12) pterygiophores anterior to first caudal ver-

tebra. Pectoral-fin rays 14-17 (15), rays 4-10 (7) pig-

mented. Total vertebrae 63-67 (64), precaudal verte-

brae 39-43 (42), caudal vertebrae 22-25 (22).
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Distribution

On the basis of material examined, we determined

that Ammodytes heian n. sp. ranges from the southern

Sea of Okhotsk to the Pacific Ocean off the northern

part of Japan (Fig. 1). In the southern Sea of Okhotsk,

its range overlaps with that of A. hexapterus and A.

japonicus in the Soya Strait off Wakkanai, Hokkaido

(Fig. 1). Published sequences in GenBank (FJ666915,

FJ666916) indicate that A. heian n. sp. also is found in

the Sea of Japan (Table 4).

Etymology

The specific name heian is a transliteration of the

Japanese word for “peace.” The holotype and paratypes

were collected from waters off Fukushima and Iwate

prefectures, before the earthquake and tsunami of

March 2011.

Remarks

Early surveys of vertebral counts in Ammodytes by

Kawamura (1940), Ohshima (1950), and Hashimoto
and Kawasaki (1981) around Japan revealed signifi-

cant variation in different regions. Populations from

off Onagawa on the northeastern Pacific coast and in

Moura Bay at the northern tip of Honshu (Ohshima,

1950, table 6, 61-66) are clearly different from popula-

tions in the Sea of Japan and farther south along the

Pacific coast and match our data for A. heian n. sp.

(Tables 5 and 7). Two populations examined by Hashi-

moto and Kawasaki (1981) had significantly different

vertebral counts, as well as differences in life history

characteristics. In a more comprehensive work, Hashi-

moto (1984) surveyed additional meristic characters,

classifying populations around Japan into 3 groups:

a northern group (“I”;=A. hexapterus) found in Japan
only in Soya Strait; a northcentral group (“H”;=A. he-

ian n. sp.) found on the northeastern Pacific Ocean
side of Honshu and in the Sea of Japan from Tottori

to the Soya Strait; and a southcentral group (“IH”;=A.

japonicus) found in the southern Sea of Japan, on the

southcentral side of Honshu in the Pacific Ocean, and
in the Seto Inland Sea.

Genetic research has consistently shown strong het-

erogeneity among populations around Japan (all origi-

nally identified as A. personatus), whether they are

strictly considered as one species or potentially as more
than one. Distributions of allozyme genotypes present-

ed by Okamoto (1989) revealed 3 genetically isolated

groups in Japan concordant with our results: a north-

ern Japan group (likely representing A. heian n. sp., on

the basis of the distribution of our material), a south-

ern Japan group (=A. japonicus), a Kushiro and Wak-
kanai group (=A. hexapterus)-, also shown was a fourth

group from Kodiak, Alaska (=A. personatus). Later

work by Kim et al. (2006, 2008, 2010) with mtDNA also

revealed genetic differences among populations around

Korea. Through comparisons between our sequence

data and data in GenBank and BOLD, we identified 2

individuals of A. heian n. sp. from the Sea of Japan in

the material of Kim et al. (2006, 2008, 2010; Table 4);

all other individuals were identified by us as A. japoni-

cus. Most recently, Han et al. (2012) found 2 lineages

around Japan and in the Yellow Sea on the basis of

analysis of the mitochondrial control region, conclud-

ing that further study with nuclear DNA markers is

needed to clarify their taxonomic status. However, the

morphological and COI sequence differences disclosed

here as well as the isozyme analysis of Hashimoto and

Kawasaki (1981) strongly support the conclusion that

the lineages represent 2 species. Lineage A appears to

represent A. heian n. sp., and Lineage B, A. japonicus.

Discussion

Our primary objective was to taxonomically re-

vise the genus Ammodytes in the North Pacific Ocean
and its fringing seas by examining morphological and
mtDNA variation. Morphological and genetic analyses

show that the genus Ammodytes comprises 4 species in

the North Pacific region: Ammodytes personatus, rang-

ing from California to the Aleutian Islands and eastern

Bering Sea; A. hexapterus, ranging from the Hudson
Bay in the east, through the Chukchi and Bering seas,

to the western Pacific region in the Sea of Okhotsk and
to Soya Strait between Hokkaido and Sakhalin islands;

A. japonicus, found in the Sea of Japan, the Seto Inland

Sea, the Pacific Ocean side of southern Honshu, and

the Yellow Sea; and a new species, A. heian, herein de-

scribed and found on the Pacific Ocean side of northern

Honshu, in the Soya Strait, and in the Sea of Japan.

Although clearly distinct genetically, some species

are morphologically similar to one another and, despite

significant differences found among several characters,

only combinations of morphometric and meristic char-

acters serve to distinguish the species from one anoth-

er. The species of the eastern or northern areas of the

North Pacific region (A. personatus and A. hexapterus),

together, can readily be distinguished from the species

of the western North Pacific region (A. japonicus and
A. heian n. sp.) on the basis of vertebral counts, but

species within these pairs are nearly indistinguish-

able morphologically. To add to the challenge of species

identification, ranges of A. personatus and A. hexapter-

us overlap in the northern Bering Sea, and A. japoni-

cus and A. heian n. sp. were found together in our Soya

Strait material; data from other authors strongly indi-

cate that the latter 2 species are also found together

in the Sea of Japan (Hashimoto, 1984; Kim et al., 2006,

2008, 2010; Han et al., 2012).

The distribution of each species generally corre-

sponds well with general zoogeographic regions (Fig.

1). Ammodytes personatus exhibits an Aleutian-Or-

egonian distribution (Allen and Smith, 1988; Briggs,

1995; Logerwell et al., 2005) and is found in the east-

ern North Pacific Ocean from California to the Gulf

of Alaska, the Aleutian Islands, and into the eastern

Bering Sea, where to the north it is found sympatri-
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cally with A. hexapterus. Ammodytes hexapterus exhib-

its an Arctic-Kuril distribution (Allen and Smith, 1988;

Briggs, 1995; Logerwell et al., 2005), extending from

the southern Sea of Okhotsk in the Soya Strait to the

western Bering Sea, the northeastern Bering Sea, and
into the Chukchi Sea. It may be a circum-Arctic spe-

cies; sequence data in GenBank indicates that its range

extends at least to the Beaufort Sea and Hudson Bay
(Table 4). Ammodytes japonicus exhibits a distribution

that encompasses the Sea of Japan and the Central

Kuroshio Current area (Spalding et al., 2007), and this

species is found on both coasts of Japan, in the Soya

Strait, in the Sea of Japan, in the Seto Inland Sea, in

the Yellow and East China seas (Kim et al., 2006, 2008,

2010), and on the southern Pacific coast of Japan. Am-
modytes heian exhibits a distribution that consists of

the northern Sea of Japan and northeastern Honshu
(Spalding et al., 2007), having been found in the Soya

Strait and on the northeastern Pacific coast of Japan.

A collection in the Soya Strait at Wakkanai, Japan,

contained 3 species: A. hexapterus A. japonicus, and
A. heian n. sp. This distributional pattern is similar

to the one based on allozyme data of Okamoto (1989),

who found 3 “genetically distinct” groups around Ja-

pan, including 2 in the Soya Strait: a southern species

ranging from Kyushu and the Seto Inland Sea to Sen-

dai Bay (=A. japonicus), a more northern species from

Iwate Prefecture to the northern Sea of Japan and Soya
Strait (=A. heian n. sp.), and a third species on the

Pacific Ocean side of Hokkaido off Kushiro and Soya
Strait (=A. hexapterus). This strong geographic pattern

may indicate that present-day, large-scale movement of

sand lances is limited.

The genetic information presented in this article is

meant to support the morphological data and describe

the species ofAmmodytes in the North Pacific region. It

is not meant to provide a complete phylogenetic recon-

struction of the genus Ammodytes. A productive look at

phylogeny will require a more detailed study ofAmmo-
dytes of the Atlantic Ocean, as well as other members
of the group. Although each clade of species is robust,

the relationships among the Atlantic species are weak,

as indicated by the low bootstrap branch support and
alternative positions of A. personatus among Atlantic

species in phylogenetic trees (Figs. 3 and 4). Addition-

ally, Tajima D values (Tajima, 1989) indicate that the

COI gene is likely under selection in Ammodytes.
Because selection can obscure phylogenetic pat-

terns and because no literature is available to suggest

a mutation rate in species of Ammodytes, we are re-

luctant to provide estimates of times of divergence be-

tween these species. Ammodytes hexapterus is nearly

homogenous at COI and, because bottlenecks decrease

molecular diversity, was likely derived from a founder

population followed by rapid expansion, as indicated

by the broad range over which it is homogenous. The
lack of genetic divergence across haplotypes is typical

for marine fishes that have experienced fluctuations

in population size (Grant and Bowen, 1998). More in-

formation about the Atlantic species, and members of

other genera, may allow for a more robust examination

of phylogeny in Ammodytes.
Our taxonomic revision of the sand lances of the

genus Ammodytes in the North Pacific region resulted

in the recognition of 4 species: A. hexapterus, A. per-

sonatus, A. japonicus, and the new species A. heian.

Only 2 species, with a confused nomenclature, have
been recognized as valid for the past several decades.

Without a clear knowledge of the number of species

present in the area, each with its unique life history

and biology, the contributions of this genus to the eco-

system will be inadequately understood and successful

management of these species will be impossible.

This study underscores the importance of increas-

ing our knowledge of forage species. As scientists move
to manage marine resources with an ecosystem-based

approach, species at the base of the food web should

be examined at least as rigorously as species of com-

mercial interest. In this study, we uncovered aspects of

the evolutionary history of the genus Ammodytes and
its current-day isolation into 4 species in the ecosys-

tem of the North Pacific Ocean and surrounding seas.

Ecosystem models would benefit from further studies of

the population structure within each species, as well as

studies of the unusual life history of these sand- and
water-dwelling species.
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Appendix 1

This appendix provides number and length of speci-

mens, location, depth, and other details on the mate-

rials examined for this taxonomic revision of North
Pacific sand lances of the genus Ammodytes: A. hexa-

pterus, A. personatus, A. japonicus, and A. heian new
species. Lengths are given in standard length.

Material examined

Ammodytes hexapterus 165 specimens (53.0-160.3

mm) examined, including the neotype listed in the

species description in the main text. Bering Sea: UW
152677, 4 (70-75 mm), 72.0257°N, 162.2469°W, 28
m depth, FV Alaska Knight, cruise 201202, haul 98,

11 September 2012; UW 12728, 2 (142.0-170.7 mm),
St. Lawrence Island, 63.6667°N, 167.4667°W, 22-40
m depth, RV Deep Sea, field numbers 49-10 to 49-14,

27 June 1949, H. Hildebrand; UW 150610, 150733,

151476, 16 (97.6-120.0 mm), 64.316°N, 163.0007°W, 12

m depth, FV Vesteraalen, cruise 201002, haul 74, 8 Au-
gust 2010; UW 26820, 1 (93 mm), 63.5°N, 166.333°W,

27 m depth, RV Deep Sea, Area III. Sea of Okhotsk:
ABL 11-0006, 50 (53-61 mm), 51.57°N, 144.24° E, 14

September 2009, O. Katugin; ABL 11-0007, 46 (117.0-

160.3 mm), 52.54°N, 144.12°E, field number AhOS30,
O. Katugin. Chukchi Sea: UAM 1255, 19 (83.0-159.0

mm), Alaska, 67.4093°N, 173.5757°W, RUSALCA 2012,
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station CLIO, PSBT, haul 16, 13 September 2012;

UW 150611, 8 (113.0-129.5 mm), Alaska, 69.6674°N,

164.2905°W, surface, field number AkCh Oil OT5; UW
16914, 5 (82-87 mm), Alaska, Cape Thompson area,

Chariot site, 68.1°N, 166°W. Japan: UW 116840, 13

(217.4-257.3 mm), offWakkanai, Hokkaido, 45.4492°N,

141.6446°E, Y. Kai.

Ammodytes personatus 451 specimens (40.0-273.6

mm) examined, including the types listed in the spe-

cies description in the main text. Bering Sea: UW
152678, 1 (75.0 mm), 58.01135°N, 160.2173°W, 49 m
depth, FV Aldebaran, cruise 201101, haul 7, 6 June
2011; UW 110990, 2 (77-78 mm), 56.5667°N,
163.3833°W, 27 m depth, RV Discoverer, cruise 197701,

station 89, haul 48, 27 August 1977; UW 110994, 2

(61-80 mm), 56.9167°N, 162.6°W, 27 m depth, RV Dis-

coverer, cruise 197701, station 72, haul 31, 22 August
1977; UW 110997, 1 (72 mm), southern Bering Sea,

55.1022°N, 166.1181°W, 18 August 1977; UW 111017,

3 (55-68 mm), 56.23333°N, 163.3667°W, 27 m depth,

RV Discoverer, cruise 197701, haul 30, 29 August 1977;

UW 111027, 1 (74 mm), 55.4333°N, 164.9833°W, 27 m
depth, RV Discoverer, cruise 197701, station 93, haul

52, 28 August 1977; UW 111043, 1 (83 mm), 56.3167°N,

162.85°W, 27 m depth, RV Discoverer, cruise 197701,

haul 47, 27 August 1977; UW 111211, 1 (91 mm),
58.6667°N, 162.7167°W, 24 m depth, RV Miller Free-

man, cruise 197501, haul 181, 8 October 1975; UW
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112579, 1 (115 mm), 58.5134°N, 159.5233°W, 20 m
depth, FV Arcturus, cruise 200001, haul 15, 26 May
2000, G. R. Hoff; UW 116094, 1 (242.0 mm), southeast-

ern Bering Sea; UW 116096, 1 (94.6 mm), southeastern

Bering Sea; UW 1361, 8 (82.7-106.9 mm) of 12, Alaska

Peninsula, Big Lake near Kvichak River weir,

58.6667°N, 157.5667°W, 22 May 1929, C. Flock; UW
151465-151469, 5 (108.1-120.3 mm), 58.6538°N,

163.3465°W, 29 m depth, FV Arcturus, cruise 200901,

haul 43, 10 June 2009; UW 151470-151472, 151490, 4

(140.0-174.5 mm), 57.0137°N, 159.1401°W, 32 m depth,

FV Alaska Knight, cruise 201001, haul 5, 7 June 2010;

UW 151473, 2 (80.0-169.8 mm), 57.9840°N, 158.3283°W,

33 m depth, FV Aldeharan, cruise 201001, haul 4, 7

June 2010; UW 151474, 3 (70.0-121.7 mm), 57.5001°N,

169.3437°W, 68 m depth, FV Aldebaran, cruise 201001,

haul 104, 2 July 2010; UW 151475, 1 (102 mm),
58.3275°N, 162.0278°W, 45 m depth, FV Aldebaran,

cruise 201001, haul 20, 10 June 2010; UW 151477, 1

(105.4 mm), 59.3179°N, 165.9568°W, 23 m depth, FV
Aldebaran, cruise 201001, haul 72, 22 June 2010; UW
151478, 1 (105.6 mm), 57.9741°N, 162.1324°W, 34 m
depth, FV Alaska Knight, cruise 201001, haul 20, 10

June 2010; UW 151479, 1 (79.4 mm), 57.6559°N,

160.8843°W, 56 m depth, FV Aldebaran, cruise 201001,

haul 16, 10 June 2010; UW 151480, 1 (140.1 mm), Ber-

ing Sea, 57.9882°N, 158.9351° W, 38 m depth, FV Al-

debaran, cruise 201001, haul 5, 7 June 2010; UW
151481, 1 (142.6 mm), 57.3101°N, 159.0668° W, 46 m
depth, FV Alaska Knight, cruise 201001, haul 6, 7 June
2010; UW 151482, 1 (150.0 mm), 57.6559°N, 158.3651°W,

35 m depth, FV Aldebaran, cruise 2010Q1, haul 3, 7

June 2010; UW 151483, 1 (78.0 mm), Bering Sea,

58.0087°N, 160.1893°W, 49 m depth, FV Alaska Knight,

cruise 201001, haul 9, 8 June 2010; UW 151484, 1

(120.0 mm), 58.3435°N, 159.5522°W, 23 m depth, FV
Aldebaran, cruise 201001, haul 6, 8 June 2010; UW
151485, 1 (120.0 mm), 57.67421°N, 159.6345°W, 48 m
depth, FV Arcturus, cruise 200901, haul 7, 3 June 2009;

UW 151486, 1 (112 mm), 59.6669°N, 166.609°W, 26 m
depth, FV Aldebaran, cruise 201001, haul 75, 22 June

2010; UW 151488, 1 (73 mm), 59.3175°N, 164.0119°W,

21 m depth, FV Arcturus, cruise 200901, haul 46, 10

June 2009; UW 151489, 1 (147 mm), 58.3534°N,

162.7112°W, 30 m depth, FV Alaska Knight, cruise

201001, haul 24, 11 June 2010; UW 151492, 3 (65-120

mm), 58.2819°N, 159.9693°W, 39 m depth, FV Alaska

Knight, cruise 201001, haul 8, 8 June 2010; UW 151493,

2 (70-110 mm), 58.6372°N, 162.707°W, 23 m depth, FV
Arcturus, cruise 200901, haul 42, 9 June 2009; UW
17273, 1 (70.1 mm), 55.25° N, 166.1167° W, 29 August

1957, McCrery et al.; UW 22201, 1 (114 mm), Bering

Sea, Bristol Bay, 58.4833°N, 159.3667°W, 14 m depth,

FV Mineshima Maru, cruise 347, haul 629, 27 May
1988, Renko and Moore; UW 26830, 1 (131.6 mm),
57.75°N, 159.5333°W, FV Silver Charlie, 1 May 1981;

UW 26836, 1 (198.3 mm), Bristol Bay, 57°N, 164°W, 1

October 1975; UW 29512, 4 (25-62 mm) of 7, 56.0028°N,

163.847°W, 91 m depth, cruise 77-1, tow 16/58, M. W.

Brown; UW 45766, 1 (140.7 mm), 58.002°N, 159.6508°W,

39 m depth, FV Arcturus, cruise 199801, haul 7, 10

June 1998; UW 45884, 2 (209.3-212.0 mm), 54.7°N,

165.35°W, 150 m depth, FV Arcturus, cruise 199702,

haul 310, G. R. Hoff; UW 46838, 1 (115 mm), 58.0109°N,

159.603°W, 38 m depth, FV Aldebaran, cruise 199901,

haul 9, 24 May 1999, D. Nichol; UW 46853, 1 (105 mm),
Kuskokwim Bay, 58.9790°N, 163.3502°W, 20 m depth,

FV Aldebaran, cruise 199901, haul 25, 28 May 1999, D.

Nichol. Aleutian Islands: UW 26835, 1 (129.5 mm),
Amchitka Island, St. Makarins Bay, 51.37°N, 179.245°E,

25 June 1971, Palmisano; UW 154476, 2 (210 mm), off

Amchitka Island, 51.9573°N, 178.2761° E, 74 m depth,

FV Ocean Explorer, cruise 201201, haul 150, 14 July

2012, J. W. Orr; UW 152109, 2 (195-280 mm), off Tan-

aga Island, 51.6337°N, 178.0881°W, 62 m depth, FV
Ocean Explorer, cruise 201201, haul 118, 6 July 2012,

J. W. Orr; UW 112021, 1 (259 mm), off Yunaska Island,

53.1164°N, 170.92°E, 100 m depth, FV Vesteraalen,

cruise 200001, haul 221, 16 July 2000, E. S. Brown;
UW 116092, 1 (218.1 mm), 52.96829°N, 173.2401°E, 81

m depth, FV Sea Storm, cruise 200601, haul 136, 9

July 2006; UW 116093, 1 (225.2 mm), 52.96829°N,

173.2401°E, 81 m depth, FV Sea Storm, cruise 200601,

haul 136, 9 July 2006; UW 116097-116207, 11 (223.4-

273.6 mm), 52.578 1°N, 174.3485°E, 89 m depth, FV Sea
Storm, cruise 200601, haul 153, 14 July 2006, K. Dodd;

UW 150280, 19 (226.6-259.5 mm), 52.6011°N,

174.2742°E, 86 m depth, FV Sea Storm, cruise 201001,

haul 192, 1 August 2010, K. Maslenikov; UW 17252, 1

(65.0 mm), 52.65°N, 176.43°E, Allen and McCrery; UW
1728, 1 (87.0 mm), English Bay, Unalaska Island,

53.934°N, 166.25°W, MS Dorothy, 3 June 1930; UW
26846, 1 (148.0 mm), Amchitka Island, 51.5°N, 179°E,

4 October 1971; UW 48923, 6 (105-117 mm), Unalaska
Island, 53.6733°N, 166.6483°W, 5 August 1962, Burdick

and MacAllister; UW 48929, 16 (40-60 mm), Sedanka
Island, Udamat Bay, 53.8036°N, 166.226°W, 15 August

1962; UW 48939, 4 (95-133 mm), Unalaska Island, Un-
alaska Bay, 53.9333°N, 166.517°W, station 3, 29 May
1962; UW 48950, 7 (103.0-124.1 mm), Unalaska Island,

53.6733°N, 166.6483°W, 5 Augustl962, Burdick; UW
49045, 5 (50-72 mm), Alaska, Akun Island, Akun Bay,

55.25°N, 165.5°W, FV Harmony #7, 3 October 1962; UW
116091, 1 (233.1 mm), western Aleutian Islands. Gulf
of Alaska: UW 152353, 2 (105-110 mm), 58.2917°N,

153.1155°W, 65 m depth, FV Sea Storm, cruise 200701,

haul 159, 4 July 2007; UW 152352, 1 (128 mm),
59.4256°N, 152.4063°W, 67 m depth, FV Sea Storm,

cruise 200701, haul 185, 7 July 2007; UW 152349, 9

(139.3-183.6 mm), Kodiak Island, Deadman Bay,

57.0667°N, 153.9378°W; UW 118906, 1 (155.0 mm),
57.0662°N, 153.6049°W, 79 m depth, FV Pacific Explor-

er, cruise 200901, haul 148, 26 June 2009, J. W. Orr;

UW 119211, 1 (120 mm), 57.2218°N, 151.9528°W, 64 m
depth, FV Pacific Explorer, cruise 200901, haul 156, 27

June 2009, J. W. Orr; UW 151487, 1 (148 mm),
54.8279°N, 159.8582°W, 49 m depth, FV Sea Storm,

cruise 200901, haul 51, 5 June 2009; UW 14422, n=5,

Squaw Harbor, Unga Island, Shumagin Islands, 55.3°N,

160.5°W, 30 August 1956, R. J. Mynre; UW 15497, 4
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(70-105 mm), Gulf of Alaska, Uyak Bay, Kodiak Island,

57.6°N, 154°W, 10 July 1941, A. C. DeLacy et al.; UW
15610, 3 (90-123 mm), Alexander Archipelago, Shelikof

Bay, Kruzof Island, 57.15°N, 135.8°W, 1 July 1960, Dry-

foos; UW 16464, 4 (145-152 mm), 57.4167°N, 150.75°W,

4 June 1958; UW 20642, 8 (72-85 mm), Kodiak Island,

Ugak Bay, 57.4517°N, 152.7019°W, U2-301-117, 20 June

1976, C. Harris and M. Hunter; UW 243, 1 (75 mm),
Kodiak Island, Alitak, 56.9°N, 154.16°W, Crawford; UW
26825, 1 (95 mm), Kodiak Island, Ugak Bay, 57.4517°N,

152.701°W, 4 August 1923; UW 4002, 3 (70-90 mm),
Kodiak Island, Lazy Bay, 56.9°N, 154.26°W, 8 May
1932; UW 4202, 4 (85-90 mm), Wide Bay, 57.4°N,

156.46°W, 31 May 1932; UW 45961, 1 (91 mm),
57.515°N, 151.5496°W, 147 m depth, FV Vesteraalen,

cruise 200101, haul 177, 28 June 2001, J. W. Orr; UW
5301, 8 (112.0-120.2 mm), Prince of Wales Island,

Tranquil Point in the Alexander Archipelago, 55°N,

133°W, 22 July 1939, Franett. British Columbia: UW
1734, 1 (83 mm), Hecate Strait, middle of Hecate Strait

between Gander Island and Danger Rocks, 52.5°N,

129.5°W, 1 September 1931. Washington: UW 11329, 8

(66.1-107.1 mm), Puget Sound, Meadow Point, Seattle,

47.6°N, 122.3°W, 29 April 1955, A. DeLacy and class;

UW 116044-116054, 11 (61.2-87.1 mm), Puget Sound,

48.7042°N, 123.014°W, 60-80 m depth, RV Centennial,

site 10, sample V5, 6 November 2006, D. Gunderson
and J. Blaine; UW 116055-116064, 10 (65.6-75.2 mm),
Puget Sound, 48.69°N, 123.0161°W, 60-80 m depth, RV
Centennial, site 28, sample V18, 6 November 2006, D.

Gunderson and J. Blaine; UW 116065-116075, 11

(65.0-75.2 mm), Puget Sound, 48.5325°N, 123.0214°W,

60-80 m depth, RV Centennial, site 26, sample V16, 6

November 2006, D. Gunderson and J. Blaine; UW
116076-116090, 14 (63.6-79.8 mm), Puget Sound,
48.7136°N, 123.0161°W, 60-80 m depth, RV Centennial,

site 31, sample V21, 6 November 2006, D. Gunderson
and J. Blaine; UW 118502, 23 (68-83 mm), Salish Sea,

San Juan Channel, south of Turn Island, 48.52°N,

122.95°W, 73-77 m depth, 24 April 2007, L. L. Britt;

UW 118503, 8 (68.0-85.0 mm), Salish Sea, San Juan
Channel, Jackson Beach, 48.52°N, 123°W, beach seine,

24 April 2007, L. L. Britt; UW 16754, 1 (125 mm),
Puget Sound, Golden Gardens, 47.7°N, 122.4°W, 1 Jan-

uary 1963, R. B. Grinols; UW 26833, 11 (102.6-121.6

mm), Salish Sea, San Juan Island, Eagle Cove, 48.5°N,

123°W, Friday Harbor Lab 75-03-02, 20 June 1975,

Fish 454a class. California: HSU 4802, 34 (77-108

mm), Humboldt Bay, 40.7621°N, 124.2152°W, 1 October

2009, A. Kinziger; UW 152676, 104 (60-77 mm), Hum-

Appendix 2

This appendix provides diagnostic mitochondrial DNA
sequence data for North Pacific sand lances of the

genus Ammodytes, including data for neotypes of A.

hexapterus and A. personatus and for the holotype of

A. heinan new species. The sequences are a partial

boldt Bay, north jetty, 40.7621°N, 124.2152°W, 1 Octo-

ber 2009, A. Kinziger.

Ammodytes japonicus 138 specimens (30.0-160.9

mm) examined, including the types listed in the spe-

cies description in the main text. FAKU 130765, 1

(104.8 mm), Japan, Nohara, Maizuru, Kyoto, 35.5°N,

135.4°E; FAKU 130979-131008, 30 (131.2-160.9 mm),
Japan, Inland Sea, off Akashi, Hyogo, 34.5°N, 135°E,

Y. Kai; FAKU 131055-131091, 28 (86.0-108.8 mm),
Japan, off Shiroko, Aichi, Ise Bay, 34.734°N, 136.68°E,

Y. Kai; FAKU W856, W914, W915, 125465, 130765,

5 (103.7-167.0 mm), Japan, Sea of Japan, Kyoto,

Wakasa Bay, 35.8°N, 135.5°E, 1977; UW 153060, 17

(30.0-45.0 mm), Japan, Maizuru, 35.5°N, 135.4°E;

UW 153061, 31 (30-32 mm), Japan, Ise Bay, 34.7°N,

136.8°E, 2006; UW 152684, 3 (208.0-218.9 mm), Ja-

pan, off Wakkanai, Hokkaido, 45.4492°N, 141.6446°E,

2007, Y. Kai; UW 16457, 5 (118.5-146.8 mm), Japan,

Shizuoka Province, Suruga Bay, 35°N, 138.75°E, 15

May 1950, F. Wilke.

Ammodytes dubius 11 specimens (87.0-125.0 mm) ex-

amined. UW 152011, 10 (87-125 mm), western North
Atlantic Ocean, Massachusetts, 41.7637°N, 69.8956°W;

UW 4799, 1 (115 mm), Woods Hole, Massachusetts, 2

October 2012.

Ammodytes americanus 3 specimens (73.0-142.0 mm)
examined. VIMS 12840, 1 (142 mm), western North
Atlantic Ocean, Rhode Island Sound, 41.2355°N,

71.5519°W, 29 m depth, FV Darana R, cruise

NM20100401, station 150, 6 May 2010; VIMS 12843,

1 (138 mm), western North Atlantic Ocean, Rhode Is-

land Sound, 41.1764°N, 71.4936°W, 29 m depth, FV
Darana R, cruise NM20100401, station 139, 5 May
2010; VIMS 12844, 1 (73 mm), western North Atlantic

Ocean, Rhode Island Sound, 41.2937°N, 71.8408°W, 31

m depth, FV Darana R, cruise NM20 100401, station

126, 11 May 2010.

Ammodytes marinus 2 specimens (133.0-155.0 mm)
examined. ZMUC P61825-P61826, 2 (133-155 mm),
Denmark, North Sea, Horns Rev, 55.47°N, 8.43°E, 2

July 2009.

Ammodytes tobianus 2 specimens (105.0-106.0 mm)
examined. ZMUC P61815-P61816, 2 (105-106 mm),
Denmark, Langeland, off Hjortholm, 55.9°N, 10.6°E, 1

May 2010.

(560-base-pair) fragment from the cytochrome oxidase

c subunit 1 region of the mitochondria.

Cytochrome oxidase c subunit 1 sequences

Ammodytes hexapterus

UAM 2813, neotype, GenBank Accession KJ137280.
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COI sequence: tgtaatgccg gcggcaagga cgggcaggga

aaggaggaga aggacggctg taatcagcac agctcacaca aata-

agggtg tctgatactg ggaaatagcg ggaggtttca tattaataat

tgtggtgatg aagttgattg ctccaagaat tgaagaaatc ccggc-

taaat gcagagagaa gattgttaag tcaacagatg cacctgcgtg

ggctagattt ccggccaggg gtgggtatac agttcaaccg gtac-

cagctc cagcttctac gcctgaagag gctaggagaa gaaggaggga
gggtgggagg agtcaaaagc tcatgttatt tattcgaggg aatgc-

tatgt caggggcgcc aatcattagg gggattagtc agtttccgaa ac-

caccgatc ataattggta ttactataaa gaaaatcatt acgaatgcat

gagcggtaac aattacgtta tagatttggt cgtctcctag gagggcgccg

ggttggctaa gttctgctcg gatgagcagg ctcagggctg tccccaccat

agcggctcaa gcaccaaata

Ammodytes personatus

UW 152354, neotype, GenBank Accession KJ137281.
COI sequence: tgtaatgccg gcagcaagga cggggaggga

gaggaggaga aggacggctg taatcagcac agctcacaca aata-

agggtg tctgatactg agagatagcg ggaggtttca tgttaataat

tgtggtgatg aagttgattg ctccaagaat cgaggagatc ccggc-

taaat gcagagagaa gattgttaag tcaacagatg cacctgcgtg

ggctagattt ccggccaggg gagggtatac agttcaaccg gtac-

cagctc cagcttctac gcctgaagag gctaggagaa gaaggaggga
gggtgggagg agtcaaaagc tcatgttatt tattcgaggg aatgc-

tatat caggggcacc aatcattagg gggattagtc agtttccgaa ac-

caccaatc ataattggta ttactataaa gaaaatcatt acgaatgcat

gagcggtaac aattacgtta tagatttgat catctcctag gagggcgccg

ggttggctaa gttctgctcg gatgagcagg cttagagccg tccccaccat

agcggctcaa gcaccaaata

Ammodytes japonicus

FAKU 130988, GenBank Accession KJ137283.
COI sequence: tgtaatgccg gcagcaagaa cagggaggga

gaggagaaga aggacggctg taatcagtac ggctcacaca aata-

aaggtg tttgatactg ggagatagcg ggaggcttca tgttaataat

tgtggtgatg aagttgattg ctccaagaat tgaagaaatt ccggctaaat

gcagggagaa gattgttaaa tcaacagatg cacctgcgtg ggccagattt

ccggccaaag gggggtatac agttcaaccg gtaccggccc cagcctctac

gcctgaagag gctaagagaa gaagaaggga gggtggaaga agt-

caaaagc ttatgttatt tattcgggga aatgctatat caggggcgcc

aatcattagg gggattagtc agtttccaaa accaccaatc ataattggta

ttactataaa gaaaatcatt acgaatgcat gagcggtaac aattacgtta

tagatttggt catctccgag gagggcgccg ggttggctaa gttccgctcg

aatgagcagg cttagggccg tccccaccat agcggctcaa gcaccaaata

Ammodytes heian

FAKU 130770, holotype, GenBank Accession KJ137282.
COI sequence: tgtaatgccg gcagcaagaa cagggaggga

gaggagaaga aggacggctg taatcagtac ggctcacaca aata-

aaggtg tttgatactg ggagatagcg ggaggcttca tgttaataat

tgtggtgatg aagttgattg ctccaagaat tgaagaaatt ccggctaaat

gcagggagaa gattgttaaa tcaacagatg cacctgcgtg ggccagattt

ccggccaaag gggggtatac agttcaaccg gtaccggccc cagcctctac

gcctgaagag gctaagagaa gaagaaggga gggtggaaga agt-

caaaagc ttatgttatt tattcgggga aatgctatat caggggcgcc

aatcattagg gggattagtc agtttccaaa accaccaatc ataattggta

ttactataaa gaaaatcatt acgaatgcat gagcggtaac aattacgtta

tagatttggt catctccgag gagggcgccg ggttggctaa gttccgctcg

aatgagcagg cttagggccg tccccaccat agcggctcaa gcaccaaata
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Abstract—Fishing activities on char-

ter boats that targeted reef fishes

were documented by observers in

2012 and 2013 to examine the ef-

fect of fishing season (open versus

closed) for red snapper (Lutjanus

campechanus) on fishing effort,

catch, and discard variables. Dur-

ing 54 trips of charter boats with

observers, 38 species of fishes were

identified; 32 trips were taken dur-

ing red snapper open seasons and 22

trips were taken during closed sea-

sons. The majority of the catch and
discards comprised lutjanids but also

included small demersal reef fishes,

highly migratory pelagic fishes, and

elasmobranchs. Boat captains tar-

geted artificial reefs at depths <40

m with red snapper abundances
that were higher and species di-

versity that was lower during open

seasons than the abundances and
diversity found at deeper natural

reefs that were fished during closed

seasons. On closed-season trips, dis-

tance from shore, number of sites

fished, and time fished per site were
greater, whereas the number of fish-

ermen was significantly lower than

the number on open-season trips.

The number, size, and proportion of

red snapper caught were significant-

ly greater during open-season trips

than during closed seasons, but the

number of red snapper discards was
not significantly different between
seasons. This study supports the use

of onboard observer programs for

the collection of accurate and reli-

able catch, effort, and discard data

regarding the recreational for-hire

sector, and for identifying changes
in fishing strategies and behavior

between closed and open seasons for

the red snapper fishery in the north-

ern Gulf of Mexico.
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Fisheries bycatch and discards affect

marine ecosystems worldwide, consti-

tuting as much as 25% of the annual

global catch (Alverson et al., 1994;

Kelleher, 2005; Matsuoka, 2008). The
ethical issue of wasted marine re-

sources, as well as the negative im-

pacts that discards can have on fish-

es and ecosystems, warrants efforts

to minimize discards and mitigate

their effects (FAO, 1995; Kennelly

and Broadhurst, 2002; MSFCMA
2007; NMFS, 2011). To that end, ini-

tiatives to minimize bycatch and dis-

cards have been fostered by the Unit-

ed Nations, European Union, and
United States (FAO, 1995; European
Commission 1

;
Hermes2

). Under U.S.

1European Commission. 2008. Over-
view of the contributions received in

answer to the consultation on the imple-

mentation ofthe policy to reduce unwant-
ed by-catch and eliminate discards in

European fisheries. Working document
of Directorate-General for Maritime Af-

fairs and Fisheries, 6 p. [Available from
http://ec.europa.eu/dgs/maritimeaffairs_

fisheries/consultations/discards/.]
2 Hermes, R. 2009. Terminal evalua-

tion of the UNEP/GEF project. Reduction
of environmental impact from tropical

shrimp trawling through the introduc-

tion of bycatch reduction technologies

and change of management, 30 p. Unit-
ed Nations Environment Programme
Evaluation and Oversight Unit, Nairobi,

Kenya. [Available from http://www.

unep.org/eou.]

federal fisheries management, Na-
tional Standard 9 of the Magnuson-
Stevens Fishery Conservation and
Management Act (MSFCMA, 2007)

mandates that bycatch and discard

mortality be minimized to the lowest

“extent practicable.”

Complying with MSFCMA man-
dates has been difficult in the fishery

for reef fishes in the northern Gulf of

Mexico (GOM) because of high fishing

effort and the diversity of fisheries

that target reef fishes or catch them
as nontargeted bycatch (Coleman et

al., 2004; Hanson and Sauls, 2011;

Cowan et al., 2011). Data on discards

in the northern GOM recreational

fishery are collected by multiple fish-

ery monitoring programs, including

the Marine Recreational Information

Program, Southeast Region Head-
boat Survey, and Texas Parks and
Wildlife Department Coastal Creel

Survey (Chromy et al. 3 ). However, in

all of these surveys, discard numbers
and the disposition of catch (live or

dead) are entirely self-reported by

3 Chromy, J. R., S. M. Holland and R.

Webster. 2009. Consultant’s report:

For-hire recreational fisheries surveys,

60 p. Submitted to the For-Hire Work
Group, National Marine Fisheries Ser-

vice. [Available from http://www.count-

myfish.noaa.gov/projects/downloads/
MRIP_FHWG%20ForHire%20Meth-
ods%20Review%20Final.pdf.]
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fishermen. This reliance is problematic because recall

bias can greatly reduce the accuracy and precision of

discard estimates (Ditton et al., 1978; Holland et al.,

1992; Hanson and Sauls, 2011; Bochenek et al., 2012;

Donaldson et al.44 ). Uncertainty in estimates of bio-

logical parameters may increase the risk of fisheries

exceeding annual quotas or decrease their value for

assessment models (Patterson et al., 2001a). Onboard
observers, on the other hand, provide direct estimates

of catch and discards that can be used to verify and ad-

just fleet-wide estimates input into stock assessments

(Kennelly and Broadhurst, 2002; Bochenek et al., 2012;

Donaldson et al.4
;
Sauls, 2014).

The purpose of this study was to employ onboard ob-

servers to directly estimate effort, catch, and discards

in the for-hire recreational fishery for reef fishes in the

northern GOM. A focus of this study was the red snap-

per (Lutjanus campechanus), which is the most highly

targeted reef fish in the region and for which the es-

timated ratio of total harvest (landed catch plus dead

discards) to landed catch has averaged 1.5: 1.0 in re-

cent years (SEDAR5
). A simple protocol was developed

to incorporate observers into normal fishing operations

onboard charter boats 1) to provide estimates of effort,

catch, and discard variables on trips that targeted

reef fishes, 2) to characterize changes in fishing be-

havior and catch for both open and closed seasons for

red snapper, and 3) to examine differences in the size

and age composition of discarded red snapper for both

open- and closed-season trips.

Materials and methods

Observers collected data during fishing operations on

charter boats during 2012 and 2013, working onboard

4 vessels that operated out of home ports between
Destin, Florida, and Orange Beach, Alabama, the his-

torical center of for-hire effort in the northern GOM
red snapper fishery (SEDAR5

). Boat captains were
contacted each week to obtain notice of a trip and to

notify them of observer participation. Captains were
compensated $250 for each trip because the presence

of an observer meant the loss of one potential cus-

tomer. Captains provided the depth, reef type (artifi-

cial or natural), and approximate GPS coordinates for

each site fished. Observers recorded the total number
of fishermen onboard, the number of fishermen that

fished at each site, the time spent fishing at each

4 Donaldson, D., G. Bray, B. Sauls, S. Freed, B. Cermak, P.

Campbell, A. Best, K. Doyle, A. Strelcheck, and K. Bren-
nan. 2013. For-hire electronic logbook pilot study in the
Gulf of Mexico: final report, 63 p. Report submitted to

the Marine Recreational Information Program Operations
Team. [Available from https://www.st.nmfs.noaa.gov/Assets/

recreational/pdf/Charter_Boat_Logbook_Project_report.pd£]

5 SEDAR (Southeast Data, Assessment, and Review). 2013.

SEDAR 31—Gulf of Mexico red snapper stock assessment
report, 1103 p. [Available from http://www.sefsc.noaa.gov/

sedar/.]

site, and the terminal tackle used to catch each fish.

General comments were recorded with respect to the

types of fishing rigs used (e.g., multiple-hook bottom
rigs versus single-hook bottom rigs suspended in the

water column), and the manufacturer, model number,
and dimensions of circle hooks were recorded. A Letter

of Acknowledgment from the National Marine Fisher-

ies Service’s Southeast Regional Office, in accordance

with the definitions and guidance at Federal Register

(2012), permitted observers to collect red snapper (of

any size during any season) on the 4 vessels that par-

ticipated in this study.

All fish captured during normal bottom fishing op-

erations (i.e., excluding fish caught when a vessel was
trolling to and from offshore sites) were identified to

species (Hoese and Moore, 1998; FishBase, http://www.

fishbase.org), weighed to the nearest 0.1 kg, and mea-
sured in fork length (FL) and total length (TL) to the

nearest millimeter. Observers recorded whether fish

were retained or discarded. Species that were identi-

fied but accidentally released without having been
measured (i.e., fish that escaped when they were
hoisted into a boat) or could not be brought aboard

(i.e., large elasmobranchs) were recorded and included

in that trip’s discard total. A sample of red snapper

discards was collected at each site during both open
and closed seasons. These fish were systematically and
randomly sampled through retention of every nth fish,

depending on catch rate, such that approximately 20

discarded red snapper were sampled on each trip. A
similar systematic sampling routine was employed to

sample approximately 20 red snapper retained by fish-

ermen as landed catch during each open-season trip.

All sampled fish were identified by affixing a number-
coded plastic cable tie through the opercular and buc-

cal cavity of each fish.

The retained catch from each vessel was processed

by the crew at the dock. Carcasses from those fish, as

well as whole discards, were transported back to the

laboratory at the Dauphin Island Sea Lab. Otoliths

were collected from all fish and processed for aging.

Otoliths were rinsed of adhering tissue and stored dry

in plastic cell wells; they were then embedded in epoxy,

sectioned with a low-speed watering saw, and aged ac-

cording to standard protocols (Patterson et al., 2001b).

Opaque zones were counted by 2 independent read-

ers and average percent error was calculated between

reader counts (Beamish and Fournier, 1981).

Models for single-factor analysis of variance (ANO-
VA) (a=0.05) were computed in R, vers. 3.1.0 (R Core

Team, 2014; Crawley, 2007; Kabacoff, 2011) to test the

effect of red snapper fishing seasons, open versus closed,

on effort (distance from port, depth, number of fisher-

men, number of sites fished per trip, time fished per site,

and percentage of natural reefs fished), catch (number

of species, fishes, and red snapper caught and percent-

age of the catch that was red snapper), and discard

(number of discards for all fishes and red snapper only)

variables. Data were ln-transformed to achieve normal-

ity and homogeneity of variances when necessary.
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Figure 1

Mean values of effort variables—distance from port, depth, number of

fishermen, number of sites fished per trip, time fished per site, and
percentage of natural reefs fished—from observed charter boat trips

in the northern Gulf of Mexico during open and closed seasons for red

snapper (Lutjanus campechanus) in 2012 and 2013. Error bars indicate

1 standard error of the mean.

Differences in the species composition of the catch

and discards for open and closed seasons were tested

with permutational multivariate analysis of variance

(PERMANOVA) in Primer 6 (PRIMER-E Ltd, Ivybridge,

UK) with PERMANOVA+ (Anderson et al., 2008). The
difference in TL and age among red snapper catch

retained during open seasons, discarded during open

seasons, or discarded during closed-seasons was tested

with ANOVA, with differences among factor levels in-

dicated by Tukey’s honestly significant difference test.

Lastly, ANOVA models were computed to test the effect

of hook size on TL of caught red snapper, as well as on

FL among all fishes caught during charter boat trips

with observers aboard; per regulation, all hooks were
nonstainless steel circle hooks. Hook size categories

were based on the measurement of hook front length,

defined as the distance from hook point to initial bend
back toward hook shank: small (<20 mm), medium (<20

mm and >25 mm) and large (>25 mm).

Results

Observers collected data on 24 charter boat trips in

2012 and on 30 trips in 2013; 32 trips occurred dur-

ing red snapper open seasons and 22 trips occurred

during closed seasons. Differences between open and
closed seasons were observed for several param-
eters of effort (Fig. 1). During closed seasons, the

mean depth of sites fished was 28% greater (ANOVA,

-P’l;262=24.0, P<0.001), trip duration increased by 31%
(ANOVA, Fi

;
52=8.55, P=0.005), and the percentage of

natural reefs fished increased nearly 3-fold (ANOVA,
Fi

;
52=76.32, P<0.001), compared with values observed

during open seasons. Mean distance from port (ANO-
VA, Fi

;
259=1.70, P=0.193) and number of sites fished

(ANOVA, Pi
;
52=0.297, P=0.588) were greater during

closed-season trips than during open-season trips, but

differences between seasons were not statically signifi-

cant. The only effort parameter that decreased signifi-

cantly during closed-season trips was the mean number
of fishermen (ANOVA, Fi,277=7.56, P=0.006), which de-

creased by 11%.

The 2 predominant fishing rigs used during observed

trips were 1) a single, large hook (>9/0), fished with

large bait attached to a long leader suspended in the

water column (rig type I) or 2) multiple, small hooks

fished with small, cut bait attached to short leaders

fished at or near the bottom (rig type II). Rig type I

was typically fished with large bait (-15-20 cm TL)

that was dead or live (e.g., Atlantic mackerel [Scomber

scombrus], mackerel scad [Decapterus macarellus], or

gulf menhaden [.Brevoortia patronus])', the choice to use

large bait was intended to increase catch rates of rela-

tively large (>500 mm TL) red snapper targeted dur-

ing open seasons. Fishermen almost exclusively used

rig type I during open seasons, until they filled their

daily bag limit for red snapper. Fishermen would then

switch to targeting other fishes with rig type II until

that day’s trip time had expired; however, this fishing
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Table 1

Species-specific percentages of total catch and discards observed during charter boat trips in the north-

ern Gulf of Mexico during open and closed seasons for red snapper (Lutjanus campechanus) in 2012

and 2013.

Catch Discards

Common name Species Open Closed Open Closed

Red snapper Lutjanus campechanus 76.6 23.3 89.8 63.3

Vermilion snapper Rhomboplites aurorubens 11.9 33.7 2.5 2.3

Red porgy Pagrus pagrus 3.9 15.3 0.2 0.0

Gray triggerfish Batistes capriscus 1.7 7.8 5.5 18.6

Tomtate Haemulon aurolineatum 1.3 5.9 0.0 0.0

Greater amberjack Seriola dumerili 0.7 5.3 0.0 5.5

Banded rudderfish Seriola zonata 0.0 2.0 0.2 5.5

Whitebone porgy Calamus leucosteus 0.1 1.2 0.0 0.0

Scamp Mycteroperca phenax 0.7 1.0 0.6 1.6

Gag Mycteroperca microlepis 0.5 0.7 0.8 0.8

Sharks Carcharhiniformes 0.1 0.5 0.2 1.2

Other 2.6 3.2 0.3 1.0

behavior occurred only aboard one vessel. During
red snapper closed seasons, fishermen predomi-

nantly used rig type II to target smaller reef fishes

(e.g., vermilion snapper [Rhomboplites aurorubens],

red porgy [Pagrus pagrus], or gray triggerfish [Bali

-

stes capriscus ]). During grouper open seasons, which
overlap with red snapper closed seasons, it was
common for one fisherman to target groupers with

rig type I while the remaining fishermen targeted

smaller reef fishes with rig type II.

The total catch on all observed charter boat trips

was 2830 fish representing 38 species (Tables 1 and
2). Boat-side releases prevented accurate identifica-

tion of several sharks. However, individuals that were
identified to species included blacknose shark (Car

-

charhinus acronotus), sandbar shark (Carcharhinus
plumbeus), scalloped hammerhead (Sphyrna lewini),

and tiger shark (Galeocerdo cuvier). The mean number
of fish caught per trip was 22% greater on trips during

closed red snapper seasons than on trips during open

seasons (ANOVA, Fi
;
52=2.57, P=0.115) and on aver-

age more than twice as many species were caught on

closed-season trips (ANOVA, Fi
;
52=22 .50

,
P<0.001; Fig.

2). During open-season trips, the number of red snap-

per caught was 2.6 times greater (ANOVA, P1.5 =28.90,

P<0.001) and the percentage of the total catch that was

Table 2

Species of reef fishes that comprised <0.1% of the catch or discards observed on charter boat trips in the northern

Gulf of Mexico in 2012 and 2013.

Common name Species Common name Species

Almaco jack Seriola rivoliana Mahi mahi Coryphaena hippurus

Great barracuda Sphyraena barracuda Manta ray Manta birostris

Bank sea bass Centropristis ocyurus Red grouper Epinephelus morio

Bigeye Priacanthus arenatus Red hind Epinephelus guttatus

Blackfin tuna Thunnus atlanticus Sand tilefish Malacanthus plumieri

Blue angelfish Holacanthus bermudensis Short bigeye Pristigenys alta

Blue runner Caranx crysos Snowy grouper Hyporthodus niveatus

Cobia Rachycentron canadum Spanish mackerel Scomberomorus maculatus

Atlantic creolefish Paranthias furcifer Tattler Serranus phoebe

Dwarf sand perch Diplectrum bivittatum Wahoo Acanthocybium solandri

Little tunny Euthynnus alletteratus Yellowedge grouper Hyporthodus flavolimbatus

King mackerel Scomberomorus cavalla

Lane snapper Lutjanus synagris
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Figure 2

Mean values of catch and discard variables—number of fishes caught,

red snapper caught, and species caught; percentage of the catch that

was red snapper; and number of discards (all fishes and red snapper

only)—from observed charter boat trips in the northern Gulf of Mexico

during open and closed red snapper seasons for red snapper (Lutjanus

campechanus ) in 2012 and 2013.

red snapper was 3.1 times greater (ANOVA, Ei
;

52=76.32,

P<0.001) than during closed season trips. However, nei-

ther the total number of discards nor the number of red

snapper discards was significantly different between
open- and closed-season trips (ANOVA, P>0.266).

The species composition of the catch from charter

boat trips was significantly different between red snap-

per open and closed seasons (PERMANOVA, pseudo-

Fi
;
53=21.46, P<0.001; Table 1). Red snapper accounted

for the highest percentage of the catch during open-

season trips (76.6%) and the second highest percent-

age during closed-season trips (23.3%). Apart from red

snapper, only vermilion snapper (11.9%) contributed

more than 10% of the catch on open-season trips; this

species was sometimes targeted after the daily bag
limit of red snapper was reached. The catch of vermil-

ion snapper increased nearly 3-fold for closed-season

trips in contrast to open-season trips, but even larger

increases between seasons were seen for other species

(Table 1). In fact, reef fishes (e.g., vermilion snapper,

red porgy, and tomtate [Haemulon aurolineatum]) that

were smaller (<350 mm TL) in size and lower in value

than red snapper composed the majority (54.9%) of

the total catch for trips taken during the red snapper
closed season. Pelagic species, primarily little tunny
(Euthynnus alletteratus ] and king mackerel (Scomb

-

eromorus cavalla), were caught infrequently (<1% of

the total catch) during normal bottom fishing activities

during both open and closed seasons.

The species composition of discards from charter

boat trips was significantly different between open and

closed red snapper seasons (PERMANOVA, pseudo-

Fi;5i=6.33, P<0.001; Table 1). However, red snapper
dominated discards from trips that occurred during

both open (89.8%) and closed (63.3%) seasons despite

lower catch rates in closed seasons (Table 1). Fisher-

men preference had a greater effect on red snapper dis-

cards during open seasons than did either minimum
length limits or daily bag limits. Of the 583 red snap-

per discards recorded by observers during trips that

occurred during open seasons for red snapper, 492 dis-

cards (84.4%) were the result of fishermen discarding

live, legal-size (>406 mm TL) fish so that they could

target larger fish for retention. Of the remaining dis-

cards of red snapper observed during open seasons,

13.4% were below the minimum length limit and 2.1%
were discarded because fishermen already had reached

their daily bag limit (2 fish per person per day). Mean
TLs of red snapper were significantly different in

comparisons among landed catch of red snapper re-

tained during open seasons (633 mm [standard error

(SE) 4.0)]), open-season discards (475 mm [SE 3.4]),

and closed-season discards (443 mm [SE 7.0]; ANOVA,
^2;l,439 =511.8, P<0.001; Fig. 3A), and mean values for

all 3 groups were also significantly different in pair-

wise comparisons (Tukey’s, P<0.001).

Discarding of other reef fishes was almost exclu-

sively driven by seasonal closures and minimum length

limits. For example, all gag (Mycteroperca microlepis)

observed during this study were caught during closed

seasons and were, therefore, discarded. No species,

other than red snapper, were discarded as a result
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Length (mm TL) Age (Years)

Figure 3

Frequency histograms of (A) size (total length [TL] in millimeters) and (B) age (years) of red snapper (Lutjanus

campechanus ) discarded during closed seasons (closed discarded) and red snapper discarded or retained during

open seasons (open discarded) and (open retained) during observed charter boat trips in the northern Gulf of

Mexico in 2012 and 2013. n=the number of observations in each category (e.g., closed discarded).

of reaching the daily bag limit, except one, legal-size,

greater amberjack (Seriola dumerili) that was discard-

ed in 2012. In that case, 2 legal-size fish were caught

simultaneously but only 1 fish was needed to fill the

daily bag limit. Approximately half of the gray trig-

gerfish (54.3%) and greater amberjack (56.8%) discards

were the consequence of closed seasons for those spe-

cies, and the remaining fish were discarded because

of minimum length limits. No gag, greater amberjack,

or gray triggerfish above their minimum length limit

(559 mm TL, 762 mm FL, and 356 mm FL, respective-

ly) were discarded when their respective recreational

seasons were open and the daily bag limit was not yet

filled.

Among the catch, red snapper ages ranged from 1

to 12 years, and average percent error between otolith

readers was 1.31%. Mean age was significantly differ-

ent in comparisons of red snapper retained as landed

catch during open seasons (7 years), open season dis-

cards (3 years), and closed season discards (2 years;

ANOVA, F2;802=139.30, P<0.001; Fig. 3B). Red snap-

per TL was affected significantly by hook front length

(ANOVA, F2 ;i,419=160.10, PcO.001), but TL was not sig-

nificantly different between medium and large hooks

(Tukey’s, P=0.360), with mean red snapper TLs of 466

mm (SE 5.7) for small hooks, 565 mm (SE 5.1) for me-

dium hooks, and 575 mm (SE 5.0) for large hooks (Fig.

4A). Similar to trends observed for red snapper, mean
FL of all fishes caught on charter boat trips with ob-

servers was significantly different for small, medium,
and large hooks (ANOVA, F2;2,674=894.20, P<0.001;

Fig. 4B). Values of mean FL ranged from 355 mm (SE

2.8) for small hooks to 574 mm ( SE 7.2) for large

hooks and were significantly different for all pairs of

hook sizes (Tukey’s, P<0.001).

Discussion

This study demonstrates the pervasive problem of dis-

cards in the reef fish fishery in the northern GOM,
particularly for red snapper. During open seasons, cap-

tains of charter boats almost exclusively targeted fish

at shallow artificial reefs (depths <40 m) where red

snapper are highly abundant. During closed seasons,

captains fished more frequently on natural reefs that,

by comparison, had higher species diversity and lower

red snapper abundances than those at the artificial

reefs during open seasons, (Dance et al., 2011; Patter-

son et al., 2014).

Red snapper are ubiquitous at reef sites across the

northern GOM and their aggressiveness toward fished
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baits makes them difficult to avoid when targeting

other species (Patterson et al., 2012). For red snapper

catch and number of red snapper discards during the

months of November and December, Schirripa and Le-

gault6 reported declines of 22% and 46%, respectively,

for mean values from the period of 1993-1997 to the

year 1998, the first year of the recreational red snap-

per season closure during those months. They conclud-

ed that recreational fishermen were able to effectively

avoid red snapper; however, we suggest that the lower

discard rate in 1998 for November and December, com-

pared with the yearly average in 1993-1997, may be

attributed to seasonal changes in fish behavior or dis-

tribution rather than to direct avoidance by fishermen.

In our study, red snapper catch was 61% lower during

closed seasons than during open seasons, but discards

declined by only 23% and were not significantly lower

during closed seasons.

6 Schirripa, M. J., and C. M. Legault. 1999. Status of the

red snapper in U.S. waters of the Gulf of Mexico: updated
through 1998. Southeast Fish. Sci. Cent. Sustainable Fish.

Div. Contrib. SFD-99/00-75, 86 p. [Available from http://

www.sefsc.noaa.gov/publications/.]

Several reasons exist for the difference between
this study and that of Schirripa and Legault6 in the

reported change in the number of red snapper dis-

cards for open and closed seasons. First, red snapper

abundance has increased in the northern GOM since

the late 1990s; therefore, more fish are available to be

caught now (SEDAR5
). Second, the daily bag limit for

the recreational fishery has dropped from 5 to 2 fish

per fisherman per day, increasing the potential for a

greater number of discards. Lastly, fishermen’s behav-

ior clearly played a large role in discard rates in our

study, particularly during open-season trips. The vast

majority (84.4%) of discards made during open seasons

were of legal-size fish that were returned to the sea

because fishermen wanted to catch larger fish to fill

their daily bag limit. Discard rates during open sea-

sons would have been substantially lower if each fish-

erman simply had retained the first 2 legal-size red

snapper caught and then switched to targeting alterna-

tive species.

Targeting and discarding practices increased the dif-

ference in size and age composition between retained

and discarded red snapper during open-season trips

and between open and closed-season trips. The use of
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larger hooks and baits during open seasons also in-

creased the mean size and modal age of red snapper

compared with values observed during closed seasons.

Patterson et al. (2012) and Sauls and Ayala (2012) also

reported increased red snapper lengths and percent-

age of the catch that was red snapper, respectively,

with increasing circle hook size. However, the effects

of bait size, type, and hook size interactions were not

tested by Patterson et al. (2012) and were confounded

among explanatory variables tested by Sauls and Ayala

(2012). Nonetheless, these parameters may explain the

more dramatic increases in red snapper length with

increasing hook size observed in our study than other

studies.

High-grading (i.e., releasing fish of legal size in fa-

vor of potentially catching larger individuals) of live

red snapper drove shifts in size (more than 150 mm
TL) and age (4 years) between open-season discards

and retained catch that were more dramatic than the

differences would have been if the fishermen had re-

tained the first 2 legal-size fish caught. High-grading

of live fish was unique to red snapper catches in this

study because no other retainable individual of any
species other than red snapper was ever discarded by

fishermen. The minimum length limit for red snapper

is set at 406 mm (16 in) TL as a compromise between

yield foregone to discard mortality and maximum yield

per recruit (Waters and Huntsman, 1986; SEDAR5
).

During observed charter boat trips, 38 species were
documented in the catch, which included both over-

fished and protected fishes. In addition to the reef-

associated species targeted directly, fishermen caught

highly migratory pelagic fishes, small demersal reef

fishes, and large elasmobranchs, all at variable rates.

Catch rates for species other than red snapper were
generally low, and overfished species (i.e., gag, gray

triggerfish, and greater amberjack) were discarded be-

cause of either minimum length limits or closed sea-

sons. High discard mortality of physoclistous fishes

caught in deep waters (depths >40 m), combined with

intense gulf-wide recreational fishing effort (Coleman
et al., 2004; Hanson and Sauls, 2011), likely amplifies

the impact of discarding practices during closed-season

trips given the greater depths fished compared to open-

season trips (Wilson and Burns, 1996; Coggins et al.,

2007; Rummer, 2007; Campbell et al., 2014).

Without direct regulation of fishing effort, fishermen

have maintained high levels of effort despite greatly

reduced open seasons for red snapper. The MSFCMA
requires that overfished stocks be rebuilt while bycatch

and bycatch mortality simultaneously are reduced to

the extent practicable (MSFCMA, 2007), but the cur-

rent Gulf of Mexico Fishery Management Council (GM-
FMC) reef fish fishery management plan contains no

direct management measures, or penalties, that regu-

late discard composition or rates in this fishery (GM-
FMC, 2004). Captains adaptively change fishing behav-

ior and gear to maximize catch efficiency, but priority

is placed on capturing target species rather than on

minimizing bycatch and discards.

Alternative management measures, such as a slot

size (i.e., fish can only be retained when their length is

between an upper and lower limit), cumulative length

limits, or a first fish rule, have been proposed to the

GMFMC as strategies for reducing fishing mortality

and discards in the recreational reef fish fishery (GM-
FMC, 2004). Significant depth-related discard mortal-

ity precludes the use of slot size limits in red snapper
management (Rummer, 2007; Campbell et al., 2010;

SEDAR5; Campbell et al., 2014). A first fish rule would
allow vessels to retain all fishes caught until a single-

or multiple-species daily bag limit is reached. A cumu-
lative length limit regulation would set a daily length

limit such that the sum of the lengths (e.g., TLs) of

all retained individuals of a single species could not

exceed (Bochenek et al., 2010; 2012).

In testing alternative regulations to bag and size

limits, Bochenek et al. (2010) found that the cumula-

tive length limit scenario decreased discard mortality

by up to 63% and increased landings more than 2-fold

without increasing fishing mortality rates, compared
with levels observed under status quo regulations, in

the recreational fishery for summer flounder (Paralich

-

thys dentatus) in New Jersey. However, the efficacy of

these types of alternative management strategies for

reduction of discards is contingent upon effort reduc-

tion and may not be successful if fishermen high-grade

live fish or simply target additional species upon reach-

ing the daily bag limit for their primary target species.

Regardless of the management strategy used, incorpo-

ration of a means to verify and tune self-reported esti-

mates (e.g., data from onboard observers) would prove

valuable in reducing uncertainty in stock assessments,

especially for the private sector, which contributes the

majority of discards (74-84% since 2008) in the fish-

ery (Recreational Fisheries Statistics Queries, National

Marine Fisheries Service Office of Science and Tech-

nology, http://www.st.nmfs.noaa.gov/stl/recreational/

queries/, accessed April 2014.).

The ability to high-grade live fish had an over-

whelming effect on the size and age of red snapper

retained during open seasons. Alternative regulations

that could minimize or prevent high-grading live red

snapper may actually improve angler attitudes by re-

moving the negative connotations associated with dead

releases and increasing the perceived value of retain-

ing smaller, legal-size fish. A fundamental aspect of

the charter boat industry is the ability of captains and
crew to demonstrate the value of a trip through both

the quantity and quality of the catch (Holland et al.,

1992). However, recreational angler surveys consistent-

ly rank catch and retention of fish below intangibles,

such as freedom to fish and camaraderie (Ditton et al.,

1978; Holland and Ditton, 1992; Bochenek et al., 2012).

Harvest restrictions have intensified over time but

current reef fish regulations do not directly restrict

the freedom to fish because no effort limits have been

imposed. Johnston et al. (2007) advocated a “rights-

based” approach to managing recreational fisheries in

the northern GOM that would be facilitated by har-
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vest tags similar to those commonly used in terrestrial

wildlife management. However, recreational fishermen

may view a rights-based system unfavorably if such

a system restricted the freedom to fish. In any case,

managing the recreational reef fish fishery with a fo-

cus on discard reduction will require changes in fish-

ermen’s perceptions of the act of fishing as a human
disturbance (Arlinghaus et al., 2007). However, signifi-

cant changes in the attitudes of fishermen have been

successfully implemented in other countries and could

be adapted to fisheries in the northern GOM fisheries

as well (Catchpole et al., 2005; Johnston et al., 2007;

Granek et al., 2008).
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Abstract—Fine-scale movements of

and use of habitat space by indi-

vidual marine fishes can structure

broader population dynamics, yet

little is known about these traits.

This lack of key information applies

to the economically and ecologically

important sciaenid weakfish (Cy

-

noscion regalis), which is seasonally

distributed in estuaries and coastal

habitats along the Middle Atlantic

Bight, where it feeds and spawns.

We examined movements of adult

weakfish in a southern New Jersey

estuary using acoustic telemetry at

both seasonal (n=29 fish) and diel

(ra=9 fish) scales. From June through

November 2008, a majority of tagged

and redetected weakfish (12 of 20;

60%) established areas of localized

residency. Several fish made excur-

sions of varying distances (1.0-5.

9

km) from these regions before re-

turning after 1-2 weeks. At the diel

scale, most weakfish (7 of 9; 78%)
resided as a local aggregation dur-

ing the day and made nighttime ex-

cursions beginning around sundown
(1930 hours). No fish were detected

within 0.5 km of their area of local-

ized daytime residency after 2230

hours. These findings are new evi-

dence of the affinity of adult weak-
fish within specific localities across

ecologically relevant timescales and
offer further insight into the impor-

tance of estuaries in the life history

of weakfish.
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Population connectivity in fishes

is directed by the movements and
space-use patterns of individuals in

populations. We must first under-

stand these individual behaviors to

fully understand the role of popula-

tion connectivity and how it informs

tools used to maintain sustainable

fisheries (Mittelbach et ah, 2014).

Fine-scale movements and related

patterns of site affinity and homing
have been examined extensively in

terrestrial (Bright and Morris, 1991;

Costello, 2010) and avian (Hoppes,

1987) species, and improvements in

our ability to track marine animals

with greater resolution, in both time

and space, have shed light on similar

behaviors (March et ah, 2010). Stud-

ies of fine-scale movements of fishes

have elucidated their ability to home
back to relatively small geographic

areas (Mitamura et ah, 2009), keep
restricted home ranges (McGrath
and Austin, 2009), and maintain site

affinity at timescales that range from

daily (Humston et al., 2005) to yearly

(Ng et al., 2007). Effects of scale, al-

though important for examining eco-

logical processes, are neglected too

frequently during evaluation of ani-

mal movements (Levin, 1992; Schick

et ah, 2008). Therefore, obtaining ap-

propriately scaled data on the move-

ments of exploited marine fishes is

an increasingly warranted goal (Pitt-

man and McAlpine, 2003).

Estuarine movements of adult

weakfish (Cynoscion regalis) are

poorly understood despite their rela-

tive importance within the estuarine

food web, their economic contribution

to both recreational and commercial

fisheries (Able and Fahay, 1998), and
most recent coast-wide population

decline (NEFSC 1
). Weakfish range

from the Gulf of Maine during some
years (Collette and Klein-MacPhee,

2002) to the southwest Atlantic coast

where they maintain year-round resi-

dency. They are seasonal residents in

the northern portion of their range

within the Middle Atlantic Bight be-

tween New York and Virginia, where
migrations move south and offshore

in the fall and north and inshore in

the spring (Shepherd and Grimes,

1 NEFSC (Northeast Fisheries Science
Center). 2009. Weakfish assessment
summary for 2009. In 48th Northeast
Regional Stock Assessment Workshop
(48th SAW) assessment summary re-

port, Northeast Fish. Sci. Cent. Ref. Doc.

09-10, p. 41-46, [Available from http://

www.nefsc.noaa.gov/publications/crd/
crd0910/crd0910.pdf.]
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Figure 1

Study areas within the Mullica River-Great Bay estuary in southern New Jersey for the seasonal and diel scales in

the study of weakfish (Cynoscion regalis ) movement conducted in 2008. The locations of the sampling points (120)

were monitored with active telemetry used to evaluate seasonal movements in 2008, including the area (shown in

the inset square box) at Deep Point in the lower Mullica River surveyed for an the evaluation of diel movements.
LSHC=Little Sheepshead Creek.

1984). Although weakfish occur in estuaries and inner-

continental-shelf habitats, the relative importance of

estuarine systems within these regions is mostly un-

known (Able, 2005; Woodland et al., 2012). We do know
that they establish seasonal residency in estuaries in

the Middle Atlantic Bight (Turnure et al., in press;

Manderson et al., 2014), where they both feed (Harf-

mart and Brandt, 1995) and reproduce (May-July;

Connaughton and Taylor, 1994, 1995; Luczcovich et al.,

1999; Able and Fahay, 2010). Previous egg and plank-

ton sampling (Ferraro, 1980), reproductive histology

(Lowerre-Barbieri et al., 1996; Nye et al., 2008), and
gonadosomatic indices (Taylor and Villoso, 1994) have
delineated weakfish as iteroparous nocturnal spawners,

generally commencing reproductive behavior around
the evening crepuscular period. In both field and labo-

ratory passive acoustic studies, the drumming of the

swim bladder of weakfish before spawning has been
used to better define their location (Luczkovich et al.,

1999) and the diel periodicity (Connaughton and Tay-

lor, 1995) of their reproduction.

Because aspects of weakfish life history (e.g., re-

production and migration) occur at multiple tempo-

ral scales (i.e., seasonally and daily), it is prudent to

evaluate weakfish estuarine movements within these

time frames. Earlier investigations of weakfish move-

ments within estuaries had been either too geographi-

cally coarse to resolve fine-scale patterns at biologically

relevant timescales for individuals (Nesbit, 1954; Thor-

rold et al., 2001) or were limited to juveniles (Tyler

and Targett, 2007). Previous research also has quan-

tified homing to natal estuarine systems, suggesting

that weakfish exhibit a high degree of spawning-site

fidelity over broad regional areas (i.e., Chesapeake
Bay and Delaware Bay; Thorrold et al., 2001), but the

degree to which weakfish use small, shallow estuaries

is relatively unknown, with the exception of a recent

study (Manderson et al., 2014). A better understanding

of weakfish movements and how extensively and in-

tensively individuals use these estuarine habitats will

clarify aspects of their complex life history and popula-

tion dynamics (i.e., connectivity between estuaries and

coastal habitats) and begin to delineate critical habi-

tats for this species.

Our objectives were to characterize and quantify

the fine-scale patterns of movement of individual adult

weakfish at seasonal and diel temporal scales within

a relatively undisturbed estuarine system (Mullica



Turnure et al. : Patterns of intra-estuarine movement in adult Cynoscion regalis 169

River-Great Bay estuary, New Jersey). At the seasonal

scale, active (i.e., mobile) telemetry was used to quanti-

fy estuary-wide, meter-scale movements of individually

tagged animals on a weekly basis across the months
from late spring to fall. At the diel scale, patterns of

movement and distribution were examined on an hour-

ly basis through the use of active telemetry during the

summer months.

Materials and methods

Study areas

Seasonal movements were examined in the Mullica

River-Great Bay estuary and adjacent Little Egg Har-

bor estuary, and diel movements were examined in a

small region in the lower Mullica River known as Deep
Point (Fig. 1). The Mullica River-Great Bay system is

a relatively small, shallow (with depths mostly <2 m),

drowned river valley dominated by salt marsh (Ken-

nish, 2004). With the majority of its upstream portion

flowing through the undeveloped Pinelands National

Reserve, this watershed is considered one of the least

anthropogenically disturbed estuaries in the north-

eastern United States (Good and Good, 1984; Kennish
and O’Donnell, 2002). The adjacent Little Egg Harbor
estuary is also relatively shallow, but it is character-

ized as a barrier island estuary with significantly fewer

freshwater inputs than the Mullica River-Great Bay
system (Kennish, 2001, 2004). Both estuaries are in-

cluded within the NOAA Jacques Cousteau National

Estuarine Research Reserve (Kennish, 2004).

Acoustic telemetry

Tagging procedure and general characteristics of tagged

fish All adult weakfish (>230 mm in total length

[TL], which is size at maturity based on Nye et al.,

2008) examined in this study were captured by hook
and line and subsequently tagged during 2008 (from

11 June to 11 September) by abdominal implantation

of individually coded acoustic transmitters (CAFT and
MS series2

,
Lotek Wireless Inc., St. John’s, Newfound-

land; with a 5-s signal repeat rate) by the method of

Turnure et al. (in press). After full recovery, fish were

released within 100 m of their original site of capture

(Table 1).

Seasonal patterns of movement were observed in

2008 for acoustically tagged fish (n-29; length range:

273-591 mm TL, mean: 401 mm [standard error (SE)

15) from 19 May to 4 December 2008. A subset of in-

dividuals (n=9; length range: 337-540 mm TL, mean:
456 mm TL [SE 22]) were monitored at the diel scale in

the lower Mullica River at Deep Point (Fig. 1) from 30

June to 31 July 2008. Active tracking, as part of a con-

2 Mention of trade names or commercial companies is for iden-

tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA

current study (Turnure et al., in press), began in May
2008 to detect weakfish (tagged in 2007) that were po-

tentially immigrating to the estuary. However, no such

immigrants were detected in 2008. All fish monitored

in the study presented herein were tagged beginning

in June 2008. The area used in the study of diel move-

ments was chosen because multiple fish were tagged

and released there, making it possible to examine their

day-night movements as an aggregation. All fish used

in these analyses were considered successfully tagged

on the basis of subsequent redetections or movement
from the study area (Turnure et al., in press). The bat-

tery duration of the deployed acoustic transmitters

ranged from 229 to 719 days for both the seasonal and
diel components of this study, allowing for monitoring

of fish until final emigration from the study area in the

fall (for further description of weakfish emigration, see

Turnure et al., in press).

Active telemetry Active telemetry was used at both the

seasonal and diel scales to examine patterns of move-
ment in 2008. For active tracking from a small boat,

a directional hydrophone (LHP_1, Lotek Wireless Inc.,

Newmarket, Ontario, Canada) was attached to a signal

processor (SRX-400, Lotek Wireless Inc.). At each pre-

determined sampling location (Fig. 1), the hydrophone

was lowered approximately 3 m underwater and turned

in 90° increments for a full rotation. When transmit-

ters were audibly detected, the boat was positioned to

maintain close proximity (signal power >115 dB and
gain < 15) and fish location was recorded, with a GPS
unit, together with the tag identification number, sig-

nal power (in decibels), and gain. Although variable be-

cause of ambient weather conditions, the active listen-

ing range of the hydrophone averaged approximately

500 m. For further discussion of the general active

tracking procedure in this estuary, see Ng et al. (2007),

Sackett et al. (2007), and Turnure et al. (in press).

Every week from 19 May to 4 December 2008 (ex-

cept for the week of 17 November because of inclem-

ent weather), 120 predetermined locations (Fig. 1) that

covered a majority of the navigable Mullica River-

Great Bay system were sampled during daylight hours

(0700-1900) as described previously. For most of the

tracking events, both the bay and river locations were
sampled on different days within the same week (for a

detailed description of tracking protocol, see Turnure
et al., in press).

Active tracking also occurred from 30 June to 31

July 2008 (9 tracking events), to identify diel patterns

of movement in weakfish near Deep Point in the Mul-
lica River. During each tracking event, the sampling
locations in a subset of 9 predetermined points were
visited on a rotating basis (Fig. 1). After detection and
subsequent meter-scale localization of individuals at a

tracking point, the subsequent locations were visited

until work at all 9 points was completed. Then, the

rotation was repeated, beginning at point 1 until the

daily tracking event was over. The average tracking

event lasted 5 h and 43 min. To determine the effect
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Table 1

Tagging characteristics and patterns of intra-estuarine residency for individually tagged weakfish (Cynoscion regalis )

within the Mullica River-Great Bay estuary in 2008 (20 of 29 fish successfully tagged). Areas of localized residency (ALR)

were established by 12 of 29 individuals (ALR defined as 3 or more consecutive weekly detections within 500 m of each

other). No data (-) indicates fish without sufficient redetections (<3) to analyze patterns of movement (1 of 29 total fish

tagged) or that did not establish an ALR, on the basis of previously described criteria (8 of 29 total fish tagged). Poten-

tial relocation events are calculated as the number of weekly tracking events in which fish were resident in the study

area. An asterisk (*) indicates established ALR is the same as original tagging location. LSHCW=western side of Little

Sheepshead Creek; LSHCE=eastern side of Little Sheepshead Creek; SWGB=southwestern Great Bay (for locations, see

Fig. 1); NEGB=northeastern Great Bay; MMT=Main Marsh Thorofare.

Proportion

First Last of potential

Fish

ID

Length

(mm TL)

Date

tagged

Tagging

location

Total

number of

detections

Area of

localized

residency

detection

within

ALR

detection

within

ALR

Size of

ARL
(km2

)

No. of

detections

in ALR

detections

within

ALR (%)

38 298 Aug 22 LSHCW ! _ _ _ _ _ _

50 305 Aug 15 LSHCW 5 * Sep 18 Oct 15 0.019 5 56

62 406 Jul 1 Deep Point 7 - - - - - -

64 337 Jul 10 Deep Point 8 * July 17 Oct 16 0.123 6 35

70 406 Jul 10 Deep Point 3 - - - - - -

74 356 Aug 17 Grassy Channel 3 - - - - - -

75 279 Aug 15 LSHCW 6 * Aug 22 Sep 23 0.004 5 56

102 591 Jul 1 Deep Point 11 SWGB Aug 22 Oct 15 0.104 6 35

103 521 Jun 21 Deep Point 3 - - - - - -

136 540 Jul 10 Deep Point 7 * Jul 17 Aug 12 0.029 5 50

137 489 Jul 1 Deep Point 13 * Jul 2 Jul 23 0.028 4 24

138 432 Aug 12 LSHCW 8 NEGB Sep 3 Oct 8 0.009 4 40

139 470 Aug 15 Big Creek 10 * Aug 27 Oct 15 0.007 5 50

140 432 Aug 17 Grassy Channel 4 MMT Aug 27 Sep 18 0.034 4 80

142 445 Aug 27 LSHCE 4 * Sep 12 Sep 23 0.001 3 75

151 502 Jun 21 Deep Point 7 * Jul 2 Aug 5 0.036 6 46

155 432 Jun 12 Big Creek 4 * Jun 17 Jul 16 0.003 4 67

162 438 Jun 19 Deep Point 7 - - - - - -

163 406 Sep 11 Marshelder 4 - - - - - -

204 457 Jun 25 Deep Point 1 - - - - - -

of the crepuscular and nighttime periods on weakfish

movements, tracking occurred during and after sun-

down (1930 hours, 5 tracking events).

Data analysis

Seasonal movements The sampling unit (n ) was defined

as an individual tagged fish (Rogers and White, 2007)

to avoid pseudoreplication. Redetections of individual

weakfish during seasonal active tracking in 2008 were
first plotted with geographic information systems (GIS)

software (ArcMap 9.3, Esri, Redlands, CA). Quantifying

the breadth of movements in animals has traditionally

been accomplished by calculating home ranges, but the

lack of consecutive detections in tagged weakfish dur-

ing this study precluded formal home range analyses

(Rogers and White, 2007). Kernel density estimators,

another technique used for home range calculation

in previous studies (e.g., McGrath and Austin, 2009),

would have produced bias in estimates because of low

sample size (Seaman et al., 1999) and nonconsecutive

detections. Variations of these analyses were conducted

but proved inadequate. For example, movement rates

could not be assessed on a daily scale (kilometers per

day) because sampling occurred weekly and weekly
rates of movement were largely uninformative at such

a large timescale and were confounded by weeks dur-

ing which fish were not redetected. Movements were
analyzed in relation to environmental factors, such as

salinity and temperatures, but these findings were also

misleading because environmental conditions in an

estuarine system are highly dynamic (changing with

each tidal cycle).

To characterize seasonal weakfish movements, crite-

ria based on the spatial and temporal extent of weekly

redetections were established. If 3 consecutive detec-

tions of tagged weakfish were within 500 m of each oth-

er, the fish were characterized as having established an

area of localized residency (ALR; see Table 1). Only fish

with 3 or more weekly detections were used in analy-
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sis of estuarine movement patterns, and all detections

within an ALR before or after this 3-week period were
included in analysis. Patterns of weakfish movement
remained consistent even at lower temporal thresholds

(i.e., 2 consecutive detections within 500 m), indicating

the robustness of the ALR metric for these data.

Calculation of the size of an ALR was made with

the minimum convex polygon metric whereby the in-

ner points of detection were completely enclosed by a

minimum number of outer detection points that form a

convex polygon. Weekly movements were calculated as

minimum straight-line distances (in kilometers) from

an ALR. If the original release site fell within this area,

the release location was used to calculate subsequent

movement distances. Otherwise, a geometric centroid

of detections within the ALR was used. The total area

sampled during active tracking was determined by are-

al analysis of active tracking points and their ranges of

detection (see Fig. 1), and by excluding areas where the

detection ranges fell on land. ALR differs from home
range, a strictly spatial descriptor of animal activity,

in that ALR incorporates a temporal component (i.e.,

3 consecutive weekly detections in our study) and an

explicit spatial component (detections within 500 m of

one another) to describe weakfish site affinity.

Diel movements Redetections of individual weakfish

during diel active tracking in 2008 were first plotted

with ArcMap 9.3 GIS software. To characterize weak-
fish movements at the diel scale, we measured the

minimum straight-line distance (in kilometers) across

water of individual weakfish from an area of localized

daytime residency (ALDR) at Deep Point in the Mul-

lica River (Fig. 1). The location of the ALDR was de-

termined by the previously defined seasonal ALR for

individuals tagged in this region (see Table 1), with the

exception of a single fish (ID 100) that did not estab-

lish an ALR. Distances of fish from their ALDR were
binned into 2-h increments to observe diel movement
patterns. Nighttime was defined as the period from 1

h before sundown to 1 h before sunrise (1930-0429

hours) to account for potential behavioral changes

(e.g., reproduction) related to the dusk and dawn pe-

riods that have been identified previously in weakfish

(Connaughton and Taylor, 1995). Daytime was defined

as the period from 0430 to 1929 hours. We compared
the average distance of individuals from their ALDR
during daytime and nighttime detections using the

nonparametric Mann-Whitney 17-test (2-tailed, a=0.05).

Results

Seasonal patterns of movement

Overall patterns of estuarine movements were variable

among individual weakfish. A majority of redetected

weakfish (12 of 20; 60%) established an ALR within

the study area, and some redetected fish (6 of 20; 30%)
with sufficient redetections for analysis did not dis-

play this localized pattern (Table 1). Of the remaining

tagged fish, 9 fish were never redetected during active

tracking and 2 fish were not sufficiently redetected (<3

detections) for analysis of estuarine movements. Of
those fish that established an ALR, the degree of use

differed between individuals. Many of the latter fish,

however, were detected for a majority of the time with-

in their ALR (mean: 51% [SE 5]; Table 1).

Weakfish established an ALR in different locations

and habitats within the estuary. In general, 4 represen-

tative patterns of ALRs were observed (for examples,

see Fig. 2). These ALRs were established within subtid-

al creeks and thoroughfares (Fig 2A; 6 of 12 locations),

as well as within bay (Fig 2B; 2 of 12 locations) and
river (Fig 2C; 4 of 12 locations) habitats to varying de-

grees, and there was an association observed between

original release site and location of an ALR (9 of 12

fish; Table 1). The average size of an ALR (0.03 km2

[SE 0.01]), based on minimum convex polygon calcula-

tions, encompassed a small proportion (0.06%) of the

total area sampled during active tracking (48.4 km2
).

Other tagged fish (6 of 29) that did not fit the criteria

for establishment of an ALR were located within simi-

larly localized portions of the estuary (Fig. 2D). Several

individuals (IDs 62, 70, 103, and 162) were redetected

for 2 consecutive weeks at locations within a range of

0.10-1.08 km from their previous locations.

The magnitude and duration of movements of fish

from an established ALR differed. Several tagged fish

(5 of 12) were observed at their ALR for 4-7 sampling

weeks, and their final detections were at distances

of 0.9-11.9 km from their ALR (Fig. 3A). Two tagged

weakfish (fish IDs 140 and 155) also were observed at

their ALR for 4 consecutive detections but were not

detected outside that region before leaving the study

area. One fish (ID 137) had the lowest proportion of

potential detections within an ALR (24%; Table 1). Af-

ter movement from the ALR, this individual was sub-

sequently detected on 9 other occasions outside that

region. Another small group of fish (4 of 12) were ob-

served making excursions of varying distances (1.0-5.

9

km) from their ALR, followed by a return after 1-2

sampling weeks (Fig. 3B). For both groups of tagged

weakfish, detections at an ALR frequently occurred

during nonconsecutive sampling weeks, indicating that

fish had potentially moved outside the sampling area

for short (weekly) periods. Therefore, the estimate of

fish that made excursions from these areas may be low.

Diel patterns of movement

Weakfish exhibited a diel periodicity of daytime res-

idency at Deep Point (less than 0.5 km between de-

tections; Fig. 4A) followed by nightly movements that

began around sundown (Fig. 4B)—a finding based on

the locations (155) of 9 individual weakfish that were
detected by focused, intensive active tracking. For sev-

eral individuals (n=4; IDs 64, 136, 137, and 151), their

ALDR at Deep Point corresponded to seasonal ALR
and original tagging location. For other fish tagged at
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Figure 2

Release locations and representative spatial distribution patterns for weakfish (Cynoscion regalis) in the Mullica River-Great

Bay estuary from June through November 2008: distribution of tagged fish that established areas of localized residency (ALR)

in (A) bay, (B) subtidal creek, and (C) river habitats and (D) distribution of tagged fish that did not establish ALR but still used

similar portions of the estuary. Circled points in panels A-C are detections that fit the criteria for localized residency (3 or more
consecutive detections within 500 m of each other). For locations see Figure 1. For details for individual fish, refer to Table 1.

Deep Point (n-4; IDs 62, 103, 162, and 204), where diel

movement patterns were observed, no seasonal ALR
was established in any estuarine location on the ba-

sis of the criteria described above. The single fish (ID

100) that was originally tagged in a different location,

Big Creek (see Fig. 1) also did not fit the criteria for

establishment of an ALR at any estuarine location. The
duration between consecutive detections of a single in-

dividual was highly variable (12-382 min), because of

the variable abundance of tagged fish, the different

amount of time it took for the tracking vessel to return

to the location of a previous detection, and the ability

to redetect tagged fish. Redetection was reduced during

the nighttime period when weakfish moved from their

ALDR (Table 2).

The majority of individual weakfish maintained an

ALDR during the day (n=8 fish; 119 detections; mean
distance from ALDR: 0.34 km [SE 0.04]) and moved
significantly farther from that site during dusk and
nighttime (n=7 fish; 36 detections; mean: 1.37 km [SE

0.17]; Mann-Whitney t/o.05 (2 ),8,7=56, P=0.0015), al-

though distances from ALDR were variable between
individuals (Table 2; Fig. 5). Variation was driven pri-

marily by one tagged individual (ID 103) that main-

tained higher-than-average distances (2.1 and 2.2 km)
from its ALDR during 2 time periods (0800-1000 and

1800-2000, respectively). Overall, tagged weakfish

were never detected within 0.5 km of their ALDR after

2230 hours. Diel tracking also indicated a level of site

affinity within a schooling aggregation because most

fish during this portion of the study were detected

within the same ALDR.
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Discussion

Seasonal patterns

The data presented here indicate estuarine site affin-

ity behavior and, in conjunction with prolonged estua-

rine residency times (Manderson et al., 2014; Turnure
et al., in press), also indicate that many adult weak-
fish maintain strong spatial and temporal bonds with

their seasonal estuarine residence. During this period

of intra-estuarine residency, weakfish are known to

reproduce (Connaughton and Taylor, 1995) and feed

(Harfmart and Brandt, 1995), indicating that estuar-

ies may provide a unique and crucial role during their

life history for at least a proportion of the weakfish

population. The motivations and mechanisms behind

animal movements—specifically the establishment of

restricted home ranges, site affinity, and homing be-

havior—are complex (Dingle and Holyoak, 2001; Schick

et al., 2008; Lowerre-Barbieri et al., 2013; White and
Brown, 2013) but are thought to occur in response to a

variety of seasonal factors (Mueller and Fagan, 2008),

such as patchy resource distributions (e.g., spawning
habitat and prey species) and extreme water tempera-

tures that result in physiological limitations (Portner,

2010).

The location and abundance of spawning aggrega-

tions and prey items are likely to influence the season-

al, intra-estuarine movements of adult weakfish. For

example, the resources needed for reproductive activity

could influence their site affinity patterns, as seen in

other sciaenid species. In the congener spotted seat-
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Figure 4

Cumulative active telemetric detections of tagged individual weakfish (Cynoscion

regalis) at Deep Point in the lower Mullica River during (A) day (0430-19:29 hours,

119 detections of n=8 individuals) and (B) night (1930-0429 hours, 35 detections of

n=6 individuals) from 30 June to 31 July 31 2008. The detection of an individual fish

(ID 100) is not shown on this map. In each panel, a black circle (1 km in diameter)

represents the area of localized daytime residency (ALDR) defined for individuals in

the evaluation of diel movements as the seasonal area of localized residency (ALR)
by weekly active tracking events (3 or more consecutive weekly detection within 500

m of each other). The ALDR also corresponds to the original release site for all fish

except for one fish (ID 100). For locations of sampling points, see Figure 1. For details

on individual tagged weakfish, refer to Table 2.

rout (Cynoscion nebulosus), strong intraseasonal site

fidelity was frequently displayed (Lowerre-Barbieri et

al., 2013). In red drum (Sciaenops ocellatus ), space use

significantly increased during the spawning period in

Florida, presumably as a result of an enhanced search

for spawning opportunities (Reyier et al., 2011). Sea ra-

ven (Sciaena umbra) exhibited strong site attachment

outside the spawning period (Alos and Cabanellas-Re-

boredo, 2012), similar to the pattern observed in red

drum. In contrast, results of this study indicate that

weakfish maintained some degree of site affinity during

the spawning season, but changes in these movements
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Table 2

Detections and movements of tagged weakfish (Cynoscion regalis) (n=9) tracked on a diel basis at Deep Point

(lower Mullica River) through the use of active acoustic telemetry (from 30 June 30 to 31 July 2008). For loca-

tions within study area and sampling points, see Figure 1. For tagging details on individual weakfish (except

the fish (ID 100) tagged 11 June 2008 in Big Creek; 413 mm in total length), refer to Table 1. Standard errors

of mean distances are given in parentheses.

Fish

ID

First

detection

Last

detection

Number of

tracking

events

detected

Total

detections

(day)

Total

detections

(night)

Daily mean
distance

from ALDR
(km)

Nightly mean
distance

from ALDR
(km)

62 July 23 July 31 5 14 ! 0.20 (0.02) 1.24 (n/a)

64 July 17 July 31 6 20 4 0.21 (0.09) 1.10(0.21)

100 July 22 - 1 - 1 - 1.36 (n/a)

103 June 30 July 30 5 25 1 0.50(0.12) 2.27 (n/a)

136 July 17 July 31 6 19 6 0.30 (0.03) 1.49 (0.28)

137 July 10 July 22 4 5 12 0.34 (0.04) 1.24(0.25)

151 July 10 July 31 8 24 11 0.28 (0.04) 0.86 (0.13)

162 June 30 July 10 2 2 - 0.53 (0.33) -

204 June 30 - 1 10 - 0.34 (0.05) -

before or after this period could not be ascertained. In-

terpretation of diel movements (see the following sec-

tion) further corroborates the potential influence of re-

productive behavior on weakfish movements.

Predator avoidance can also regulate the move-
ments of fish species (Pittman and McAlpine, 2003)

across varying scales but is most often discussed in

the context of juveniles or subadults (Naesje et al.,

2012). Although predation risk is greatest for juvenile

fishes, adult movements may also be influenced by

such factors. Seasonal occurrences of piscivorous pred-

ators, such as sandbar shark (Carcharhinus plumbeus\

Merson and Pratt, 2005), striped bass (Morone saxati-

lis; Ng et al., 2007), and bottlenose dolphin (Tursiops

truncatus; Toth et al., 2011) are common in the study

area and may influence the movements and distribu-

tion of adult weakfish. One manifestation of a move-
ment strategy based on predator avoidance could be

periodic or long-term “stationary” behavior, as docu-

mented for Japanese croaker (Argyrosomus japonicus\

Naesje et al., 2012) and the consistent, localized be-

havior observed with tagged weakfish detected weekly

during this study for periods lasting up to 7 weeks.

At the population level, variation in movement in con-

trast to prolonged stationary behavior of tagged weak-

fish, as observed in this study, could be explained by

differences in an individual’s boldness or propensity

for habitat exploration (Fraser et al., 2001; Frost et

al., 2013).

Maintenance of optimal environmental quality, es-

pecially in dynamic estuarine environments, is another

potential predictor of weakfish movements (Mander-

son et al., 2014). Environmental quality, measured as

water temperature, salinity, and dissolved oxygen, in

relation to weakfish distribution was evaluated dur-

ing a concurrent study, in which tagged weakfish were

commonly detected within a relatively narrow range

of environmental parameters near deep channel edg-

es and emergent marsh banks and during all seasons

(Turnure et al., in press). However, the consistency of

detections within a narrow range of temperature, salin-

ity, and dissolved oxygen may have been driven by a

broader spatial restriction to the lower estuary rather

than by directed movements to these areas within the

estuary.

Diel patterns

The diel movements of tagged weakfish during this

study could best be characterized as “commuting” be-

haviors (Dingle and Holyoak, 2001) because they took

place on a short-term periodic basis and likely were
initiated in a search for spawning or prey aggregations

followed by a return to an ALDR. Although a high per-

centage of fish left the study area (Deep Point) used for

examination of diel movements at night and were not

detected until the following morning, several individu-

als were detected in other localized areas after move-
ment away from their ALDR. This finding may indicate

a shift to a new nightly ALR. Alternatively, the move-

ment of some fish outside the study area may indicate

ranging behavior for foraging. A previous investiga-

tion of nighttime use of subtidal creeks in the study

area hinted at the possible use of these habitats by
weakfish for nighttime feeding excursions on high tides

(Rountree and Able, 1997). Initiation of movement from

the ALDR at Deep Point (Fig. 1) corresponded to lower

light levels and, more specifically, the nighttime cre-

puscular period. There was high variability in move-
ments during the early nighttime crepuscular period
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Figure 5

Diel variation in distance from area of localized daytime residency

(ALDR) for individual weakfish (Cynoscion regalis) detected by using

active telemetry (from 30 June to 31 July 31 2008). All weakfish (n=9),

except one fish (ID 100), were originally tagged at Deep Point in the

lower Mullica River and distances (km) from that site were pooled and
averaged by 2-h bins for each tagged fish. Error bars represent stan-

dard error of means for individuals and sample sizes are displayed

above bars. Gray boxes indicate approximate nighttime periods (1930-

0430 hours). The ALDR was defined for each individual in the evalu-

ation of diel movements as the seasonal area of localized residency

(ALR) by weekly active tracking events (3 or more consecutive weekly

detections within 500 m of each other). The ALDR corresponded to the

original release site (Deep Point) for all fish, except one fish (ID 100).

The area below the horizontal dotted line indicates distances (<0.5 km)
within the defined ALDR. For sampling locations, see Figure 1. For

details for individual tagged weakfish, refer to Table 2.

(1800-2000), indicating that initiation of nighttime

movements was dynamic among individuals (e.g., the

fish with ID 103).

Nighttime is also the period when peak weakfish

spawning occurs (Taylor and Villoso, 1994). Concur-

rent research in the study area during active tracking

events confirmed nightly weakfish drumming, indicat-

ing that spawning may have occurred during the track-

ing period (Turnure, 2010). These results confirm ob-

servations from previous studies of weakfish movement
in Delaware Bay during the sundown period that was
related to spawning activity (Connaughton and Taylor,

1994). In this study, fish facing inshore (presumably

in prespawning mode) were frequently caught in gill

nets during the early evening hours and in the later

evening (presumably after spawning), fish were caught

facing offshore. Further, few fish were caught in gill

nets during the early morning and early afternoon,

likely the time when weakfish decreased their move-
ments (Connaughton and Taylor, 1994). Those authors

also examined the drumming pattern

of weakfish and noted that the highest

level of spawning vocalizations occurred

inshore during early evening (Connaugh-

ton and Taylor, 1995).

Diel movements and day-night chang-

es in use of space are common among
other sciaenid species (e.g., red drum:
Dresser and Kneib, 2007; sea raven:

Alos and Cabanellas-Reboredo, 2012; and
Japanese croaker: Naesje et al., 2012)

and in other families (e.g., white stur-

geon (Acipenser transmontanus): Pars-

ley et al., 2008; red snapper (Lutjanus

campechanus): Topping and Szedlmayer,

2011) but this article provides the first

description of similar behavior in weak-
fish. Juvenile weakfish movements in

relation to diel-cycling of hypoxia events

were observed during summer in a small

tributary of the Delaware Bay (Tyler and
Targett, 2007; Brady and Targett, 2013)

and modeled (Brady et al., 2009). During

the former study, juveniles exhibited a

daily escape response (~1 km) in areas

where hypoxia events occurred (dissolved

oxygen <2 mg/L), indicating that move-

ment patterns could be more dynamic in

affected systems where daily fluctuations

in dissolved oxygen are common. The re-

sults from the tracking study described

here represent weakfish movement pat-

terns within a relatively undisturbed

estuary where low dissolved oxygen is

infrequent.

The dynamics of movements in adult

weakfish appear to be related to scaling

over seasonal and diel time frames, and
these results represent new evidence of

the affinity of adult weakfish to specific

estuarine localities and of their ability to return to

them from relatively large distances within an estuary

across ecologically relevant time scales. Although the

site fidelity of other adult fishes (e.g., summer floun-

der (Paralichthys dentatus ): Capossela et al., 2013),

including those fishes previously studied in this sys-

tem (striped bass: Ng et al., 2007; summer flounder:

Sackett et al., 2007) has been observed in small estua-

rine systems and site fidelity has been quantified at

the regional estuarine scale for weakfish (Thorrold et

al., 2001), fine-scale behaviors have not been previously

quantified in adult weakfish.

In further studies of weakfish estuarine movements,

one step would be to reexamine the previous model of

natal homing and site fidelity in adult weakfish (Thorr-

old et al., 2001) at smaller spatial scales. The long-term

spatial memory needed to enable a fish to return back

to relatively small areas (Fukumori et al., 2010) on a

yearly basis was not observed in weakfish (Turnure et

al., in press), but a similar ability to relocate to an
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ALR from relatively large distances (~6 km) within a

season was evident in several individuals in this study.

With the high level of individual variation present in

this study and the potential effects of intrinsic (e.g.,

size and sex) and extrinsic (e.g., time and location of

tagging and environmental quality) variables on the

observed patterns of movement, these results also indi-

cate that a prior understanding of scale (both temporal

and spatial) is necessary to formulate proper research

questions about weakfish movements and likely about

other estuarine species.

Inherent variability in behavior of individuals, as

seen in this and in previous studies (see Bolnick et ah,

2003, and citations within; Kohler et ah, 2009), should

not be overlooked when interpreting these patterns

(Mittelbach, 2014). Explicit examination of the mecha-

nisms that surround these temporal dynamics would
provide insight into weakfish movements in relation to

critical aspects of their life history (e.g., reproduction)

at scales beyond the individual and could be used to

scale the protection of spawning habitat and to gain

insight into population-level dynamics. For example,

current understanding of weakfish population genetics

indicates that the western Atlantic weakfish popula-

tion should be managed as one coastal stock despite

the existence of geographically distinct subpopulations

(Cordes and Graves, 2003). Our study, described here,

further confounds the notion that weakfish maintain

population connectivity through highly dispersive

movements during the reproductive period. Behavioral

differences among and within weakfish subpopulations,

especially with regard to the phenology and location

of spawning, may contribute to the genetic similarity

within the coastal weakfish population.
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Abstract—A field study was con-

ducted to examine methods to re-

duce varying geometry of a demersal

survey trawl net caused by changing

depth and trawling speed and that

could result in variable sampling ef-

ficiency. A reduction in varying trawl

net geometry is important because

variance in indices of abundance is

the result of variability in sampling

efficiency, as well as animal density.

Trawl performance measures con-

sidered were door and wing spread

and the contact of the footrope and
lower bridles with the seabed. Three

treatments were tested for their ef-

fects on these measures: 1) standard

towing procedures, 2) door spread re-

strained by a restrictor line attached

between the trawl warps ahead of

the doors, and 3) doors similarly re-

stricted in conjunction with a modi-

fied scope ratio. Generalized linear

modeling showed that both depth

and trawl speed significantly af-

fected trawl measures in nearly all

cases. The restrictor line reduced the

effect of depth on spread and, to a

lesser extent, on bottom contact of

the footrope; however, it was ineffec-

tive at reducing the effect of trawl

speed over the speed range observed.

The combination of a restrictor line

and modification of the scope ratio

to achieve a consistent upward pull

on the doors was most effective in

maintaining trawl shape to our tar-

get dimensions.
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Demersal otter trawls used in both

commercial fisheries and resource

assessments lack a rigid frame; in-

stead, sheer on the trawl doors and
various operational factors (e.g.,

warp length and towing speed) are

used to hold them in their fishing

configuration. From the perspective

of commercial fisheries, the lack of a

rigid frame is convenient because it

allows for easy stowage of the trawl

when it is on deck. However, from

the perspective of resource assess-

ment, this flexibility contributes to

variability in trawl shape and likely

has a subsequent effect on sampling

efficiency (Godp and Engas, 1989;

Koeller, 1991; Walsh, 1992; Weinberg
et al., 2002). This idea challenges a

fundamental assumption with bot-

tom trawl surveys for estimating

indices of population abundance for

stock assessments. That assumption

is that the sampling efficiency of the

trawl remains the same from tow to

tow, across the survey area, and over

time so that the survey-estimated

catch per unit of effort accurately re-

flects changes in the distribution and
abundance of fish stocks.

The relationship between trawl

shape and its sampling efficiency is

directly affected by 3 common pro-

cesses: 1) horizontal herding, defined

as the horizontal movement of fish

into or out of the net path, 2) ver-

tical herding, defined as the vertical

movement of fish into or out of the

net path, and 3) escapement, defined

as and limited here to fish passage

beneath the footrope. The effective-

ness of horizontal herding can be af-

fected by shifts in the bridle angle

of attack due to changes in door and
wing spread. This region of the trawl

is critical for capture efficiency be-

cause it generates both visual and
tactile stimuli (Main and Sangster,

1981) that, along with other fac-

tors such as temperature (Ryer and
Barnett, 2006) and trawl speed, will

determine whether fish (particularly

flatfishes) are herded into the path of

the net or, conversely, elude capture

by passing over, under, or through the

bridles (Somerton and Munro, 2001).

The effectiveness of vertical herding

can be affected by changes in the

height of the net opening that make
it possible for fish above the hea-

drope to pass over the top or swim
down into the trawl opening. For

semipelagic species, additional visu-

al, auditory, and pressure cues from

the vessel, warps, doors, bridles, and

wing mesh contribute to this process



Weinberg and Kotwicki: Reducing variability in bottom contact and net width of a survey trawl 181

(Engas and God0, 1989a; Somerton, 2004; De Robertis

and Wilson, 2006; De Robertis and Handegard, 2013).

The effectiveness of a bottom trawl footrope, in relation

to fish escapement beneath it (particularly in relation

to escapement of flatfishes), can be affected by changes

in the distance from the bottom during periods when
it loses contact (Engas and Godp, 1989b; Walsh, 1992).

For these reasons, we suspect that minimizing changes

in trawl geometry should lead to better consistency in

trawl efficiency and, hence, to more precise estimates

of abundance.

Of the environmental and operational factors that

affect net geometry, towing depth, towing speed, warp
length, and substrate type are most important (Godo
and Engas, 1989; Weinberg and Kotwicki, 2008).

Changes in these factors generally produce changes in

the horizontal spread of the trawl doors and net width.

For many trawl designs, increasing the horizontal

opening results in a decrease in the vertical opening

and can increase the distance of the footrope from the

seabed (von Szalay and Somerton, 2005). One method
that has been shown to successfully reduce the spread

of a trawl is to deploy a restrictor line (Fig. 1)—a line

attached between trawl warps ahead of the trawl doors

to restrain door movement (Engas and Ona 1
’
2
).

In May 2005, the Alaska Fisheries Science Center

(AFSC) of the U.S. National Marine Fisheries Service

conducted an experiment with a restrictor line on the

standardized trawl gear that is used in the annual bot-

tom trawl survey in the eastern Bering Sea (hereafter

referred to as the survey). In this study, we extended

the work of Engas and Ona 1
’
2 by using generalized lin-

ear modeling (GLM) to analyze the effects of the re-

strictor on footrope and bridle contact with the seabed.

More specifically, using the trawl performance criteria

of 1) consistent door and wing spread, and 2) reduced

distances of the footrope and lower bridles from the

seabed, we examined which of 3 towing treatments

best minimized changes in trawl geometry.

Materials and methods

Vessel, trawl gear, and instrumentation

Trawling operations were conducted aboard the 40-m
stern trawler FV Aldebaran that was chartered for

the 2005 survey of crab and groundfish resources in

the eastern Bering Sea (Lauth and Acuna3
). This ves-

1 Engas, A. and E. Ona. 1991. A method to reduce survey
bottom trawl variability. ICES Council Meeting (C.M.) Doc-
uments 1991/B:39, 6 p.

2 Engas, A. and E. Ona. 1993. Experiences using the con-

straint technique on bottom trawl doors. ICES Council
Meeting (C.M.) Documents 1993/B:18, 10 p.

3 Lauth, R. and E. Acuna (compilers). 2007. 2005 bottom
trawl survey of the eastern Bering Sea continental shelf.

AFSC Processed Rep. 2007-1, 164 p. [Available from Alaska
Fish. Sci. Cent., NOAA, Natl. Mar. Fish. Serv., 7600 Sand
Point Way NE, Seattle, WA 98115.]

sel is equipped with raised, split trawl winches filled

with compacted, solid-core trawl warps 28.6 mm (1.125

in) in diameter. Warps were measured and marked
in accordance with standardized survey procedures

(Stauffer, 2004).

The 83-112 bottom trawl used in this study is the

same as the one used in the annual AFSC resource as-

sessment surveys. It is a low-rise, 2-seam flatfish trawl

characterized by a headrope that is 25.3 m (83 ft) long

and a simple footrope that is 34.1 m (112 ft) long. The
footrope is 5.2 cm in diameter and is composed of steel

cable wrapped in a split rubber hose for protection. It

is weighted with 75 kg of chain to which the netting

is attached. The nylon net is made of 102-mm stretch-

mesh panels forward of the intermediate section, 89-

mm stretch-mesh throughout the remainder of the net,

and has a 32-mm mesh liner inside the codend. It con-

nects on each side to a steel V-door, which is 1.8x2. 7 m
and weighs 816 kg (in air), by a pair of 3-m-long door

legs, a 12.2-m-long door leg extension, and a pair of

54.9-m-long bare cable bridles.

Our restrictor line, with a length of 10.5 m, was
nearly 2 m longer than the 8.6-m distance between
the trawl blocks to facilitate deployment over the stern

with the trawl doors in the water and beginning to

spread. It consisted of 3 lengths of braided Spectra4

line (each 12.7 mm in diameter): a 6-m-long middle

section capable of bridging the stern ramp and a pair

of detachable 2-m-long end sections for tethering each

side to the trawl warps. Quick assembly of the 3 sec-

tions was accomplished by using a combination of ham-
merlocks, G-hooks, and flat links. The starboard side of

the restrictor connected to a loop of 25.4-mm-diameter

Duralon braid sheathing tied directly to the starboard

warp with a variant of the hitch knot that is slip-free

yet easy to untie. The port side of the restrictor ter-

minated with a large slip hook that snapped loosely

around the warp, allowing it to slide freely and, there-

fore, preventing the restrictor from parting if the net

was askew during deployment or while towing.

Time-synchronized data were collected from numer-
ous shipboard and trawl-mounted instruments. Vessel

position and speed over ground (hereafter referred to

as towing speed ) were measured at 2-s intervals with

GPS satellite navigation. The speed of the trawl as

it moved through the water (hereafter, referred to as

trawl speed) was measured along the trawl axis to the

nearest 0.1 kn, at approximately 20-s intervals, with

a Scanmar acoustic trawl speed sensor (TrawlSpeed
HC4-TSS, Scanmar AS, Asgardstrand, Norway) mount-
ed to the center of the headrope. Wing spread and door

spread were measured acoustically to the nearest 0.1

m, at 4-s intervals, with NetMind sensors (Northstar

Electronics Inc., Vancouver, Canada). The distance of

the footrope from the seabed was measured to the

nearest centimeter at 0.5-s intervals with bottom con-

4 Mention of trade names or commercial companies is for iden-

tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.
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Figure 1

Depiction of the area swept between trawl wing tips with a restrictor line attached to the warps for

constraining door spread.

tact sensors and used in our calculation of footrope per-

formance (Somerton and Weinberg, 2001). Sensors were
placed in 5 positions along the footrope: one at the cen-

ter and one each at both port and starboard corners

of the trawl mouth (located 3 m to either side of the

center) and at both wing ends (located 1 m aft of the

wing end). Similarly, 4 sensors were used to measure
lower bridle performance, with 1 sensor suspended at

each of 2 positions, 30 and 40 m forward of the wing
end, on both (the port and starboard sides, according

to Somerton (2003). Bottom contact sensors are self-

contained units consisting of an analog tilt meter ca-

pable of measuring angle to the nearest 0.5° and a data

logger housed in a watertight stainless steel container

that fits inside a steel sled. Fluctuations in the dis-

tance of the footrope or bridle from the bottom produce

changes in the recorded tilt angle. Tilt angles were con-

verted to distances from the bottom for each sensor by
using separate quadratic functions derived from previ-

ous calibrations (Somerton and Weinberg, 2001).

Experimental design

Three independent experimental towing sites were
selected spanning the range of trawling depths cov-

ered by the survey. The shallow depth site (59°17'N,

165°37'W) was located at a depth of 21 m, the middle

depth site (56°38'N, 167°25'W) at 104 m, and the deep

site (54°55'N, 166°24'W) at 150 m. Depths were deter-

mined by the ship’s echosounder.

Towing was conducted according to standardized

survey procedures: a 3-kn tow speed over ground with

a fixed amount of warp as called for by the survey

scope table (137 m at the shallow site, 274 m at the

middle site, and 457 m at the deep site). The codend

remained open to eliminate variable effects of changes

in catch size on trawl geometry. With the codend open,

the total number of possible tows was increased and
time was saved because the codend did not need to be

emptied after each treatment. Experimental hauls con-

sisted of 3 towing treatments:

1) No restrictor line and use of the standard survey

scope ratio (control treatment);

2) Restrictor line and use of the standard survey scope

ratio; and

3) Restrictor line and use of a modified scope ratio.

Tow duration for each treatment was 10 min, after

a 5-min stabilization period. Treatments were random-
ized at each site to reduce biases introduced by sea

state, wind, and tidal currents on trawl performance.

Determining position of the restrictor line and target wire

angle

En route to the first study site, we conducted a lim-

ited number of test tows at an opportune depth of 71
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m, experimenting with 3 differing restrictor posi-

tions while also testing 3 different warp lengths

or scope ratios, our proxy for varying vertical

wire angles, for their effect on wing spread. A
review of the survey database showed that for

the most recent 5 years before this experiment,

95% of tows had an average wing spread of at

least 15 m (Fig. 2A). Of the more uncommon
tows with wing spreads <15 m, most occurred

in shallower water (depths <39 m) and had a

warp length of 137 m, the shortest length per-

mitted by the survey (Fig. 2B). For the purpose

of this study, we considered 15 m to be the ef-

fective minimum survey wing spread. Therefore,

because the primary objective of this study was
to keep trawl geometry constant across survey

depths, we targeted a 15-m wing spread for all

tows in which the restrictor was deployed. With
the trawl doors at the surface, 3 restrictor posi-

tions of 70, 116, and 162 m forward of the doors

were explored. Testing resulted in the position at

116 m yielding wing spreads closest to our target

spread of 15 m.

Our third experimental treatment, in which
the restrictor line and a modified scope ra-

tio were used, called for setting an appropriate

amount of trawl warp to minimize the variability

in the upward pulling force on the trawl door. A
constant upward pulling force at all depths was
considered desirable because it would ensure

that the door weight in contact with the bottom

was equal, regardless of depth, enabling more
consistent ground sheer of the doors necessary to

spread the trawl. The pulling forces exerted on

a trawl door are divided into vertical (upward
pulling force; U) and horizontal (forward pulling force;

F) forces that can be related to each other with this

equation:

U = F x tan(u), (1)

where v = the angle between the trawl warp and the

seabed.

This equation indicates that, to achieve constant U,

it is necessary to keep F and v constant. F depends
on trawl speed and the friction force produced by door

contact with the substrate. Other than maintaining

a constant vessel speed over ground, we were unable

to control for either one of these variables in the ex-

periment. However, angle v was controlled in the third

treatment by setting an appropriate length of wire to

keep v constant and minimize the variability in U. The
length of warp needed at each depth location was de-

termined with this equation:

Warp length = depth / sin(y). (2)

We tested 3 different warp lengths, 229, 274, and
366 m, at the depth of 71-m, that represented 3 dif-

ferent wire angles, 11.2°, 15.1°, and 18.2°. The 274-m

warp length or 15.1° wire angle gave the most constant

wing spreads near our 15-m target and coincidentally

was closest to the 14.7° angle used by Engas and Ona 1

to keep approximately two-thirds of the door weight in

contact with the bottom. On the basis of this equation:

Warp length = depth / sin(15.1°), (3)

our 3 depth sites (21, 104, and 150 m) required the use

of 81, 400, and 576 m of trawl warp, respectively, ap-

proximating a 3.8:1 scope ratio. Because the treatment

that used a restrictor with a modified scope ratio called

for 81 m of warp at our shallow experimental depth

site and our restrictor position was 116 m forward of

the doors, no restrictor was used and the trawl blocks

served as the restrictor instead.

Data analyses

For any given trawl measure, all 3 towing treatments

in a haul were excluded from analyses if one or more
of the treatments produced unusable data. Examples
of events that produced unusable data include sensor

malfunction or suspected trawl failure caused by the

collapse of a door or the encounter of a derelict crab

pot. The remaining treatment data were screened for
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outliers by using a standardized sequential outlier re-

jection routine (Kotwicki et al., 2011). Arithmetic means
were then calculated by treatment for each trawl per-

formance measure and for trawl speed. Because of the

symmetrical placement (port and starboard) of all but

one bottom contact sensor, the number of data sets

produced that could be used to calculate means were
double for the distances from the seabed to the foot-

rope corners and wing ends and to 2 positions along

the lower bridles than for the distance from the seabed

to the center of the footrope (which was collected with

a single sensor), or for acoustic measurements of door

and wing spreads.

Generalized linear models were used to compare the

effects of different depths on our net performance mea-
sures between the 3 towing treatments. Because we
could not control for effects of current on trawl speeds

but we suspected speed has an effect on wing spread

(Weinberg et al., 2002), we included trawl speed in the

model to account for any confounding effects it might
have on the analyses in this study. Also, because wing
spread directly correlates with headrope height with
this low-opening style of net, we elected not to include

the vertical opening of the trawl in the modeling pro-

cess. Mean door and wing spread and mean distance off

bottom at each position were treated as independent

variables (Vj) in the following model:

Vi-depth + trawl speed + treatment

+ depth:treatment + trawl speed:treatment, (4)

where the “treatment” term accounted for possible dif-

ferences in the intercepts between treatments, and
interaction terms accounted for possible differences

in the slopes between treatments. Significance of the

treatment term indicates difference in magnitude of

the Vj. Significance of the interaction term indicates

differences between treatments on the effects of depth

or trawl speed on Vj.

Terms in both models were selected with the help of

the glmulti package, vers. 1.0.6 (Calcagno, 2012), in R,

vers. 2.15.1 (R Core Team, 2012) by running each model
with all possible combinations of terms and choosing

the one with the smallest Akaike’s information crite-

rion corrected for finite sample size (AICc; Burnham
and Anderson, 2002).

Results

Of the 38 experimental hauls that were completed,

14 occurred at the shallow site, 10 were conducted at

the middle site, and 14 occurred at the deep site. The
number of successful treatments used in the analyses

of this study varied for each performance measure as

a result of instrument failures and gear conflicts. Ta-

ble 1 summarizes the successful efforts of the experi-

ment. Although the target towing speed was 3.0 kn,

tidal currents and weather affected the speed of the

trawl at it moved through water such that the average

trawl speed per treatment varied between 2.1 and 3.3

kn.

Door spread

For our control treatment, mean observed door

spreads increased 52% across depths from 46 m at

the shallow site to 70 m at the deep site (Table 1).

The GLM showed that each treatment affected the re-

lationship between door spread and depth differently

(Table 2, Fig. 3). Treatments with the restrictor line

were quite effective at mitigating the effect of depth

on door spread; the slope of the standard survey scope

ratio was slightly positive and the slope of the modi-

fied scope ratio was slightly negative across depths.

On average, observed door spreads for the treatment

with the restrictor line and standard scope ratio

ranged between 45 and 51 m, and the treatment with

the restrictor line and a modified scope ratio held door

spread nearly constant, between 44 and 45 m (Table

1). The effect of trawl speed was small and positive

for all 3 treatments. The significance of the interac-

tion term between trawl speed and treatment indicat-

ed differences between the trawl speed effects among
treatments, but the magnitude of these differences

were small, positive, and ineffective in mitigating the

effect of trawl speed (Table 2).

Wing spread

For our control treatment, mean observed wing spread

increased 20% across depths from 15.1 m at the shal-

low site to 18.1 m at the deep site (Table 1). The GLM
showed that each treatment affected the relationship

between wing spread and depth differently (Table 2,

Fig. 4). As with door spread, treatments with the re-

strictor line were very effective at mitigating the effect

of depth on wing spread; the modified scope ratio per-

formed slightly better than the standard survey scope

ratio. On average, observed wing spreads for the treat-

ment with the restrictor line and standard scope ratio

ranged between 14 and 16 m, and the treatment that

used the restrictor and modified scope ratio held wing
spread nearly constant, between 14 and 15 m (Table

1). The effect of trawl speed was small and positive for

all treatments, but no differences between treatments

were detected (Table 2).

Distance of the footrope off bottom

Changes in mean distances of the footrope off bot-

tom were relatively small, 3.5 cm maximum across all

depth sites. For our control treatment, mean observed

distances off bottom across depth sites ranged from 1.8

to 5.3 cm at the footrope center to 2.7 to 5.1 cm at the

footrope corner and 3.4 to 4.1 cm at the wings (Table

1)

. The GLM indicated that both depth and trawl speed

positively affected distances of the footrope off bottom

at the center position, albeit to a small extent, but

increased with increasing depth and speed; but only

depth, and not speed, positively affected distances of

the footrope corners and wings from the bottom (Table

2)

. The use of the restrictor line and modified scope
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Table t

Means and standard deviations (SD) by trawl performance measure, depth of site (shallow, middle, and deep), and
towing treatment observed during the eastern Bering Sea study conducted by the Alaska Fisheries Science Center in

2005 to reduce variability in the geometry of a demersal survey trawl. Treatments included standard survey procedure,

adding a restrictor line to constrain door movement, and adjusting scope ratio with the restrictor line in place. Trawl

spreads were measured in meters, and the distances of the footrope and lower bridle from the seabed were measured

in centimeters at various points along their lengths (fwd=forward of wingends).

Treatment 1: no restrictor, standard survey scope

Trawl measure

Shallow (n=28) Middle (n=20) Deep (re=28)

Mean SD n Mean SD n Mean SD n

Door spread (m) 46.44 2.23 7 66.88 2.47 4 70.44 1.59 10

Wing spread (m) 15.15 0.76 9 17.88 0.24 4 18.05 0.13 5

Headline height (m) 3.28 0.16 12 2.96 0.12 8 2.77 0.11 14

Footrope center (cm) 1.84 0.14 9 3.36 0.05 4 5.33 0.36 10

Footrope corner (cm) 2.73 0.28 17 3.27 0.15 8 5.09 0.31 19

Footrope wing (cm) 3.44 0.74 17 3.41 0.49 8 4.14 0.52 17

Bridle, 30 m fwd (cm) 3.16 0.66 15 2.52 0.21 6 4.45 1.61 17

Bridle, 40 m fwd (cm) 2.59 0.71 12 2.46 0.45 6 3.75 0.71 19

Treatment 2: restrictor, standard survey scope

Shallow (n= 28) Middle (re=20) Deep (n=28)

Trawl measure Mean SD n Mean SD n Mean SD n

Door spread (m) 45.19 4.59 12 51.11 3.82 4 50.59 0.61 10

Wing spread (m) 14.49 0.78 12 15.37 0.54 4 15.98 0.71 8

Headline height (m) 3.40 0.23 14 3.25 0.20 8 3.16 0.12 14

Footrope center (cm) 1.79 0.16 12 2.84 0.34 4 5.10 0.26 9

Footrope corner (cm) 2.75 0.46 23 3.39 0.32 8 5.17 0.53 20

Footrope wing (cm) 3.22 0.71 21 3.30 0.63 7 4.12 0.58 20

Bridle, 30 m fwd (cm) 3.06 0.65 19 2.50 0.28 7 4.37 1.33 18

Bridle, 40 m fwd (cm) 2.42 0.60 16 2.27 0.24 6 3.67 1.06 15

Treatment 3: restrictor, modified scope

Shallow (n= 28) Middle (n=20) Deep (n=28)

Trawl measure Mean SD n Mean SD n Mean SD n

Door spread (m) 43.57 0.80 9 45.00 5.93 4 44.08 2.45 9

Wing spread (m) 14.46 0.43 12 14.32 0.93 4 15.07 0.63 6

Headline height (m) 3.38 0.16 14 3.27 0.25 7 3.13 0.17 13

Footrope center (cm) 1.78 0.11 11 2.71 0.29 4 4.82 0.41 9

Footrope corner (cm) 2.61 0.37 23 3.19 0.20 8 5.20 0.56 18

Footrope wing (cm) 3.44 0.77 22 3.28 0.75 7 4.03 0.63 15

Bridle, 30 m fwd (cm) 3.03 0.68 17 2.48 0.25 8 4.03 1.44 16

Bridle, 40 m iwd (cm) 2.49 0.44 18 2.17 0.25 6 4.25 1.63 13

ratio was slightly more efficient than the use of the re-

strictor line with the standard scope ratio at mitigating

the depth effect at the center of the footrope (Table 2,

Fig. 5). The effect of trawl speed was small and positive

for all treatments. The interaction term, between trawl

speed and treatment, was not significant, indicating no

difference in the effect of trawl speed between treat-

ments (Table 2).

Distance of the bridle off bottom

Changes in mean distances of the bridle off bottom
were nominal, less than 2 cm across all 3 depth sites.

For our control treatment, mean observed distances off

bottom ranged from 3.2 to 4.4 cm and from 2.6 to 3.8

cm for the 30 and 40 m positions, respectively (Table

1). The GLM indicated that both depth and trawl speed



186 Fishery Bulletin 113(2)

Table 2

Generalized linear model coefficients from the eastern Bering Sea study conducted by the Alaska Fisheries Science Center in

2005 on variation in trawl geometry by towing treatment, no restrictor, survey standard scope (NRSS); presence of a restric-

tor line, survey standard scope (RSS); and presence of a restrictor line, modified scope (RMS), describing the relationship

between the mean net performance measures as affected by depth and trawl speed. Only coefficients from models found to

be significant are shown. Coefficients of multiple determination (R2
) expressed as a percentage also are presented. Common

intercepts and slopes indicate that we did not detect significant differences between treatments, respectively.

Door Wing Footrope Footrope Footrope Lower Lower
spread spread center corner wing bridle 30 m bridle 40 m

Depth Speed Depth Speed Depth Speed Depth Speed Depth Speed Depth Speed Depth Speed

Common
intercept

Common
10.9416 -0.2354 2.0952 3.1684 0.0550 -1.3598

slope

NRSS
intercept

NRSS
37.7859 37.7859

1.3135 0.4942 0.0188 0.0054 0.0067 1.0321 0.0074 1.3755

slope 0.1878 1.8372 0.0253 0.0265

RSS
intercept 16.5546 16.5546

RSS slope

RMS
0.0258 10.8316 0.0084 0.0244

intercept 22.2891 22.2891

RMS slope

R2
-0.0248 8.9876 0.0014 0.0226

percentage 95.27 84.79 93.59 80.68 18.06 20.89 38.40

positively affected distances off bottom at the 2 bridle

positions, increasing with increasing depth and speed,

but no differences between treatments were detected

(Table 2).

Discussion

Horizontal herding

Our primary objective was to reduce the effects of

depth and coincidental changes in trawl speed on the

geometry of our survey trawl. Specifically, we wanted
to determine which of 3 towing methods would best

control the variability in the spread of the doors and
wings to achieve the average minimum 15-m wing
spread seen in recent surveys. We found that attaching

a restrictor when we used the standard survey scope

ratios successfully reduced the variability in mean
wing spread to within 1.7 m across the typical range

in survey depths—considerably less than the 8.3-m

range seen during surveys (Fig 2A). Best results were
obtained when a restrictor line was used with a modi-

fied scope ratio (3.8:1) to provide a constant upward
pulling force on the trawl doors.

With mean door and wing spread data, we were able

to estimate bridle angles of attack at each depth site

and for each treatment. Maintaining consistent bri-

dle angles minimizes inconsistencies in fish-size and
species-specific selectivity inherent in the horizontal
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Figure 3

The effect of depth on mean door spread during the

eastern Bering Sea field experiment conducted by the

Alaska Fisheries Science Center in 2005 to reduce the

variability in a survey trawl’s geometry. Data were

fitted with a generalized linear model. Three towing

treatments were applied: no restrictor line with stan-

dard scope (circle, solid line), restrictor line with stan-

dard scope (triangle, dashed line), and restrictor line

with modified scope (plus sign, dotted line).
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Figure 4

The effect of depth on mean wing spread during the

eastern Bering Sea field experiment conducted by the

Alaska Fisheries Science Center in 2005 to reduce the

variability in a survey trawl’s geometry. Data were
fitted with a generalized linear model. Three towing

treatments were applied: no restrictor line with stan-

dard scope (circle, solid line), restrictor with standard

scope (triangle, dashed line), and restrictor with modi-

fied scope (plus sign, dotted line).

herding process (Engas and Godp, 1989a; Somerton
and Munro, 2001), thereby, reducing systematic bias in

the abundance estimates. For example, bias may occur

when a particular area produces lower sampling effi-

ciency than other survey areas, such as may happen
at different depths where trawl bridle angles of attack

vary. Changing angles have an effect on fish-size-spe-

cific reactions to the bridles and on the swimming
stamina of a fish: the greater the angle, the greater is

the potential that herded fish will have to swim longer

and farther to enter the path of the net before tiring.

As a result, false interpretations of a species’ spatial

distribution over the whole survey area can occur be-

cause, in reality, part of the distributional variability is

caused by differences in the trawl sampling efficiency.

We found that when the restrictor line was not

used, mean bridle angles varied from 13° to 20° across

depths. These angles were reduced to a range from 12°

to 14° when the restrictor line was used with a stan-

dard survey scope ratio and to a constant 12° when the

restrictor was used with a modified scope ratio. There-

fore, we conclude that the use of a restrictor during

our bottom trawl survey would ensure more constant

trawl geometry across the entire survey area, reduc-

ing the variability in horizontal herding that may be

associated with changing bridle angles. This deduction

is consistent with our objective of ensuring that the

o

40 60 80 100 120 140

Depth (m)

Figure 5

The effect of depth on mean distance of the center of

the footrope off bottom during the eastern Bering Sea
field experiment conducted by the Alaska Fisheries

Science Center in 2005 to reduce the variability in a

survey trawl’s geometry. Data were fitted with a gen-

eralized linear model. Three towing treatments were

applied: no restrictor line with standard scope (circle,

solid line), restrictor line with standard scope (triangle,

dashed line), and restrictor line with modified scope

(plus sign, dotted line).

changes in observed trawl catch abundance are repre-

sentative of actual shifts in abundance.

Contact of the lower bridle with the seabed also

contributes to the herding of fish, particularly flat-

fishes. Whereas our study showed that bridle contact

decreased as a result of increasing depth and towing

speed, the addition of the restrictor line did not af-

fect these relationships and, therefore, likely would
not contribute to any significant improvement in the

variability in survey horizontal herding owing to bridle

contact, at least given the conditions observed during

this experiment.

Vertical herding

Although we did not measure net height directly, our

survey data show that by keeping net spread constant

we achieve a more constant net height that, therefore,

sweeps a more constant volume of water and presum-

ably stabilizes the effect of the net on vertical herding

of fish near the bottom. The 83-112 bottom trawl was
designed to catch flatfish and semipelagic species, such

as walleye pollock (Gadus chalcogrammus ) and Pacific

cod (Gadus macrocephalus), that have near-bottom dis-

tributions. The vertical herding of benthic species with

this trawl is perceived to be negligible. Conversely, the

vertical herding of semipelagic species like walleye pol-
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lock is recognized (De Robertis and Wilson, 2006), al-

though the quantifiable extent to which it occurs is not

well understood.

Research with acoustics has shown that fish behav-

ioral tactics to avoid vessels and trawls, usually in the

form of diving, are used by a variety of pelagic and
semipelagic species in advance of an approaching ves-

sel (Vabp et ah, 2002) and on through the time that

a trawl arrives (Ona and Godo, 1990; Handegard et

al., 2003; Kaartvedt et al., 2012). This diving behavior

accounts for a considerable increase in the number of

fish available to the trawl, an increase that can bias

survey results (Aglen, 1996; Hjellvik et al., 2003; Han-
degard and Tjostheim, 2009), particularly if the ver-

tical herding is size- or age-related (De Robertis and
Wilson, 2006). Auditory stimuli, such as that of vessel

noise (Mitson and Knudsen, 2003), of vessel induced

pressure waves (Mitson, 1995), and of warp vibration

(Handegard and Tjpstheim, 2009), are attributed most
often to fishes with diving behavior. Additionally, light

levels at depth (Misund, 1997) and density dependence

play a role in vertical herding for some species (Hoff-

man et al., 2009; O’Driscoll et al., 2002).

As shown in this study, the addition of a restrictor

line reduces the trawl footprint; however, it also intro-

duces uncertainty to our current knowledge of the re-

lationship between fish behavior and trawl sampling

efficiency. The effect of this tool on vertical herding

and the resultant catch rates for species of the Ber-

ing Sea is unknown. To better understand the potential

of this effect, knowledge of the height of the restrictor

line above the seabed is critical. Because of instrument

failure, we were unable to collect such data, but we
can still estimate the height of the restrictor line, as

the product of bottom depth and 116 m (the position

of the restrictor line forward of the doors), divided by

warp length, assuming that the warps form a straight

line from the trawl doors to the vessel. In actuality, the

restrictor heights off bottom would be somewhat less

than our predicted heights because of a narrow degree

of natural warp catenary.

If the above relationship and our standard survey

scope ratios had been used, restrictor heights would
have been 18, 44, and 38 m at our 3 depth sites, com-

pared with a constant 30 m off bottom when the scope

ratio was modified. Although the average headrope

height of the 83-112 trawl is 2-3 m during standard

survey operations, a recent study by Kotwicki et al.

(2013) reported that the effective fishing height of this

trawl for walleye pollock that display the diving re-

sponse was, on average, 16 m. Although our predicted

restrictor heights were all above the 16-m effective

fishing height calculated by Kotwicki et al. (2013), the

vibrations of the restrictor line, along with bringing

the trawl warps closer together, could contribute to

fish disturbance, and hence inconsistencies in sampling

efficiency.

A better understanding of the effect of a restrictor

line on fish behavior and catch rates is required be-

fore it can be considered an accessory to standardized

survey trawl gear. If it were incorporated, a means for

correcting our 30-year survey time series (before and
after the use of a restrictor line) would also have to be

developed. We are aware of one bottom trawl survey

during which a restrictor line is regularly deployed:

Norway’s Institute of Marine Research (IMR) Barents

Sea Cod Survey. In the case of that survey, the restric-

tor line was introduced over a 2-year period (one-third

of tows during the first year and half of the survey

tows during the next year). In those trials, evidence of

increased catch rates for smaller Atlantic cod (Gadus
morhua) and haddock (Melanogrammus aeglefinus), but

not larger fishes, was observed. In additional studies at

IMR, when a transducer was mounted to the restric-

tor line, IMR found evidence of pelagic distributions

of adult Atlantic cod and haddock diving to avoid the

restrictor line (Aglen5
). We suggest that a large-scale

study should be initiated to examine the changes in

species-specific catch rates before a restrictor line is

incorporated as a standard tool for the eastern Bering

Sea survey.

Our most promising towing treatment to reduce

variability in trawl geometry involved a fixed ratio

of depth to warp length. Given the relatively shallow

depth range of the eastern Bering Sea survey (<200 m),

this method proved successful. Surveys where deeper

waters are sampled may not achieve success with a

fixed ratio of depth to warp length because the de-

gree of warp catenary, particularly in the warp’s lower

half, increases at greater depths, thereby transferring

pulling forces from upward to horizontal6
. Too much

horizontal pull will lead to imbalance as evidenced by

doors collapsing and warp dragging through sediment.

Polishing of trawl warps ahead of the doors and on the

doors in unexpected places are clear indications of ex-

cess warp ratios.

Escapement

We found that the use of a restrictor line allowed us

to achieve a modest reduction in the effect of depth

on the distance off the bottom of the relatively light

weight footrope of the 83-112 trawl. The use of the re-

strictor line, we believe, would result in a reduction in

the variability in fish escapement under the footrope

and a more uniform catching efficiency (Engas and

Godp, 1989b; Walsh, 1992). That there was still an ef-

fect of depth with the restrictor line was unexpected.

Von Szalay and Somerton (2005) described increases in

the distance of the footrope off bottom to be a function

of increasing wing spread in which the footrope ten-

sion increases and, therefore, lifts the rope from the

bottom. If this were the case, then one would expect

no differences in footrope height off bottom when wing

5 Aglen, A. 2013. Personal commun. Inst. Mar. Res., 5817
Bergen, Norway.

6 Dickson, W. 1973. Warp length in deep water, 19 p. MIR/
UNDP/FAO/Polish/UNSF Highseas Fisheries Research Proj-

ect, Gydnia, Poland.
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spread is constant. One explanation for bottom contact

sensor angles (our proxy for increasing distances of the

footrope off bottom) increasing with increasing depth

when the restrictor limited spread could be that the

sensor housing penetrated the softer bottom substrate.

If the edge of the bottom contact sensor had been sink-

ing into the seabed, recorded angles would have been

higher and our function for transforming angles into

distances off bottom, which was derived from a sepa-

rate experiment performed on a hard surface, would be

incorrect. In retrospect, we compared the locations of

our towing sites with locations from a sediment map
of the Bering Sea (Smith and McConnaughey, 1999)

and observed that our deepest site occurred in a soft,

muddy region of the Bering Sea where the sensor could

possibly penetrate the substrate. Use of this tool for

predicting footrope performance may best be limited to

areas of comparable substrate, and data collected over

an entire survey area should be used cautiously.

In conclusion, reduced variability in net spread and

bottom contact of our survey trawl was best achieved

by affixing a restrictor line between the trawl warps to

constrain the spread of the otter doors in conjunction

with the use of a 3.8:1 ratio of warp length to depth.

The stabilization of trawl shape across a survey area

will reduce the variability in horizontal herding and
fish escapement, leading to more precise estimates of

abundance for stock assessments. Before inclusion of

a restrictor line as part of standardized survey equip-

ment, we recommend that further experimentation be

conducted with retention of the catch to quantify the

effect of the restrictor line on horizontal and vertical

herding. These studies would be most meaningful for

the eastern Bering Sea semipelagic gadoids walleye

pollock and Pacific cod. With a clearer understanding,

catch coefficients could be developed and applied to his-

torical survey data.
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Abstract—Full life history informa-

tion is lacking for Atlantic wolffish

(Anarhichas lupus), a species of con-

cern in U.S. waters. Scientific stud-

ies indicate that Atlantic wolffish

are found in low densities—either

solitary or, during spawning season,

paired. Groundfish surveys show
wolffish abundance in U.S. waters

is highest in the Gulf of Maine-
Georges Bank region, especially in

the southwestern portion at depths

of 80-120 m. Contrary to these data,

commercial fishermen have reported,

and we have validated, that high

concentrations of Atlantic wolffish

are found in specific shallow loca-

tions and at specific times on the

Stellwagen Bank National Marine
Sanctuary (SBNMS) in Massachu-
setts Bay. From 53 tows conducted

during May-June 2011, 395 Atlantic

wolffish were captured on the SB-

NMS. Average daily catch per unit

of effort ranged from 0.6 to 37.8 fish

h-1 in an area characterized by shal-

low (depths: 27-46 m), cold (5-7°C)

water, and a sand and gravel sub-

strate. At this site, wolffish were
mature (mean age: 20 years; range:

7-33 years) and in prespawning con-

dition, both sexes were equally rep-

resented, and 99% of the fish were
feeding actively. Total mortality (Z)

estimated from the age frequency

was 0.35. Considering the observed

wolffish abundance and their feeding

intensity, it appears that this area of

the SBNMS is a foraging area used

collectively by a large group of wolf-

fish during May-June.
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Atlantic wolffish (Anarhichas lupus),

1 of 3 wolffish species found in the

northwest Atlantic, is classified as a

data-poor species (NDPSWG1) and is

listed as a species of concern under
the Endangered Species Act. Com-
plete life history information, in-

cluding biology, migration patterns,

and seasonal movements, is lacking

for Atlantic wolffish populations, es-

pecially in U.S. waters (NDPSWG 1
,

Keith2
). There has not been much of

1 NDPSWG (Northeast Data Poor Stocks
Working Group). 2009. The Northeast
Data Poor Stocks Working Group report,

December 8-12, 2008 meeting. Part A:

Skate species complex, deep sea red
crab, Atlantic wolffish, scup, and black

sea bass. Northeast Fish. Sci. Cent.
Ref. Doc. 09-02, 496 p. [Available from
http://www.nefsc.noaa.gov/publications/

crd/.]
2 Keith, C. 2006. Status of fishery re-

sources off the northeastern US: Atlantic

wolffish, 6 p. Resource Evaluation and
Assessment Division, Northeast Fish.

Sci. Cent., Woods Hole, MA. [Avail-

able from http://www.nefsc.noaa.gov/sos/

spsyn/og/wolf/.]

a directed fishery for Atlantic wolf-

fish; it is thought that they are typi-

cally solitary fish or, at most, paired

during the spawning season (Scott

and Scott, 1988; Le Francois et al.,

2010), and it has been challeng-

ing to obtain large sample sizes for

thorough biological analyses. To con-

found matters, these demersal fishes

are often associated with complex
habitat, such as rocky burrows and
crevices (Keats et al., 1985), making
them difficult to survey with trawl

gear.

Atlantic wolffish range from
Greenland to Cape Cod, occasionally

as far south as New Jersey (Roun-

tree, 2002; Keats et al., 1986), and
inhabit waters from 5 to 240 m de-

pending on fish size, age, and season

(Nelson and Ross, 1992). According to

trawl surveys in U.S. waters, abun-

dance south of Canada is highest

(<1.5 kg [3.3 lb]/tow) in the Gulf of

Maine-Georges Bank (GOM-GB) re-

gion, especially in the southwestern

portion at depths of 80-120 m (AW-
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BRT3 '- As with many other species, abundance and
biomass of Atlantic wolffish have declined since the

1980s (Sosebee and Cadrin4 ). In the U.S. GOM-GB re-

gion, biomass estimates for this species, according to

2007 models, range from 89,000 to 384,000 adult fish

(AWBRT3
) and have not significantly changed in the

subsequent 3 years (Keith and Nitschke5
). Depending

on the model parameters, current spawning stock bio-

mass is low (371-505 metric tons in 2010; Sosebee and
Cadrin4

'.

Little is known of the spawning behavior and
spawning habitat of Atlantic wolffish; most informa-

tion is derived from dive surveys or hatchery stud-

ies. An estimated 4-5 months before spawning, these

typically solitary fish begin courting and form bonded
pairs (Johannessen et al., 1993); inshore migrations

into shallower water may occur at this time (Nelson

and Ross, 1992). Spawning is believed to occur from

September through October in the GOM, but there is

no conclusive proof of this spawning period (Pavlov and
Moksness, 1994; Rountree, 2002). Spawning events of

captive fish have been documented by Johannessen
et al. (1993) and Rountree (2002). A few days before

spawning, eggs are fertilized internally and extruded

within 1 day after copulation and before cell cleavage.

Atlantic wolffish are determinate spawners (Johannes-

sen et al., 1993); the female deposits all eggs in one

batch and then curls around the sticky, demersal eggs,

shaping them into a cluster. The eggs are hidden under

rocks and boulders in nests and guarded exclusively by

the male for 9-10 months until the eggs hatch (Keats

et al., 1985; Moksness and Pavlov, 1996). During this

time, the male ceases feeding (Keats et al., 1985). Tag-

ging studies indicate that Atlantic wolffish movements
are short (AWBRT3 '-

Although not often targeted by fishermen, Atlantic

wolffish from U.S. waters were landed in both recre-

ational and commercial fisheries and marketed as

ocean catfish. In May 2010, a moratorium on Atlantic

wolffish went into effect in U.S. waters for both com-

mercial and recreational fisheries to protect stock bio-

mass (Amendment 16 to the New England multispecies

Fisheries Management Plan; NEFMC, 2009). Contrary

to what is documented in the scientific literature (Scott

and Scott, 1988; Le Francois et al., 2010), commercial

3 AWBRT (Atlantic Wolffish Biological Review Team). 2009.

Status review of Atlantic wolffish (Anarhichas lupus). Re-

port to Natl. Mar. Fish. Serv., Northeast Reg. Off., 149 p.

[Available from http://www.nmfs.noaa.gov/pr/species/Sta-
tus%20Reviews/atlantic_wolffish_sr_2009.pdf.]

4 Sosebee, K. A., and S. X. Cadrin. 2006. A historical per-

spective on the abundance and biomass of Northeast demer-
sal complex stocks from NMFS and Massachusetts inshore
bottom trawl surveys, 1963-2002. Northeast Fish. Sci.

Cent. Ref. Doc. 06-05, 200 p. [Available from http://www.
nefsc.noaa.gov/publications/crd/J

5 Keith, C., and R Nitschke. 2012. Atlantic wolffish—2012
groundfish update. In Assessment or data updates of 13

northeast groundfish stocks through 2010. Northeast Fish.

Sci. Cent. Ref. Doc. 12-06, p. 650-721. [Available from http://

www.nefsc.noaa.gov/publications/crd/.]

fishermen have reported that Atlantic wolffish are not

always dispersed in U.S. waters but are seasonally ag-

gregated in shallow areas at the edge of the Stellwagen

Bank National Marine Sanctuary (SBNMS) in Massa-
chusetts Bay (statistical area 514). At this location,

catch rates of tows targeted toward Atlantic wolffish

habitat were higher than those from scientific surveys.

In early June, during 2007-2009, average catch rates

were 91-136 kg/h (200-300 Ib/h; Ford6
), correspond-

ing to commercial landings reported by Keith and
Nitschke5

. One fisherman reported 6350 kg (14,000 lb)

of Atlantic wolffish was landed in June 2009 (Ford6
).

By the end of June, these fishermen turned their ef-

forts elsewhere.

To characterize the Atlantic wolffish observed by the

fishing industry, a study was conducted on the SBNMS
in Massachusetts Bay in an area where fishermen have

reported large catches of Atlantic wolffish, to determine

whether Atlantic wolffish occur in dense concentrations

seasonally, and, if so, to determine why. Our objectives

were 1) to sample the Atlantic wolffish population in

the selected study area during May-June to quantify

abundance and 2) to use a proportion of the wolffish

catch to calculate age and growth and total mortality

(Z ), determine sex ratio and reproductive status, and
analyze food habits.

Materials and methods

Capture and disposition of catch

Atlantic wolffish were sampled on the western edge of

the SBNMS in Massachusetts Bay (statistical area 514;

Fig. 1) by trawl during dedicated sampling trips from

23 May to 21 June 2011. This 40-km2 area was selected

because it is the only place that has been identified

by fishermen as one where Atlantic wolffish are highly

abundant in the southern GOM and because it is where
wolffish historically have been targeted by fishermen.

The area ranges in depth from 27 to 40 m, the majority

of it is 33-m deep, and the substrate, as described by

fishermen, is characterized by a hard bottom of sand

littered with shells. Sampling was undertaken through-

out the area where it was possible to use trawl gear,

including the specific location where Atlantic wolffish

were reported to congregate. All Atlantic wolffish were

captured with standard legal groundfish nets (15.24-

cm body, 16.5 1-cm codend mesh size) and placed in

flowing seawater tanks onboard the vessel. All bycatch

was identified according to the methods of Collette and

Klein-MacPhee (2002), enumerated, and immediately

released alive. Atlantic wolffish were measured (total

length [TL] ) to the nearest centimeter and weighed (W)
to the nearest 0.1 kg. They were either euthanized for

collection of life history information or tagged and re-

leased alive for a separate study. Fish were euthanized

Ford, J. 2009. Personal commun. FV Lisa Ann II, Kings-

ton, NH.
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by an overdose of tricaine methanesulfonate (MS-222),

and then heads, gonads, and entire gastrointestinal

tracts were removed, bagged separately, and frozen un-

til further analyses.

Age

Otoliths were processed at the Massachusetts Division

of Marine Fisheries Age and Growth Laboratory, locat-

ed at the Annisquam River Marine Fisheries Station

in Gloucester, Massachusetts. The sagittal otoliths re-

moved from each wolffish head were cleaned, embedded
in 2 part epoxy, and sectioned transversely through the

core. A low-speed Isomet7 saw (Buehler, Lake Bluff, IL),

with 2 diamond blades separated by a 0.4-mm spacer,

was used to take sections. Otolith sections were affixed

to microscope slides with Flo-Texx mounting medium
(Thermo Fisher Scientific Inc., Waltham, MA) and then

viewed through a compound microscope at 100-400x

magnification for the enumeration of annuli. If the an-

nuli were not clearly visible, the section was polished

on a Buehler Ecomet 3000 variable-speed grinder-pol-

isher until it was thin enough for easy enumeration.

Annuli were defined as the thin hyaline zones described

by Jonsson (1982) and were counted along the ventral

side of the sulcal groove. Age was determined by 3 in-

dependent readers. When discrepancies occurred, all 3

readers reviewed the otoliths together and ages were
decided by the majority. Coefficient of variation (Chang,

1982) was calculated between each reader combination.

A birth date of 1 January was used.

Total mortality

From the age frequency of the pooled samples (n=303),

Z was estimated by the method of Chapman and Rob-

son (1960) with bias correction (Seber, 1982) for Z and
a correction for over-dispersion for the standard error

of Z (Smith et al., 2012). According to Murphy (1997)

and Smith et al. (2012), the Chapman-Robson estima-

tor performs better and is less biased than other avail-

able estimators (e.g. linear regression). Calculations

were performed with R statistical software, vers. 2.15.1

(R Core Team, 2012) with the function agesurv in the

R package fishmethods, vers. 1.3-0 (Nelson, 2012). The
starting point was the age of full recruitment (age at

maximum catch) plus 1 year (Smith et al., 2012). Sen-

sitivity of the estimate to the starting point was exam-
ined by running the same analysis but starting 1 year

before and 1 year after the initial starting point.

Sex and reproductive maturity

Whole, paired gonads were thawed, identified as testes

or ovaries, and weighed to the nearest 0.1 g. For fe-

males, smallest and largest oocytes were measured (di-

7 Mention of trade names or commercial companies is for iden-

tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.

ameter to the nearest 0.1 mm), overall color was record-

ed, and, if possible, gross morphology of oocyte stages

was noted. Maturity guidelines published by Temple-

man (1986a) and Gunnarsson et al. (2006) and based

on egg size and color were used to classify maturity.

In mature prespawning Atlantic wolffish, 3 generations

of oocytes are present in the ovary: primary oocytes,

which will advance to the cortical alveolus (CA) stage

in the following year (<0.5 mm, whitish); oocytes in the

CA stage to be spawned next year (0.5-1.8 mm, yellow

and orange); and oocytes to be spawned in the current

year (spawning stage 3; 2.5-4.8 mm, deeper yellow and

orange; Gunnarsson et al., 2006). Atlantic wolffish with

oocytes in the CA stage (>0.5 mm) are deemed mature
(Gunnarsson et al., 2006). To assess reproductive state,

the gonadosomatic index (GSI) was calculated as GSI
= WGonads /(WBody ~ WGonads^-

Feeding ecology

Gastrointestinal tracts were thawed, weighed to the

nearest 0.1 g, and dissected, and all prey items were
identified to the lowest possible taxon and weighed as

a group to the nearest 0.1 g. Frequency of occurrence,

volume of dietary items, feeding index, and Fulton’s

condition factor (K) were calculated with the following

equations

Frequency of occurrence =

[number of stomachs containing prey item i

/ total number of examined stomachs] x 100.

Volume by species = [Wprey item i / ^stomach) * 100.

Feeding index — [Wtotal stomach contents I Wfishl x 100.

K - W (g)/TL3 (mm) x 105.

Because Atlantic wolffish crush their prey and because

of the prevalence of hard-shelled invertebrates like

mollusks, crustaceans, and echinoderms, no attempts

were made to quantify numerical abundance of prey.

Statistical analyses

A chi-square test of independence was used to deter-

mine whether the sex ratio deviated from a 1:1 female-

to-male ratio. Spearman rank order correlation tests

were used to determine relationships between gonad
size, GSI, and K and sex, age, TL, and W of Atlantic

wolffish, and Mann-Whitney rank sum tests were used
to compare TL, W, age, and K between male and female

wolffish with SigmaPlot (vers. 11.0, Systat Sofware

Inc., San Jose, CA).

Results

In the study area, 53 tows were completed, resulting

in the capture of 395 Atlantic wolffish (Table 1, Fig.

1). The first 4 days of sampling yielded 304 wolffish,

all of which, except for 1, were euthanized for life his-
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Table 1

Summary of data from trips dedicated to sampling of Atlantic wolffish (Anarhichas lupus) from 23 May to 21 June 2011 on

Stellwagen Bank National Marine Sanctuary, Massachusetts. Catch per unit of effort (CPTJE) was measured as the number
of Atlantic wolffish captured per hour. Mean tow durations and bottom temperatures are given with standard errors in pa-

rentheses. Substrate types were identified by fishing captains: G=gravel, HS=hard sand, SS=soft sand, S=sand, SG=sandy
gravel, euth=euthanized.

Number Number Mean Mean SD
Total of of tow SD Tow Speed bottom bottom

Total wolffish wolffish wolffish Fishing duration duration range Depth temp temp
Trip Date tows caught CPUE euth. taggedl period (min) (min) (knots) (m) (°C) (°C) Substrate

1 23 May 3 107 22.8 107 0 5:35-10:55 95.33 6.81 2.7-3.

1

28 6.06 0.79 G
2 26 May 4 187 37.8 187 0 4:22-10:35 73.00 9.06 - 31-40 6.40 0.03 HS, G
3 7 June 6 7 1.8 7 0 8:30-13:33 35.50 9.44 2.5-3.0 29-39 - - HS, G
4 8 June 4 3 1.2 2 1 8:18-13:05 55.25 13.96 2.8-3.

2

29-35 5.00 0.00 HS, SS, G
5 10 June 5 2 0.6 0 2 6:44-12:15 41.80 15.37 2.6-2.

7

29-36 5.75 0.71 HS, SS, G
6 13 June 7 9 2.4 0 9 7:15-12:58 34.14 7.38 2.5-2.

9

28-46 5.53 0.39 S, SG, G
7 16 June 8 6 1.2 0 6 7:30-13:12 26.88 11.28 2.5-2.

9

27-38 6.51 0.29 G, S, SG

8 17 June 5 29 10.8 0 26 7:49-12:54 32.33 3.08 2.6-2.

7

28-38 6.70 0.33 SG

9 20 June 5 5 1.8 0 5 8:50-13:35 39.40 7.64 2.7-2.

8

29-37 - - SG

10 21 June 6 40 18.6 0 37 7:37-12:57 33.00 15.11 2.8-2.

9

27-38 6.00 0.28 SG

tory analyses. The remaining sampling days yielded 85

wolffish that were tagged and released for a separate

study, and 6 wolffish were released untagged because

of poor condition. As a result of damaged caudal fins,

13 euthanized fish (7 females and 6 males) were ex-

cluded from analyses of size and growth.

Age, growth, and sex

Annuli in otolith sections were easily discernible as

thin hyaline zones. As growth slows in older fishes, the

annuli form closer together, requiring a higher mag-
nification and thinner sections to enumerate them ac-

curately. Coefficients of variation between each of the

3 readers were 2.93%, 2.60%, and 2.57%. Atlantic wolf-

fish captured from late May to early June 2011 ranged

in age from 7 to 33 years old with a mean (1 stan-

dard deviation [SD]) age of 20.1 years (SD 4.5; Fig.

2A), with equal numbers of males and females caught

(%
2=0.1617, P=0.69). Sexual dimorphism was evident

in this group with males being longer (Mann-Whitney
U statistic ((71=8147.5, P<0.001; Fig. 2B) and slightly

heavier ((7=9586.5, P=0.014), although some of these

differences may be attributed to the males also being

older than the females ((7=8313.0, P<0.001; Table 2).

Total mortality

The age at full recruitment to the trawl gear was 21

years (Fig. 2A); therefore, age 22 was used as the start-

ing point for the Chapman-Robson calculation. With
that calculation we estimated that Z was 0.35 (stan-

dard error 0.034). We explored the sensitivity of this

estimate to the choice of starting age by running the

analysis with starting points of 21 and 23 years. The
starting age had little effect on the estimate; results

for Z were 0.36 and 0.38 for starting ages 21 and 23,

respectively.

Reproductive status

Gonad size (weight) increased with increasing fish size

(female W: coefficient of correlation (r) 0.665, P<0.05;

male W: r=0.408, P<0.05; female TL: r=0.632, P<0.05;

male TL: r=0.781; P<0.05) and age (females: r=0.590,

P<0.05; males: r=0.408, P<0.05) in both male and fe-

male Atlantic wolffish. In females, GSI was correlated

positively with age (r=Q.463, P<0.Q5) but not in males

(r=0.097, P=0.258; Fig. 3). Mean GSI values ranged

from 0.0003 (SD 0.0) at age 16 to 0.0008 (SD 0.0002) at

age 27 in males, whereas, in females, they ranged from

0.003 (SD 0.0) at age 7 to 0.029 (SD 0.016) at age 26.

Female reproductive state was not easy to classify

because ovaries were frozen and then thawed instead

of inspected fresh or preserved in a fixative; as a result,

only 146 samples were usable, and, even so, interpreta-

tion was difficult. The majority of oocytes ranged from

yellow to orange in color (Fig. 4), and all inspected

oocytes were >0.5 mm (Table 3), indicating that all

females were mature and most of them were in pre-

spawning stages (Gunnarsson et al., 2006).

Feeding ecology

Atlantic wolffish sampled (n=286) were actively feed-

ing; only 2 stomachs were empty. The feeding index
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Figure 1

Map of the study area on the Stellwagen Bank National Marine Sanctuary (SBNMS)
in Massachusetts Bay and catch per unit of effort (CPUE), measured as the number
of Atlantic wolffish (Anarhichas lupus) caught per hour by bottom trawl gear.

(1 SD), a measure of feeding intensity, for all Atlantic

wolffish sampled was 7.77 (SD 5.58), indicating that

this population of wolffish was feeding heartily in late

May and early June on the SBNMS.
Including nonprey items such as rocks and, in one

instance, a metal fishing hook (Table 4), 18 items were

identified in stomachs of Atlantic wolffish. In addi-

tion, 2 Atlantic wolffish contained whole undigested

longhorn sculpin (Myoxocephalus octodecemspinosus )

that likely were ingested during the tow because of

an abundance of longhorn sculpin in the study area.

As expected, the most frequently occurring prey items

were bivalves, decapod crustaceans, gastropods, and
echinoderms. Bivalves, decapod crustaceans, and echi-

noderms were the most volumetrically important prey

items because of the prevalence of indigestible shells

and exoskeletons. The sea scallop (Placopecten magel-

lanicus) was the most dominant prey taxon both in fre-

quency of occurrence and overall weight.

In both females and males, K was correlated posi-

tively with age (males: r=0.198, P-0.02; females:

r=0.283, P<0.05; Fig. 5). Overall, there was no differ-

ence in K between sexes (17=9349.5; P=0.179). Mean K
was 0.99 (SD 0.19) for females and 1.03 (SD 0.24) for

males.

Discussion

Atlantic wolffish abundance

It is clear that high concentrations of Atlantic wolffish

occurred on the SBNMS, especially in late May and to a

lesser degree in early June 2011 (Table 1, Fig. 1), there-

by confirming the accounts of fishermen. On the basis

of published literature reviews, this degree of density

of Atlantic wolffish is not well documented. Although
references to Atlantic wolffish distribution “hotspots”

can be found in agency reports (i.e., AWBRT3
,
Kulka et

al. 8 ), we were able to find only one published account of

dense wolffish aggregations. This account documented
spotted wolffish (A. minor) caught on the northwest

slope of the Grand Banks from August to early Septem-
ber in 1972 by Newfoundland trawlers (Templeman,
1986a). Captains estimated in their logbooks that they

caught as much as 59,000 kg (130,073 lb) of spotted

Kulka, D. W., M. R. Simpson, and R. G. Hooper. 2004. Chang-
es in distribution and habitat associations of wolffish (An-

arhichidae) in the Grand Banks and Labrador Shelf. Can.
Sci. Advis. Seer. Res. Doc. 2004/113, 44 p. [Available from
http://www.dfo-mpo.gc.ca/csas.]
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Figure 2

Population characteristics of 303 Atlantic wolffish (Anarhichas lupus)

captured on the Stellwagen Bank National Marine Sanctuary, Mas-
sachusetts, from 23 May to 8 June 2011: (A) age by sex and (B) length

at age.

wolffish per day at depths of 146-192 m. Templeman
(1986a) surmised that these unusually large landings

of spotted wolffish may have coincided with spawning
behavior because their time of capture was close to the

likely spawning season (summer).

Atlantic wolffish in the SBNMS group were mature
(Fig. 2) and likely in prespawning condition (Fig. 4),

but this group was not a spawning ag-

gregation. During the spawning season,

mature Atlantic wolffish cease feeding

and undergo tooth replacement (Liao and
Lucas, 2000a, 2000b). For females, this

pause in feeding occurs mostly within

the month before ovulation (Pavlov and
Moksness, 1996). For males, tooth shed-

ding and replacement and fasting occur

with nest guarding (Keats et al., 1985).

One tooth was found in a female fish’s

stomach (Table 4), but it likely broke off

and was ingested during fishing opera-

tions. None of the 395 captured Atlantic

wolffish showed signs of teeth shedding,

and 99% of fish sampled were feeding

actively.

We used traditional ecological knowl-

edge of fishermen to identify an area

where Atlantic wolffish were known to

occur in spring to ensure that sufficient

numbers of fish could be studied for bio-

logical analyses. As such, sampling for

Atlantic wolffish on the SBNMS was se-

lective, both temporally and spatially (in

area and depth). In addition, tows were
not standardized by duration. As a re-

sult of these limitations, we were able to

verify only the presence of a large wolf-

fish group but not its distribution. We
observed a decrease in catch of Atlantic

wolffish on the SBNMS from May to ear-

ly June (Table 1); it remains unknown
whether this decline was a result of re-

duction in biomass or the effects of dis-

persion. We were unable to sample the

population during the first week of June,

sampling that would have helped clarify

this matter. When we resumed sampling

on 7 June, we found Atlantic wolffish in

a slightly different location on the SB-

NMS; however, by this time, Atlantic cod

(Gadus morhua) were also present. In

an effort to reduce cod bycatch mortal-

ity, we chose to avoid these mixed pop-

ulations. Therefore, potential catch per

unit of effort (CPUE) for Atlantic wolf-

fish probably was much higher than the

documented CPUE. A study of tagged

and released Atlantic wolffish will help

elucidate movements of this SBNMS
population.

In the GOM-GB region, there is some
evidence of size-segregated, seasonal movements of At-

lantic wolffish, likely linked to spawning, from shallow

(<10 m) to deep (274 m) waters in fall and then the re-

verse in spring (Albikovskaya, 1982; Nelson and Ross,

1992; AWBRT3
). For instance, in spring in the GOM,

predominantly larger fish have been found at depths

of 5-40 m, and the largest fish was 98 cm TL and 22
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Table 2

Size and age, by sex, of Atlantic wolffish (Anarhichas lupus ) sampled from 23 May to 8 June 2011

on Stellwagen Bank National Marine Sanctuary, Massachusetts. P-values denote results of Mann-
Whitney rank sum tests between sexes for each category. Atlantic wolffish with damage to caudal fins

were not included in analyses of total lengths. SD=standard deviation of the mean.

Total Length (cm) Weight (kg) Age (year)

Mean SD n Mean SD n Mean SD n

Females 80.49 11.91 148 5.79 2.85 155 19.20 4.48 155

Males 85.19 12.71 142 6.52 2.93 148 20.97 4.39 148

P-value <0.001 0.014 <0.001

years old, supporting the theory that Atlantic wolffish

occupy deeper, warmer waters until they are sexually

mature (Keats et al., 1986; Nelson and Ross, 1992). In

this study of shallow (27-46 m) SBNMS waters, Atlan-

tic wolffish ranged from 59 cm TL (age 7) to 130 cm TL
(Fig. 2)—a finding that corroborates a seasonal separa-

tion of fish size by water depth in the GOM.
This movement pattern also has been found in Ice-

landic waters and the White Sea where Atlantic wolffish

move into colder (3°C) waters before spawning (Jons-

son, 1982; Pavlov and Novikov, 1993). However, spring

and summer surveys at similar depths and tempera-

tures throughout the period 1971-1980 in Newfound-
land yielded no Atlantic wolffish (Albikovskaya, 1982)

and indicated that concentrations of

wolffish may occur at other depths

elsewhere or be very discrete. During
the study period, bottom temperatures

on the SBNMS where wolffish concen-

trations occurred ranged from 5°C to

7°C (Table 1). From hatchery studies,

it is known that Atlantic wolffish egg

survival decreases if oocyte maturation

and ovulation occur at temperatures

>8°C (Tveiten et al., 2001). Therefore,

it follows that this spring in-shore

movement of prespawning, mature At-

lantic wolffish into shallower, colder

water likely is linked to the mainte-

nance of thermal homeostasis as fish

prepare for the fall spawning season.

Age, growth, and sex

In the GOM-GB region, Atlantic wolf-

fish may attain TLs of 150 cm and
weights of 18 kg (40 lb) (Rountree,

2002), yet scant age and growth data

are available for larger sized (>100

cm TL) fish. Although we were fortu-

nate enough to capture many large

individuals, including a 130-cm-TL

fish, we were prevented from calculating meaningful

growth equations because no individuals <7 years old

were collected. Our age data for older fish may be more
accurate than data from previous studies. Nelson and
Ross (1992) aged whole, polished otoliths, which can

be difficult to read because they grow thicker in older

fish; whereas, we aged sectioned otoliths. It is possible

that slightly younger fish were present in the SBNMS
group but, because of gear selectivity, were excluded

from the catch. In spring surveys conducted in shallow

depths (<40 m) over a span of 26 years, Atlantic wolf-

fish always were >50 cm TL (Nelson and Ross, 1992).

On the SBNMS during May-June, male Atlantic

wolffish are larger (heavier and longer; Table 2) than

oo o o o o o o- o o o
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Figure 3

Mean gonadosomatic indices (GSIs) by age for female and male Atlantic

wolffish (Anarhichas lupus) captured on the Stellwagen Bank National

Marine Sanctuary, Massachusetts, from 23 May to 8 June 2011. Error

bars indicate 1 standard deviation.
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Oocyte color

Figure 4

Percent occurrence of oocyte colors seen in 146 female Atlantic wolffish

(Anarhichas lupus) captured on the Stellwagen Bank National Marine

Sanctuary, Massachusetts, from 23 May to 8 June 2011. Color range rep-

resents degree of oocyte development from white (least) to orange-red

(most). Colors were classified by the same individual by gross visual in-

spection of frozen, then thawed ovaries. Only one color was assigned to

each ovary.

females. Although sexual dimorphism of Atlantic wolf-

fish has not been evident in captivity, other than swol-

len “pot-bellied” females in the 4-5 months before

spawning (Johannessen et al., 1993), historically, males

tend to be heavier than females throughout the year in

the wild (Templeman, 1986a). The largest fish captured

in Templeman’s (1986a) study were a 127-cm-TL male
and 121-cm-TL female from the Grand Banks in 1966.

However, more recently, Nelson and Ross (1992) did not

find any differences in length between
males and females (n=132), and they

attributed this lack of differences to

small sample sizes.

Total mortality

If natural mortality CM) is assumed
to be 0.15 (Keith and Nitschke5

), then

fishing-induced mortality (F) is 0.20.

The latest stock assessment for Atlan-

tic wolffish in the GOM estimated F
at 0.07 in 2010 and a mean F of 0.29

for the period 2006-2010 (Keith and
Nitschke5

). The differences in methods
used make it difficult to compare these

values, but the fact that the estimate

from our study lies within the range

found in the stock assessment increas-

es our confidence in that stock assess-

ment. An F of 0.20 for fully recruited

Atlantic wolffish is relatively low and
consistent with the findings of the lat-

est stock assessment that overfishing

is not occurring (F<Fmsy Proxy(0.33)).

Reproductive status

In the U.S. GOM-GB region, Atlan-

tic wolffish reach sexual maturity at

40-47 cm TL, or about 5-6 years of

age (Templeman, 1986b; Nelson and Ross, 1992; Mc-
Bride9

). Because the smallest fish in this study was 59

cm TL and eggs were >0.5 mm in diameter in all fe-

males (Table 4), it is clear that the SBNMS fish were

mature. Less clear, because of the lack of proper gonad

McBride, R. 2012. Personal commun. Northeast Fish.

Sci. Cent., Natl. Mar. Fish. Serv., 166 Water St., Woods Hole,

MA 02543.

Table 3

Numbers of Atlantic wolffish (Anarhichas lupus; n= 146) with oocytes within the following

ranges of size (min. to max). Oocytes were collected from ovaries of individuals captured

from 23 May to 8 June 2011 on Stellwagen Bank National Marine Sanctuary, Massachusetts.

Minimum oocyte

diameter (mm)

Maximum oocyte diameter (mm)

0.5-0.9 1.0-1.

4

1.5-1.9 2.0-2.

4

2.5-2.

9

3.0-3.

4

3.5-4.0 >6.1

0.5-0.

9

1 6 2

1.0—1.4 8 17 1 4

1.5-1.

9

18 25 2 2 4

2.0-2.

4

4 11 8 2

2.5-2.

9

1 16 2

3.0-3.

4

6 4 1

3.5-4.0 1

Total 1 14 35 30 14 36 7 9
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Table 4

Relative frequency of occurrence and weight, by species, of items found in the stomachs

of 286 Atlantic wolffish (Anarhichas lupus) from 23 May to 8 June 2011 on Stellwagen

Bank National Marine Sanctuary, Massachusetts.

Prey item Frequency (%) Weight (g)

Sea scallop (Placopecten magellanicus ) 87.8 25.4

Hermit crab (Pagurus sp.) 51.0 1.8

Ocean quahog (Arctica islandica) 46.6 7.7

Gastropods, unidentified to species 46.3 1.6

Green sea urchin (Strongylocentrotus droebachiensis) 43.9 4.9

Rocks 34.5 0.3

Jonah crab (Cancer borealis) 25.3 5.3

Sand dollar (Echinarachnius parma) 2.7 0.4

Sea star, unidentified to species 1.4 <0.1

American lobster (Homarus americanus) 1.4 0.2

Spider crab (Libinia sp.) 1.4 <0.1

Longhorn sculpin (Myoxocephalus octodecemspinosus) 0.7 0.3

Algae (green), unidentified to species 0.7 <0.1

Common sun star (Crossaster papposus) 0.3 <0.1

Mussel, unidentified to species 0.3 <0.1

Polychaete, unidentified 0.3 <0.1

Tooth, Atlantic wolffish 0.3 <0.1

Hook 0.3 <0.1

preservation, was their reproductive status. Egg color

is helpful for identifying stages of oocytes. Templeman
(1986b) found that Atlantic wolffish eggs that had not

developed beyond a “whitish condition” were indicative

of mature females who had not spawned yet and that

yellowish eggs were “newly-maturing” eggs. From gross

visual inspection of the ovaries of these SBNMS fish,

only a small proportion of females was spawning for

the first time (3-4%, Fig. 4). The majority of females

had yellow-orange oocytes, indicating that these fish

likely were in prespawning condition (Fig. 4). Further

studies with proper gonad preservation and histology

would be helpful in differentiating these stages more
accurately.

Worth noting, Atlantic wolffish eggs were not pres-

ent in any guts. After spawning, males remove eggs

stuck to the exterior of the female’s body by sucking

and spitting them out (Johannessen et al., 1993); it

is reasonable to suspect that some eggs are ingested

incidentally. In addition, in intensive culture, Atlantic

wolffish have been observed eating eggs from other

pairs, and females have been seen destroying their own
unfertilized eggs (Johannessen et al., 1993). When At-

lantic wolffish guts were excised from the fish in our

study, they immediately were frozen on ice until analy-

sis; we are confident that if eggs had been in the guts,

they still would have been present during processing.

The absence of wolffish eggs in the guts provides ad-

ditional evidence that this population had not spawned
in the recent past.

In Atlantic wolffish, fecundity increases exponen-

tially with increasing size (Gunnarsson et al., 2006;

Templeman, 1986b; Falk-Petersen and Hansen 10
), and

because size is positively correlated to age, it is not

surprising that older females generally had higher GSI
than younger females (Fig. 3). In contrast, male Atlan-

tic wolffish have relatively small testes and produce

only a small amount of sperm, as would be expected for

a species with internal fertilization; male GSI does not

increase with age or TL. Even within the year, there is

low variation in GSI for males >3 kg (6.6 lb) (Johan-

nessen et al., 1993; Moksness and Pavlov, 1996; Pav-

lov and Moksness, 1996), whereas females show pro-

nounced GSI peaks leading up to spawning (Hansen,

1992 as cited by Tveiten and Johnsen, 1999).

Feeding ecology

Often known for their unusual tooth structure, wolf-

fishes have highly specialized teeth for capturing and
grinding hard-bodied prey. Adults feed almost exclu-

sively on hard-shelled benthic invertebrates. Past stud-

ies in the GOM-GB region revealed that economically

important bivalves (sea scallop, Iceland scallop [Chla-

mys islandica ], ocean quahog [Arctica islandica], arks

clam [Family Aricidea], and Atlantic surfclam [Spisula

solidissima]) were the most predominant prey group in

stomachs of Atlantic wolffish (13-108 cm TL) collected

in spring (Nelson and Ross, 1992), followed by echino-

10 Falk-Petersen, I.-B., and T. K. Hansen. 1991. Reproductive
biology of wolffish Anarhichas lupus from north-Norwegian
waters. ICES Council Meeting (C.M.) Documents 1991/G.14,

17 p.
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Figure 5

Mean Fulton’s condition factor (K) by age for female and male
Atlantic wolffish (Anarhichas lupus ) captured on the Stellwagen

Bank National Marine Sanctuary, Massachusetts, from 23 May
to 8 June 2011. Error bars indicate 1 standard deviation.

derms, gastropods, and decapod crustaceans. By fre-

quency of individual species, sea and Iceland scallops

were most common, followed by whelks (Buccinum sp.),

green sea urchin (Strongylocentrotus droebachiensis),

hermit crabs (Pagurus sp.), and ocean quahogs (Nelson

and Ross, 1992). We found similar dietary groups but

a different order of rankings. Although the sea scallop

still ranked first in frequency and volume, hermit crabs

were more predominant in the diet of wolffish sampled
during spring 2011, followed by ocean quahogs, gastro-

pods, green sea urchin, and Jonah crab (Cancer borea-

lis). Dietary differences may be a reflection of spatial

differences in prey availability or ecological changes in

the benthic community in the SBNMS area over the

past 4 decades.

Some scientists believe communal Atlantic wolf-

fish foraging areas (or locations that are used by
large groups) may exist (Auster and Lindholm, 2005).

This particular area on the SBNMS appears not to be

complex habitat that is normally associated with es-

sential wolffish habitat, but rather an assemblage of

sand and gravel substrates (Table 1) containing scallop

beds (Hart and Chute, 2004). Considering the density

of Atlantic wolffish present during May-June, as well

as their feeding intensity, it is likely that this area of

the SBNMS is a foraging area for large aggregations of

Atlantic wolffish.

We have validated fishermen accounts of high den-

sity of Atlantic wolffish on the SBNMS, at least for a

brief period in spring, and these large, mature fish ap-

pear to use this area as a communal foraging ground.

Future field studies that use a randomized sampling
design inside and outside of the SBNMS at varying

depths from early spring through summer
would help clarify wolffish distribution. In

particular, it is not known if Atlantic wolffish

aggregate on the SBNMS in spring or if this

area contains a biomass hotspot subject to an-

nual variability in wolffish densities. For low

biomass species like Atlantic wolffish (Sosebee

and Cadrin4
), traditional surveys coupled with

alternative means of sampling are required for

accurate assessments. Comprehensive tagging

studies, video monitoring, and targeted coop-

erative industry surveys would provide more
information on the movements, ecology, and
population structure of this data-poor species.
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Abstract—With data from Taiwan-

ese jiggers that targeted the Ar-

gentine shortfin squid (Illex argen-

tinus) in the southwest Atlantic

between 1986 and 2010, we used

log-transformed catch per unit of ef-

fort (logLD as an index of the abun-

dance of this squid to explore squid

recruitment strength in response to

environmental conditions. The log{7

was negatively correlated with sub-

surface seawater temperature (at a

depth of 5 m) observed during Feb-

ruary and April on the southern

Patagonian shelf during the fishing

season. The logf/ was also correlated

with the Antarctic Oscillation (AAO),

positively correlated in December
of the fishing season and in March
and May of the previous 2 years,

and negatively correlated in Novem-
ber and December of the previous

2 years. A generalized linear model
selected 4 environmental variables

as predictors of annual catches that

accounted for 83% catch variation:

AAOs in November and March of

the previous 2 years and subsurface

seawater temperatures in March
of the current and previous year

in the southern location. The AAO
would not directly affect the squid

abundance more than 1 year later

and biotic and abiotic linkages be-

tween atmospheric circulation pat-

terns and stock fluctuations are not

understood.
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The Argentine shortfin squid (Illex

argentinus) occurs on the Patagonian

shelf and slope (22-55°S) in the south-

west Atlantic (Jereb and Roper, 2010).

Commercial harvesting of this squid

species extends almost throughout

its distributional range, particularly

along the shelf break (Beddington et

al., 1990; Haimovici et al. 1998; Lap-

tikhovsky et al. 1
). Concentrations of

Argentine shortfin squid are found
between 45° and 46°S in January and
February, and then gradually migrate

southward toward the Falkland Is-

lands, where they grow rapidly (Bas-

son et ah, 1996; Haimovici et ah, 1998).

The catch is high between March and
May in the Falkland Interim Conser-

1 Laptikhovsky, V. V., A. V. Remeslo,
C. M. Nigmatullin, and I. A. Polish-
chuk. 2001. Recruitment strength
forecasting of the shortfin squid Illex

argentinus (Cephalopoda: Ommastrephi-
dae) using satellite SST data, and some
consideration of the species’ popula-
tion structure. ICES Council Meeting
(C.M.) Documents 2001/K:15, 9 p.

vation Zone (Beddington et ah, 1990;

Basson et ah, 1996). Toward the end of

the fishing season, Argentine shorfin

squid begin migrating northward to

spawn and die around July or August
(Arkhipkin, 1993; Basson et ah, 1996).

The fishery for Argentine short-

fin squid is one of the most impor-

tant squid fisheries in the world. The
greatest tonnage has been taken, in

descending order, by Korea, Japan,

Taiwan, Poland, Spain, China, Bra-

zil, Falkland Islands, Cambodia, and
Honduras (Jereb and Roper, 2010).

Taiwan entered the Argentine short-

fin squid fishery by jigging in 1983,

and approximately 120 vessels have

fished in this area annually and have

accounted for approximately 30% of

the total catch of this squid (Chen et

ah, 2007a). The fishing sites of the

Taiwanese jiggers in past decades

have included nearly the entire dis-

tributional range of this species, and
the main fishing season usually runs

from January through June (Chen et

ah, 2007a, 2007b).
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Figure 1

Map of the study area (34-55°S, 50—70°W) and spatial distribution of

annual mean catch per unit of effort (CPUE), measured in metric tons

(t) per vessel per day, of Argentine shortfin squid (Illex argentinus) from

1986 through 2010 in the southwest Atlantic. The dashed line indicates

the 200-m isobath, and the 2 black stars indicate the 2 locations on the

Patagonian shelf where subsurface seawater temperatures were taken:

36°S, 53°W (north) and 50°S, 60°W (south). The area of the Antarctic Os-

cillation (AAO) is shown between 40°S and 65°S.

Chen et al., 2007b). Variability in recruit-

ment strength of Argentine shortfin squid

could be explained partly by cold events

in the southwest Atlantic, which could be

further connected to the SST anomalies

in the Pacific (Waluda et al., 1999). Tem-
peratures of the sea surface and water

column could also affect spatiotemporal

distribution of Argentine shortfin squid

and production of the fishery (Waluda et

al., 2001b; Bazzino et al., 2005; Sacau et

al., 2005; Chen et al., 2007b).

The Antarctic Oscillation (AAO) re-

flects large-scale changes in atmospheric

mass between mid- and high-latitude

surface pressures in the Southern Hemi-
sphere (Gong and Wang, 1999) and in-

fluences precipitation, wind, sea ice,

and SST variability (Silvestri and Vera,

2003; Turner et al., 2007; Justino and
Peltier, 2008; Vasconcellos and Cavalcan-

ti, 2010). The AAO may, therefore, affect

variability in abundances and distribu-

tion of Argentine shortfin squid that

inhabit the South Atlantic. However, in

no studies has the AAO been considered

as an environmental factor to examine
variation in abundance of Argentine
shortfin squid. Our hypothesis is that

the AAO could be an important environ-

mental factor that affects abundance of

Argentine shortfin squid. We give rela-

tionships between the catch per unit of

effort (CPUE) of this squid species and
both subsurface seawater temperatures
and regional atmospheric forcing, AAO,
with and without effects of time-lags.

Because of environmental conditions that may af-

fect the abundance and distribution of squids during

their life cycles, a number of researchers have sug-

gested incorporation of environmental factors into

squid stock assessment methods (Dawe et al., 2000,

2007; Georgakarakos et al., 2002; Sakurai et al.,

2002; Pierce and Boyle, 2003; Waluda et al., 2004;

Peel and Jackson, 2008; Pierce et al., 2008; Kidokoro

et al., 2010). Rodhouse (2001) indicated that recruit-

ment variability in several squid species could be ex-

plained partly by environmental variability reflected

in synoptic oceanographic data and suggested that

the ability to predict recruitment in advance gives

managers and vessel operators the advantage of be-

ing able to plan ahead.

The main environmental factor that could affect the

physiology of squid is seawater temperature. Previous

studies have demonstrated the potential effects that

sea-surface temperature (SST) can have on abundance
and distribution of squid at different life cycle stag-

es (Waluda et al., 1999; Waluda et al., 2001a, 2001b;

Materials and methods

Fishery data

The study area, at 34-55°S and 50-70°W, covered all

the fishing sites of Taiwanese squid jiggers and likely

included the primary distributional range of Argentine

shortfin squid in the southwest Atlantic (Chen et al.,

2007a) (Fig. 1). Fishing logs ofjiggers were compiled by

the Fisheries Agency (Council of Agriculture, Executive

Yuan, Taiwan), and a data set for the period 1986-2010

was prepared for this study. Each data record included

the date and site (latitude and longitude) of daily fish-

ing effort, and the daily catch amount in kilograms.

The CPUE was calculated as the catch in metric

tons (t) of squid per vessel per day (t-v^-d-1 ) (Chen et

al., 2007a, 2007b; Waluda et al., 2004; Wu et al., 2009;

Fang et al., 2013) and was standardized by a relative

fishing power method where unit catches of paired

vessels that operated under similar fishing conditions

were analyzed (Chen and Chiu, 2009). In each fishing
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season, the standardized CPUE was averaged and used

as an index of stock abundance. We averaged all the

CPUE data in each month and in the entire fishing

season as the monthly and annual CPUE, respectively.

As a result of the high variability of the abundance be-

tween years, and because the variance might vary with

the annual mean, the CPUE values were log-trans-

formed to dampen variation before statistical modeling.

Environmental data

Our environmental data included subsurface seawa-

ter temperatures (at a depth of 5 m), bottom seawater

temperatures, the Southern Oscillation index (SOI),

and the AAO index. All the environmental data were

downloaded from databases at various websites. Sea-

water temperature data within the study area were

obtained from the International Research Institute for

Climate and Society (IRI) ); we used the version

of this data set that was re-analyzed by Carton and
Giese (2008) by using Simple Ocean Data Assimilation

(SODA) with a spatial resolution of 0.5° longitude by
0.5° latitude. Time series of seawater temperature data

were available until 2007. The SOI and AAO index

were downloaded from the NOAA Climate Prediction

Center website (SOI: AAO index: ) and
were available for the period from 1984 through 2010.

Subsurface and bottom seawater temperature data

from 2 reference locations, south (50°S, 60°W) and
north (36°S, 53°W), were used to represent the envi-

ronmental conditions of the northern and southern

fishing grounds on the Patagonian shelf. The northern

location was near the inferred hatching zone (Waluda
et a!., 2001a) and where paralarvae of Argentine short-

fin squid have been found during July and December
(Haimovici et al., 1998). The southern location was po-

sitioned almost at the center of the heavy fishing area

where squid have been found to be densely distributed

(Arkhipkin and Middleton, 2002; Chen et al., 2007a;

Haimovici et al., 1998; Sacau et al., 2005; Waluda et

al., 2004). Monthly seawater temperatures at the 2

reference locations were calculated by averaging the

water temperatures, from the IRI database, at 4 sur-

rounding data points.

Data analysis

We used an autocorrelation analysis to determine

whether any intrinsic (previous abundance) factors af-

fected squid abundances (Pierce and Boyle, 2003). A
correlation analysis performed with Pearson’s correla-

tion coefficient was used to assess which environmental

variables were correlated with natural log-transformed

CPUE (logU). Time lags can exist between environ-

mental conditions and abundances (Chen et al., 2007a;

Waluda et al., 1999 ); therefore, to look for potential ef-

fects of time lags, the logU data were tested for envi-

ronmental variables with models having no time lag

with the current fishing season, having a lag of the

previous year (lag 1) of the fishing season, and hav-

ing a lag of the previous 2 years (lag 2) of the fishing

season. Because the fishing season begins in November,
the current fishing year in this research was defined

from the previous November to the current October of

a given year.

Generalized linear model (GLM) analysis was used

to extract empirical relationships between logU and
environmental variables. The effects of environmental

variables at the 3 time lags were incorporated into the

GLM models. The model form is given by the following

equation:

logUt = intercept -i- E 1)t.j
+ E2 ,t-j

+ ••+ + C
e ~ N(0, a2),

where logC/t = the natural log-transformed annual

CPUE in year t (log(U) ~ Nip, o2 ));

•Ei,t-j = the environmental variable i in the year

t with year lag j.

The backward stepwise procedure was used to identify

a useful subset of predictors. We used P-value, coef-

ficient of multiple determination (R2
), and Akaike’s in-

formation criterion (AIC) to select variables. The vari-

ables were added if P-values were <0.15 and removed
if P-values were >0.15. To avoid over-fitting or unduly

complex models, we included variables only if they add-

ed 5% or more to the R2 (Pierce and Boyle, 2003). We
also calculated the AIC to select optimal model8 -

The variance inflation factor (VIF) test was used

to exam any multiple colinearity between variables.

The variables for which the VIF value was >2 were

removed from the model. To verify the stability of the

variables in the GLM models, a progressed time series

data set from 1998 through 2007 was used to build the

GLM models year after year. The baseline GLM model

was built with fishing data from 1986 through 1998;

then, the next year’s fishing and environmental data

were added, and a new GLM model was built to in-

clude them. This process was repeated with data until

2007. The software used to develop these analyses was
R (vers. 3.1.1; R Core Team, 2014) and the rms package

(Harrell, 2014).

Results

Abundance i ndex patterns

The range of average CPUE in each year between 1986

and 2010 was 2.2-27.0 tons per vessel per day (t-v
_1 -

d-1 ), with an average of 11.3 t/vd. The annual CPUE
peaked in 1999 and 2008, and decreased quickly after

both peaks (Fig. 2). Autocorrelation analysis of logt/

showed no significant correlation between years. It

indicated that catch had no interannual interactions

(Fig. 3). The monthly CPUE- data between 1986 and
2010 indicated that the entire fishing season was from

November through September, and the main fishing pe-

riod was January-June (Fig. 4). There were few catches

in September and none in October. The monthly CPUE
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was relatively low after June; therefore, a correlation

analysis of logt/ and environmental variables within

the fishing season was undertaken for the time period

from November of the previous year through June in

the current fishing season.

mental variables with a time lag of the previous year

revealed that the logt/ was negatively correlated with

subsurface seawater temperature in both the south

and north locations in March (Table 1). The correla-

tion analysis of logU and environmental variables that

Time series of Antarctic Oscillation

From 1984 through 2010, the monthly time

series of the AAO index became positive

approximately every 4-5 years, in 1985,

1989, 1993, 1997-1999, 2001, 2004, and
2008 (Fig. 5), and these positive phases

had various durations. The autocorrelation

analysis showed that the monthly AAO
was correlated with the AAO of the previ-

ous 3 months and was affected mainly by
the value of the previous 1 month.

Correlation between CPUE and environmen-

tal variables

The logt/ was negatively correlated with

subsurface seawater temperature (at a

depth of 5 m) at the south location from

February through April, in the model and
there was no time lag with the fishing

season (Table 1). The logt/ was positively

correlated with the AAO in December with

no lag time during the fishing season. The
correlation analysis of logU and environ-

Lag (years)

Figure 3

Lagged autocorrelation functions (ACFs) for annual log-transformed

catch per unit of effort (logU) of Argentine shortfin squid (lllex ar-

gentinus) caught by Taiwanese jiggers from 1986 through 2010 in the

southwest Atlantic. There was no statistical significance between all

the time lags. The dashed lines indicate the 95% confidence intervals.
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Figure 4

Monthly box-and-whisker plot of CPUE), measured in metric tons (t)/

vd (vd=per vessel per day) of Argentine shortfin squid (Illex argen-

tinus) caught by Taiwanese jiggers from 1986 through 2010 in the

southwest Atlantic. Open circles indicate outliers detected for specific

years. The fishing season began in November and was most active

from January through June.

lagged after the previous 2 years showed
that the logfJ had no link with any sub-

surface seawater temperature or the SOI
but was significantly affected by the AAO
in November, December, March, and May.

The logU and AAO, in the analysis with

a lag of the previous 2 years, were nega-

tively correlated in November and Decem-
ber and positively correlated in March and
May (Table 1). There were no correlations

between logU and bottom seawater tem-

perature with and without time lags.

Analysis of annual variation with a general-

ized linear model

The GLM analysis that used a backward
stepwise procedure found that 4 vari-

ables, including the AAO of November
and March in the previous 2 years and
the subsurface seawater temperature in

March of the current and last fishing sea-

son, explained approximately 83.3% of an-

nual variations shown by logt/ differences

(Table 2, Fig. 6). The VIF test showed that

the 4 variables exhibited no multiple colin-

earity. Although analysis with the AIC in-

dicated that a model with 5 variables that

included the AAO of the previous 2 year’s

December was better than the model with

4 variables, the 5-variable model did not

add 5% to the R2 and the P-value of the

AAO lagged from the previous 2 year’s

December was not significant. Adding the

previous year’s values of logU did not im-

prove the percentage of variation in logU
that was explained (P=0.324) and therefore

indicated an absence of autocorrelations.

The progressive analysis of the GLM
with the data set from 1998 through 2007,

showed that the AAO variables in Novem-
ber and March, lagged by 2 years, were
constantly selected in our model. In addi-

tion, the seawater temperatures at a depth

of 5 m during March of the previous had
significant effects in the model 9 times out

of 10 in the year-by-year progressive GLM.
For the southern location, the monthly
seawater temperature at a 5-m depth in

March, without a lag time in relation to

the current fishing season, also was kept

in the models that included 2 of the years,

2004 and 2007 (Table 3).

Discussion

The results of this study indicate a link be-

tween fluctuation in the marine environ-

ment and abundance of Argentine short-
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Table 1

The coefficient of correlation (r) between the log-transformed catch per unit of effort (logU) ofArgentine shortfin squid

(lllex argentinus) in the southwest Atlantic during 1986-2010 and the environmental variables in the same fish-

ing season and with time lags of the previous 1 and 2 years. Variables with P-values <0.05 are shown, includ-

ing subsurface seawater temperature on the northern and southern Patagonian shelf and Antarctic Oscillation

(AAO) indices. Note that N_5m and S_5m stand for the subsurface seawater temperature at a depth of 5 m at the

northern (36°S, 53°W) and southern (5Q°S, 60°W) Patagonian shelf, respectively. The fishing season lasts from the

November of the previous year to the June of the current fishing season.

Environmental

factors

Previous 2 years Previous 1 year Fishing season

Month r P Month r P Month r P

N_5m _ _ _ March -0.452 0.030 _ _ _

S_5m - - - March -0.477 0.021 February -0.573 0.005
- - - - - - March -0.596 0.003
- - - - - - April -0.573 0.005

AAO November -0.478 0.016 - - - December 0.401 0.047

December -0.564 0.003 - - - - - -

March 0.565 0.003 - - - - - -

May 0.436 0.030 - - - - - -

Table 2

List of coefficients of generalized linear models used for analyses of the influence of environmental factors on

catch per unit of effort (CPUE) for Argentine shortfin squid (lllex argentinus) in the southwest Atlantic, P-values,

coefficients of multiple determination (R2), and Akaike’s information criteria (AIC) that resulted from backward
stepwise procedure for predicting the squid’s abundance. The dependent variable is the log-transformed annual

CPUE (logCT) from 1986 through 2007. Note that PPANov, PPAMar, and PPADec represent 2-year-lagged Antarc-

tic Oscillation indices in November, March, and December, respectively, before the fishing season; S_5m_Mar and
PS_5m_Mar stand for subsurface seawater temperatures at a depth of 5 m at the southern Patagonian shelf in the

concurrent and previous March, respectively; and PN_5m_Mar represents the subsurface seawater temperatures

at a depth of 5 m at the northern Patagonian shelf in the previous March.

Environmental variables

Model Intercept S_5m _ Mar PPANov PPAMar PS_5m _ Mar PPADec PN_5m _ Mar R2 (%) AIC

1 12.186 -0.278

(0.003)

35.6 27.61

2 12.010 -0.265 -0.295 63.7 16.97

(0.006) (0.001)

3 11.336 -0.202 -0.249 0.309 76.4 9.548

(0.002) (0.001) (0.006)

4 12.975 -0.176 -0.273 0.302 -0.176 83.3 3.927

(0.003) (0.000) (0.003) (0.017)

5 12.799 -0.154 -0.213 0.332 -0.178 -0.083 85.6 2.617

(0.007) (0.005) (0.001) (0.012) (0.127)

6 12.019 -0.163 -0.216 0.354 -0.175 -0.086 0.038 86.0 4.001

(0.007) (0.006) (0.002) (0.016) (0.126) (0.524)

fin squid, as shown by the CPUE values estimated

from data from Taiwanese jigger fishing vessels in the

southwest Atlantic. We found that the subsurface sea-

water temperature (at a depth of 5 m) and regional

atmospheric forcing, represented by the AAO, may be

important indicators of annual variation in Argentine

shortfin squid abundance in the southwest Atlantic.

The subsurface seawater temperature in the southwest

Atlantic during the main fishing season (February,

March, and April) and the previous year of the fish-

ing season were correlated negatively with the logZ7

of this species. The AAO had high correlation with a

2-year-lagged logt/ of this squid. Our predictive model
included 4 parameters and explained 83.3% of the an-
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nual variations in the logCZ of Argentine shortfin squid.

The model displayed steady results when these predic-

tive parameters were consistently included as signifi-

cant terms that incrementally added annual data from

1998 through 2007.

Effect of annua! catch per unit of effort

In this study, the autocorrelation and GLM analyses

indicated that the logt/ of the current year did not sig-

nificantly relate to the logU of the previous year. Pierce

and Boyle (2003) demonstrated that adding the previ-

ous year’s landing per unit of effort did not significant-

ly improve a regression model for another species of

squid, Loligo forbesii. Bawe et al. (2000) also observed

no significant autocorrelation in the year’s catch from

multiple regression models for the northern shortfin

squid (I. illecebrosus). Those studies outlined a poor

stock recruitment relation. Squid are semelparous ani-

mals that spawn and die after one reproductive cycle.

There is initially no information other than the spawn-
ing stock size on which to base an assessment of the

potential recruitment strength and abundance of the

next generation (Rodhouse, 2001). Beddington et al.

(1990) showed that stock and recruitment relationships

indicate that production of the squid fishery in a given

year is weakly related to that of the subsequent year.

Recent studies have shown that environmental factors

could be critical factors that result in variation in dis-

tribution and abundances of squid (Waluda et al., 1999;

Peel and Jackson, 2008; Pierce et al., 2008).

Effect of seawater temperature

The environmental measurement used

most frequently in analyses to reflect

fluctuations in Argentine shortfin

squid abundances is remotely sensed

SST (Waluda et al., 1999, 2001a,

2001b; Chen et al., 2007a, 2007b; Wu
et al., 2009). Previous studies have in-

dicated that abundances of Argentine

shortfin squid are influenced by SST
or subsurface seawater temperature
in their spawning grounds, hatching

zones, and feeding habitats (Middleton

and Arkhipkin2
; Waluda et al., 2001a;

Agnew et al., 2002; Bazzino et al.,

2005; Chen et al., 2007a, 2007b; Fang
et al., 2013). Temperature is a proxy

for other oceanographic factors, such

as the position of the fronts affected

by the convergence of the Brazilian

and Falkland currents. These factors

may affect larval survival either di-

rectly (e.g., by affecting retention in

favorable habitats) or indirectly (e.g.,

by influencing trophic relationships)

(Anderson and Rodhouse, 2001). In ad-

dition, temperature variation has the

potential to dramatically affect the

growth patterns and population structures of squids

during their early exponential growth phase (Forsythe,

1993).

In our study, the squid abundance index (log!/)

showed a significant negative correlations with sub-

surface seawater temperature in the main feeding and
growth habitats (the southern Patagonian shelf) during

the primary fishing season (February-April). This re-

sult indicates that cooler subsurface seawater tempera-

tures are an important factor for high abundance of

this squid species. Argentine shortfin squid aggregate

in the cold seawater temperature area along the con-

vergence of the Brazilian and Falkland currents (Chen

et al., 2005), and feeding occurs on the Patagonian and

Falkland Island shelves, where cold waters along the

confluence boundary of those currents may result in a

region of high productivity (Chen et al., 2007a). Squid

grow rapidly into the maturing stage in this area be-

fore they migrate to their spawning ground after April

(Arkhipkin, 1993, 2000). Because squid growth is some-

what slower in cold years than in warm years and be-

cause immature individuals are larger in cooler tem-

peratures (Peel and Jackson, 2008), the high CPUE in

our study may have resulted from the large individual

size of Argentine shortfin squid in cold years.

2 Middleton, D. A. J.. and A. I. Arkhipkin. 2001. Environ-

mental effects on the distribution and migrations of the squid

Illex argentinus (Ommasterphidae) in Falkland islands wa-
ters. ICES Council Meeting (C.M.) Documents 2Q01/K:20,

30 p.
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Table 3

List of environmental variables in the predictive generalized linear models used in analyses

of the influence of environmental factors on catch per unit of effort for Argentine Shortfin

squid (lllex argentinus) in the southwest Atlantic, when progressive analysis was performed

with data from 1998 through 2007. The symbol in a cell denotes that a variable was in-

cluded in the model with either positive (+) or negative (-) loading. All coefficients in models

were significant at P-value <0.05. Note that PPANov, PPADec, and PPAMar represent 2-year-

lagged Antarctic Oscillation indices in November, December, and March, respectively, before

the fishing season; PS_5m_Mar and S_5m_Mar represent subsurface seawater temperatures

at a depth of 5 m at the southern Patagonian shelf in the previous and concurrent March,

respectively; and R2 represents the coefficient of multiple determination.

Environmental variables

Year PPANov PPADec PPAMar PS_5m_Mar S_5m_Mar R2 (%)

1998 - + -
91.3

1999 - + -
93.9

2000 - + -
90.2

2001 - + -
90.6

2002 - + -
90

2003 - + -
87

2004 - + -
84.5

2005 - + -
78.7

2006 - + + -
82.2

2007 - + -
83

Another hypothesis is indicated by the significant

negative correlation of squid logC7 with the previous

year’s subsurface seawater temperature in March in

the southern Patagonian shelf. The lag of SST effect

on abundances of Argentine shortfin squid has been
reported previously; colder temperatures in the hatch-

ing area of the northern Patagonian shelf indicated in-

creased catches in the following fishing year (Waluda et

ah, 1999). Because of the positive correlation between
fecundity and mantle length and between fecundity

and weight for Argentine shortfin squid (Haimovici

et ah, 1998), individual growth and fecundity that re-

sults from cold seawater temperatures in the previous

year would be greater than growth and fecundity that

results from warmer temperatures in previous years.

These time-lag effects of seawater temperature would
affect squid abundance in the following year.

Effect of atmospheric forcing

Atmospheric forcing may also influence variation in the

abundance of squids. Our results show that the AAO
affects catch of Argentine shortfin squid and revealed a

2-year lag in that effect. Because the Argentine short-

fin squid has an annual life cycle, environmental fac-

tors should affect its abundance within one reproduc-

tive cycle or pass that effect on to the following re-

productive cycle by affecting recruitment (Waluda et

ah, 1999, 2004). The 2-year lag in our results indicates

that the AAO may not directly affect squid abundance
and that indirect biotic or abiotic linkages exist be-

tween atmospheric circulation patterns and stock fluc-

tuations. Similarly, studies of the common octopus (Oc-

topus vulgaris ) in the Canary Islands suggested that

fluctuations in octopus catches were the result of SST
fluctuations but were in synergy with other unknown
environmental variables that were affected by North
Atlantic Oscillation patterns with a few months lag

(Caballero-Alfonso et ah, 2010; Polanco et ah, 2011).

Waluda et ah (1999; 2004) reported that the SOI had
a teleconnection of SST anomalies between the Pacific

and Atlantic Oceans and that the SOI, therefore, had
a time-lag effect on the catch of Argentine shortfin

squid around Falkland Islands. Those results indicate

the potential for connection between atmospheric forc-

ing anomalies and abundance variation of cephalopods

through SST with a time lag.

In the southwest Atlantic, the AAO was positively

correlated with SST anomalies in the South Brazil

Large Marine Ecosystems between 20°S and 35°S (Gh-

erardi et ah, 2010), the inferred hatching zone of Ar-

gentine shortfin squid (Waluda et ah, 2001a) and where
paralarvae have been found between July and Decem-
ber (Haimovici et ah, 1998). The correlations between
the AAO and SST anomalies became stronger with a

lag of 15-24 months; the strongest correlation had a

lag time of 24 months (Gherardi et ah, 2010). That
correlation indicates that a lower AAO in November 2

years before that time would lead to a lower than aver-

age SST in the inferred hatching area during the pe-

riod of hatching. Because SST in the hatching grounds
of the northern Patagonian shelf during the period of



210 Fishery Bulletin 113(2)

hatching was negatively correlated with squid catches

in the following fishing season (Waluda et al., 1999),

the catches would be higher after a lower November
AAO 2 years previously.

On the other hand, factors other than SST variabil-

ity, such as ocean productivity, current variability, and
mesoscale oceanographic processes are almost certain

to be important in their influence on squid recruitment

(Waluda et al., 2004). The relationship between the AAO
and precipitation in southeastern South America has

been examined (Silvestri and Vera, 2003; Vasconcellos

and Cavalcanti, 2010), and precipitation indicated by
freshwater input and stream flow can affect reproduc-

tion and community structure in the marine environ-

ment (Lloret et al., 2004). Moreover, the AAO, like the

SOI in the South Pacific, reflects regional atmospheric

circulation patterns. The AAO can affect current pat-

terns In the southwest Atlantic, and, therefore, alter

the physical habitats of Argentine shortfin squid with

a time lag of more than 1 year. However, more informa-

tion is necessary to clarify such large-scale complexity

in atmospheric and marine ecosystems.

Cephalopod biomass changes quickly throughout

a year and interannually because of environmental

fluctuations. Squid fisheries are well known for their

highly variable recruitment and catches, and this in-

consistency creates uncertainty for resource manag-
ers and the fishing industry because of increased risk

of stock collapse (Peel and Jackson, 2008). Prediction

of abundances based on environmental variables be-

fore the fishing season could be an important way to

make management decisions more precise. The SST,

subsurface seawater temperature from depths of 5 m,
and SOI have been used as important environmen-
tal factors to predict squid abundance. The results

of this study indicate that atmospheric circulation

patterns must be considered in evaluations of the

relationship between environmental factors and the

abundance of Argentine shortfin squid. The 4-para-

mater model developed in this study explained 83%
of the fluctuation in abundances. With a lag time of

2 years in the parameters, this model may make it

possible to predict the CPUE of Argentine shortfin

squid 2 years before a fishing season—a strategy that

would be useful for the management of the fishery of

this species of squid.
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Abstract—Little is known about the

basic biology and ecology of most na-

tive lampreys, including the use of

estuaries by anadromous lampreys.

To address this deficiency, we pro-

vide the first analysis of anadromous

western river (Lampetra ayresii ) and

Pacific (Entosphenus tridentatus)

lampreys in the Columbia River es-

tuary, using data from 2 fish assem-

blage studies that span 3 decades

(1980-1981 and 2001-2012). Pacific

lamprey juveniles and adults in the

estuary clearly were separated by

size, whereas western river lamprey

formed one continuous size distribu-

tion. Pacific lamprey juveniles and
adults were present in the estuary

in winter and spring, and western

river lamprey were present from

spring through early fall. Depth
in the water column also differed

by lamprey species and age class.

During 2008-2012, we documented
wounds from lampreys on 8 fish spe-

cies caught in the estuary. The most
frequently wounded fishes were
non-native American shad (Alosa

sapidissima), subyearling Chinook
salmon (Oncorhynchus tshawytscha),

shiner perch (Cymatogaster aggre-

gata), and Pacific herring (Clupea

pallasii). This basic information on

western river and Pacific lampreys

in the Columbia River estuary adds

to the growing body of regional re-

search that should aid conservation

efforts for these ancient species.
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Two native lamprey species are wide-

ly distributed along the west coast of

North America: western river lam-

prey (Lampetra ayresii', formerly

river lamprey) and Pacific lamprey
(.Entosphenus tridentatus) (Wydowski
and Whitney, 2003). Like most lam-

preys (family Petromyzontidae), both

of these species have complex life

cycles that include an extended lar-

val stage (the ammocoete stage) and
a relatively brief adult stage (Hard-

isty, 2006). Both western river and
Pacific lampreys are anadromous and
parasitic as adults (Beamish, 1980;

Wydowski and Whitney, 2003); how-
ever, many details concerning their

life cycle and ecology are poorly un-

derstood, and most available infor-

mation comes from a few geographic

areas (Beamish, 1980; Hayes et ah,

2013).

Pacific lamprey ammocoetes spend

3-7 years in riverine sediments be-

fore metamorphizing into juveniles,

migrate downstream to spend 3-4

years in marine waters, and spawn
1 year after re-entering freshwater

(Beamish, 1980; Beamish and Lev-

ings, 1991). Compared with Pacific

lamprey, western river lamprey have
a much shorter ocean residence (3-4

months), adults are much smaller,

and timing of transitions between
life stages differs (Beamish, 1980;

Hayes et al., 2013). During the para-

sitic phase, the mode of feeding also

differs between the 2 species: Pa-

cific lamprey consume their host’s

blood, but western river lamprey bite

off pieces of flesh (Cochran, 1986;

Beamish and Neville, 1995).

Concerns about declining native

lamprey populations across North
America in general (Renaud, 1997),

and in the Columbia River in par-

ticular (Close et al., 2002; Moser and
Close, 2003), have led to recent ef-

forts to restore and conserve native

lamprey populations and identify

specific information needed to ensure

their continued existence (Close et
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al., 2002; Kostow 1
;
Mesa and Copeland, 2009). Pacific

lamprey in the Columbia River have been the focus of

much of this work because of the cultural importance

of this species for Native American tribes in the basin

and the documented decline in adults counted crossing

Columbia River dams (Close et al., 2002; Moser and
Close, 2003). In contrast, very little is known about the

biology or status of the western river lamprey, to the

extent that its continued existence in Oregon has been

questioned (Kostow 1
).

Although there is considerable effort underway to

understand the habitat requirements of lampreys in

freshwater (e.g., Streif, 2009; Jackson and Moser, 2012),

very little is known about estuarine and marine ecol-

ogy for most lamprey populations (Mesa and Copeland,

2009; Murauskas et al., 2013; Siwicke, 2014), including

those in the Columbia River. Information on estuarine

ecology is necessary to understand this fundamental

stage of the life cycle and is essential to document the

timing of transitions between freshwater and marine

habitats. Lampreys can also be parasitic in estuaries,

yet very little is known about these parasite-host rela-

tionships outside of the Fraser River (Beamish, 1980;

Beamish and Neville, 1995).

To address the paucity of basic information on lam-

preys in the Columbia River estuary, we used 2 data

sets from the systematic sampling of the estuarine

fish assemblage to document use of the estuary by
western river and Pacific lampreys. We also describe

fishes with lamprey wounds observed over a 5-year

period. Although far from comprehensive, this work
begins to fill a critical information gap about lam-

preys in the Columbia River estuary and provides an
important contribution to knowledge of the life his-

tory of these ancient—and culturally and ecologically

important—species.

Materials and methods

Fish collections

Juvenile and adult lamprey data used in our analy-

sis came from 2 studies: the Columbia River Estuary

Data Development Program (CREDDP) in 1980-1981

and the Estuary Purse Seine (EPS) study during 2001-

2012. The CREDDP was a large, multifaceted research

effort designed to increase understanding of the ecol-

ogy of the Columbia River estuary. It consisted of 13

integrated projects, ranging from quantifying benthic

primary production to modeling circulation (Bottom et

al. 2 ). We were able to access archived raw biological

1 Kostow, K. 2002. Oregon lampreys: natural history, sta-

tus, and analysis of management issues, 80 p. Oregon Dep.
Fish Wildl. Inf. Rep. 2002-01. [Available from http://www.

dfw.state.or.us/fish/species/docs/lampreys2.pdf.]
2 Bottom, D. L., K. K. Jones, and M. J. Herring. 1984. Fishes

of the Columbia River estuary: final report on the Fish Work
Unit of the Columbia River Estuary Data Development Pro-

gram, 113 p. Columbia River Estuary Data Development

data collected by the NOAA Fisheries Northwest Fish-

eries Science Center during this study.

The primary fish project of CREDDP was an
18-month-Iong effort devoted to better defining pelagic

and demersal components of the estuarine assemblage

(Bottom et al. 2). Fishes were collected monthly from

February 1980 through July 1981 at 22 bottom trawl

and 16 purse seine sites. One haul or set was conduct-

ed at each site each month; therefore, the months of

February-July were each sampled twice (once in 1980,

once in 1981) and the months of August-January were
sampled only once. The CREDDP included beach seine

and fyke net sampling, but catches of lampreys in both

gears were low (re=4) and were not included in our

analysis. Sampling sites in the Columbia River were lo-

cated from river km (rkm) 3.8 through rkm 58.2 (rkm 0

is the west end of the jetties) (Fig. 1) and were chosen

to represent a diversity of habitats within the estuary.

A semiballoon shrimp trawl (38.1-mm stretched

mesh, knotless 12.7-mm liner) with an 8-m head rope

was towed upstream during flood tide for 5 min dur-

ing CREDDP sampling. A purse seine (200x9.8 m) with

variable knotless mesh (19.0 and 12.7 mm) was towed

upstream for 5 min before the net was pursed (Bottom

et al.
2

). All collected fish were identified to species ac-

cording to standard fish identification references (e.g.,

Hart, 1973; Scott and Crossman, 1973), enumerated,

and released. Up to 50 individuals of each species were

restrained or anaesthetized (juvenile salmon only),

measured, (fork length [FL] or total length [TL] in

millimeters, weighed (weight in grams), and released.

Eyed lampreys were identified to species by dentition;

ammocoetes, in which developing eyes are covered with

skin, were grouped into a single category.

The EPS study in the lower Columbia River estu-

ary was conducted during 2001-2012, although no

sampling occurred in 2004 and 2005. The study objec-

tives during 2001-2003 were to document presence

and abundance of forage fishes in the lower estuary

(S. Hinton, unpubl. data), but objectives changed in

2007 to assess presence and abundance of juvenile

salmon, with particular emphasis on the spring outmi-

gration (Weitkamp et al., 2012). Accordingly, sampling

during 2001-2003 occurred twice monthly from mid-

April through September. The sampling interval dur-

ing 2007-2012 was highest during the spring (every

2 weeks from mid-April through late June), with an

additional sampling cruise in September during 2007-

2008 and approximately monthly sampling from July

through October during 2009-2012. The sampling dur-

ing 2001-2003 was conducted at 4 sampling stations

in the lower estuary (Sand Island [rkm 7], Desdemona
Sands [rkm 16], North Channel [rkm 17], and Trestle

Bay [rkm 13]), and the sampling during 2007-2012 was
conducted at only 2 sampling stations (Trestle Bay and

North Channel) (Fig. 1). Sampling depths also changed

over the course of this study, with fish sampled in

Program. [Available from Columbia River Estuary Study
Taskforce, P.O. Box 175, Astoria, OR 97103.]
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Figure 1

Map of the study area in the lower Columbia River estuary, showing the location of the Columbia River Estuary Data Develop-

ment Program (CREDDP) trawl and purse seine sites sampled during 1980-1981 and the 4 Estuary Purse Seine (EPS) study sites

sampled during 2001-2012. Presence of western river (Lampetra ayresii) and Pacific (Entosphenus tridentatus) lampreys at each

station is indicated by shading; A=both species absent; R=western river lamprey only present; P=Pacific lamprey only present;

B=both species present. The EPS sites were located at Sand Island (SI), Trestle Bay (TB); North Channel (NC); and Desdemona
Sands (DS). The inset map shows the locations of the Columbia River basin and estuary and Bonneville Dam. State and province

abbreviations: WA=Washington; OR=Oregon; ID=Idaho; MT=Montana; and BC=British Columbia.

depths that were shallower during 2001-2002 (mean:

5.1 m) than during 2003-2012 (mean: 8.9 m) (Table 1).

Sampling in 2006 was limited to sampling trips in July

and August at a single station (Trestle Bay).

During the EPS study, each sampling trip (or cruise)

consisted of a series of hauls (individual sampling

events) conducted over 1-4 days. During 2001-2003,

each station was sampled at least twice during each

cruise, and, during 2007-2012, 5-9 hauls were made
at each of the 2 stations during each cruise. Sampling
gear in the EPS study was restricted to fine-mesh

purse seines. The purse seine used during 2001-2002

was shorter and shallower (100 mx4.6 m; area: 796 m2
)

than the seine used during 2003 and 2006-2012 (155

mxl0.6 m; area: 1912 m2
); but the mesh size of both

nets was identical throughout (stretched mesh open-

ing: 17 mm; knotless bunt mesh: 15 mm). Two methods
were used to set the net: 1) during quantitative round

hauls, it was set in a circle, and 2) in nonquantita-

tive hauls, it was towed upstream for 10 min before it

was pursed to increase the catch. Both methods were

used during a cruise, and a minimum of 6 quantitative

round hauls were made per cruise.

Fish processing in the EPS study was similar to

that in the CREDDP: all fish were identified to species

and enumerated, a subsample was measured, and the

remainder were released; eyed lampreys were identi-

fied by dentition (Hart, 1973). Juvenile Chinook salmon

(Oncorhynchus tshawytscha) were segregated into 2

age categories (subyearling [age 0] and yearling [age

1]) on the basis of seasonally adjusted fish length cut-

offs (Weitkamp et al., 2012) because subyearling and
yearling Chinook salmon differ in many life history

traits, including degree of estuarine residency (Quinn,

2005).

Although the catch of lampreys was recorded in all

years, recognizing and recording lamprey wounds on

fishes did not begin until 2008 for all fishes or 2006
for juvenile salmon. We tallied only the fresh wounds
that we were confident were due to lamprey predation

because of their shape (circular or oval) and location

on the body (back or sides) (Cochran, 1986; Beamish
and Neville, 1995; Siwicke, 2014); scars (wounds with

healed skin) were excluded. All the lamprey wounds
that we identified were classified as type A, stage

I or II (King, 1980): wounds with broken skin that

exposed the underlying musculature and occasionally

wounds with active bleeding. Verification that observed

wounds were likely due to lamprey predation was con-

firmed from photographs by Moser3
. Because of time

constraints, the presence of lamprey wounds on a fish

was recorded but details about wound location or depth

were not collected (e.g., Orlov et al., 2009; Siwicke,

2014). Other common wounds observed on fishes in-

cluded those due to marine mammals, avian predators,

or unknown sources.

Data analysis

Our analysis was twofold: 1) we evaluated annual oc-

currence, seasonal abundance, and size (using CRED-
DP and EPS data) and the distribution (using CRED-

3 Moser, M. 2012. Personal commun. Northwest Fish. Sci.

Cent., Natl. Mar. Fish. Serv., 2725 Montlake Blvd. E., Seattle,

WA 98112-2097.



216 Fishery Bulletin 113(2)

Table 1

Sampling effort, mean depths of sampling, and percent frequency of occurrence (%) and
total numbers (n) of Pacific lamprey (Entosphenus tridentatus) adults and juveniles and
western river lamprey (Lampetra ayresii) caught in the lower Columbia River estuary by

year and gear type. Sampling occurred during 1980-1981 as part of the Columbia River

Estuary Data Development Program (CREDDP) and in 2001-2012 during the Estuary

Purse Seine (EPS) study. The 2 gear types used were purse seine (P) and trawl (T).

Frequency of occurrence

Year and

net type

Number
of hauls Depth (m)

Pacific lamprey (n)

Adults Juveniles

Western river

lamprey (n)

CREDDP
1980-T 241 11.9 9.1 (1) 18.2 (21) 54.5 (11)

1981 -T 153 12.2 0.0 (0) 66.7 (12) 66.7 (7)

1 980 -P 171 14.0 27.3 (5) 18.2 (2) 54.5 (22)

1981-P 109 14.0 16.7 (1) 0.0 (0) 16.7 (2)

EPS
2001-P 79 5.1 0.0 (0) 0.0 (0) 0.0 (0)

2002-P 78 5.1 0.0 (0) 10.0 (1) 0.0 (0)

2003-P 54 7.5 0.0 (0) 0.0 (0) 30.8 (7)

20Q6-P 13 7.5 0.0(0) 0.0 (0) 33.3 (5)

2007-P 91 9.4 0.0 (0) 0.0 (0) 42.9 (6)

2008-P 95 8.7 0.0 (0) 0.0 (0) 62.5 (11)

2009-P 102 9.1 20.0 (2) 0.0 (0) 10.0 (3)

2010-P 98 8.9 0.0(0) 11.1(1) 22.2 (6)

2011-P 125 9.0 0.0 (0) 0.0 (0) 9.1(1)

2012-P 85 9.0 0.0 (0) 0.0 (0) 33.3 (5)

DP data only) of western river and Pacific lampreys
caught in the Columbia River estuary, and 2) we docu-

mented the size and seasonal abundance of fishes with

lamprey wounds and their co-occurrence with lampreys

(EPS data only).

Lamprey abundance and size Investigation of the sizes

of Pacific lamprey revealed 2 clearly separated groups,

which we designated as juveniles (<160 mm TL) and
adults (>400 mm TL), according to reported sizes for

each age class in the literature (Beamish, 1980; Far-

linger and Beamish, 1984; Kostow 1
). Because the 2

groups of Pacific lamprey did not overlap in size and
we expected their use of the estuary to differ, we ana-

lyzed smaller juveniles and larger adults separately as

different age classes. In contrast, one continuous size

distribution was observed for western river lamprey,

which were treated as a single age class. This latter

group likely included individuals that were moving
downstream (juveniles) and upstream (adults), but

there was no clear break in the size distribution to

indicate where to differentiate between juveniles and
adults.

To determine variation in the presence of western

river lamprey and juvenile and adult Pacific lamprey
in the estuary, we first estimated frequency of occur-

rence (FO) for each species and age class for each

year as the total number of cruises in which at least

one lamprey was caught, divided by the total number
of cruises conducted each year with each gear type,

expressed as a percentage. For CREDDP data, each

month of sampling was treated as a cruise, and, for

EPS data, as described previously, each sampling trip

was considered a cruise.

To document seasonal abundance, we calculated

mean monthly density (individuals/ 10,000 m2
) as the

number of lamprey of each species, and of age class

for Pacific lamprey, caught each month by each study

or gear type, divided by effort and averaged across all

years. Effort was calculated as the number of sets con-

ducted each month multiplied by the area swept during

each set by gear type. Because we wanted to include

lampreys caught during nonquantitative tows of the

EPS study (/i=14) in our density estimates, we needed

to estimate the area covered during tows. We did so by

calculating the ratio of the number of all fish caught in

tows to the number of all fish caught in quantitative

round hauls made immediately before or after the tow.

For tows in which at least one lamprey was caught,

this ratio averaged 3.1; therefore, tows were estimated

to encompass 5927 m2 (3.1x1912 m2
), when using the

longer EPS purse seine. Estimates of density should be

interpreted with caution, however, because all density

estimates were based on the assumption that lampreys

of both species and age classes are equally vulnerable

to all net types—an assumption that is unlikely to be
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true. Therefore, we viewed densities as indicators of

relative abundance, rather than of absolute abundance
and did not quantitatively compare densities between
studies or gear types.

Because the CREDDP sampling sites were distrib-

uted throughout the estuary, we used station-specific

catch data to calculate the mean location (rkm) for

each species and age class of lamprey. Differences be-

tween groups were evaluated by using Kruskal-Wallis

(KW) one-way analysis of variance (ANOVA) on ranks,

followed by a Bonferroni multiple comparison test if

significant differences were detected (Zar, 1984).

Finally, we wanted to determine whether the size

of western river lamprey differed by study or gear

type, in part because such variation in size may in-

dicate differences in life history or gear selectivity.

However, because the length of western river lamprey

increased over the sampling season, we used analysis

of covariance (ANCOVA) for these comparisons, with

ordinal date as a covariate (Sokal and Rohlf, 1995).

We tested whether the mean size and change in size

over time (i.e., slope) of western river lamprey var-

ied between the CREDDP and EPS studies and be-

tween gear types (purse seine versus trawl) for the

CREDDP. This analysis produced adjusted means for

each group (study or gear type), which were adjusted

for the effect of the covariate (ordinal date) for that

group by using linear regression procedures (Sokal

and Rohlf, 1995).

Prey selectivity by lampreys Our analysis of fishes with

lamprey wounds was designed to determine 1) the

frequency of wounded fish of each species overall, 2)

whether there was a seasonal pattern to the presence

of wounded fishes, and 3) whether lampreys appeared

to be selecting fishes of a particular size. We also exam-
ined the frequency with which lampreys were caught

together with wounded prey as an additional measure
of the seasonality of lamprey predation.

We examined the frequency of lamprey wounds by

comparing the abundance of a particular fish species

with and without wounds at annual and seasonal time

scales. For annual estimates, we first determined the

number of cruises in which fish with lamprey wounds
were observed and divided that number by the num-
ber of cruises in which fish of that species were caught

(with or without wounds) each year. We also calculated

the percentage of fish with and without wounds caught

during each cruise for each species and averaged the

values over cruises in which at least one wounded fish

was observed. This estimate was based on total catch-

es of 21,484 surf smelt (Hypomesus pretiosus), 19,816

American shad (Alosa sapidissima ), 7422 Pacific her-

ring (Clupea pallasii), 4380 subyearling Chinook salm-

on, 2696 shiner perch (Cymatogaster aggregatet), 1231

steelhead (O. mykiss), 681 longfin smelt (Spirinchus

thaleichthys ), and 106 sockeye salmon (O. nerka). To

explore seasonality in lamprey wounds on the most
frequently wounded species, we calculated the number
of fish of a given species with wounds divided by the

total number of fish of that species caught within each

2-week period of each year (1 April-15 October), and
then we averaged the values across years.

To determine whether there was size selectivity in

host choice by lampreys, we compared the size of fish

(of a particular species) with lamprey wounds with the

size of fish (of the same species) without wounds from

the same cruise using a Mann-Whitney test of medi-

ans (MW; Zar, 1984). Low numbers of wounded fish of

a particular species from a single cruise, however, re-

sulted in low statistical power. Because the size of most
fishes increased over the course of the summer, we also

we used a nonparametric Friedman test (an ANOVA
analog) to test for size differences between fish with

and without wounds; cruise was treated as a block (So-

kal and Rohlf, 1995). We used probabilities of a<0.05 as

the significance level for both tests. We also examined
the overlap between catches of lampreys and wounded
fishes both by haul and by cruise.

Results

Lampreys in the Columbia River estuary

During the 18-month-long CREDDP, 42 western river

lamprey and 42 Pacific lamprey (35 juveniles and 7

adults) were caught. During the EPS study, 44 west-

ern river lamprey and 4 Pacific lamprey (2 juveniles

and 2 adults) were caught over 10 years (Table 1). One
lamprey ammocoete (of an unidentified species) was
caught during the CREDDP.

The frequency of occurrence (FO) of lampreys in the

Columbia River estuary varied in both studies by spe-

cies, age class, and year and in CREDDP, by gear type

(Table 1). Within the EPS study, FO reflected the in-

frequent catch of Pacific lamprey (mean FO: 2.1%) and
the frequent and relatively consistent catch of western

river lamprey (mean FO: 24.4%). Although no west-

ern river lamprey were encountered during 2001 and
2002, at least one western river lamprey was caught

during nearly one-third of all cruises conducted dur-

ing 2003-2012 (mean FO: 29.8%). During the CREDDP,
catch of the different species and age classes varied by
gear type and to a lesser extent by year (Table 1). The
FO for Pacific lamprey juveniles was much higher in

trawls (mean FO: 42.4%) than in purse seines (mean
FO: 9.1%), higher for Pacific lamprey adults in purse

seines (mean FO: 22.0%) than for adults in trawls

(mean FO: 4.6%), and relatively high for western river

lamprey in both purse seines (mean FO: 35.6%) and
trawls (mean FO: 60.6%) (Table 1).

The density of western river and Pacific lamprey
juveniles and adults exhibited clear seasonal patterns

that were consistent across 3 data sets: the data set

from EPS (purse seine) study and 2 subsets of data

from CREDDP (trawl and purse seine) study (Fig 2).

Adult Pacific lamprey had the highest densities during

January-March and lower densities during April-May,

and no adults were caught during June-December. Ju-
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Figure 2

Mean monthly densities (individuals/10,000 m2
) of

Pacific lamprey (Entosphenus tridentatus) (A) adults

and (B) juveniles and (C) western river lamprey
(.Lampetra ayresii ) by study and gear type in the

lower Columbia River estuary. The Columbia River

Estuary Data Development Program (CREDDP) was
conducted during 1980-1981, and the Estuary Purse

Seine (EPS) study sampled during 2001-2012. Error

bars indicate 1 standard deviation.

venile Pacific lamprey showed the highest densities in

December and lower densities during January-March;
a few individuals were captured in June. High densi-

ties of juveniles documented in December 1980 were
spread across 8 stations sampled over 5 days, indicat-

ing a large continuous surge ofjuveniles in the estuary

rather than a single, isolated concentration of individu-

als. Lastly, western river lamprey were present in the

estuary over 6 months (April-September) in data sets

from both studies, but there was a slightly earlier den-

sity peak in the EPS study (June) than in the CREDDP
study (August or September; Fig. 2). A single western

river lamprey was also caught by the CREDDP trawl

in January, but no parallel catches were observed in

the CREDDP purse seine.

The spatial distribution of both western river and
Pacific lampreys within the Columbia River estuary

was evaluated with data from the many CREDDP sta-

tions (Fig. 1). Abundances of Pacific lamprey juveniles

and adults were centered at rkm 21.8 and 31.8, re-

spectively, and the average location for western river

lamprey was rkm 20.0. The difference in mean location

between western river and adult Pacific lampreys was
statistically significant (MW: H-7.9, P<0.05), but the

difference between Pacific lamprey juveniles and the

other groups (Pacific lamprey adults and western riv-

er lamprey) was not (MW: H<1.1, P>0.1). All 3 groups

were widely distributed throughout the estuary, but

neither species was recorded at the most downsteam
(rkm 3.8) or upstream (rkm 58.2) trawl and purse seine

sites (Fig. 1).

The mean lengths of lampreys caught in the Colum-
bia River estuary across both studies were 132.8 mm
TL (range: 102-157 mm TL) and 596.0 mm TL (range:

401-745 mm TL) for juvenile and adult Pacific lam-

prey, respectively, and 198.1 mm TL (range: 102-324

mm TL) for western river lamprey. Length and weight

data from the CREDDP showed the same patterns: Pa-

cific lamprey juveniles, on average, were 132.8 mm TL
and weighed 3.6 g; mean values for adults were 605.2

mm TL and 460.2 g and for western river lamprey were

211.7 mm TL and 19.2 g.

The size ofwestern river lamprey differed by study and
gear type. Western river lamprey caught in the CREDDP
(regardless of gear) were longer (adjusted mean: 206.3

mm TL; ra=41) and increased over time at a steeper rate

(0.84 mm/d) than those caught during the EPS study

(adjusted mean: 189.5 mm TL; slope=0.27 mm/d; n-42;
ANCOVA: F>3,8, P<0.G5). Within the CREDDP, west-

ern river lamprey caught with trawls (adjusted mean:
189.7 mm TL; re=18) were significantly smaller than

were those caught with purse seines (adjusted, mean:

224.0; ANCOVA test of means: P--6.4, P<0.05). It is not

clear whether these size differences between studies and
gear types reflect differences in size selectivity of gears,

size differences between individuals occupying different

parts of the water column, or differences in the lamprey

population over time.

Fishes with lamprey wounds

We observed lamprey wounds on 142 individual fishes

representing 8 species (Table 2, Fig. 3). The highest ab-

solute number of wounded fish by species occurred in

non-native American shad (71 wounded fish), followed

by subyearling Chinook salmon (33), shiner perch (25),

and Pacific herring (8). Other species with wounds in-

cluded juvenile steelhead (2), juvenile sockeye salmon

(1), surf smelt (1), and longfin smelt (1) (Table 2). The

frequency of lamprey wounds by cruise was highest for

shiner perch; wounded individuals were observed in

41% of all cruises in which at least one shiner perch
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Table 2

Number of fishes observed with lamprey wounds, by species, in the lower Columbia River estuary

during the Estuary Purse Seine study during 2008-2012 or 2006-2012 (Chinook salmon only). Also

provided are the mean percentages of fish of each species with wounds and, for each species, the per-

centage of cruises in which at least one wounded fish was observed.

Common name Scientific name

Number of

fish with

wounds

Mean percentage

of fish with

wounds

Percentage of

cruises with

wounded fish

American shad Alosa sapidissima 71 0.27 40.0

Chinook salmon Oncorhynchus tshawytscha 33 0.84 37.3

Shiner perch Cymatogaster aggregata 25 5.05 40.7

Pacific herring Clupea pallasii 8 0.07 9.8

Steelhead Oncorhynchus mykiss 2 0.19 7.1

Longfin smelt Spirinchus thaleichthys 1 0.19 4.8

Sockeye salmon Oncorhynchus nerka 1 0.42 6.7

Surf smelt Hypomesus pretiosus 1 0.02 2.2

was caught (11 of 27 cruises), followed by American
shad (40%; 16 of 40 cruises), subyearling Chinook
salmon (37%; 19 of 51 cruises), and Pacific herring

(10%, 4 of 41 cruises) (Table 2). When the number of

fish of a particular species with lamprey wounds were

compared with the total number of individuals of that

species caught by cruise, the species with the highest

average percentage of fish with lamprey wounds, by

cruise, was shiner perch (5.1%), followed by Chinook
salmon (0.8%), sockeye salmon (0.4%), and American
shad (0.3%) (Table 2). Wounded fishes and western riv-

er lamprey were both caught during 11 cruises (but not

necessarily in the same haul) and were caught together

in the same haul 5 times, including one western river

lamprey (144 mm TL) that was observed attached to an

American shad (127 mm FL) when a net was retrieved.

There were clear seasonal trends in the frequency of

fishes observed with lamprey wounds (Fig. 4). Three of

4 fish species that were frequently wounded (American

shad, Pacific herring, and shiner perch) displayed the

highest rates of lamprey wounds in mid-summer. In

contrast, wound rates for subyearling Chinook salmon

were highest in September and October, because sever-

al wounded individuals were observed during time pe-

riods when relatively few Chinook salmon were caught.

The maximum wound rate for shiner perch (13.1% of

individuals caught over a 2-week period were wound-
ed) was much higher than maximum rates observed for

other fishes (<2.3%).

Comparisons of the size of fishes with and without

wounds indicated apparent size selectivity for small

American shad but not for other common hosts (Fig.

5). American shad with lamprey wounds (mean: 113.4

mm FL; n=68) were smaller than those without wounds
(143.2 mm FL; n=2784) when all cruises were consid-

ered together (Friedman: Q=14.0, P<0.05). Wounded
American shad were also smaller than unwounded
shad when each cruise was evaluated independently,

although these differences were statistically signifi-

cant at P<0.10 in only 6 of 15 cruises (KW: Z>1.7) as

a result of low statistical power. In contrast, there was
no statistical difference in size between wounded and
unwounded subyearling Chinook salmon (mean size of

wounded: 110.9 mm FL, n=33; mean size of unwound-
ed: 105.1 mm FL, n=2419), Pacific herring (mean size of

wounded: 115.1 mm FL, n=8; mean size of unwounded:
108.0 mm FL, n=578), or shiner perch (mean size of

wounded: 95.9 mm FL, n=24; mean size of unwounded:
96.8 mm FL, rc=660) (KW: Z<1.5, jP>0.10; Friedman:

Q<1.0, P>0.10; Fig. 5). It was notable that the largest

individuals of commonly wounded species did not have

wounds: this observation was most pronounced for

American shad >190 mm FL, but it was also observed

in Chinook salmon >168 mm FL, and Pacific herring

>140 mm FL (Fig. 5).

Discussion

Lamprey in the Columbia River estuary

In two studies separated by 20 years both western riv-

er and Pacific lampreys were caught in the Columbia
River estuary at similar locations, depths, and seasons.

Pacific lamprey adults had the highest densities in

January and February but were present through May
(Fig. 2), presumably as they moved upstream through

the estuary during prespawning migration (Moser et

ah, 2015). Pacific lamprey juveniles were most abun-

dant in December but were present through June, like-

ly corresponding with outmigration from riverine rear-

ing areas (Beamish, 1980). Western river lamprey were
caught in the estuary from April through September
(Fig. 2)—a result that is consistent with the concept

that this species resides and feeds in estuarine habi-

tats (Beamish, 1980; Bond et al., 1983). Individuals of
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Figure 3

Examples of lamprey wounds observed on (A) American shad (Alosa sapidissima ),

(B) Chinook salmon (Oncorhynchus tshawytscha), (C) shiner perch (Cymatogaster
aggregata), and (D) Pacific herring (Clupea pallasii) caught in the lower Columbia
River estuary during 2008-2012. The western river lamprey (Lampeira ayresii) in

panel A was observed attached to the American shad.

both species were found throughout the estuary (rkm
5-53) (Fig. 1).

The winter-early spring timing of the occurrence

of Pacific lamprey adults observed in our analysis is

earlier than the timing previously reported for adults

in the Columbia River and other rivers, although lim-

ited winter sampling makes comparisons problematic.

In the Columbia River estuary, adult Pacific lamprey
were observed during April-May by Dawley et al. 4

,
but

4 Dawley, E. M., R. Ledgerwood, and A. L. Jensen. 1985.

Dawley et al. were not sampled during winter or early

spring. Adults have been counted crossing Bonneville

Dam (rkm 235) between early May and late Septem-
ber, and the highest counts were recorded in July (Fish

Passage Center [FPC] query page for dam counts of

Beach and purse seine sampling of juvenile salmonids in the

Columbia River estuary and ocean plume, 1977-1983: Vol-

ume I: Procedures, sampling effort, and catch data. Final

Report of Research funded by Bonneville Power Administra-
tion. [Available from Northwest Fish. Sci. Cent., Natl. Mar.

Fish. Serv., 2725 Montlake Blvd. E., Seattle, WA 98112-2097.]
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Mean percentage of fish observed with lamprey wounds by 2-week time pe-

riods during 2008-2012 for American shad (Alosa sapidissima), shiner perch

(Cymatogaster aggregata), and Pacific herring (Clupea pallasii) and during

2006-2012 for Chinook salmon (Oncorhynchus tshawytscha ) in the lower Co-

lumbia River estuary. Note that the axis for shiner perch is on the right side.

adult salmon, http://www.fpc.org/adultsalmon/adultque-

ries/adult_table_submit.html, accessed August 2013),

indicating that it may take 2-5 months for adults to

migrate from the estuary to the dam. In British Co-

lumbia, it appears that adult Pacific lamprey re-enter

freshwater typically between April and September, later

than they do in the Columbia River estuary (Beamish,

1980; Beamish and Levings, 1991). In California, adult

Pacific lamprey move upstream between early March
and late June, although earlier (December and Janu-

ary) and later (July-November) migration timing has

also been reported (Chase, 2001; Moyle, 2002; Moyle et

al., 2009). Although available data are geographically

limited and are often based on 1 or 2 years of study

(including our study), there appears to be considerable

regional or annual variation in the timing of movement
of adult Pacific lamprey from marine to freshwater

habitats.

In contrast to the variation among studies in tim-

ing of adult migrations, our estimate of migration

timing for juvenile Pacific lamprey during winter-

spring (Fig. 2) is consistent with observations from

other studies; timing of this downstream migration is

thought to be driven by river discharge (Beamish and
Levings, 1991; van de Wetering, 1998; Moyle, 2002).

Kostow 1 reported outmigration of Pacific lamprey (of-

ten mixtures of ammocoetes and juveniles) during

fall, winter, and spring at locations throughout the

Columbia River basin. Counts of “juvenile lamprey”

(species were not identified) made at Bonneville Dam

show an abrupt increase in mid-

April, soon after sampling com-

mences in the spring (FPC smolt

data query page, http://www.fpc.

org/smolt/SMP_queries.html, ac-

cessed August 2013). Hayes et al.

(2013) indicated that, in Puget
Sound, downstream migration

of Pacific lamprey juveniles oc-

curs during fall or winter, on

the basis of the absence of that

life stage in salmon smolt traps,

which typically only operate dur-

ing spring and summer. More-
over, in Tenmile Creek on the

Oregon coast, van de Wetering
(1998) observed peak downstream
migration of juvenile Pacific lam-

prey during November and De-

cember, slightly earlier than the

timing observed in our analysis

for the Columbia River estuary

but consistent with the patterns

described by Kan (1975) for large

versus small rivers. Similar win-

ter-spring timing of ocean entry

has been reported for juvenile

Pacific lamprey in California

(Moyle, 2002) and a slightly later

timing (through mid-summer) in

British Columbia (Beamish 1980; Beamish and Lev-

ings, 1991).

The presence of western river lamprey in the Co-

lumbia River estuary from spring through fall (Fig. 2)

is also similar to timing reported in other studies. Bond
et al. (1983) reported western river lamprey in the Co-

lumbia River estuary, in Yaquina Bay on the Oregon

coast, and nearby in marine waters from May through

September. Hayes et al. (2013) stated that western river

lamprey juveniles were common in downstream salmon

smolt traps in Puget Sound in all months of operation

(February-August), and the highest abundances oc-

curred during June-August. For western river lamprey

populations in Canada, Beamish (1980) reported the

highest abundances in the Fraser River estuary in late

May and in the Fraser River plume from early May
through early July.

Upstream migration of adult western river lamprey

is reported to occur from September through late win-

ter in both the Fraser and Columbia rivers (Beamish,

1980; Bond et al., 1983). Our observation of an abrupt

absence of western river lamprey in the Columbia Riv-

er estuary beginning in October (Fig. 2) is consistent

with this timing. However, neither the locations where

western river lamprey go to spawn once they leave the

estuary nor the total abundance of this species in the

Columbia River (or other coastal rivers) are known
(Kostowl; Mesa and Copeland, 2009). This information

is especially needed to avoid misidentification of early

life stages of lampreys in the field (Mesa and Copeland,
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Figure 5

Comparison of the size frequency of (A) American shad (Alosa sapidissima), (B) Chinook salmon

(Oncorhynchus tshawytscha), (C) shiner perch (Cymatogaster aggregata), and (D) Pacific herring

(Clupea pallasii), with and without lamprey wounds. These fishes were collected in the lower Co-

lumbia River estuary during 2008-2012 or 2006-2012 (Chinook salmon only).

2009), given the often incorrect assumption that all ju-

venile lampreys are Pacific lamprey (Kostow 1
;
Mesa

and Copeland, 2009) and the difficulties of identifying

small ammocoetes to species (Goodman et al., 2009).

The catch of each lamprey group (western river lam-

prey and Pacific lamprey juveniles and adults) in the

CREDDP study was different with gear type, and the

variation between groups due to gear type was mir-

rored by purse seine catches in the EPS study. In the

CREDDP, catches of adult Pacific lamprey were more
frequent in purse seines than in trawls, Pacific lam-

prey juveniles were caught more often in trawls than

in purse seines, and catch of western river lamprey
was fairly even between the 2 gear types (Table 1, Fig.

2). Accordingly, the near absence of Pacific lamprey in

the EPS study was more likely due to a lack of sam-
pling in winter and early spring, when the species was
most abundant, and to an exclusive use of purse seines,

which caught few juveniles, than due to low densities.

These gear-specific differences likely reflect the loca-

tion of lampreys (or their hosts) in the water column.

Higher catches of Pacific lamprey juveniles in bottom

trawls, compared with catches in purse seines, indicate

that this species is demersal (or attached to demersal

hosts), in contrast to Pacific lamprey adults and west-

ern river lamprey (or their hosts), which were read-

ily caught by pelagic purse seines. In addition, several

studies also have shown that catches of lampreys in-

crease with water depth (e.g., Dawley et al.4
,
Beamish

and Youson, 1987). This habitat preference may be

responsible for the absence of lampreys during 2001-

2002 in the EPS study, when depth at sampling sites

was shallower than depths at sites during 2003-2012,

and for low catches (4 individuals) in shallow fyke nets

and beach seines during the CREDDP study. Whether
lampreys are attached to hosts or free swimming at

these life history stages and how these behaviors vary

geographically within and between estuaries must be

determined to understand lamprey habitat use and re-

quirements in estuaries.

The average sizes that we report for Pacific lam-

prey adults (596 mm TL) and juveniles (133 mm TL)
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Table 3

Comparison of the total lengths of Pacific lamprey (Entosphenus tridentatus) adults and juveniles and
western river lamprey (Lampetra ayresii) reported in the literature and observed in our analysis of data

sets from studies in the lower Columbia River estuary during 1980-1981 and 2001-2012. -=no data

were available.

Species and location

Mean length

(mm)
Range
(mm) Source

Pacific lamprey adults

Columbia River estuary 596 401-745 This analysis

Columbia River, John Day River - 610-725 Bayer et al. 1

British Columbia rivers 190-640 130-720 Beamish, 1980

Fraser River, British Columbia 337 273-453 Beamish and Levings, 1991

Puget Sound rivers 227 194-274 Hayes et al., 2013

Oregon & N. California 516 393-620 Kan, 1975

California rivers - 300-760 Moyle, 2002

Santa Clara River 593-610 485-800 Chase, 2001

Pacific lamprey juveniles

Columbia River estuary 133 102-157 This analysis

British Columbia rivers 120-140 47-160 Beamish, 1980

Fraser River, British Columbia 106-140 - Beamish and Levings, 1991

Skeena River, British Columbia - 115-155 Farlinger and Beamish, 1984

Puget Sound rivers 125 - Hayes et al., 2013

Tenmile Creek, Oregon - 130-140 van de Wetering, 1998

Oregon rivers 120 96-155 Kan, 1975

Western river lamprey

Columbia River estuary 198 102-324 This analysis

Columbia River estuary 158-268 115-310 Bond et al., 1983

Fraser River 114 40-190 Beamish, 1980

Strait of Georgia 227 100-290 Beamish, 1980

Puget Sound rivers 154 104-277 Hayes et al., 2013

Yaquina Bay, Oregon 179-218 133-255 Bond et al., 1983

California rivers - 250-310 Moyle, 2002

1 Bayer, J. M., T. C. Robinson, and J. G. Seelye. 2000. Upstream migration of Pacific lampreys in the

John Day River: behavior, timing, and habitat use, 46 p. Bonneville Power Administration Report DOE/
BP-26080-1. [Available from https://pisces.bpa.gov/release/documents/documentviewer.aspx?doc=26080-l]

.

and for western river lamprey (198 mm TL) are gen-

erally larger than the sizes reported for populations

from British Columbia to California (Table 3). However,

direct comparisons are challenging because of rapid

growth during some life history stages and declines

in size (shrinking) during others, along with variation

in distances of sampling locations from the ocean. Our
maximum measured lengths for adult Pacific (745 mm
TL) and western river lamprey (324 mm TL) were near

or larger than the maximum sizes reported by common
fish identification guides (e.g., Hart, 1973; Mecklenburg
et al., 2002; Wydoski and Whitney, 2003), indicating

that the Columbia River estuary may have unusually

large individuals of both species. Adult Pacific lamprey
in the Columbia River with longer migrations tend to

be larger than adults with shorter migrations (Kan,

1975; Keefer et al., 2009)—a relationship that has a

strong genetic basis (Hess et al., 2014). Consequently,

although the larger size of Pacific lamprey in the Co-

lumbia River than the size of Pacific lamprey in other

rivers may be explained by genetic adaptations to long

migrations, it remains unclear whether similar adap-

tations or other factors, such as older age at maturity,

are responsible for the large size of western river lam-

prey in the Columbia River estuary.

Fishes with lamprey wounds

We observed lamprey wounds on 8 species of fishes in

the Columbia River estuary. We believe the majority of

these wounds resulted from predation by western river

lamprey, rather than by Pacific lamprey, because of 1)

the seasonal overlap with western river lamprey and
apparent absence of juvenile Pacific lamprey during

summer, 2) wound locations on the dorsal surfaces of

fishes (versus ventral surfaces for predation by Pacific

lamprey; Beamish, 1980; Cochran, 1986; Clemens et al.,

2010), and 3) wounds that were elongated rather than

circular and did not completely penetrate the muscle

layer (Fig. 3; Beamish, 1980; Beamish and Neville,

1995; Murauskas et al., 2013). We observed no wounds
that we were confident were due to Pacific lamprey.
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Lamprey wounds have been previously reported on

several of the species we observed, including Pacific

herring and juvenile Chinook salmon (Beamish and
Neville, 1995; Orlov et al., 2009), and identifiable re-

mains of American shad, Pacific herring, and juvenile

salmon (tentatively identified as chum salmon [O. keta

\

and steelhead) were described from stomachs of west-

ern river lamprey (Bond et al., 1983). We provide the

first report of lamprey wounds on shiner perch, surf

smelt, and longfin smelt. However, we did not observe

lamprey wounds on species that are common lamprey
prey in the Strait of Georgia, including coho, yearling

Chinook, and chum salmon (Beamish and Neville,

1995), despite catching thousands of yearling Chinook

and coho salmon and hundreds of chum salmon each

spring (Weitkamp et al., 2012). Wound rates for com-

monly wounded species reported from the Fraser River

plume (10-21% of fish caught) (Beamish and Neville,

1995) are much higher than the rates we observed

(Table 2). It is not known whether differences in host

species and wound rates between the Columbia and
Fraser River estuaries are due to differences in physi-

cal habitats, lamprey behavior or population sizes, fish

assemblage composition, or other differences between
the 2 estuarine systems.

We suspect that the hosts we observed were vul-

nerable to lamprey attacks because of both their size

and habitat selection. Commonly wounded fishes were
relatively large and had high temporal overlap with

western river lamprey in the estuary. In contrast, small

(<90 mm FL, 5 g) yet abundant juvenile surf smelt,

chum salmon, and threespine stickleback (Gasterosteus

aculeatus ) were not observed with wounds, likely be-

cause they were too small to serve as hosts for western

river lamprey. The absence of wounds on most juvenile

coho salmon, yearling Chinook salmon, and steelhead

despite their relatively large size (>130 mm FL, 20 g)

may be a result of rapid movement through the Co-

lumbia River estuary (Welch et al., 2008; Harnish et

al., 2012) that provided limited opportunity for pre-

dation. Lack of lamprey wounds on larger American
shad or extremely abundant northern anchovy (En-

graulis mordax) may also reflect limited opportunity:

large shad may have just re-entered freshwater and
were moving rapidly upstream (Hammann, 1981), and
northern anchovy are a marine species that typically

enter the estuary only during high tides (Weitkamp et

al., 2012).

Murauskas et al. (2013) argued that the abundance
of adult Pacific lamprey in the Columbia River is at

least partially controlled by the abundance of their

hosts during their parasitic phase in marine environ-

ments. If this idea applies equally to western river

lamprey in the Columbia River estuary, we expect that

their population should be relatively healthy because

of the abundance of potential prey in the estuary. In

particular, it has been suggested that forage fishes in

the estuary have greatly increased in abundance since

the late 1970s as a result of alternations in river flow

from main stem dams (Weitkamp et al., 2012).

Furthermore, the population of nonindigenous
American shad—the species most commonly observed

with lamprey wounds—has numbered in the millions of

fish in the Columbia River in recent years (Hasselman
et al., 2012a). Although there are concerns about po-

tentially negative ecological impacts to native species

from abundant American shad in the Columbia River

(Hasselman et al., 2012b), our data indicate that high

American shad abundance may be beneficial to western

river lamprey by providing a plentiful and ideal-size

resident host. American shad may also shield native

species from potentially lethal predation by western

river lamprey. The recent catch of several western river

lamprey and an American shad with lamprey wounds
in the Yaquina River estuary (Cornwell5

) suggests that

these benefits are not restricted to the Columbia River

but may be occurring in other coastal estuaries where
both species are present. Clearly, many aspects of lam-

prey-host relationships are poorly understood and de-

serve further investigation.

Finally, our analysis of lampreys in the Columbia
River estuary, although far from comprehensive, be-

gins to fill a critical information gap about lampreys in

estuaries in general and in the Columbia River estu-

ary in particular (Mesa and Copeland, 2009). As with

other lamprey studies (e.g., Hayes et al., 2013), we re-

lied on data from research projects where—although

lampreys were caught and recorded—lampreys were
not specifically the focus of the study. In addition, in

the CREDDP, lampreys and other fishes were sampled

only during fall and winter of a single year; therefore

we were unable to estimate interannual variability

in the timing of winter migrations of Pacific lamprey.

Dedicated, multiyear, lamprey-centric studies with ap-

propriate gear and sampling schedules would obviously

be much more effective for collecting lamprey biological

and ecological data (Moser and Close, 2003). Despite its

limitations, however, our analysis provides important

information about lampreys during a life stage about

which very little is known in the Columbia River estu-

ary, and it adds to a growing body of knowledge that

is essential to support the continued existence of these

ancient species.
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authorship. A list of abbreviations for citing journal

names can be found at http://oliver.ross.p.luminy.univ-

amu.fr/journal_abbrevs/abbreva.htm

.

Authors are responsible for the accuracy and com-

pleteness of all citations. Literature citation format:

Author (last name, followed by first-name initials). Year.

Title of article. Abbreviated title of the journal in which

it was published. Always include number of pages. If

there is a sequence of citations in the text, list chrono-

logically: (Smith, 1932: Green. 1947; Smith and Jones,

1985).

Digital object identifier (doi) code ensures that a

publication has a permanent location online. Doi code

should be included at the end of citations of published

literature. Cite all software and special equipment or

chemical solutions used in the study within parenthe-

ses in the text (e.g., SAS, vers. 6.03, SAS Inst., Inc.,

Cary, NC).

Footnotes are used for all documents that have not

been formally peer reviewed and for observations and
communications. These types of references should he

cited sparingly in manuscripts submitted to the journal.

All reference documents, administrative reports, inter-

nal reports, progress reports, project reports, contract

reports, personal observations, personal communica-
tions, unpublished data, manuscripts in review, and
council meeting notes are footnoted in 9 pt font and
placed at the bottom of the page on which they are first

cited. Footnote format is the same as that for formal

literature citations. A link to the online source (e.g.,

[http://www/
,
accessed July 2007.]), or the mail-

ing address of the agency or department holding the

document, should be provided so that readers may ob-

tain a copy of the document.

Tables are often overused in scientific papers; it is

seldom necessary or even desirable to present all the

data associated with a study. Tables should not be ex-
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text. Graphics should aid in the comprehension of the
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beled with the number of the figure. Place labels A, B,
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• Notate probability with a capital, italic P.

• Provide a zero before all decimal points for values

less than one (e.g., 0.07).

• Capitalize the first letter of the first word in all la-

bels within figures.

• Do not use overly large font sizes in maps and for

units of measurements along axes in figures.

• Do not use bold fonts or bold lines in figures.

• Do not place outline rules around graphs.

• Use a comma in numbers of five digits or more (e.g.,
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• Place a North arrow and label degrees latitude and
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maps and graphs.
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and failure to correspond with editors

in a timely manner will delay

publication of a manuscript.

Copyright law does not apply to Fishery Bulletin,

which falls within the public domain. However, if an
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author reproduces any part of an article from Fishery

Bulletin in his or her work, reference to source is con-

sidered correct form (e.g., Source: Fish. Bull. 97:105).

Submission

Submit manuscript online at https://mc.manuscriptcentral.

com/fisherybulletin. Commerce Department authors

should submit papers under a completed NOAA Form
25-700. For further details on electronic submission,

please contact the Associate Editor, Kathryn Dennis, at

kathryn.dennis@noaa.gov

When requested, the text and tables should be submit-

ted in Word format. Figures should be sent as PDF files

(preferred), Windows metafiles, TIFF files, or EPS files.

Send a copy of figures in the original software if con-

version to any of these formats yields a degraded ver-

sion of the figure

Questions? If you have questions regarding these

guidelines, please contact the Managing Editor, Sharyn
Matriotti, at

sharyn.matriotti@noaa.gov

Questions regarding manuscripts under review should

be addressed to Kathryn Dennis, Associate Editor.
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