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Abstract—From 2001 to 2006, 71

pop-up satellite archival tags (PSATs)

were deployed on five species of

pelagic shark (blue shark [Prionace

glauca]; shortfin mako [Isurus oxy-

rinchus]; silky shark [Carcharhinus

falciformis]; oceanic whitetip shark

[C. longimanus]; and bigeye thresher

[Alopias superciliosus ]) in the central

Pacific Ocean to determine species-

specific movement patterns and sur-

vival rates after release from longline

fishing gear. Only a single postrelease

mortality could be unequivocally doc-

umented: a male blue shark which

succumbed seven days after release.

Meta-analysis of published reports

and the current study (n=78 reporting

PSATs) indicated that the summary
effect of postrelease mortality for blue

sharks was 15% (95% Cl, 8.5-25.1%)

and suggested that catch-and-release

in longline fisheries can be a viable

management tool to protect paren-

tal biomass in shark populations.

Pelagic sharks displayed species-spe-

cific depth and temperature ranges,

although with significant individual

temporal and spatial variability in

vertical movement patterns, which
were also punctuated by stochastic

events (e.g., El Nino-Southern Oscil-

lation). Pelagic species can be sepa-

rated into three broad groups based

on daytime temperature preferences

by using the unweighted pair-group

method with arithmetic averaging

clustering on a Kolmogorov- Smirnov
Dmax distance matrix: 1) epipelagic

species (silky and oceanic whitetip

sharks), which spent >95% of their

time at temperatures within 2°C of

sea surface temperature; 2) meso-
pelagic-I species (blue sharks and
shortfin makos, which spent 95% of

their time at temperatures from 9.7°

to 26.9°C and from 9.4° to 25. CPC,

respectively; and 3) mesopelagic-II

species (bigeye threshers), which
spent 95% of their time at tempera-

tures from 6.7° to 21.2°C. Distinct

thermal niche partitioning based on

body size and latitude was also evi-

dent within epipelagic species.

Manuscript submitted 11 January 2011.

Manuscript accepted 16 May 2011.
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The views and opinions expressed
or implied in this article are those of the

author (or authors) and do not necessarily
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Although there is considerable dis-

agreement and uncertainty about the

current state of pelagic fish popula-

tions (Burgess et al., 2005; Hampton
et al., 2005; Sibert et al., 2006), there

is general agreement that large apex

predators, particularly sharks, are

at greatest risk of overfishing (Baum
et al., 2003; Baum and Myers, 2004;

Camhi, 2008). Possessing life-history

characteristics (e.g., slow growth, long

gestation, late maturity) that evolved

in the absence of industrial fishing,

pelagic shark species are susceptible

to overfishing, and declining trends in

some populations need to be reversed

for parental biomass to rebuild stocks

(Camhi, 2008; Chang and Liu, 2009;

Dulvey et al., 2008). With food web
models, Schindler et al. (2002) pre-

dicted that continued mortality of blue

shark (Prionace glauca) in longline

fisheries in the central Pacific could

adversely affect their populations

and the role of this species as apex

predators. Moreover, commercial and
recreational fishing activities gener-

ally remove the largest animals (i.e.,

parental biomass) and heavy selec-

tion pressure over several decades can

potentially cause evolutionary effects

(e.g., heritable changes in life-history

traits such as body size, growth,
age-at-maturity, and fecundity; Law,

2000; DiBattista et al., 2009; Genner
et al., 2009).

Large pelagic sharks, particularly

blue sharks, which form a large part

of the international shark fin trade

(Clarke et al., 2006), are generally

not targeted but are by far the ma-
jority of the bycatch in pelagic gill

nets and longline fisheries targeting

swordfish (Xiphias gladius) (Camhi,

2008; Mandelman et al., 2008; Na-
kano and Stevens, 2008). Effective

strategies to mitigate shark bycatch

requires knowledge of species-specif-

ic horizontal and, more importantly,

vertical movement patterns (e.g., Wat-
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son et al., 2009). Knowledge of these vertical move-
ment patterns may allow fishing crews to target the

opportunity of mismatch between hook depth and the

sharks’ vertical distributions and thus possibly mini-

mize bycatch (Beverly et al., 2009). For effective man-
agement measures to be implemented, it is also benefi-

cial to have accurate estimates of both at-vessel and
postrelease mortality rates (Carruthers et al., 2009).

These data are necessary for estimating total fishery-

induced mortality and for improving stock assessments

(Kitchell et al., 2004). Mitigation strategies could then

be given special consideration for species with high
rates of postrelease mortality (Carruthers et al., 2009).

Information on postrelease mortality in blue sharks

(Carey and Scharold, 1990; Weng et al., 2005; Moyes
et al., 2006; Campana et al., 2009a; Queiroz et al.,

2010; Stevens et al., 2010), bigeye threshers (Alopias

superciliosus ) (Nakano et al., 2003; Weng and Block,

2004), shortfin makos (Isurus oxyrinchus

)

(Holts and
Bedford, 1993; Klimley et al., 2002; Sepulveda et al.,

2004; Loefer et al., 2005), and common thresher sharks

(A. vulpinus) (Heberer et al., 2010) is available from
studies with acoustic tracking and pop-up satellite ar-

chival tags (PSATs). In two studies (Moyes et al., 2006;

Campana et al., 2009a), the investigation of postrelease

mortality of blue sharks released from longline fishing

gear was the primary goal, but mortality rates may
have been confounded by specific aspects of fishing

practices (Musyl et al., 2009). Hook type, time spent

hooked on the line, fight time, leader material, fish

size, and handling and discard practices can influence

the at-vessel and postrelease mortality of pelagic shark

species (e.g., Diaz and Serafy, 2005; Moyes et al., 2006;

Campana et al. 2009a; Carruthers et al., 2009; Heberer

et al. 2010; Hoey and Moore 1
).

Our goals were to measure postrelease mortality

rates and vertical movement patterns in the five most

commonly captured pelagic shark species in the Hawaii-

based commercial longline fishery: blue sharks, big-

eye threshers, oceanic whitetip sharks ( Carcharhinus

longimanus ), shortfin makos, and silky sharks (C. fal-

ciformis)( Walsh et al., 2009). All five species represent

a significant portion of the shark bycatch in global fish-

eries and their life history characteristics make popu-

lations vulnerable to fishing pressure (Cortes, 2000;

Camhi, 2008; Dulvy et al., 2008; Stevens, 2008; Chang
and Liu, 2009). Moreover, there is little or no informa-

tion about their postrelease survival, population ecology,

and movement patterns in the central Pacific Ocean. As
far as we know, there are no published reports on the

movements and postrelease mortality of silky sharks

and oceanic whitetip sharks, and several authors have

commented on the paucity of information on the biol-

1 Hoey, J. J., and N. Moore. 1999. Captain’s report: multi-

species catch characteristics for the U.S. Atlantic pelagic

longline fishery. National Fisheries Inst, report to NOAA,
National Marine Fisheries Service, Silver Spring, MD, 78 p.

[Available from http://www.sefsc.noaa.gov/seaturtlecontrac-

treports.jsp, accessed May 2011.]

ogy and ecology of these apex predators (Bonfil, 2008;

Bonfil, et al., 2008; Dulvy et al., 2008). Results from
this study extend the work presented in Moyes et al.

(2006) and are expected to be useful in the mitigation

of shark bycatch and mortality.

Materials and methods

Sharks were caught by pelagic longline fishing gear

(from March 2001 through November 2006) deployed

from the NOAA research vessels Townsend Cromwell
and Oscar Elton Sette and by using methods described

in Moyes et al. (2006). In brief, longline gear (-400-800

hooks per set) was deployed at night (usually immedi-
ately after dusk) and retrieved in the morning. Because

we used four to six hooks between floats; hook depths

were generally <100 m as determined by attached time-

temperature-depth recorders (Wildlife Computers, Red-

mond, WA).
Soak times ranged from 10 to 24 hours with an aver-

age of 15 hours, and before 2004, we employed 15/0 size

circle hooks, squid (Illex spp.) bait, and green chemical

light sticks attached to the monofilament nylon leader

-90 cm above each hook. However, because of regula-

tions introduced in 2004 to reduce sea turtle bycatch

in the Hawaii-based shallow-set (nighttime) commer-
cial longline fishery targeting swordfish (Gilman et al.,

2007; Walsh et al., 2009), we began using 16/0 and 18/0

circle hooks (no offset), and Pacific saury (sanma, Colo-

labis saira) as bait. In addition, to improve shark catch

rates by reducing bite-offs from monofilament leaders,

we added -25 cm of seven-strand braided stainless steel

cable immediately above the hook.

Sharks were hoisted aboard by a sling and restrained

by the crew as described in Moyes et al. (2006). Sharks

showing an absence of movements or reaction of the

nictitating membrane to light touching of the eye were

deemed dead and were not tagged (i.e., these samples

would bias the postrelease mortality estimate). Tagged
sharks were measured to the nearest centimeter for

total length (TL), and hooks were removed by cutting

them in half with bolt cutters unless they were too

deeply ingested, in which case, the leader line was cut

as close to the mouth of a shark as possible. PSATs
(model PTT-100, Microwave Telemetry, Columbia, MD)
were affixed to the dorsal fin by drilling a 10-15 mm di-

ameter hole near the base of the fin and threading sev-

en-strand braided stainless steel cable encased in soft

plastic tubing (which acted as the harness) through the

wound. Next, a second tether (made of -123-kg break-

ing strength fluorocarbon leader material) was used to

attach (with stainless steel crimps and thimbles) the

PSAT to the dorsal fin harness. The only exception was
applied to bigeye threshers, which were tagged in the

water by using a harpoon, and for these sharks the tag

head was affixed to the end of the tethers on the PSAT.

For these sharks, total lengths were visually estimated.

PSATs were programmed to acquire temperature and

pressure (depth) readings every 15-60 minutes and
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pop-up dates were set at 8-13 months after deployment

of the tags. Depth and temperature data were mea-

sured as 8-bit numbers, yielding a depth resolution of

~5.4 m and temperature resolution of ~0.17°C. Fail-safe

options were also programmed into the PSAT software

whereby stationary PSATs (i.e., those experiencing no

significant changes in pressure) or shed tags would
begin transmitting archived data to the ARGOS satel-

lite system after four days. In the event of mortality,

once the shark sank to -1200 m and remained there for

-15 minutes, the PSAT would separate from the shark,

float to the surface, and begin transmitting stored data

to ARGOS.
Daily (raw) geolocation estimates were calculated by

the manufacturer using ambient light-level irradiance

data during postprocessing of the satellite data with a

proprietary algorithm (Gunn and Block, 2001). From
the raw geolocations, most probable tracks (MPTs),

movement parameters, and associated error estimates

were calculated by a state-space Kalman filter algo-

rithm with position estimates refined with the use of

sea surface temperature (SST) (Nielsen et al., 2006).

Depth and temperature data were assigned to daytime

or nighttime according to times of local dusk and dawn
derived from longitude and latitude estimates (from the

MPTs) with the use of standard astronomical formulae

(Meeus, 1998).

Resampling techniques were used to construct 95%
parametric bootstrap confidence intervals (Cl*) (with

the assumption of a binomial distribution with 10,000

replicates) for postrelease mortality estimates and
PSAT reporting rates (Manly, 2007). Meta-analysis

was used to estimate a summary effect for postrelease

mortality in blue sharks from published studies (Weng
et al., 2005; Campana et al., 2009a; Stevens et al.,

2010) and the present report, by assuming that these

studies represent random samples of some population in

which the underlying (infinite-sample) effect sizes have

a distribution rather than a single value (i.e., random
effects model, Borenstein et al., 2009). The analysis was
conducted on the logit (log odds ratio) of the proportion

of blue sharks that ultimately died as identified from
PSATs across studies by using Comprehensive Meta
Analysis, vers. 2.2 (www.Meta-Analysis.com, accessed

November 2010). Postrelease mortality estimates and
95% confidence intervals were weighted by sample size

and the number of studies where heterogeneity was as-

sumed (i.e., with the random-effects model where each

study was assumed to have its own postrelease mortali-

ty rate and variance). The Q statistic, a measure of het-

erogeneity, was calculated to test whether postrelease

mortality estimates across studies were similar, and the

Z test was used to determine whether the postrelease

mortality estimate was significantly greater than zero

(Borenstein et al., 2009). If postrelease mortality is

consistent across studies, then the meta-analysis yields

a combined estimate that is more precise than any of

the separate estimates (Borenstein et al., 2009). For
presentation purposes, logits were converted back into

percentages.

Data provided by the PSATs were divided into six

data streams by parsing depth data into day depth

(DD), night depth (ND), and “all” depth (=both day and

night) (AD); and temperature data into day tempera-

ture (DT), night temperature (NT), and combined tem-

perature (AT). Nonparametric tests were used to exam-

ine variation by species with Kruskal-Wallis ANOVAs
(to compare equality of medians across individuals) for

each of the data streams where the test statistic (H
c

)

was adjusted for ties (Zar,1996) because data distri-

butions were not normally distributed (Lillifors tests,

PcO.Ol). For each species, multiple post-hoc pairwise

Mann-Whitney W-tests, with Bonferroni corrected P-

values to account for inflation of type-I error based

on multiple tests of the same hypothesis (MWBC),
were used to compare equality of medians within and
between individuals for each of the data streams (Zar,

1996). When only a single Mann-Whitney test could be

performed, Monte Carlo methods (10,000 random as-

signments) were used to obtain an empirical P-value

that approximated the exact P-value without reliance

on asymptotic distributional theory or exhaustive enu-

meration (Manly, 2007). The greatest vertical dis-

tance (Dmax ) between cumulative distribution functions

among tags from two-sample Kolmogorov-Smirnov
(KS) tests was formatted into distance matrices as

input for the unweighted pair-group method by using

arithmetic average (UPGMA) clustering (Sneath and
Sokal, 1973; Musyl et al., 2003). This procedure al-

lowed us to observe patterns of depth and temperature

preferences across pelagic species. Electronic tag data

from Pacific bigeye tuna (Thunnus obesus ) (Musyl et

al., 2003), swordfish, black marlin (Istiompax indica),

and blue marlin ( Makaira nigricans ) (Musyl et al. 2
)

served as outgroups to help clarify and define rela-

tionships (Sneath and Sokal, 1973). The cophenetic

correlation was used as a measure of goodness-of-fit

between the matrices and resultant clustering den-

drograms (e.g., 0.7-0. 8 is considered “poor,” >0.8 is

considered “good,” and >0.9 is considered “very good”

[Rohlf, 1992]).

Time-at-depth and time-at-temperature data were
aggregated into 20-m and 1°C bins, respectively. These
data were subsequently expressed as a fraction of the

total time of observation for each shark, and the frac-

tional data bins were averaged across all sharks within

each category. For sharks experiencing several lunar

cycles, the correlation coefficient (R ) was determined
between average nighttime depth (m) and lunar illu-

mination (Zar, 1996). Lunar illumination data were
obtained from the United States Naval Observatory
(http://aa.usno.navy.mil/data/docs/MoonFraction.php,

accessed June 2010) and were uncorrected for cloud

2 Musyl, M. K., L. M. McNaughton, J. Y. Swimmer, and R. W.
Brill. 2004. Convergent evolution of vertical movement
behavior in swordfish, bigeye tuna and bigeye threshers.
Vertical niche partitioning in the pelagic environment as

shown by electronic tagging studies. Pelagic Fisheries
Research Program, Univ. Hawaii Manoa, Newsletter 9:1-4.
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cover. Unless indicated otherwise, all statistical tests

were performed at the P=0.05 level of significance.

Results

Rates of at-vessel and postrelease mortality

Capture date, sizes, deployment location, set pop-off

date, ARGOS reporting location, days-at-liberty, and
linear displacement for tagged sharks are summarized
in Table 1. The overall PSAT reporting rate was 62%
(CI*=50-73%), although reporting rates varied by spe-

cies: 100% for silky sharks; 81% (CI* = 63-98%) for

oceanic whitetip sharks; 50% (CI*=34- 65%) for blue

sharks; 40% (CI*= 0-80%) for shortfin makos; and 38%
(CI*=13-75%) for bigeye threshers. Median days-at-

liberty were likewise species-specific: bigeye threshers,

240 days (range: 181-240 days); shortfin makos, 165

days (155-174 days); oceanic whitetip sharks, 164 days

(10-243 days); blue sharks, 86 days (1-247 days); and
silky sharks, 73 days (12-194 days).

The fraction of sharks found dead during gear re-

trieval was species-specific and was concordant with

estimates derived from the commercial fishery (Table 2).

More importantly, we were able to document only one

case of postrelease mortality out of the 44 sharks (2.3%,

CI*= 0-6.8%) whose PSAT transmitted data. One blue

shark (male, 173 cm TL) expired seven days after being

released (one mortality in 16 reporting tags affixed to

blue shark; 6.3%, CI*=0-19%).

Meta-analysis indicated the summary effect (Table

3) for postrelease mortality in blue sharks was 15%
(95% Cl, 8.5-25.1%). The Z statistic indicated that

postrelease mortality was significantly different from

zero (P<0.001) and the Q statistic indicated studies were

measuring the same parameter (P= 0.680). Although the

narrower 95% Cl bounds for the summary effect (Table

3) indicated increased power over individual studies; a

comparison of postrelease mortality estimates between

Campana et al. (2009a) and the present study for blue

sharks (with the assumption that sharks have equal

chance of survival) at 80% power would require -275

reporting PSATs (two-tailed Z-tests between two inde-

pendent proportions at a=0.05, Zar, 1996).

Horizontal movements

For each of the pelagic shark species, estimated most

probable tracks are shown in Figure 1. Error estimates

for longitude were much lower than those for latitude

in the movement model (Appendix 1). Geolocations could

not be calculated for PSATs attached to bigeye threshers

(Fig. IF) because of extreme and rapid vertical excur-

sions coinciding at crepuscular times and the inability

of the light sensor to record these changes (Musyl et

al., 2001, 2003).

For species where geolcation data were available,

some individuals exhibited more directed movements
as indicated by their advection-diffusion parameters

whereas other movement patterns were more complex or

cyclical (Fig. 1, Appendix 1). For example, the advection

parameters for longitude (u=9.23) and latitude (v=3.84)

indicated primarily east-west movements by the short-

fin mako with ID 38572 (female, 210 cm TL) when it

swam from subtropical waters near Hawaii to temper-

ate waters in the North Pacific, including California

Current coastal waters off central California (Fig. IE).

Tagged silky sharks traveled west and southwest of

the Hawaiian Islands in 20-2004, but south of 10°N in

2005, near the North Equatorial Countercurrent (NEC)
(Fig. 1C). The diffusion parameters estimated from the

movement model indicated that six sharks exhibited

relatively meandering swimming behaviors whereas
three individuals (IDs 46585, 38581, 38573) exhibited

more north-south directed movements. Oceanic whitetip

sharks showed a complex movement pattern generally

restricted to central Pacific tropical waters north of the

NEC (Fig. ID). Nine individuals exhibited meandering
swimming behavior, whereas three sharks (IDs 13113,

38582, 46568) generally adopted more straight-line

swimming modes, of which one shark (ID 38582) made
a directed southward movement across the equator into

the South Pacific. Although restricted to central Pacific

tropical waters north of the NEC, blue sharks showed
complex movement patterns (Fig. 1, A and B) from wa-

ters near Hawaii into the Subtropical Convergence Zone.

As determined from deployment and pop-up locations,

blue sharks tagged in 2001 occupied latitudes from
7.92° to 30.75°N (Fig. 1A), but individuals tagged in

2002 did not travel farther south than 17.6°N (Fig. IB).

Vertical movements

Blue sharks remained significantly deeper and expe-

rienced significantly cooler temperatures during the

day than during the night (Fig. 2; Appendices 2 and

3). Moreover, the significant daytime and nighttime

differences in depth and temperature preferences were

evident within and across individuals, and also when
the data were grouped by sex (Figs. 2 and 3; Appendices

2 and 3). As identified by the coefficient of variability,

daytime and nighttime vertical movement patterns

were similar, but the vertical movements of male blue

sharks were significantly more variable than those of

females. Coefficients of variability over 1.0 have been

used to indicate possible mixtures in samples (Simpson

et al., 1960) and values over 1.0 in blue sharks are

reflective of individuals switching from a typical deep-

daytime to shallow-nighttime vertical movement pat-

tern, or exhibiting a mixture of the two patterns (Fig.

2). The aggregated temperature-depth profile (Fig. 2B)

shows that blue sharks regularly undertake movements
beneath the uniformed temperature surface layer, but

with considerable variability at crepuscular transitions

(Fig. 2E). Several blue sharks adjusted their nighttime

behaviors simultaneously with changing lunar illumina-

tion (Appendix 2).

Bigeye threshers showed the most striking differences

in depth and temperature preferences and all MWBC
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Table 2

Number of pelagic sharks caught and those retrieved dead from shallow-set longline gear targeting swordfish (Xiphias gladius).

Mortality estimates from the Hawaii-based commercial longline fishery are provided for comparison (na=not available).

Species

No.

caught

Samples 2

taken

No.

dead

%
dead

% dead

commercial fishery2

Shallow Deep

Blue shark (Prionace glauca ) 203 37 12 5.9 5.7 4.0

Crocodile shark (Pseudocarcharias kamoharai) 3 2 2 66.7 na 13.6

Oceanic whitetip shark (Carcharhinus longimanus ) 19 6 1 5.3 7.4 20.7

Shortfin mako (Isurus oxyrinchus) 8 4 0 0 20.5 7.5

Silky shark (Carcharhinus falciformis) 35 3 4 11.4 na 21.8

Bigeye thresher (Alopias superciliosus) 12 1 3 25.0 22.6 16.5

Pelagic thresher shark (Alopias pelagicus ) 28 0 10 35.7 na na

Total 308 53 32 10.4 na na

1 Sampled for biochemical correlates of morbidity and mortality (Moyes et al., 2006).

2 At-vessel mortality estimates of pelagic sharks from the shallow-set longline gear targeting swordfish (Xiphias gladius) and deep-set longline

gear targeting bigeye tuna ( Thunnus obesus ) in the Hawaii-based longline fishery, 2004-06 (Walsh et al., 2009).

Table 3

Meta-analysis of postrelease mortality of blue sharks (Prionace glauca) as determined from pop-up satellite archival tags

(PSATs). The postrelease mortality rate estimate was determined with a random-effects model, where each study was assumed
to have its own postrelease mortality rate and variance. Details of the analysis can be found in the text and in Borenstein et al.

(2009). Nonreporting PSATs were not used in the analysis.

Study Samples 2 Postrelease mortality rate 95% confidence interval

Weng et at. (2005) 2/17 0.118 0.030-0.368

Campana et al. (2009b) 7/37 0.189 0.093-0.347

Stevens et al. (2010) 1/8 0.125 0.017-0.537

Musyl et al. (present study) 1/16 0.063 0.009-0.335

Summary effect 11/78 0.150 0.085-0.251

1 Postrelease mortality in blue sharks (Prionace glauca) determined with PSATs over (!) the total number of reporting PSATs for each study

tests were significantly different among daytime and
nighttime comparisons (Figs. 3 and 4; Appendices 2 and

3). The dichotomy between coefficients of variability in-

dicates that bigeye threshers are significantly more ac-

tive at nighttime than during daytime. The aggregated

temperature-depth profile (Fig. 4B) and vertical move-

ments indicate that bigeye threshers spend most of their

time beneath the uniformed temperature surface layer,

and that increased variability in vertical movement pat-

terns occurs during crepuscular transitions (Fig. 4E).

Oceanic whitetip sharks and silky sharks showed
similar vertical movement patterns (Figs. 5 and 6, re-

spectively), and the depth and temperature data indi-

cated that both species were largely confined to the

uniform temperature surface layer (Figs. 3, 5, and 6;

Appendices 2 and 3). Although oceanic whitetip sharks

and silky sharks exhibited plasticity in their daytime

and nighttime vertical movements, both species spent

>95% of their time at temperatures that were within

2°C of the uniform temperature surface layer (Table 4).

Oceanic whitetip sharks (Fig. 5E) and silky sharks (Fig.

6E) exhibited pronounced movements at crepuscular

periods and both species showed significant correlations

between average nighttime depths and lunar illumina-

tion (Appendix 2).

Further analysis of silky shark data indicated dis-

tinct depths and temperatures occupied north and south

of 10°N, delimited by the NEC (Fig. 1C). Comparisons

of pooled day and night data showed that silky sharks

north of 10°N remained significantly deeper (medi-

an=54 m, mean=57 m ±0.4 SE, interquartile range

[IQR] =22-86 m) than immature silky sharks south of

10°N (median=32 m, mean=32 m ±0.3 SE, IQR=11—48
m) (MWBC, 2= -108.9, Monte Carlo PcO.OOOl). Likewise

silky sharks north of 10°N experienced significantly

cooler temperatures (median=25.5°C, mean = 25.4°C

±0.01 SE, IQR=24.7-25.9°C) than silky sharks south

of 10°N (median = 28.4°C, mean = 28.3°C ±0.007 SE,
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Figure 1

Most probable tracks for five species of pelagic sharks tagged with PSATs and released

in the central Pacific Ocean were estimated from the raw geolocations using the Kalman
filter-sea surface temperature state-space model (Appendix 1). Downward triangles indicate

pop-up satellite archival tag (PSAT) deployment locations and upward triangles indicate

PSAT pop-up locations. In situations where no geolocation data were returned, movements
of sharks with from PSAT deployment to pop-up locations are indicated as a straight line.

(A) Blue sharks ( Prionace glauca) tagged in 2001, where male shark movement patterns are

shown in gray; (B) blue sharks (Prionace glauca) tagged in 2002, where male shark move-

ment patterns are shown in gray; (C) silky sharks ( Carcharhinus falciformis ), where female

movement patterns are shown in gray; (D) oceanic whitetip sharks (C. longimanus), where
female movement patterns are shown in gray; (E) shortfin makos (Isurus oxyrinchus) (n = 2,

both female); and (F) bigeye threshers, (Alopias superciliosus).

IQR = 28.2-28.6°C) (MWBC, z= -39.47, Monte Carlo
P<0.0001). Within and between these two geographic

groups, significantly different trends for depth and tem-

perature preferences during daytime and nighttime
were also observed.

Female shortfin makos remained significantly deeper

and at cooler temperatures during the daytime than

at nighttime (Figs. 3 and 7; Appendices 2 and 3). Un-
like pronounced crepuscular patterns exhibited by blue

sharks, bigeye threshers, silky sharks, and oceanic
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Figure 2

Blue shark (Prionace glauca ) depth and thermal ranges as identified by pop-up satellite archival tags (PSATs).

(A) Representative vertical movements. Dashed lines indicate expanded area shown in C. (B) Temperature-

depth profiles obtained from the aggregated data from all sharks. (C) Expanded section from panel A with

horizontal black bars representing nighttime. (D) Percentage of time spent in individual temperature strata

for daytime and nighttime diving activities (all tags). (E) Average hourly depth (±standard deviation, SD)
readings calculated for all samples, illustrating variability at crepuscular times (all tags). (F) Percentage of

time spent in individual depth strata for daytime and nighttime diving activities (all tags). (Note: to prevent

excessive clutter, SDs were not shown in some panel figures).

whitetip sharks; shortfin makos did not display strik-

ing changes in behavior during crepuscular transitions

(Fig. 7E). Traveling west to east from deployment to

pop-up location can alter times of sunrise and sunset

by as much as -4 and —1.5 h, respectively, but one

shortfin mako (ID 38572) made no obvious depth cor-

rections to account for spatial changes in the times

of local sunrise and sunset as did bigeye threshers

(cf. Fig. 4E). Shortfin makos made regular excursions

beneath the uniform temperature surface layer, and
vertical movement patterns were more variable dur-

ing daytime than at nighttime (Figs. 3 and 7). Around
27 January 2003, a shortfin mako (ID 38572) crossed

the ~18°C SST isotherm, the southern boundary of the

North Pacific Transition Zone (Polovina et al., 2001),

at 31.34°N, 135.18°W (Fig. IE) and moved into cool-

er water. Comparisons of pooled daytime and night-

time data showed that this individual remained sig-

nificantly deeper (median=113 m, mean=125 m ±2 SE,

IQR=91- 161 m) in warmer water than after it crossed

the boundary and entered cooler water (median=87
m, mean=90 m ±2 SE, IQR = 39-118 m) (MWBC, 2 =

-16.45, Monte Carlo P<0.0001). Temperature data in-

dicated that significantly warmer temperatures were

encountered before 27 January 2003 (median=21.02°C,

mean=20.5°C ±0.01 SE, IQR = 19-22°C) than after this

date (median=14.9°C, mean=14.8°C ±0.05 SE, IQR=14-
16°C) (MWBC, z— -35.04, Monte Carlo PcO.0001). The
switching between water masses is clearly seen in the

temperature-depth profile (Fig. 7B).
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Day Night

Figure 3

Daytime and nighttime depth and thermal ranges for pelagic species: bigeye

thresher (Alopias superciliosus), blue shark (Prionace glauca), shortfin mako
(Isurus oxyrinchus), silky shark ( Carcharhinus falciformis), oceanic whitetip

shark (C. longimanus ), bigeye tuna (Thunnus obesus), and swordfish (Xiphias

gladius). The box represents the interquartile range. The position of the mean
(dashed horizontal line) and median (solid horizontal line) are indicated and the

“whiskers” represent the 10-90 th deciles. M=male and F=female.

Grouping of vertical movement patterns

Kruskal-Wallis ANOVAs showed that medians of depth

and temperature data across individuals for each pelagic

shark species (24 total tests) were all significantly differ-

ent for the six PSAT data streams, indicating substantial

amounts of individual variability in vertical movement
patterns (Appendix 3). This result was confirmed by
post-hoc pairwise MWBC tests (Appendix 3). Signifi-

cantly different daytime and nighttime median depths

and temperatures (DD vs. ND, DT vs. NT) were evident

in most pooled comparisons (including those by sex) and
in the majority of comparisons within and between indi-

viduals. Results from two-sample KS tests for each of the

pelagic shark samples paralleled the results given for the

MWBC tests. For the entire sample of 394 possible two-

sample KS tests in which depth distributions between

individuals were compared, 94% of tests were signifi-

cantly different. And of 394 possible tests for temperature

comparisons, 98% of tests were significantly different.

Although individuals exhibited high levels of variabil-

ity, we were able to partition shark species into three

major groups based on daytime temperature preferences

by using UPGMA clustering with the Z)max distance

(Fig. 8). These were 1) epipelagic species that included

silky sharks and oceanic whitetip sharks, plus the out-

groups black marlin and blue marlin; 2) mesopelagic-I

species that included blue sharks and shortfin makos;
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Figure 4

Bigeye thresher (Alopias superciliosus ) depth and thermal ranges as identified by pop-up satellite archival tags

(PSATs). (A) Representative vertical movements. Dashed lines indicate expanded area shown in C. (B) Tempera-
ture-depth profiles obtained from the aggregated data from all sharks. (C) Expanded section from panel A with

horizontal black bars representing nighttime. (D) Percentage of time spent in individual temperature strata

(±standard deviation, SD) for daytime and nighttime diving activities (all tags). (E) Average hourly depth (±SD)
readings calculated for all samples, illustrating variability at crepuscular times (all tags). (F) Percentage of time

spent individual depth strata (±SD) for daytime and nighttime diving activities (all tags).

3 ) mesopelagic-II species that included bigeye threshers

plus outgroups bigeye tuna and swordfish. The epipe-

lagic group could be further broken down by body size

and latitude because juvenile silky sharks south of 10°N

formed the most distinctive cluster (i.e., exhibited the

longest branch lengths). Moreover, another distinctive

epipelagic cluster was composed entirely of presumably
mature silky and oceanic whitetip sharks >200 cm TL
whose PSATs separated from the sharks at latitudes

above 18°N. The cophenetic correlation (0.86) indicated

“good” fit between the data matrix and resultant den-

drogram. A similar clustering pattern was obtained

with daytime depth data (cophenetic correlation^ 0.88)

but it included five mismatches to the pattern observed

with daytime temperature (i.e., black marlin ID 13208,

silky shark IDs 38573, 38581, 38601 were placed in

mesopelagic-I and blue shark ID 13095 was placed in

the epipelagic group). The mismatches, however, may
have been attributable to the relatively poor resolution

of PSAT depth data in comparison with the temperature

data. There was, however, no discernible pattern with

nighttime depth (cophenetic correlation=0.77) and tem-

perature data (cophenetic correlation=0.88) because all

species generally remained near the surface.

Discussion

Rates of at-vessel and postrelease mortality

Mortality for blue sharks at the time of gear retrieval

in commercial longline fisheries operating in the
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Figure 5

Oceanic whitetip shark ! Carcharhinus longimanus), depth and thermal ranges as identified by pop-up satellite

archival tags (PSATs). (A) Representative vertical movements. Dashed lines indicate expanded area shown in

C. (B) Temperature-depth profiles obtained from the aggregated data from all sharks. (C) Expanded section

from panel A with horizontal black bars representing nighttime. (D) Percentage of time spent in individual

temperature strata for daytime and nighttime diving activities (all tags). (E) Average hourly depth (±standard

deviation, SD) readings calculated for all samples, illustrating variability at crepuscular times (all tags). (F)

Percentage of time spent in individual depth strata for daytime and nighttime diving activities (all tags).

(Note: To prevent excessive clutter, SDs were not shown in some panel figures).

Atlantic range from 10-32% (32%, Hoey and Moore 1
;

31%, Diaz and Serafy, 2005; 13.2%, Beerkircher et al.,

2008; -10%, Carruthers et al., 2009; 16%, Campana
et al., 2009a). By contrast, in central Pacific longline

fisheries, Walsh et al. (2009) reported that only 4% and
6% of blue sharks were dead on retrieval from deep-set

tuna and shallow-set swordfish gear, respectively. Our
sample sizes, except for those for blue sharks, were
not large enough to have a strong statistical impact;

nevertheless, our estimates of at-vessel mortality
appear to be species-specific and correlate with obser-

vations for the shallow-set sector of the Hawaii-based
longline fishery (Walsh et al., 2009). The at-vessel

mortality estimates for blue sharks were also concor-

dant with those reported in the Pacific by Yokota et

al. (2006, 2-11%) and Hight et al. (2007, ~6%).

Our reporting rate for PSATs attached to blue

sharks (50%) was similar to that reported by Weng
et al. (2005) for 28 PSATs (61%, CI*=43-79%). Non-
reporting tags, however, cannot be considered syn-

onymous with mortality because other factors can
cause failure in electronic tags (Goodyear, 2002;
Hays et al., 2007; Campana et al., 2009a; Musyl et al.,

2011. PSATs can, however, provide less ambiguous
identification of mortality because they will auto-

matically release from the animal at programmed
depths (Moyes et al., 2006). This is especially true

for sharks because dead sharks are negatively buoy-

ant and sink, thus carrying the PSATs to depths
where the pressure-activated release mechanism
will be engaged (Moyes et al., 2006; Campana et al.,

2009a).
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Figure 6

Silky shark (Carcharhinus falciformis ) depth and thermal habitat as identified by pop-up satellite archival tags

(PSATs). (A) Representative vertical movements. Dashed lines indicate expanded area shown in C. (B) Temperature-

depth profiles obtained from the aggregated data from all sharks. (C) Expanded section from panel A with horizontal

black bars representing nighttime. (D) Percentage of time spent in individual temperature strata for daytime and
nighttime diving activities (all tags). (E) Average hourly depth (± standard deviation, SD) readings calculated for

all samples illustrating variability at crepuscular times (all tags). (F) Percentage of time spent in individual depth

strata for daytime and nighttime diving activities (all tags). (Note: To prevent excessive clutter, SDs were not shown
in some panel figures).

Campana et al. (2009a), using PSATs, determined

that 19% (CI*=8-32%) of blue sharks tagged in the

North Atlantic longline fishery targeting sword-

fish and released alive subsequently died. We could

find only two other published studies where PSATs
had been used with blue sharks and that provided

postrelease mortality estimates. Weng et al. (2005)

and Stevens et al. (2010) reported 11.8% (CI*=0-29%)
and 14.3% (CI*=0-42%) postrelease mortality, re-

spectively. As determined by meta-analysis with all

available data from 78 reporting PSATs, the summary
effect of postrelease mortality of blue sharks was 15%
(95% Cl, 8.5-25.1%). However, because only two of

four studies were specifically designed to estimate

mortality, experimental bias could be a confounding

factor, as well as small and unrepresentative sample

sizes (Campana et al., 2009b; Musyl et al., 2009).

We could find no equivalent postrelease mortality

estimates for bigeye thresher, shortfin mako, silky

sharks, or oceanic whitetip sharks. Heberer et al.

(2010), using PSATs, reported a 26% postrelease

mortality rate of common thresher sharks released

from recreational gear where fight-times >85 minutes

identified survivors from moribund individuals. Our
postrelease mortality rates for pelagic sharks were

similar to PSAT tagged istiophorid billfish released

from commercial pelagic longline gear in the Atlantic

(average postrelease mortality rate was 9%, CI*=2-
18%) (Kerstetter et al., 2003; Kerstetter and Graves,

2005, 2008).
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Table 4

Cumulative percentage of temperature readings from pop-up satellite archival tags (PSATs) attached to silky and oceanic

whitetip sharks expressed as differences from daily calculated sea surface temperature (4SST°C) for daytime and nighttime

diving behavior.

Silky shark (Carcharhinus falciformis)

Day 52.56 87.06 95.78 98.26 99.53 99.84 99.96 100

Night 63.30 91.63 96.93 98.80 99.26 99.48 99.71 99.83 100

Total 57.71 89.25 96.33 98.52 99.40 99.66 99.84 99.92 100

4SST (°C) 0 -1 -2 -3 -4 -5 -6 -7 -8

Oceanic whitetip shark (Carcharhinus longimanus)

Day 63.89 91.53 96.88 98.59 99.36 99.63 99.87 99.95 100

Night 61.40 89.98 95.92 98.39 99.21 99.58 99.86 99.94 100

Total 62.67 90.77 96.41 98.49 99.29 99.61 99.86 99.95 100

Methods for determining postrelease mortality

in large pelagic fishes and sharks

Implementing survival studies for pelagic species is chal-

lenging because of logistics, cost, experimental design,

and obtaining sufficient samples. There are only a few

methods for estimating survival, and each has limita-

tions. Historically, long-term survival of pelagic species

has been estimated by large-scale conventional tagging

programs with low return rates (<5%, blue shark, Kohler

et al., 1998; ~1%, blue marlin, Ortiz et al., 2003). Such
results are consistent with a high postrelease mortality

but could also be attributed to large population sizes,

dispersal, tag loss, or uncooperative fishermen. Direct

observation in tank or pen studies (e.g., Mandelman and
Farrington, 2007) may not be practical for large pelagic

species. Although they are the right tool to indicate

postrelease mortality, the cost of PSATs precludes their

widespread application. Moyes et al. (2006) introduced

a biochemical approach that reduces experimental bias

and increases sample size and would therefore optimize

experimental design. Once the method is operational,

about 40 samples can be assayed for the cost of one
PSAT (~US$ 4000) (Musyl et al., 2009). Other poten-

tial methods that could achieve sufficient sample sizes

have shown promise for other species (e.g., reflex action

mortality predictors; Davis, 2007), but it is not known
how well these methods would translate for large pelagic

species. For example, we used the absence of movement
in the nictitating membrane to determine at-vessel

mortality, but it is not known whether variability in this

response (or other responses) would be useful to predict

postrelease mortality. Lastly, bioelectrical impedance
analysis (Cox and Heintz, 2009) may be feasible if body
condition correlates with long-term survival.

Factors that influence mortality

Presumably the effects of stress and injury during cap-

ture are additive and unless there are overriding factors,

we suggest that, under similar conditions (and with

adequate sample sizes), the at-vessel and postrelease

mortality rates for pelagic species should be roughly

concordant (e.g., Moyes et al., 2006; Campana et al.,

2009a). For survival studies on blue sharks, the at-vessel

and postrelease mortality estimates show close agree-

ment. For example, Campana et al. (2009a) reported

16% at-vessel and 19% postrelease mortality rates and
we reported 5.9% at-vessel and 6.3% postrelease mor-

tality rates. Although we did not find this relationship

for other pelagic sharks, it is possible our sample sizes

were not sufficient to detect differences between these

two mortality rates.

Clearly additional research is required to determine

whether at-vessel mortality correlates with postrelease

mortality across a range of shark species and to deter-

mine which biological and anthropogenic factors account

for variability in mortality estimates. As discussed in

Musyl et al. (2009), postrelease mortality estimates in

Campana et al. (2009a) may have been strongly influ-

enced by handling. Hoey and Moore 1 suggested that a

20% difference in mortality for blue sharks discarded

from longlines was attributable to handling practices in

the Atlantic fishery where the Campana et al. (2009a)

study took place. Campana et al. (2009a) also reported

a significant vessel effect in their survival model of

retrieved dead sharks, which the authors attributed to

handling. Carruthers et al. (2009) and Diaz and Serafy

(2005) also suggested discard and handling practices

may have been responsible for differences in at-vessel

mortality rates of blue sharks in the Atlantic longline

fishery. If differences in handling practices strongly cor-

relate with variable survival, a logical extension would
be to develop discard-and-release regulations that could

significantly improve survival (Carruthers et al., 2009).

Circle hooks were used throughout our study which
probably increased both the at-vessel survival (Diaz and
Serafy, 2005; Kerstetter and Graves, 2006; Campana
et al., 2009a; Carruthers et al., 2009; Musyl et al.,

2009) and postrelease survival of blue sharks (Moyes



356 Fishery Bulletin 109(4)

8 Jan 8 Feb 9 Mar 9 Apr

Temperature (°C)

5 10 15 20 25 30

0

100

200

300

400

Hourly depth, 5 Dec 2002-3 May 2003

Shortfin mako (ID 38572)

30 Dec 2002 ••

Hourly depth (120 hrs)

Temperature (°C)

4 Jan 2003

Q.
-

-10 £ io 'Ft

£ D Day
5 I

Shortfin mako
Isurus oxyrunchus (n=2)

Cl>

Q
7

T

T 7 7

E

7

Night

20% 10% 0% 10% 20%

£ 200

Day Night

15:00 10:00 23:00 03:00 07:00 11:00

Time of day (HST)

10% 0% 10% 20%

Percent of time (%)

Figure 7

Shortfin mako ( Isurus oxyrinchus ) depth and thermal ranges as identified by pop-up satellite archival tags (PSATs).

(A) Representative vertical movements. (B) Temperature-depth profiles obtained from the aggregated data from all

sharks. (C) Expanded section from panel A with horizontal black bars representing nighttime. (D) Percentage of

time spent in individual temperature strata (±standard deviation, SD) for daytime and nighttime diving activities

(all tags). (E) Average hourly depth (±SD) readings calculated for all samples (all tags). (F) Percentage of time

spent in individual depth strata (±SD) for daytime and nighttime diving activities (all tags).

et al. 2006; Campana et al., 2009a; Musyl et al., 2009)

captured and released from longline gear. Similar find-

ings have been reported for istiophorid billfish, which
showed significantly lower at-vessel mortality (Diaz,

2008; Serafy et al., 2008) and postrelease mortality

(Horodysky and Graves, 2005) with the use of circle

hooks over J-hooks. Campana et al. (2009a; 2009b) did

not mention the hook type used on blue shark that ul-

timately died when released from commercial longline

gear. However, we argue that given their observed rates

of at-vessel mortality, it is likely that this factor, along

with handling and time spent hooked, were important

factors to explain their rates of postrelease mortality

(Musyl et al., 2009).

The amount of time spent on the hook shows a posi-

tive relationship with mortality for a variety of pelagic

species, presumably because the captured animal expe-

riences increased stress over time and is more vulner-

able to predation (Boggs, 1992; Erickson and Berkeley,

2008; Carruthers et al., 2009). Many authors suggest-

ed that shorter soak times could significantly reduce

bycatch mortality (Diaz and Serafy, 2005; Erickson

and Berkeley, 2008; Carruthers et al., 2009). Without

the benefit of hook timers (Boggs, 1992; Erickson and
Berkeley, 2008) however, it would be challenging to

test the correlation between time spent on the line and
mortality. Our samples probably consisted of both ma-
ture and immature sharks, but we could not determine

any significant trends between mortality and size as

reported in Diaz and Serafy (2005).

Lastly, we also observed species-specific differences

in the at-vessel mortality rates which other authors
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Figure 8

Dendrogram of epipelagic and mesopelagic species clusterings for five species of

sharks, determined with unweighted pair-group method using arithmetic averages

(UPGMA) and daytime temperature preference readings from pop-up satellite tags

(PSATs). ID abbreviations: B=blue shark (Prionace glauca), SF=shortfin mako (Isurus

oxyrinchus), T=bigeye thresher (Alopias superciliosus), E=bigeye tuna (Thunnus
obesus ), R = swordfish (Xiphias gladius), S = silky shark (Carcharhinus falciformis),

0 = oceanic whitetip shark (C. longimanus), K=black marlin (Istiompax indica),

L = blue marlin ( Makaira nigricans), M=male, and F=female, TL=total length (cm)

and PSAT deployment and pop-up latitude are provided with pop-up year. na=not
available. Outgroup data were taken from Pacific swordfish, black marlin, blue

marlin (Musyl et al. 2
) and bigeye tuna (Musyl et al., 2003). Italic and bold fonts

are used to distinguish the various species groupings.

have noted (e.g., Hight et al., 2007; Erickson and
Berkeley, 2008; Walsh et al., 2009), presumably be-

cause of species-specific tolerances to stress and in-

juries (Hight et al., 2007; Mandelman et al., 2008;
Mandelman and Skomal, 2009). For example, in the

Pacific, Hight et al. (2007) reported blue sharks to

exhibit significantly lower catecholamine levels than
shortfin makos during retrieval of longline gear. The
difference agrees with results indicating much low-

er at-vessel mortality for blue sharks (Walsh et al.,

2009).

Species-specific vertical and horizontal movements

Our results strongly indicate that pelagic sharks exhibit

high levels of individual variability in their vertical

movement patterns and these are significantly influ-

enced by time of day, and the transitions from daytime

to nighttime diving activity can be dramatic. Plasticity

in diel vertical movement patterns has also been docu-

mented in bigeye tuna (Musyl et al., 2003) and southern

bluefin tuna (T. maccoyii, Bestly et al., 2009) and other

pelagic species (Arnold and Dewar, 2001; Gunn and
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Block, 2001). Our data also indicate that vertical mobil-

ity patterns are species-specific. Moreover, the vertical

movement patterns of bigeye thresher and blue sharks

and shortfin makos appear to allow them to remain in

the vicinity of prey organisms in the deep sound scatter-

ing layer (SSL), as is the case for swordfish and bigeye

tuna (Childress and Nygaard, 1974; Carey, 1990; Josse et

ah, 1998; Musyl et al., 2003, Musyl et al. 2
), during their

extensive daytime vertical migrations, with additional

adjustment of nighttime vertical movement behaviors to

lunar illumination (e.g., Musyl et al., 2003). By contrast,

the epipelagic silky and oceanic whitetip sharks remain
in the upper mixed layer (-120 m) both night and day.

Diet studies (Tricas, 1979; Harvey, 1989; Preti et al.,

2008) and observations from submersibles (Davies and
Bradley, 1972) indicate overlap among pelagic shark

species which are in concordance with the overlap in

diel vertical movement patterns, especially at nighttime

when species remain near the surface.

With the exception of shortfin makos, the pelagic

sharks in our study displayed distinct changes in verti-

cal movement patterns during crepuscular transitions.

Pronounced or regular activity at crepuscular periods

has been hypothesized to aid in orientation and naviga-

tion (e.g., by detecting sun angles and geomagnetic or

electric fields; Carey and Scharold, 1990; Musyl et al.,

2001, 2003; Klimley et al., 2002; Willis et al., 2009).

Other authors have suggested this strategy reflects

movements of the organisms of the SSL (Josse et al.,

1998; Musyl et al., 2003). Klimley et al. (2002) pos-

tulated that shortfin makos occasionally dive deep to

sample magnetic gradients, but also need to sample

the earth’s main dipole field at the surface where it is

strongest. The absence of pronounced vertical move-

ments during crepuscular transitions indicates sun
elevations or changes in light-intensity may not be criti-

cal for navigation.

Examining data from 22 blue sharks carrying ultra-

sonic transmitters, Carey and Scharold (1990) noted

the largest vertical oscillations during the day (de-

scents to 620 m and 7°C) and smaller excursions at

night. Blue sharks appear to have no unique anatomi-

cal or physiological adaptations (e.g., thermoconserving

mechanisms necessary for regional endothermy) and
Carey and Scharold (1990) suggested this “up and
down movement” pattern might be a hunting tactic,

behavioral thermoregulation, or an efficient way to

sample odor plumes that tend to spread horizontally

throughout the water column. Lastly, divergent verti-

cal movement behaviors could be specific search be-

haviors tailored to finding the availability of specific

resources (Sims et al., 2008; Humphries et al., 2010).

For example, when resources are scarce and patchily

distributed, pelagic sharks adopt a Levy flight be-

havior, but at thermal fronts, where there are abun-

dant resources, they switch to Brownian movement
(Humphries et al., 2010).

PSAT data from blue sharks in eastern Australia

have shown diel vertical movement patterns (i.e., deeper

in daytime and near the surface at nighttime) with

the majority of the time spent between 17° and 20°C
and approximately 80% of vertical movements above
-200 m, but maximum depths reached may have been
constrained by bathymetry (Stevens et al., 2010). In

contrast, blue sharks in our study experienced a larger

range in temperatures (e.g., 80% of temperatures oc-

cupied were from 13-26°C) as a result of their greater

vertical mobility. In the tropical Indian Ocean, catch

data indicated the abundance of blue sharks was great-

est at depths of 80-220 m and at temperatures from 12°

to 25°C (Compagno, 1984)—data that correlate with our

results. Nakano et al. (1985) offered that 14-21°C was
the preferred temperature of blue sharks in the North
Pacific, whereas Strasburg (1958) claimed that 99% of

the blue shark catch in the Pacific was taken by long-

line hooks in waters between 7° and 20.5°C—hooks that

were in or immediately below the thermocline.

The horizontal movements of blue sharks that we ob-

served generally followed the seasonal and ontogenetic

north-south migratory patterns reported by Strasburg

(1958) and Nakano and Stevens (2008). Weng et al.

(2005) reported movements of blue sharks from the

eastern Pacific into the central Pacific, but it is unclear

if populations of blue sharks in the central Pacific are

regularly supplemented by recruits from the eastern

Pacific. Moreover, to our knowledge, movements of blue

sharks from the central to eastern Pacific have not been

documented. Understanding these movement patterns

would be helpful for stock assessments.

Apart from anecdotal and taxonomic information

(Compagno, 1984; Bonfil et al., 2008) very little data

exist about the life history and ecological requirements

of oceanic whitetip sharks. The movement data reported

herein are in agreement with published summaries on

the biology of this species (Bonfil et al., 2008), which
generally indicate their habitat to be primarily in the

uniform temperature surface layer. We found that

oceanic whitetip sharks spend >95% of their time at

temperatures within 2°C of SST. Strasburg (1958) con-

cluded that the whitetip “was surface dwelling north

of the equator and bathypelagic to the south,” whereas

Compagno (1984) suggested that this species can toler-

ate temperatures from 18° to 28°C but normally prefers

water above 20°C. Bonfil et al. (2008) suggested that

blue and oceanic whitetip sharks—the most abundant

oceanic sharks—have evolved an efficient partitioning

of the oceanic environment,” and our data clearly sup-

port this conclusion.

Silky sharks have been reported to be limited to wa-

ter temperature >23°C (Last and Stevens, 2009) which

agrees with our data. Compagno (1984), however, sug-

gested that silky sharks could inhabit depths below 500

m, something we did not observe. Watson et al. (2009)

reported finding smaller, immature silky sharks cap-

tured by purse seine north of the equator in the eastern

tropical Pacific. In our cluster analysis, the most unique

cluster was composed of immature silky sharks south of

the NEC, and silky sharks segregated by body size and

also by latitude. Presumably this topology is temporary

and changes through ontogeny.
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The most striking diel vertical movement behavior

among pelagic shark species was observed in bigeye

threshers. Our observations were similar to those of

Nakano et al. (2003) who acoustically tracked two im-

mature females (175 and 124 cm precaudal length) for

96 and 70 h, respectively; their vertical movements
were centered between 200 and 500 m during the day

and 80 and 130 m at night. Moreover, the diel vertical

movement patterns we observed were comparable to the

PSAT data reported by Weng and Block (2004).

Movement data of the shortfin makos that we ob-

served were similar to those recorded by Loefer et al.

(2005) for this species in the Atlantic, in that both

studies recorded adjustment of vertical behavior when
the sharks entered water masses with different thermal

characteristics. However, shortfin makos in the Atlantic

made excursions from the surface to 556 m (tempera-

tures from 10.4° to 28.6°C), whereas we never observed

movements below -441 m.

Thermal niche partitions and habitat structure

Our results show that pelagic shark species display

distinct thermal niche partitioning (as identified by

UPGMA clustering) and that habitat structure for the

epipelagic silky and oceanic whitetip sharks can be

adequately estimated from two dimensions (these spe-

cies spend most of their time in the warmest available

water). By contrast, three dimensions will be required

to describe the extended vertical habitat of the species

that we classified as mesopelagic I (blue sharks, shortfin

makos) and mesopelagic II (bigeye threshers).

Except for the oceanic whitetip shark and silky shark

clusters, which showed familial affinities based on phy-

logeny and life history, the topology of the dendrogram
for pelagic shark species appeared to correlate with

body size and latitudinal gradient, but not with phy-

logeny (Shirai, 1996), life history (Cortes, 2000), eco-

morphotype (Compagno, 1990), neural anatomy (Lisney

and Collin, 2006; Yopak and Montgomery, 2008; Yopak
and Frank, 2009), relative eye size (Lisney and Collin,

2007), or the presence of regional endothermy (Bernal

et al., 2001; Dickson and Graham, 2004). It also does

not appear that clustering was greatly influenced by
the El Nino-Southern Oscillation (www.esrl.noaa.gov/

psd/people/klaus.wolter/MEI/, accessed November 2010)

or Pacific Decadal Oscillation (cses.washington.edu/cig/

pnwc/compensopdo.shtml, accessed November 2010)

climate patterns.

Dickson and Graham (2004) argued that endothermy
per se was not required for niche expansion and that

other adaptations were necessary to allow for verti-

cal movements below the thermocline. This hypothesis

implies that other factors (e.g., ontogeny, latitude, lo-

comotion, diet, and dimensionality of the environment)

probably influence thermal niche partitions (Yopak and
Montgomery, 2008; Yopak and Frank, 2009). Dietary

studies based on accumulation of mercury in prey items,

which is depth-dependent, have revealed vertical niche

preferences among pelagic species (Choy et al., 2009).

Dagorn et al. (2000) suggested, on the basis of their

simulation model, that “different solutions for exploit-

ing the same environment” had evolved among tropical

pelagic species; their findings reflected a diverse array

of species-specific vertical movement patterns and ver-

tical niche partitions similar to those observed in our

study on pelagic sharks. Numerous authors (e.g.. Brill

et al., 2005; Bernal et al., 2009; Musyl et al. 2
;
and oth-

ers) have suggested that evolution of the ability to make
extensive daily vertical movements in pelagic species

may have arisen from predator-prey dynamics. In other

words, predator and prey may be locked in a physi-

ological race driving the biological and physiological

adaptations and tolerances of both and thus expanding

their vertical niche.

For comparative purposes, shark species from other

locations could be analyzed with our clustering methods

to determine thermal niche clusters. From a practical

standpoint, pelagic shark species that form thermal

clusters may also experience similar fishing pressures

and this association may have direct application to miti-

gating bycatch. For example, from longline catch data in

the Atlantic, Rey and Munoz-Chapuli (1992) calculated

that blue sharks were more likely to be captured in as-

sociation with shortfin makos rather than with bigeye

threshers and this calculation supported our groupings

in the cluster analysis.

Conclusions

Results from PSAT tagging indicate that pelagic shark

species can have high survival rates when released

alive from longline fishing gear, and therefore catch-

and-release may be a viable option to protect parental

biomass in this fishery. Additional research is warranted

to determine which biological and anthropogenic fac-

tors correlate with at-vessel and postrelease survival.

Furthermore, information on the temporal and spatial

vertical distribution patterns and community structure

of pelagic species can assist in the formulation of man-
agement strategies to modify fishing gear, and thus

reduce bycatch. This information should also provide

more confidence in predicting catch rates and the species

captured in different gear types by managers regulating

fishing practices. As the tools and techniques for dif-

ferentiating postrelease mortality become more refined

allowing for larger sample sizes, it should be feasible to

design fishing methods and practices that significantly

reduce bycatch mortality.
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Appendix 1

Movement parameter estimates for tagged sharks determined from the Kalman filter (KF)-sea surface temperature (SST) state-

space model (Nielsen et al., 2006). Blank spaces indicate models in which the parameters were set to zero, i.e., have no influence

on the model, and were not estimated, u and v are advection parameters in longitude and latitude, respectively; D = all estimated

diffusive parameters, bx , 6v0 , bsst
are the bias estimates for longitude, latitude and SST, respectively; ax ,<7v0 , osst ,

are the standard

deviations, a
0 , is the upper bound for the latitude variance, b

0
is the estimated number of days before the equinox (when latitude

error is maximal), and nlogL is the log-likelihood function, u and v are expressed in nautical mile (nmi) day-1
,
D in nmi2 daj^1

,

bx ,
6

V , bsst , ax , a
v

, and o
sst

in degrees, and a
0
and 6

0
in days. Numbers in parentheses after pop-up satellite archival tag (PSAT) no.

are number of days with geolocations with M=male, F=female.

PSAT no. u V D bx byo b
sst

a
x °y0 ®sst a0 bo nlogL

Blue shark

(Prionace glauca)

13087M (9) 949.50 4.57 100 0.09 166.51

13093F (43) 1285.63 3.37 2.65 0.49 0.07 52.3 332.34

13095F (13) 916.80 0.76 10.41 0.36 91.69

13096F (13) -0.75 --19.70 759.08 2.18 7.01 2.32 109.13

13097F (41) 539.67 1.90 5.29 0.31 282.71

13098F (98) 2990.00 -11.76 2.50 8.73 3.91 1099.83

13111F (18) 480.75 3.54 7.27 1.05 186.23

13215F (26) 1567.10 0.95 3.07 2.27 259.22

13491F (28) 1373.44 1.26 3.83 0.49 260.59

13497F (6) 785.47 0 2.40 1.26 76.48

13499F (11) 1204.47 1.56 5.32 72.60

13503F (17) 698.28 0.79 2.70 0.38 141.51

27322M (36) 582.41 1.97 4.24 198.50

Shortfin mako
{Isurus oxyrinchus)

38572F (77) 9.23 3.84 1483.27 0.78 3.57 0.28 0.36 -41.58 708.59

Silky shark

(Carcharhinus falciformis )

38573M (87) -2.74 -3.54 602.29 0.51 2.13 0.16 0.02 -18.54 508.62

38581F (25) -12.4 -11.8 165.58 0.9 2.13 0.46 140.68

38599M (31) 265.48 0.62 2.93 0.18 169.64

38601M (185) 119.16 0.61 4.46 2.45 -0.89 1573.87

46564M (20) 624.34 0.59 5.91 0.61 163.68

46566M (25) 2357.41 0.48 4.07 0.91 274.26

46571M (8) 105.30 0.26 1.99 0.53 80.79

46585M (91) -3.70 4.25 701.27 0.73 3.43 0.59 0.02 -0.69 859.75

46588M (91) 791.38 0.42 1.33 0.38 1.03 821.53

46590F (23) 451.12 0.73 5.10 1.30 203.05

Oceanic whitetip shark

(Carcharhinus longi nanus )

13092F (62) 351.17 1.10 3.26 0.40 510.81

13113M (123) -5.75 -0.37 358.36 0.97 4.34 0.76 1.28 1170.24

29918F (8) 413.89 0.23 2.47 0.12 58.93

38575M (200) 554.91 0.39 1.98 2.15 2.14 1416.63

38576M (102) 471.92 0.47 1.42 0.22 0.05 -8.24 523.42

38582M (87) -6.22 -17.05 596.56 0.53 3.82 0.15 372.53

38598M (51) 750.42 0.19 1.33 0.14 0.02 4.35 169.85

46568M (80) -6.89 2.74 427.95 0.53 0.52 2.08 0.29 0.35 37.74 565.44

46569M (40) 571.16 0.12 0.57 3.88 0.01 -2.59 383.19

46570F (182) 377.06 0.48 8.95 0.36 1605.19

46581M (173) 760.70 0.48 2.35 0.39 0.42 1214.86

46587M (196) 532.79 0.58 3.06 0.37 -3.57 1569.85

46589F (175) 453.52 0.76 2.27 0.30 -1.84 1614.75
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Appendix 3

Summary of Kruskal-Wallis nonparametric ANOVA tests with the data streams available in pop-up satellite archival tags

(PSATs) for depth (day depth=DD, night depth=ND, combined depth=AD) and temperature data (day temperature=DT, night

temperature =NT, combined temperature =AT) for each of the pelagic shark species. The Kruskal-Wallis test statistic (He) was

adjusted for ties (Zar, 1996). Results for post-hoc pairwise Mann-Whitney (Bonferroni corrected P-values) (MWBC) tests are

summarized for each of the pelagic shark species. Sample sizes and possible number of pairwise tests used in the comparisons

are given for each species. Two sample Kolmogorov-Smirnov tests paralleled the results from pairwise MWBC tests (results not

shown).

Species Kruskal-Wallis

PSAT data

stream/

comparison

Possible no.

of pairwise

Mann-Whitney
tests

(MWBC)

No. of

significant

MWBC
tests

Percentage of

significant

MWBC
tests

Blue shark H
C
=U52, P=4.898—238 AD 91 71 78.02

(Prionace glauca) H
c
=209, P=l.945-37 DD 91 57 62.64

t
—

H

II£ H=298.1, P= 5.988-56 ND 91 54 59.34

H=292.5, P=8.916-55 AT 91 60 65.93

H.=175.1, P=l.758-30 DT 91 58 63.74

i?
c
=423.2, P=2.945-82 NT 91 74 81.32

Total 546 374 68.50

DD vs. ND
1 (pooled) 7 1 100.00

1 (pooled: male) 7 1 100.00

1 (pooled: female) 7
1 100.00

14 (within) 12 85.71

4 ( between x pooled gender) 4 100.00

182 (between) 150 82.42

DT vs. NT
1 (pooled) 7 1 100.00

1 (pooled: male) 7 1 100.00

1 (pooled: female) 7 1 100.00

14 (within) 6 42.86

4 ( between x pooled gender) 3 75.00

182 (between) 131 71.98

Bigeye thresher H
c
= 567.2, P=6.933-124 AD 3 3 100.00

(Alopias superciliosus

)

H
c
= 62.38, P=2.861-14 DD 3 3 100.00

n = 3 H=238.6, P=l.567-52 ND 3 2 66.67

H = 2.83 , P=3.375-12 AT 3 2 66.67

H= 56.01, P=6.921-13 DT 3 3 100.00

H= 45.85, P=l.107-10 NT 3 2 66.67

Total 18 15 83.33

DD vs. ND
1 (pooled) 7 1 100.00

3 (within) 3 100.00

6 (between) 6 100.00

DT vs. NT
1 (pooled) 7

1 100.00

3 (within) 3 100.00

6 (between) 6 100.00

Oceanic whitetip H,=1206, P=l.078-249 AD 66 58 87.88

(Carcharhinus H= 267.7, P=8.6-51 DD 66 50 75.76

longimanus) H= 556.3, P=4.121-112 ND 66 56 84.85

n= 12 H
f
=2101, P=0 AT 66 56 84.85

H. = 463.4, P=2.726-92 DT 66 54 81.82

H
c
= 978.2, P=l.71-202 NT 66 59 89.39

Total 396 333 84.09

continued
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Appendix 3 (continued)

Possible no.

of pairwise No. of Percentage of

PSAT data Mann-Whitney significant significant

stream/ tests MWBC MWBC
Species Kruskal-Wallis comparison (MWBC) tests tests

Oceanic whitetip

continued

DD vs. ND
1 (pooled) 7 1 100.00

1 (pooled: male) 7 1 100.00

1 (pooled: female) 7 1 100.00

12 (within) 9 75.00

4 (between x pooled gender) 3 75.00

132 (between) 105 78.79

DT vs. NT
1 (pooled) 7 0 0

1 (pooled: male) 7 1 100.00

1 (pooled: female) 7 1 100.00

12 (within) 9 75.00

4 ( between x pooled gender) 4 100.00

132 (between) 121 91.67

Silky shark H=2265 , P= 0 AD 36 33 91.67

(Carcharhinus H=&43.7, P=l.347-133 DD 36 30 83.33

falciformis) H
c
=259.5, P=2.092-51 ND 36 26 72.22

n =

9

ff
c
=581.4, P=2.938-120 AT 36 32 88.89

H = 907.2, P=2.154-189 DT 36 30 83.33

H
r
=1514, P=l.161-319 NT 36 35 97.22

Total 216 186 86.11

DD vs. ND
1 (pooled) 7 1 100.00

1 (pooled: male) 7 1 100.00

1 (pooled: female) 7 1 100.00

9 (within) 5 55.56

4 (between x pooled gender) 4 100.00

72 (between) 57 79.17

DT vs. NT
1 (pooled) 7 1 100.00

1 (pooled: male) 7 1 100.00

1 (pooled: female) 7 0 0

4 ( between x pooled gender) 4 100.00

9 (within) 8 88.89

72 (between) 62 86.11

Shortfin mako
(Isurus oxyrinchus) AD 11 1 100.00

71=2 DD 11 1 100.00

ND 11 1 100.00

AT 11 0 0

DT 11 0 0

NT 11 0 0

Total 6 3 50.00

DD vs. ND
1 (pooled) 7 1 100.00

2 (within) 2 100.00

2 (between) 2 100.00

DT v. NT
1 (pooled) 7 1 100.00

2 (within) 1 50.00

2 (between) 1 50.00

1 For Mann-Whitney tests involving single comparison, Monte Carlo P-values are based on 10,000 random assignments.



369

Food habits of Steller sea lions

(Eumetopias jubatus) off Oregon
and northern California, 1986-2007

Email address for contact author: susan.d.riemer@state.or.us

1 Oregon Department of Fish and Wildlife

Marine Mammal Research Program

1495 E Gregory Road

Central Point, Oregon 97502

2 Oregon Department of Fish and Wildlife

Marine Mammal Research Program

7118 NE Vandenberg Avenue

Corvallis, Oregon 97330

Abstract—We described the diet of

the eastern stock of Steller sea lions

(Eumetopias jubatus ) from 1416 scat

samples collected from five sites

in Oregon and northern California

from 1986 through 2007. A total of

47 prey types from 30 families were

identified. The most common prey was

Pacific hake ( Merluccius productus),

followed by salmonids ( Oncorhynchus

spp.), skates (Rajidae), Pacific lam-

prey (Lampetra tridentata ), herrings

(Clupeidae), rockfish (Sebastes spp.),

and northern anchovy (Engraulis

mordax). Steller sea lion diet composi-

tion varied seasonally, annually, and

spatially. Hake and salmonids were

the most commonly identified prey

in scats collected during the summer
(breeding season), whereas hake and

skate were most common in the non-

breeding season. Continued research

on Steller sea lion diet and foraging

behavior in the southern extent of

their range is necessary to address

issues such as climate change, inter-

action with competing California sea

lions, and predation impacts on valu-

able or sensitive fish stocks.

Manuscript submitted 27 October 2010.

Manuscript accepted 18 May 2011.

Fish. Bull. 109:369-381 (2011).

The views and opinions expressed
or implied in this article are those of the

author (or authors) and do not necessarily

reflect the position of the National Marine
Fisheries Service, NOAA.

Susan D. Riemer' (contact author)

Bryan E. Wright 2

Robin F. Brown 2

Knowledge of an animal’s diet is

important for understanding its for-

aging behavior, habitat use, and popu-

lation dynamics, and this knowledge
is of particular importance when con-

sidering threatened and endangered

species. Steller sea lions (Eumetopias

jubatus ) are a case in point. Rang-
ing throughout the North Pacific Rim
from California to Japan (Loughlin

et al., 1984; Pitcher et al., 2007),

Steller sea lion populations in western

Alaska underwent dramatic declines

from the late 1970s to early 1990s

(Braham et al., 1980; Merrick et al.,

1987; Loughlin et al., 1992; Trites

and Larkin, 1996). This population

was listed as “threatened” under
the Endangered Species Act (ESA)
in 1990, and later the western stock

was listed as “endangered” (Lough-

lin, 1997; NMFS, 2008). The primary
hypothesis for the decline has been

chronic nutritional stress related to

changes in diet (Springer, 1992; Mer-

rick and Loughlin, 1997; Trites and
Donnelly, 2003; NMFS, 2008).

With the nutritional stress hypoth-

esis (Springer, 1992; Merrick et al.,

1997; Trites and Donnelly, 2003),

and its successor, the ocean climate

hypothesis (Trites et al., 2007a), de-

clines in the Steller sea lion western

distinct population segment (WDPS)
were proposed to be the result of

changes in the quantity, quality, and
availability of prey, brought about

by an ocean climate regime shift in

1976-77 (but see Fritz and Hinckley,

[2005]). This shift is hypothesized

to have forced Steller sea lions to

change their diet and to have re-

sulted in chronic nutritional stress

manifested by reductions in body
size, productivity, and juvenile and
pup survival (York, 1994; Trites and
Donnelly, 2003). Other explanations

for the decline of the WDPS that

were considered but rejected included

population redistribution, commercial

and subsistence harvest, predation,

pollution, and entanglement in ma-
rine debris (Merrick et al., 1987).

Although the Steller sea lion

WDPS experienced annual declines

in abundance ranging between 1.6%

and 5.2% (Merrick et al., 1987), the

abundance in the eastern distinct

population segment (EDPS) increased

at 3.1% per year from 1977 through

2002 (Pitcher et al., 2007; NMFS,
2008). The hypothesized role of poor

diet in the decline of the WDPS, con-

trasted with the increasing EDPS,
begs the question as to what type of

prey the Steller sea lion EDPS con-

sumes and how does it compare with

that of the WDPS. The majority of

information on Steller sea lion diet,

however, has come from Alaska (e.g..

Pitcher, 1981; Merrick et al., 1997;

Sinclair and Zeppelin, 2002; Womble
and Sigler, 2006; Trites et al., 2007b;

McKenzie and Wynne, 2008). In this
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study, we provide data on Steller sea lion diet from
the southern extent of the EDPS range based on 1416

scat (fecal samples) collected from five sites in Oregon
and northern California from 1986 through 2007. We
tested for seasonal, annual, and spatial differences in

diet composition and discuss our results in relation to

findings from Alaska.

Materials and methods

Field and laboratory

We collected scat from four locations off Oregon and one

location off northern California from 1986 through 2007
(Fig. 1; Table 1). Three of the five locations were occu-

pied seasonally as rookeries (Orford Reef, Rogue Reef,

St. George Reef), whereas the other two were strictly

nonbreeding haul-outs (Columbia River South Jetty, Cas-

cade Head). Scats collected from May through August
were classified samples from the “breeding season” and
scats from the remainder of the year, as samples from
the “nonbreeding season.” Scats were collected opportu-

nistically as part of other research activities or during
dedicated food habit collection trips.

Scat samples were collected and processed accord-

ing to the method described in Lance et al. 1 Collec-

tions made after 2003 were processed with a standard

washing machine according to collection and processing

procedures described in Orr et al. (2003). Recovered
hard parts were examined with a dissecting micro-

scope and identified to the lowest possible taxonomic
level by comparing all identifiable prey remains (e.g.,

bones, otoliths, cartilaginous parts, lenses, teeth, and
cephalopod beaks) with a comparative reference collec-

tion of fish from the northeastern Pacific Ocean and
Oregon estuaries. Individual samples that contained

both identified prey and remains too eroded to be iden-

tified (unidentified fish) were included in this analysis,

whereas samples with only unidentified remains (n=ll)

or no remains (n=22) were not.

Data analysis

We summarized the relative importance of prey in sea

lion diet by calculating the frequency of occurrence

(FO) of each prey type. Frequency of occurrence was
defined as the number of scat containing a given prey

type divided by the number of scat with identifiable

prey. Although other summary statistics are possible,

FO is a simple calculation, widely used, and probably

least affected by differences in prey recovery (Tollit et

al., 2010). We calculated exact 95% confidence intervals

1 Lance, M. M., A. J. Orr, S. D. Riemer, M. J. Weise, and J.

L. Laake. 2001. Pinniped food habits and prey identifica-

tion techniques protocol. AFSC (Alaska Fisheries Science
Center) Proc. Rep. 2001-04, 36 p. Alaska Fisheries Science
Center, NMFS, NOAA, 7600 Sand Point Way NE, Seattle,

WA 98115.
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Figure 1

Locations (solid circles=rookeries, solid triangles =

haul-outs) where Steller sea lion (Eumetopias jubatus)
scat was collected off Oregon and northern Califor-

nia, 1986-2007. See Table 2 for detailed information

on sampling locations and effort.

for FO by assuming that the number of scat in a collec-

tion containing a given prey was binomially distributed.

In addition to univariate summaries, we were also

interested in testing whether multivariate diet compo-
sition differed between collections. Wright (2010) and
Lemons et al. (2010) noted that the common practice

of using chi-square tests to compare diets violates the

assumption of independence for that test by ignoring

the nesting of multiple prey items within a scat. Vio-

lation of the assumption of independence results in

psuedoreplication and biased chi-square statistics. More
appropriate alternatives for comparing multivariate diet

composition between groups include distance-based per-

mutation methods (e.g., Luo and Fox, 1996; Anderson,

2001; Berry and Mielke, 2003); multiple-response cat-

egorical variable methods (e.g., Agresti and Liu, 1999;

Bilder and Loughlin, 2009; Nandram et al., 2009); and
mark-recapture methods (Lemons et al., 2010). We chose

the distance-based Mantel test (Mantel, 1967; Luo and
Fox, 1996) because it could be formulated to address our

questions of interest, was easy to implement in exist-

ing software, and has been used by other researchers

studying animal diets (e.g., Hudon and Lamarche, 1989;

Green and Burton, 1993; Jones and Barmuta, 1998).

We implemented Mantel tests, using package “vegan”

(Oksanen et al., 2009) in R (R Development Core Team,
2009). We tested whether diet composition differed by

month (after controlling for year and site), year (after

controlling for month and site), or site (after controlling

for month and year). Distances among scat samples
were computed using the Jaccard coefficient which is

an asymmetrical binary coefficient commonly used to

compare sampling units using species presence-absence
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Table 1

Total number of Steller sea lion (Eumetopias jubatus) scat collected by site, month, and year from haul-outs and rookeries in

northern California and Oregon, 1986-2007.

Breeding season month Nonbreeding season month

Location Year May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr Total

Columbia River 1 2004 55 38 45 51 189

2006 48 48

2007 20 61 3 84

Cascade Head 2 2003 13 11 24

Orford Reef3 1990 41 41

2002 15 15

Rogue Reef7 1986 18 18

1987 40 40

1988 20 20

1990 47 47

1993 36 36

1994 33 33

1995 12 12

1996 60 60

2001 70 48 46 164

2002 33 37 42 78 190

2003 12 54 57 123

2004 33 33

2005 2 13 20 35

2006 25 25

St. George Reef5 1990 4 4

1994 37 37

2002 35 35

2003 29 7 36

2004 34 34

2006 33 33

Total 62 321 374 232 48 67 0 0 11 0 42 259 1416

1 South Jetty (46.233 lat. N, 124.070 long. W).
2 Sea Lion Cove (45.067 lat. N, 124.013 long. W).
3 Long Brown Rock (42.791 lat. N, 124.605 long. W ).

4 Primarily Pyramid Rock (42.444 lat. N, 124.469 long. W), but also surrounding sites including Needle Rock (42.448 lat. N, 124.483 long. W),
Double Rock (42.449 lat. N, 124.490 long. W), and South Seal Rock (42.436 lat. N, 124.465 long. W).

5 South Seal Rock (41.813 lat. N, 124.361 long. W).

data (Legendre and Legendre, 1998). A Jaccard dis-

tance of zero indicates that two scat shared all of the

same prey items, whereas a distance of one indicates

that they had no prey items in common. We paired the

Jaccard distance matrix with a design matrix consist-

ing of zeros for between-population distances and 1/

(n
;

—1) for within-population distances (where i indicates

population membership; see Manly, 1997). When used
with a design matrix the Mantel test is equivalent to a

nonparametric multivariate analysis of variance (Sokal

and Rohlf, 1995).

We compared diets based on prey identified to the

lowest possible taxon in order to limit the potential for

spurious differences arising from an arbitrary categori-

zation of prey types, although this procedure resulted in

some comparisons where data were not at an equivalent

taxonomic level. Analysis based on additional categori-

zation of prey—such as size, ecology, or abundance—al-

though potentially useful, was beyond the limits of what
the data could support. We restricted statistical com-
parisons to selected unpooled collections with at least

30 samples. For each test, 9999 randomizations were
used to obtain the distribution for the Mantel test sta-

tistic (rM ) and to calculate probability (P) values. A sig-

nificance level of a= 0.002 was used based on a Bonfer-

roni adjustment of a=0.05 for 26 multiple comparisons.

Results

We collected 1416 Steller sea lion scat samples during

42 collection trips from 1986 through 2007. The number
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of scat collected per trip ranged from 2 to 78 (mean of

34) (Table 1). Of the 1416 scat, 22 were discarded from
analysis because they had no prey and 11 were discarded

because they contained only unidentified prey, resulting

in a working data set of 1383 scat. The majority of sam-
ples came from Rogue Reef during the breeding (n=526)

and nonbreeding («=290) seasons, followed by collec-

tions at the Columbia River South Jetty (n=219) and St.

George Reef (n = 165) during the breeding season. Only
minor collections were made at Orford Reef during the

breeding season 0? = 56), and Cascade Head (n=24) and
St. George Reef (n- 7) during the nonbreeding season

(Table 1).

A total of 47 Steller sea lion prey taxa from 30 families

were identified (33 to species) (Table 2). Overall percent

frequency of occurrence for the most common (FO>10%)
prey in decreasing order were Pacific hake (Merluccius

productus, FO=78.6%), salmonids (Oncorhynchus spp.;

FO = 28.6%), skates (Rajidae; FO=23.4%), Pacific lam-

prey (Lampetra tridentata; FO=20.8%), clupeids (Clu-

peidae; FO=18.7%), rockfish (Sebastes spp.; FO=17.4%),

northern anchovy (Engraulis mordax
;
FO=13.2%), and

unidentified teleost fishes (FO = 10.8%) (Table 2, Fig.

2). Scat during the breeding season were dominated
by hake (87.1%), followed by salmonids (27.1%) and
Pacific lamprey at 20.1%. Hake, with an FO of 59%,
was also a primary prey in samples collected during

the nonbreeding season and skate species increased in

frequency to 40.3%, followed by salmonids (32.1%), and
rockfish (29.7%) (Table 2). Prey diversity within scat

samples ranged from one to 25 types, although 64% of

all samples had <3 prey types. Of the 222 scat collected

during the breeding season that contained a single prey

item, 85.1% contained Pacific hake and 4.1% contained

rockfish. Scat collected during the nonbreeding season

that contained a single prey species (n = 63), 49.2% con-

tained hake and 22.2% rockfish.

By site and season (Fig. 2), Pacific hake occurred in

more scats than any other prey taxa among all sites

and seasons except at Cascade Head and St. George

Reef during the nonbreeding season. For example. Pa-

cific hake was the dominant prey in scats collected at

Rogue Reef, the largest rookery in the study area, both

during breeding (87.3%) and nonbreeding (62.1%) sea-

sons. Although salmonids occurred with high frequency

at all sites and seasons, except at Cascade Head, the

highest frequency was found at Rogue Reef during the

nonbreeding season. Skates, although consumed at all

sites and seasons, occurred most frequently in scats

collected during the nonbreeding season. For example,

skate FO increased at Rogue Reef from 16.2% to 45.5%
during the breeding and nonbreeding seasons, respec-

tively. Pacific staghorn sculpin ( Leptocottus armatus

)

was common only at the northern sites (i.e., Colum-
bia River and Cascade Head), whereas rockfish were

common only at the southern sites (particularly Rogue
Reef).

In general, diet composition varied seasonally, annu-

ally, and spatially. After controlling for site and year

(10 of 11 comparisons; Table 3), we found that diet dif-

fered by month; after controlling for site and month, we
found that diet differed by year (10 of 12 comparisons;

Table 4); and after controlling for year and month (2 of

3 comparisons; Table 5), we found that diet differed by
site. Average Jaccard distance within collections ranged
from 0.206 to 0.807 (median of 0.724), whereas average

Jaccard distance between collections ranged from 0.425

to 0.911 (median of 0.771).

Discussion

Like other researchers (e.g., Pitcher, 1981; Merrick et al.,

1997; Sinclair and Zeppelin, 2002; Womble and Sigler,

2006; Trites et al., 2007b; McKenzie and Wynne, 2008),

we found that Steller sea lion diet was diverse yet domi-

nated by only one or two species (Fig. 3). In Oregon and
northern California the diet was dominated by Pacific

hake, whereas in Alaska diet was dominated by walleye

pollock (Theragra chalcogramma) in the Bering Sea and
Gulf of Alaska, and Atka mackerel (Pleurogrammus
monopterygius) in the Aleutians Islands. Prey types

shared between Alaskan and Oregon-northern Califor-

nia collections included salmonids, clupeids (e.g., Pacific

herring [Clupea pallasii]), rockfish, and skate.

The dominance of Pacific hake in Steller sea lion

diets in Oregon and northern California is probably

related to the widespread abundance of this species

in the California current (as is the case with the

widespread distribution of walleye pollock in Alas-

kan waters). Dorn et al. 2 reported that Pacific hake,

ranging from southern California to the Queen Char-

lotte Sound, British Columbia, was the most abundant
groundfish in the California Current system. During
summer months adult Pacific hake move north along

the Oregon coast while juveniles stay further south

off central California (Bailey et al., 1982). From 1966

to 2007 the Pacific Coast (U.S, and Canadian waters)

Pacific hake fishery landings averaged 219,000 metric

tons (t), with a low of 90,000 t in 1980 and a peak har-

vest of 364,000 t in 2006 (Helser et al., 2008). Pacific

hake are similar in caloric density to cod and pollock,

which are prominent in the diet of Steller sea lions in

the WDPS. This gadid diet has been hypothesized to

result in chronic nutritional stress and ultimately pop-

ulation declines (Trites and Donnelly, 2003, Trites et

al., 2007a). However, despite the dominance of Pacific

hake in the diet from Oregon and northern California,

Steller sea lions in the EDPS have been increasing at

approximately 3% per year since the 1970s (Pitcher et

al., 2007). This fact was cited by Fritz and Hinckley

(2005) as evidence that was inconsistent with the nu-

tritional stress hypothesis.

2 Dorn, M. W., M. W. Saunders, C. D. Wilson, M. A. Guttormsen,

K. Cooke, R. Kieser, and M. E. Wilkins. 1999. Status of

the coastal Pacific hake/whiting stock in U.S. and Canada
in 1998, 102 p. [Available at Pacific Fishery Management
Council, 7700 NE Ambassador Place, Suite 101, Portland,

OR. 97220 1384.]
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Figure 2

Frequency of occurrence (FO) of primary prey (prey with total FO values>0.05) identified from Steller sea

lion (Eumetopias jubatus) scat collected in Oregon and northern California from 1986 through 2007. FO is

presented by collection site and season (breeding season =May-August, nonbreeding season = September-
April) in descending order of overall pooled FO. Error bars indicate exact 95% binomial confidence intervals.

Scientific names for prey types can be found in Table 1. P=Pacific; N=northern; s = staghorn; T=threespine.

How important a specific type of prey is to the sur-

vival of an opportunistic marine pinniped predator is

unknown. Abundance of prey may have more impact

on survival when a predator feeds on schooling fish

rather than on more solitary types of prey, such as

flatfish and sculpin. Furthermore, a diversity of prey

types may be important in sustaining populations and
help buffer the effects of ocean climate changes. For

example, analyses by Merrick et al. (1997) and Trites

et al. (2007b) showed a strong positive correlation be-

tween diet diversity and rate of population change.

Our data are consistent with this finding; we identified

17 primary (>5%) prey types (Fig. 3) and the popula-

tion has been growing at approximately 3% per year

(Pitcher et al., 2007).

Perhaps as a reflection of their diverse diet, we found

a surprisingly high number of statistical differences in

diet composition between months (Table 3), years (Table

4), and sites (Table 5). Although simulation exercises

(not presented) indicated that the Mantel test was not

overly sensitive (e.g., it did not reject a null hypothesis

simply due to a large difference in a single prey type),

the procedure is only a hypothesis test and does not

lend itself to estimation of effect sizes or biologically
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Table 3

Comparison of Steller sea lion (Eumetopias jubatus) diet composition by month, after controlling for collection site and year.

Sample size (n=number of scat analyzed) and individual number of prey types (D) are given for each diet; pooled number of unique

prey types (D ), correlation coefficient (RM ), and permutation-based P-value (based on 9999 replications) are given for each com-

parison. * indicates significance at the a= 0.002 level (based on Bonferroni adjustment of a=0.05 for 26 multiple comparisons).

Site Year

Diet 1 Diet 2

D
e

Mantel test

Month n D Month n D Rm P value

Columbia R. 2004 June 53 25 August 37 13 27 0.061 0.0017*

June 53 25 September 43 17 28 0.145 0.0001*

August 37 13 September 43 17 19 0.047 0.0105

Rogue Reef 2001 April 45 32 August 48 32 44 0.089 0.0001*

2002 March 39 27 April 49 30 36 0.264 0.0001*

March 39 27 July 33 27 35 0.409 0.0001*

March 39 27 August 37 35 38 0.251 0.0001*

April 49 30 July 33 27 36 0.173 0.0001*

April 49 30 August 37 35 39 0.147 0.0001*

July 33 27 August 37 35 40 0.117 0.0002*

2003 April 57 29 October 53 31 42 0.101 0.0001*

Table 4

Comparison of Steller sea lion (Eumetopias jubatus) diet composition by year, after controlling for collection site and month.

Sample size (n) and individual number of prey types (D) are given for each diet; pooled number of unique prey types(D
p

), cor-

relation coefficient (RM ), and permutation-based P-value (based on 9999 replications) are given for each comparison. * indicates

significance at the a = 0.002 level (based on Bonferroni adjustment of a=0.05 for 26 multiple comparisons).

Site Month

Diet 1 Diet 2

D
p

Mantel test

Year n D Year n D P value

Columbia R. August 2004 37 13 2007 31 16 20 0.105 0.0004*

Rogue Reef April 2001 45 32 2002 49 30 40 0.109 0.0001*

2001 45 32 2003 57 29 40 0.018 0.0682

2002 49 30 2003 57 29 38 0.126 0.0001*

June 1987 34 14 1993 36 29 32 0.222 0.0001*

July 1990 43 16 2002 33 27 29 0.199 0.0001*

1990 43 16 2004 33 20 26 0.216 0.0001*

2002 33 27 2004 33 20 29 0.097 0.0001*

August 2001 48 32 2002 37 35 41 0.123 0.0001*

St. George Reef July 2002 33 13 2004 33 21 22 0.008 0.2515

2002 33 13 2006 33 21 25 0.122 0.0001*

2004 33 21 2006 33 21 29 0.203 0.0001*

interpretable parameters. Nonetheless, it does indicate

that researchers should be cautious about pooling sam-
ples across space and time before investigating whether
those samples differ.

Athough analysis of pinniped fecal matter is a stan-

dard technique for studying diet (e.g.. Pitcher, 1980;

Beach et al. 3
;
Olesiuk et al., 1990; Orr et al., 2004),

there are some limitations. For example, the use of oto-

liths to identify prey can lead to biased diet composition

estimates (Jobling and Breiby, 1986). We minimized
this problem by including all bony skeletal structures

(vertebrae, gillrakers, etc.) to identify prey. Another
potential bias can occur when drawing inference to a

particular population from opportunistically collected

3 Beach, R. J., A.C. Greiger, S. J. Jeffries, S. D. Treacy, and
B. L. Troutman. 1985. Marine mammals and their inter-

actions with fisheries of the Columbia River and adjacent
waters, 1980-1982: third annual report, March 1, 1980 to

October 31, 1982. National Marine Mammal Laboratory,
Northwest and Alaska Fisheries Center, NMFS, NOAA Proc.

Rep. 85-03, 316 p. [Available at www.lib.noaa.gov, accessed
May 2011.]
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Table 5

Comparison of Steller sea lion (Eumetopias jubatus ) diet composition by site, after controlling for collection year and month.

Sample size (n ) and individual number of prey types (D) are given for each diet; pooled number of unique prey types (D ), cor-

relation coefficient ( rM ), and permutation-based P-value (based on 9999 replications) are given for each comparison. * Indicates

significance at the a=0.002 level (based on Bonferroni adjustment of a=0.05 for 26 multiple comparisons).

Year Month

Diet 1 Diet 2

D
e

Mantel test

Site tl D Site n D rM P value

1990 July Orford Reef 41 6 Rogue Reef 43 16 17 0.079 0.0002*

2002 July Rogue Reef 33 27 St. George Reef 33 13 28 0.075 0.0023

2004 July Rogue Reef 33 20 St. George Reef 33 21 25 0.096 0.0008*

Pacific hake

Salmon species
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Figure 3

Percent frequency of occurrence (FO) of primary prey reported for Steller sea lions (Eumetopias juba-

tus') in Alaska (n = 6 studies) and northern California and Oregon (this study). FO summary for Trites

et al. (2007b) and Merrick et al. (1997) was calculated by the authors of the present study. Scientific

names for prey types can be found in Table 1.
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1416 This study

samples. For example, scat that we collected on rook-

eries (i.e., Rogue Reef, Orford Reef, St. George Reef)

during the summer breeding season primarily reflect

adult female diet because males often fast during the

breeding season and juveniles are not generally present

at rookery sites.

The Steller sea lion recovery plan (NMFS, 2008)

notes that although several factors affecting the endan-

gered WDPS also affect the threatened EDPS, those

threats do not appear to be affecting the sustained

growth or recovery of the EDPS. It is noted in the

plan, however, that concerns regarding climate change,
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particularly on the southern part of the species range,

warranted continued research and monitoring. Popu-

lation growth in California sea lions (Carretta et al.,

2010) may also be a concern for the EDPS because

these sympatric ottariids potentially compete for prey

resources and habitat. Steller sea lions in the Channel

Island rookeries in California experienced a similar

situation in the late 1950s as California sea lion popu-

lations increased and potentially out-competed Steller

sea lions for food and habitat (Bartholomew and Booloo-

tian, 1960). Additionally, as the Steller sea lion EDPS
increases, its real and perceived impacts on sport and
commercial fish harvests; as well as threatened and

endangered fish populations, will likely increase. For

example, Steller sea lion abundance at Bonneville Dam
on the Columbia River (Fig. 1), 235 km from the ocean,

increased from zero individuals in 2002 to at least 53

in 2010 and these sea lions have consumed hundreds of

threatened and endangered salmonids and thousands

of white sturgeon (Acipenser transmontanus

)

(Stansell

et al. 4 ). Ongoing uncertainties over the role of diet in

the decline of the WDPS, impacts of climate change

on the EDPS, and emerging management concerns all

argue for continued and refined research on Steller sea

lion diet and foraging behavior in the southern extent

of their range.

Conclusions

Identification of prey from 1383 Steller sea lions scats

collected in Oregon and northern California during
1986-2007 resulted in a list of 47 prey taxa consumed.

Primary prey items included Pacific hake, Pacific salmon,

skate, Pacific lamprey, rockfish and clupeid species. Prey

identified from scat during the breeding and nonbreed-

ing seasons were fairly similar but rockfish and skate

species had a higher frequency of occurrence during the

nonbreeding season. Data analysis showed that, in gen-

eral, diet composition varied seasonally, annually, and
spatially. When compared to previous diet studies for

Steller sea lions in Alaska, this population was shown
to depend on hake as the primary prey rather than on

the gadid and hexagrammid species identified in the

northern populations studied. Salmonids were impor-

tant prey in all the studies compared. Continued study

of Steller sea lion food habits is necessary to evaluate

their interactions with important fish populations (such

as salmonids and rockfish), to assess the increasing pres-

sure from migrating California sea lions for limited prey

resources, and to begin to address the effects of climate

change on population abundance.

4 Stansell, R. J, K. M. Gibbons, and W. T. Nagy. 2010. Evalu-

ation of pinniped predation on adult salmonids and other fish

in the Bonneville Dam tailrace, 2008-2010. U.S. Army Corps
of Engineers, Cascade Locks, OR. [Available online at http://

www.nwd-wc.usace.army.mil/tmt/documents/fish/2010/2008-
2010_Pinniped_Report.pdf, accessed 2 March 2011.]
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Abstract— Pacific herring (Clupea

pallasii ) from the Gulf of Alaska
were screened for temporal and spa-

tial genetic variation with 15 mic-

rosatellite loci. Thirteen collections

were examined in this study: 11 from

Southeast Alaska and 2 from Prince

William Sound, Alaska. Although FST
values were low, a neighbor-joining

tree based on genetic distance, homo-
geneity, and Fst values revealed that

collectively, the Berners Bay and
Lynn Canal (interior) collections

were genetically distinct from Sitka

Sound and Prince of Wales Island

(outer-coastal) collections. Tempo-
ral genetic variation within regions

(among three years of Berners Bay
spawners and between the two Sitka

Sound spawners) was zero, whereas

0.05% was attributable to genetic

variation between Berners Bay and
Sitka Sound. This divergence may be

attributable to environmental differ-

ences between interior archipelago

waters and outer-coast habitats,

such as differences in temperature

and salinity. Early spring collections

of nonspawning Lynn Canal herring

were nearly genetically identical to

collections of spawning herring in

Berners Bay two months later—an
indication that Berners Bay spawners

over-winter in Lynn Canal. Southeast

Alaskan herring (collectively) were

significantly different from those in

Prince William Sound. This study

illustrates that adequate sample size

is needed to detect variation in pelagic

fish species with a large effective

population size, and microsatellite

markers may be useful in detecting

low-level genetic divergence in Pacific

herring in the Gulf of Alaska.
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Defining the population structure of

a species is fundamental for fishery

management and resource conserva-

tion. Sustainable management of com-

mercially harvested stocks depends
on a clear understanding of the extent

of fish movements and migratory
behavior, spawning-site fidelity, and
degree of immigration and emigra-

tion. One means to assess population

structure is through genetic analysis.

Armed with the knowledge of genetic

stock structure, managers can use the

appropriate spatial scale to under-

stand life history, essential habitat,

migration patterns, distribution,

connectivity and isolation of stocks,

recruitment, and spawning behav-

ior. Understanding genetic diversity,

which allows for adaptation to chang-

ing environmental conditions, is vital

information for conserving a species.

Detecting genetic divergence within

pelagic fish species, however, is often

difficult because of large population

sizes that retard genetic drift and
gene flow among cohorts through dis-

persal and migration (Shaklee and
Bentzen 1998; Waples, 1998). Even
small numbers of migrants or episodic

straying events can lead to increased

genetic connectivity among otherwise

isolated stocks. Genetic divergence

may occur if gene flow is interrupted

by a single factor or combination of

factors such as physical barriers,

temporal variation (time of spawn-
ing), and spawning-site and natal-site

fidelity.

A particularly large void of genetic

information exists for forage fishes

in the Gulf of Alaska. These species

play a role of great consequence in

marine ecosystems, as prey for most
commercially important fish species.

Without these nutritionally rich fish,

many higher trophic level species

might lack the resources to overwin-

ter. Yet the amount of genetic infor-

mation available for forage species

is minimal at best. One example of

a forage species is the Pacific her-

ring (Clupea pallasii), which pro-

vides a critical link between lower

and higher trophic levels. Herring
typically eat crustaceans and small

fish, and serve as forage for whales,

sea lions, birds, larger fish, (Bakun,

2006; Hart, 1973; Hourston and Hae-

gele, 1980), and humans.
There are few genetic studies of

Pacific herring in Alaska, particu-

larly in regions that have experi-

enced a recent decline in stocks,

such as Prince William Sound in the

central Gulf of Alaska (GOA), and
Lynn Canal in southeast Alaska.

Herring abundance in Lynn Canal

has declined since the late 1970s and

has not recovered to pre-1980 levels,

despite the closure of the fishery in

1981. One criterion for listing a stock
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Table 1

Location and dates for Pacific herring (Clupea pallasii) collections from Southeast and Prince William Sound (PWS), Alaska.

Sample size ( n ) reflects the number of individuals successfully genotyped and used in analyses. The two Lynn Canal collections

in the early spring of 2008 are noted as Lynn Canal 08, a and b.

Sample Latitute (N) Longitude (W) Sampling date n

Spawning fish

Berners Bay 07 58°40.9' 134°59.r 4/5/2007 52

Berners Bay 08 58°40.9' 134°59.1' 5/3/2008 126

Berners Bay 09 58°39.3' 134°58.5' 5/5/2009 148

Hobart Bay 08 57°27.6' 133°21.1' 5/9/2008 128

Hoonah Sound 08 57°36.6' 135°21.5' 4/23/2008 100

Sitka Sound 07 57°05.1' 135°30.4' 3/29/2007 75

Sitka Sound 08 57°08.9' 135°28.7' 4/4/2008 131

Nonspawning fish

Lynn Canal 07 58°27.2' 134°47.0' 11/10/2007 97

Lynn Canal 08a 58°27.2' 134°49.0' 2/23/2008 98

Lynn Canal 08b 58°29.6' 134°49.2' 2/25/2008 98

Nichols Bay 07 54°43.8' 132°08.3' 6/14/2007 97

Western PWS07 60°13.6' 148°11.0' 7/15/2007 99

Eastern PWS07 60°39.2' 134°49.2' 12/2/2007 92

as threatened or endangered under the Endangered
Species Act is a stock’s discreteness or uniqueness. To

date, four genetic studies have been completed in the

eastern GOA. One study of allozymes indicated that,

in general, GOA populations are genetically distinct

from those to the south in British Columbia, Canada
and west of Kodiak Island, (Grant and Utter, 1984):

one locus in that study indicated heterogeneity among
populations within the GOA. In more recent studies

of microsatellite DNA variation, genetically discrete

stocks of herring were detected in British Columbia
(Beacham et ah, 2008) and in Puget Sound in Washing-

ton State (Small et ah, 2005). In both studies, genetic

divergence among these discrete stocks was attributed

to different spawning times, geographic isolation, or

both. In the fourth study, O’Connell et al. (1998a) con-

firmed genetic differentiation between Prince William

Sound and western Alaska Pacific herring populations,

using microsatellites.

This study was conducted to determine whether
Lynn Canal Pacific herring (hereafter, herring) in

Southeast Alaska are genetically distinct from other

eastern Gulf of Alaska herring and whether overwin-

tering Lynn Canal herring spawn in Berners Bay. We
evaluated 22 existing microsatellite loci developed
for Pacific and Atlantic herring (Clupea harengus )

(Miller et al., 2001; McPherson et al., 2001; Olsen et

al., 2002; O’Connell et al., 1998b) for their ability to

distinguish herring populations in the eastern Gulf of

Alaska. Our results indicate that this class of highly

polymorphic nuclear DNA markers, combined with
adequate sample sizes, can resolve spatial patterns of

genetic heterogeneity consistent with discrete stocks

of Pacific herring.

Materials and methods

Sample collections

Thirteen collections of herring were made in seven loca-

tions in Southeast Alaska from 2007 to 2009 (Table 1,

Fig. 1). These samples included three collections of

nonspawning, overwintering herring in Lynn Canal
and three collections of spawning herring in associated

Berners Bay, which is located on the eastern side of

Lynn Canal and hosts a high concentration of spring

spawning herring. Three consecutive years of spawn-

ing fish were sampled in Berners Bay: about two weeks
before spawning in 2007 (Berners07) and during the

spawning season in 2008 and 2009 (Berners08 and
Berners09, respectively). Three samples of overwinter-

ing fish were collected in Lynn Canal during the winter

of 2007-08. The Lynn07 collection was made in early

winter (November), whereas collections from along the

shoreline (Lynn08a) and from a deep trench offshore

(Lynn08b) were made several days apart, approximately

two months (late February) before the spawning season.

In 2008, samples of spawning fish were also collected

in Hobart Bay, approximately 200 km south of Berners

Bay on the mainland in central Southeast Alaska, and
in Hoonah Sound, on northern Chichagof Island. Two
collections were made in Sitka Sound, on the outer

coast of Baranof Island, during the spawning season

in 2007 and 2008, and one collection of immature fish

was obtained from Nichols Bay located at southern

Prince of Wales Island in 2007. Two additional collec-

tions were made in Prince William Sound; one from a

postspawning group in Whale Bay in 2007, located on

the western side of the sound (wPWS), and one from an



384 Fishery Bulletin 109(4)

Figure 1

Sampling locations for Pacific herring (Clupea pallasii) collected in the

Gulf of Alaska for genetic analysis, 2007-09.

overwintering aggregate from Simpson Bay, in eastern

Prince William Sound (ePWS) in December, 2007.

All samples were collected by trawl, seine, or castnet.

Lynn Cana and Hobart Bay samples were collected with

a midwater trawl. Spawning herring in Berners Bay
were collected along the shore with a castnet. Hoonah
Sound samples were hand netted from the commercial

roe-on-kelp fishery. In Sitka Sound, herring were col-

lected from a purse seiner chartered by the Alaska
Department of Fish and Game (ADFG) during the test

fishery for the Sitka Sound sac roe fishery. Samples
from Nichols Bay and Prince William Sound were col-

lected with a beach seine. All samples, except those

from Nichols Bay, were mature fish. All collections were

shipped as whole frozen fish to the Auke Bay Laborato-

ries in Juneau, AK.

Laboratory procedures

DNA was extracted from tissue samples (heart, muscle,

or fin) by following DNeasy genomic DNA extraction

methods (Qiagen, Valencia, CA). A master mix of 1 pL
10x PCR buffer, 4.54 pL deionized water, 0.6 pL MgCl

2

(25 mM), 0.8 pL dNTPs (10 mM), 0.5 pL forward primer

(10 mM), 0.4 pL reverse primer (10 mM), 1.0 pL of fluo-

rescent labeled primer (1 mM), and 0.16 pL ofTAQ DNA
polymerase was combined with 1 pL of DNA. Initially, 22

microsatellite loci were amplified by polymerase chain

reaction (PCR), by using a Gene Amp 9700 thermocycler

(Applied Biosystems, Foster City, CA). The resulting

PCR products were size fractionated on a DNA sequencer

(Licor 4200 and 4300) by using known molecular size

standards, and genotypes were scored by using SAGA
software (Licor, inc., Lincoln, NE). Loci were double-

scored and those with a 2-bp repeat were aligned by

allele size and analyzed a second time to ensure data

integrity. Individuals for which there were missing

data for three or more of the 15 loci were dropped from

further analyses. The numbers of individuals used in

analyses (n) are given in Table 1.

Genetic analysis

Initial data from 22 loci were examined for the possibil-

ity of scoring errors, null alleles, or large allele drop out

with MICROCHECKER software (van Oosterhout et

al., 2004). Deviation from Hardy-Weinberg expectation

(HWE) was tested for each locus for each sample collec-

tion by using Fisher’s exact test with GENEPOP soft-

ware, vers. 4.0 (Raymond and Rousset, 1995). Linkage
disequilibrium was tested with Slatkin’s (1994) method
implemented in GENEPOP to confirm that loci were
segregating independently. Markov chain parameters

of 50,000 dememorizations, 500 batches, and 25,000

iterations were used to calculate an accurate and reli-

able test. The methods of Weir and Cockerham (1984)

implemented in FSTAT, vers. 2. 9. 3.2 (Goudet, 1995) were

used to calculate FIS for each collection by locus, and
each locus over all collections. A gene diversity analysis

was conducted with GENEPOP software to examine
observed and expected heterozygosities per locus and per

collection. Allelic richness by collection was calculated

in FSTAT. Effective number of alleles was calculated as

1/(1-H
e
). Chord distances (Cavalli-Sforza and Edwards,

1967) were calculated among all pairs of collections with

PHYLIP software, vers. 3.69 (Felsenstein, 1989), and a

neighbor-joining tree was constructed to examine the

relationships among collections. Data were bootstrapped

(1000 replicates) by using allele replacement and loci

replacement in PHYLIP, and a summary of the repli-

cates (consensus tree) was constructed to examine the

consistency of putative genetic partitions.
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Homogeneity tests of allelic frequencies were con-

ducted for all pairs of collections by using x
2 prob-

abilities (Markov chain algorithm, GENEPOP, vers.

4.0). P-values were corrected for multiple testing with

the false discovery rate test (Benjamini and Yekutieli,

2001). Pairwise FST values, a measure of genetic diver-

gence, were calculated with the Weir and Cockerham
(1984) algorithm in FSTAT and evaluated with a per-

mutation test.

The amount of molecular diversity was measured
within sites at locations for which multiple years of

data from the same location were available (Berners

Bay and Sitka Sound). The diversity among years was
compared with the diversity between locations, by using

a hierarchical AMOVA (analysis of molecular variance)

with 1000 permutations in ARLEQUIN, vers. 3.5 (Ex-

coffier and Schneider, 2005). The amount of variation

was partitioned in the following categories: within the

individual sample (Fsc), among collections from dif-

ferent years at the same location (Fct), and between
locations (Fst).

Results

Seven of the 22 loci were dropped from further analy-

ses because of either large allele drop out ( Cpal02 ),

suspected null alleles (Cpa8 ), stutter bands ( Cpal04

,

Chal23), one-bp shifts (CpalOO ), or because of our

inability to resolve the loci for all data sets {CpalOl,

Cpal07a ), or because of one-bp shifts (CpalOO)', however,

further optimization in the laboratory may prove these

loci useful for future studies. The remaining 15 loci

were Cpal03, Cpal08, Cpalll, Cpall2, Cpall3, Cpall4,

(Olsen et ah, 2002) Cpa4, Cpa6, Cpa27, Cpal07, Cpal25,

Cpal34, (Miller et ah, 2001) Chal017 and Chal020,
(McPherson et al., 2001) and Cha63 (O’Connell et al.,

1998b) (Appendix). These loci were highly polymorphic

in general; the average number of alleles was 30.8,

ranging from 7 at Chal017 to 64 at Cpall2 (Appendix).

Several loci with a large number of unique alleles, such

as Cpal34 (58 alleles), and Cpall2 (64 alleles), exceeded

the number of individuals (n = 52) in the Berners07
collection. This finding illustrates the need for ample
sample sizes for use with highly polymorphic markers.

Average observed heterozygosity across all populations

for each locus varied from 0.45 to 0.99. The number of

alleles (n
a ) found in each collection was similar overall,

with the exception of those from the Berners07 collec-

tion, which were typically lower. The allelic richness (a)

and effective number of alleles (n
eff ) were also similar

overall (Appendix).

Observed and expected heterozygosities were overall

in close agreement for all loci. Nine of the 195 tests

for Hardy Weinberg equilibrium had an excess of ho-

mozygotes—an amount expected by chance alone—and
importantly, no excesses of homozygotes at any one lo-

cus were found in more than two collections—evidence

that null alleles did not contribute significant bias to

estimates derived from these 15 microsatellites. Low

FIS values for most loci indicate random mating within

each collection. Chal017 and Cpa27 had a slightly high

overall Fls value of 0.167 and 0.114, respectively. Nine

out of 105 linkage disequilibrium tests in GENEPOP
were significant. No locus had a significant value at

more than two collections, indicating that all loci were

likely inherited independently.

Global AMOVA results for the three Berners Bay
collections and two Sitka Sound collections revealed

that nearly all the variation was within the individuals

(99.6%) and within the collection (0.35%). The remain-

der of the genetic variation was attributable to regional

differences between the two locations (0.05%; P=0.058).

No variation was attributable to temporal differences

among collection years within a region.

Pairwise homogeneity tests of allelic frequency re-

vealed statistically significant genetic differentiation

at 10 (7 after correction for multiple testing) of the 21

sample pairs of spawning fish collections (below diago-

nal of boxed area in Table 2). The most notable result

was that Berners08 and 09 spawners were significant-

ly different from the Sitka Sound and Hoonah Sound
spawners in all pairwise homogeneity tests of allele

frequencies. The Berners07 collection of prespawning
fish was generally homogeneous with all other collec-

tions, possibly because of small sample size. Berners

Bay spawning herring and those collected in the win-

ter from nearby Lynn Canal, were homogeneous, with

the exception of the early winter collection (Lynn07).

The two Lynn Canal collections in the early spring

2008 (Lynn08, a and b) were nearly identical to each

other and were also highly similar to those collections

of spawning herring in the nearby Berners08 sample
taken several months later.

Among the collections of spawning fish, seven of the

21 Fst estimates were significant before correction.

Only one pairwise Fsr value was significant after cor-

rection: namely the FST value for Hoonah Sound and
Berners08. Berners Bay and Lynn Canal collections,

with the exception of Lynn07, exhibited an FST of 0,

indicating a high level of genetic homogeneity in this

region over several years of collection.

Significant PST values and differences in allele fre-

quencies among regional groups were more evident after

spatially homogeneous and temporal collections were
pooled (Table 3). Collections of herring from Prince Wil-

liam Sound were significantly different (P= 0.001) from

both outer-coastal and interior collections in South-

east Alaska (except for the single collection of Hobart
Bay). Herring samples from the two outer-coastal loca-

tions, Sitka Sound and Nichols Bay, were homogeneous
(P=0.28), but were collectively divergent from interior

Berners Bay and Lynn Canal collections.

Genetic distances and the resulting neighbor-joining

tree generally mirrored the results in Tables 2 and 3,

however, bootstrap support for the tree was weak. PWS
grouped together in 60% of the resamplings, Bern-
ers08, Lynn08a, and Lynn08b grouped together 50%
of the time, and all other branches grouped less than
50%.
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Discussion

Genetic structure was evident among herring

populations in the eastern Gulf of Alaska.

Collections from the fjord system of Berners
Bay and Lynn Canal were significantly dif-

ferentiated from the outer coast collections

(Sitka Sound). The level of differentiation

was surprising given the small geographical

separation of approximately 235 km between
the two areas and the higher genetic con-

nectivity typical among marine pelagic spe-

cies such as herring. Spawning fish from
three years of collection in Berners Bay and
overwintering fish from Lynn Canal con-

sistently grouped together, indicating these

fish may be overwintering in Lynn Canal
and spawning in Berners Bay. Early spring

collections in Lynn Canal in 2008 (Lynn08a
and Lynn08b) were particularly homoge-
neous with the spring spawning group in

Berners Bay (Berners08). These three col-

lections grouped together in the neighbor-

joining tree and remained together more
than 50% of the time in the consensus tree

with both loci replacement and allele replace-

ment bootstrapping methods. Hobart Bay,

located several hundred km to the south of

Berners Bay in the interior waters of South-

east Alaska, was not genetically distinct from

either the fjord group of Berners Bay and
Lynn Canal or outer-coastal Sitka Sound,

indicating that either there is more extensive

gene flow between these regions—Hobart Bay
is an interior water body but located along

the main waterway that bisects southeast

Alaska—or that the sample size of the single

collection at Hobart Bay (n = 100) may not be

large enough for detection of differentiation

as statistical power decreases considerably if

sample sizes are unbalanced (Goudet, 1996;

Waples and Gaggiotti, 2006). Pacific herring

from Hoonah Sound, however, were geneti-

cally distinct from herring in Berners Bay
and Lynn Canal interior collections. Herring

from this region also had a unique fatty acid

signature differing from those at all other

locations tested in Southeast Alaska (Otis 1
).

Results of our genetic study tend to verify

previous morphological, tagging, and genetic

studies that have indicated reduced gene

flow among regions within Southeast Alas-

1 Otis, T., R. Heintz, and J. Maselko. 2010. Inves-

tigation of Pacific herring (Clupea pallasii

)

stock

structure in Alaska using otolith microchemistry

and heart tissue fatty acid composition. Final

Rept. submitted to EVOS-TC (Exxon Valdez Oil

Spill Trustee Council). [Available at http://

ww w/evostc. state, ak.us/Files.cfm?doc=/Store/
FinalReports/2007- 07769 -Final, pdf]
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Table 3

FST values for Pacific herring estimated between sample pairs from geographic regions in the eastern Gulf of Alaska (above

diagonal). Below the diagonal are P-values from pseudo-exact homogeneity tests of allele frequencies between collections. Signifi-

cance of tests, based on 95% confidence intervals from permutation tests before (bold) and after (asterisk) corrections for multiple

tests are indicated. /i=the number of individuals in the collection.

Berners Bay-
Lynn Canal

n = 619

Hobart Bay
n=128

Hoonah Sound

n = 100

Sitka Sound
n =206

Nichols Bay
n=97

Prince William

Sound n=191

Berners Bay-Lynn Canal 0.0004 0 .0011 * 0 .0008* 0.0013 0 .0004*

Hobart Bay 0.1000 — 0.0009 0.0001 0 0.0007

Hoonah Sound <0 .0001 * 0.0070 — 0.0005 0.0025 0 .0009 *

Sitka Sound <0 .0001 * 0.1600 0.0100 — 0.0011 0 .0011*

Nichols Bay 0 .0020 * 0.0890 0 .0001 * 0.2750 — 0.0017

Prince William Sound 0 .0010 * 0.0500 0 .0001 * 0 .0010 * 0 .0020* —

ka. McHugh (1954) points out that the expected broad

latitudinal dines of morphological characters, such as

vertebral counts and growth rates, differ sharply in

some geographically adjacent areas within Southeast

Alaska, despite similar environmental conditions affect-

ing these phenotypes, and suggests that a degree of iso-

lation may be responsible. Tagging studies corroborate

these findings. Herring tagged in the Juneau area were
not recovered in the Cape Ommaney reduction fishery

on South Baranof Island (Rounsefell and Dahlgren,

1935); however, fish tagged in Sitka Sound and Craig

(southern Prince of Wales Island near Nichols Bay) were
both detected in this fishery and were interpreted as

evidence of an extensive movement and intermingling

between these two regions (Skud, 1963). Previous ge-

netic studies indicate that outer-coastal herring from
Southeast Alaska were not significantly different from
the majority of spawning herring in British Columbia.

That study indicated that herring spawning at heads
of inlets or ends of fjords migrate relatively short dis-

tances to feed in the summer, whereas fish that spawn
in exposed, coastal locations may migrate to the conti-

nental shelf to feed (Beacham et al., 2008).

Recent genetic studies of herring in the Northeast
Pacific Ocean, have indicated that discrete populations

exist in British Columbia (Beacham et al., 2008), and
Puget Sound, Washington (Small et al., 2005), where
some degree of geographic isolation or differences in

spawning timing exist. The environments of outer-

coastal areas in Southeast Alaska differ from those in

interior waterways. This contrast may induce selective

pressures on fjord/inland populations owing to selec-

tion effects of salinity and may effectively isolate these

groups and lead to differentiation at neutral microsatel-

lite loci through drift. A salinity of 21 to 22 ppt (parts

per thousand) was reported for the interior waters of

Berners Bay (Harris et al. 2
), compared to salinities of

outer-coastal seawater. Outer-coastal water salinity is

higher and directly affects vertebral counts (Schmidt,

1917). Isolating mechanisms have been associated
with specific salinity conditions on spawning locations

(Bekkevold et al., 2005), and one microsatellite locus,

Cpall2, is known to be influenced by divergent selection

associated with salinity in Atlantic herring (Andre et

al., 2010). Cpall2 does not appear to be under selection

in Pacific herring in the Gulf of Alaska because our

study showed this locus to be relatively homogeneous,

significantly differentiating only Prince William from

Hoonah Sound.

Spawning time for herring varies annually in re-

sponse to temperature. In 2009, initial spawning oc-

curred 15-16 April for Nichols Bay, directly followed by

Sitka Sound, 18-20 April, and three weeks later, 11-12

May for Berners Bay (Pritchett and Hebert3
). Spawn-

ing usually occurs in Berners Bay approximately three

weeks later than in Sitka Sound because interior waters

remain colder later into the season.

Spawn timing and age of fish can be important con-

siderations for collection of samples for genetic analy-

ses. Spawning waves, where older fish spawn first, fol-

lowed by younger year classes in the ensuing weeks,
have been identified in Atlantic herring (McPherson
et al., 2003). In age-structured populations with over-

lapping generations, allele frequencies are predicted

to differ among age classes because of “sweepstakes”

recruitment, where a small number of spawners are

disproportionately successful in reproducing offspring,

compared with the massive number of spawners who
fail to leave offspring (Jorde and Ryman, 1996). Age
analysis conducted by Pritchett and Hebert3 revealed

that the largest age class of herring in Lynn Canal in

2008 was 6 years, and 8+ years in Sitka Sound. Fish in

2 Harris, P. M., S. W. Johnson, L. G. Holland, A. D. Neff, J. F.

Thedinga, and S. D. Rice. 2005. Hydrocarbons and fish-

eries habitat in Berners Bay, Alaska: Baseline monitoring
associated with the Kensington Gold Mine. Alaska Fisheries
Science Center Processed Report 2005-06, 44 p. Alaska
Fisheries Science Center, NMFS, NOAA, Juneau, AK.

3 Pritchett, M., and K. Hebert. 2008. 2009 report to the
Alaska Board of Fisheries: Southeast Alaska-Yakutat her-

ring fisheries. Fishery Management Report 08-65, 25 p.

Alaska Department of Fish and Game, Anchorage, AK.
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our collections from 2008 were about two years younger

(on average 4.6 years for Berners Bay herring and 6

years for Sitka Sound herring) than those in the ADFG
database for that year. Analysis by year class may be

beneficial in future studies in order to examine allele

frequencies by age and possible heterogeneity among
year classes or spawning waves.

Genetic differences were significant between South-

east Alaska (collectively) and the two collections from

Prince William Sound, although no inference about

population structure within Prince William Sound is

made here, because both of the collections comprised

nonspawning fish obtained from a single year. Larger

sample sizes and multiyear collections and the use of

microsatellite markers may be useful for further genetic

studies within Prince William Sound.

Large numbers of alleles at some of the microsatel-

lites and the large effective population size of herring

necessitate analysis of adequate numbers of samples to

detect population structure. Accordingly, samples sizes

were increased during the course of the present study,

effectively increasing the power of the analyses. Results

of earlier analyses after one and two years of sampling

did not reveal significant genetic differences among col-

lections in our study, and notably the number of alleles

at several loci exceeded the number of individuals in

a collection—an important consideration when using

highly polymorphic markers. Low FgT values might be

expected because highly polymorphic loci negatively cor-

relate with Fst values (O’Reilly et al., 2004). Berners07

was generally homogeneous with all other collections in

pairwise tests of differentiation (homogeneity and FST ),

possibly owing to small sample size, which reduces the

reliability of the estimate.

Low Fst values, weak bootstrap support for some of

the branches of the neighbor-joining tree, and an AMO-
VA illustrating high genetic variation within individual

samples, indicate that population structure among re-

gional groups of herring in Southeast Alaska is detect-

able but weak. This inference would further indicate

low-level or episodic gene flow among these regions.

Conclusion

In conclusion, Pacific herring from Berners Bay and
over-wintering fish in Lynn Canal, in the archipelago of

Southeast Alaska, were genetically divergent from the

spawners along the outer coast of the eastern Gulf of

Alaska. Lack of recovery of the Berners Bay population

despite closure of the fisheries, may be due to spatial

isolation and adaptation to local environmental condi-

tions. Other potential causes for the lack of recovery

may be increased predation from expanding popula-

tions of sea lions and humpback whales (Rice et al. 4 )

or water disturbance in spawning areas and water pol-

lution. Additional pressures on this stock could lead to

substantial declines in Lynn Canal herring abundance

and in the abundances of fish and marine mammals
that forage on them.
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Appendix

Statistical data on Gulf of Alaska Pacific herring (Clupea pallasii) by loci, including name of locus, GENEBANK accession

number, allele size range and number of base pair (bp) repeats. Collection: l=Berners Bay 07, 2=Berners Bay 08, 3=Berners
Bay 09, 4=Lynn Canal 07, 5=Lynn Canal 08a, 6=Lynn Canal 08b, 7=Hobart Bay 07, 8=Hoonah Sound 08, 9 = Sitka Sound 07,

10 = Sitka Sound 08, ll=Nichols Bay 08, 12=west Prince William Sound, and 13=east Prince William Sound. Collection sizes in),

number of alleles (rc
a ), allele richness (a), observed heterozygosity (H

0 ), expected heterozygosity (H
e ), effective number of alleles

(n
eff ), and estimated inbreeding coefficient (F

is
). Total is n across all populations. All other values in the total column are an

average across all collections.

Cha63
Collection

AF019987, allele size range 130- 187, 2 bp repeats

1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 49 126 136 98 95 97 128 100 72 131 97 99 92 1320

na 19 24 23 21 24 24 24 24 21 25 23 21 23 30

a 17.77 19.22 17.29 17.22 18.08 19.31 18.69 18.88 18.14 18.88 18.29 17.91 19.69 18.42

H
0

0.94 0.92 0.94 0.86 0.86 0.91 0.92 0.91 0.88 0.95 0.84 0.92 0.97 0.91

H
e

0.92 0.91 0.91 0.88 0.90 0.91 0.91 0.92 0.91 0.92 0.89 0.92 0.93 0.91

n
eff

12.50 11.11 11.11 8.33 10.00 11.11 11.11 12.50 11.11 12.50 9.09 12.50 14.29 11.33

F
is

-0.023 -0.009 -0.040 0.029 0.036 -0.002 -0.003 0.009 0.041 -0.029 -0.029 0.064 -0.004 -0.038

ChalOn
Collection

AF289096, allele size range 158- 208, 4 bp repeats

1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 52 126 148 98 96 96 128 100 75 131 97 99 91 1337

«a 6 6 7 5 6 6 6 5 6 5 5 6 6 7

a 5.49 5.31 5.63 4.93 5.45 5.52 4.84 4.74 5.24 4.87 4.76 5.24 5.22 5.16

H
0

0.58 0.57 0.57 0.48 0.54 0.52 0.49 0.54 0.49 0.53 0.49 0.47 0.45 0.52

0.56 0.55 0.58 0.54 0.58 0.55 0.55 0.58 0.60 0.54 0.53 0.50 0.54 0.55

,l
eff

2.27 2.22 2.38 2.17 2.38 2.22 2.22 2.38 2.50 2.17 2.13 2.00 2.17 2.25

F
is

-0.023 -0.031 0.015 0.109 0.065 0.060 0.101 0.063 0.174 0.005 0.005 0.076 0.046 0.167

Chal020
Collection

AF289095, allele size range 130- 239, 2 bp repeats

1 2 3 4 5 6 7 8 9 10 11 12 13 Total

rt 52 113 148 91 95 98 123 99 70 117 93 98 49 1246

,l a
17 28 33 28 27 26 30 22 23 28 23 28 18 43

a 15.29 18.57 19.03 17.98 18.36 18.05 18.38 15.63 17.16 17.74 15.25 19.15 16.37 17.80

H
0

0.73 0.84 0.83 0.85 0.88 0.82 0.84 0.86 0.87 0.80 0.75 0.88 0.90 0.83

He 0.79 0.83 0.81 0.81 0.84 0.85 0.83 0.82 0.83 0.81 0.79 0.85 0.84 0.82

n
ef{

4.76 5.88 5.26 5.26 6.25 6.67 5.88 5.56 5.88 5.26 4.76 6.67 6.25 5.72

F
is

0.074 -0.016 -0.023 -0.041 -0.054 0.035 -0.011 -0.049 -0.050 0.012 0.012 0.048 -0.035 -0.074

Cpa4
Collection

AF309800, allele size range 111- 195, 4 bp repeats

1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 51 125 144 94 96 95 128 98 73 129 92 97 87 1309

"a 15 16 18 17 18 17 17 18 17 18 16 18 16 22

a 13.99 13.66 14.37 14.58 14.26 14.53 14.15 14.57 14.62 15.33 14.65 15.23 14.25 14.48

H
0

0.90 0.88 0.92 0.95 0.91 0.88 0.91 0.87 0.95 0.89 0.90 0.96 0.94 0.91

He 0.91 0.89 0.90 0.91 0.90 0.90 0.91 0.90 0.90 0.92 0.92 0.91 0.91 0.90

«eff 11.11 9.09 10.00 11.11 10.00 10.00 11.11 9.80 9.62 12.20 12.50 11.11 11.11 10.67

Fis 0.009 0.016 -0.021 -0.044 -0.00S 0.018 -0.008 0.035 -0.055 0.029 0.029 0.016 -0.052 0.001

continued
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Appendix (continued)

AF309801, allele size range 154-250, 4 bp repeats

Cpa6
Collection 1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 50 124 145 94 91 98 123 99 75 126 81 98 92 1296

n
a

14 16 17 18 18 17 19 17 17 17 15 16 16 22

a 12.97 12.53 13.00 13.34 13.89 12.87 13.08 13.2 13.59 12.21 12.54 12.17 12.32 12.87

H
0

0.76 0.73 0.82 0.79 0.71 0.80 0.84 0.65 0.73 0.75 0.68 0.79 0.72 0.75

H
e

0.81 0.74 0.78 0.76 0.78 0.80 0.76 0.74 0.75 0.72 0.75 0.74 0.76 0.76

n
etf

5.26 3.85 4.76 3.85 4.76 5.00 4.17 3.82 4.07 3.60 4.00 3.82 4.17 4.24

F
IS

0.009 0.008 -0.054 0.006 0.087 -0.001 -0.096 0.124 0.027 -0.033 -0.033 0.098 -0.058 0.054

Cpa27
Collection

AF309799, allele size range 89-199, 4 bp repeats

i 1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 52 126 147 96 96 97 119 97 73 130 97 98 92 1320

n a
12 13 13 13 15 14 13 14 15 16 16 11 13 26

a 10.75 10.08 10.86 10.19 11.58 10.32 9.46 10.94 10.85 11.14 11.72 9.90 10.58 10.75

H
0

0.71 0.84 0.84 0.79 0.78 0.74 0.74 0.85 0.85 0.74 0.70 0.81 0.71 0.78

H
e

0.81 0.82 0.83 0.81 0.84 0.79 0.76 0.83 0.81 0.81 0.76 0.83 0.80 0.81

n
eff

5.26 5.56 5.88 5.26 6.25 4.76 4.17 5.88 5.26 5.26 4.17 5.88 5.00 5.28

F
IS

0.124 -0.022 -0.018 0.019 0.070 0.066 0.027 -0.013 -0.052 0.082 0.082 0.072 0.033 0.114

AF406939, allele size range 176-280, 4 bp repeats

Cpal03

Collection, 1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 51 124 147 98 97 98 127 100 74 131 97 98 91 1333

na 13 19 19 18 17 18 15 17 18 17 17 19 17 26

a 12.15 13.64 12.60 14.13 12.68 12.86 11.95 12.75 15.01 13.06 13.18 14.30 13.55 13.16

H
0

0.94 0.86 0.91 0.82 0.88 0.86 0.91 0.86 0.82 0.86 0.85 0.88 0.90 0.87

H
e

0.90 0.88 0.88 0.90 0.88 0.88 0.89 0.89 0.89 0.88 0.88 0.88 0.90 0.89

n
ef{

10.00 8.33 8.33 10.00 8.33 8.33 9.09 9.09 9.09 8.33 8.33 8.33 10.00 8.89

Fis -0.047 0.034 -0.035 0.094 0.002 0.024 -0.015 0.031 0.069 0.020 0.020 0.035 0.006 -0.003

Cpal07
CollectionL 1

AF309792, allele size range 100-

2 3 4 5

172, 2 bp repeats

6 7 8 9 10 11 12 13 Total

n 33 126 144 97 85 90 127 99 66 123 97 97 84 1268

«a 18 25 24 21 22 24 25 25 19 23 20 24 22 31

a 18.00 18.27 16.93 15.96 16.59 17.81 17.65 18.16 14.57 17.29 14.52 18.57 18.07 17.55

H
0

0.94 0.89 0.87 0.84 0.89 0.93 0.91 0.89 0.89 0.84 0.89 0.91 0.94 0.89

He 0.90 0.91 0.91 0.90 0.91 0.91 0.91 0.92 0.88 0.91 0.89 0.92 0.93 0.91

n
ef{

10.00 11.11 10.00 10.00 11.11 11.11 11.11 12.50 8.33 11.11 9.09 12.50 14.29 10.94

F
IS

-0.044 0.019 0.041 0.073 0.013 0.004 0.001 0.032 -0.012 0.077 0.077 0.005 0.008 -0.013

continued
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Cpal08
Collection 1

AF406944, allele

2 3

size range 227-

4 5

277, 4 bp repeats

6 7 8 9 10 11 12 13 Total

n 47 120 141 94 90 92 126 99 73 123 95 98 90 1288

n
3

9 9 12 10 11 9 12 11 8 13 10 11 9 13

a 8.02 7.76 9.20 8.49 9.46 7.57 9.54 8.77 7.10 8.42 7.41 8.04 6.68 8.38

H
0

0.79 0.73 0.72 0.64 0.68 0.75 0.75 0.78 0.78 0.72 0.75 0.73 0.68 0.73

H
e

0.71 0.73 0.73 0.70 0.72 0.71 0.74 0.75 0.74 0.72 0.71 0.71 0.68 0.72

n
eff

3.45 3.70 3.70 3.33 3.57 3.45 3.85 4.00 3.85 3.57 3.45 3.45 3.13 3.58

F
ls

-0.112 0.000 0.005 0.091 0.061 -0.053 -0.015 -0.038 -0.054 0.012 0.012 -0.049 -0.042 0.004

Cpalll

Collection 1

AF406947, allele

2 3

size range 162-

4 5

342, 4 bp repeats

6 7 8 9 10 11 12 13 Total

n 50 124 141 97 91 94 124 88 67 124 93 87 92 1272

n
a

19 20 19 19 20 21 19 20 19 19 21 19 23 27

a 17.84 17.08 16.58 16.99 17.89 17.81 17.02 16.75 17.47 16.77 18.45 17.04 18.97 17.29

H
0

0.88 0.92 0.92 0.94 0.97 0.95 0.92 0.82 0.96 0.94 0.96 0.92 0.99 0.93

0.93 0.93 0.92 0.93 0.93 0.93 0.93 0.92 0.93 0.93 0.93 0.93 0.93 0.93

n
eff

14.29 14.29 12.50 14.29 14.29 14.29 14.29 12.50 14.29 14.29 14.29 14.29 14.29 14.01

0.052 0.013 -0.001 -0.006 -0.040 -0.021 0.011 0.112 -0.029 -0.020 -0.020 -0.031 0.007 -0.059

Cpall2
Collection 1

AF406948, allele

2 3

size range 244-

4 5

472, 4 bp repeats

6 7 8 9 10 11 12 13 Total

n 49 109 137 97 83 94 118 97 74 127 95 99 92 1271

n
3

26 35 32 30 32 34 33 36 35 36 35 38 32 64

a 22.10 24.94 23.02 22.79 23.98 24.61 24.02 24.09 26.02 23.66 23.51 25.12 22.50 23.92

H
0

0.88 0.95 0.99 0.96 0.86 0.93 0.93 0.96 0.91 0.96 0.93 0.95 0.96 0.94

H
e

0.93 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.94 0.94 0.95 0.94 0.95

n
eff

14.29 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 16.67 16.67 20.00 16.67 18.79

F
is

0.055 -0.005 -0.041 -0.011 0.099 0.025 0.020 -0.009 0.047 -0.020 -0.019 0.011 0.000 -0.013

Cpall3

Collection 1

AF406949, allele

2 3

size range 109-

4 5

209, 4 bp repeats

6 7 8 9 10 11 12 13 Total

n 49 125 148 96 95 86 126 100 71 113 91 98 90 1288

n
3

18 18 18 20 19 17 17 17 17 18 17 16 16 23

a 16.79 15.13 15.57 17.07 15.90 14.75 14.86 15.59 15.07 15.05 15.15 14.80 14.56 15.36

H
0

0.86 0.90 0.87 0.90 0.92 0.92 0.93 0.92 0.92 0.93 0.96 0.93 0.84 0.91

H
e

0.93 0.91 0.92 0.92 0.92 0.92 0.92 0.92 0.90 0.91 0.92 0.91 0.89 0.92

n
eff

14.29 11.11 12.50 12.50 12.50 12.50 12.50 12.50 10.00 11.11 12.50 11.11 9.09 11.86

F
is

0.077 0.008 0.051 0.026 0.000 -0.004 -0.013 0.000 -0.016 -0.016 -0.016 -0.037 -0.016 0.056

continued
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AF406950, allele size range 196-292, 4 bp repeats

Cpall4

Collection 1 2 3 4 5 6 7 8 9 10 11 12 13 Total

n 47 59 147 94 95 97 128 99 70 126 91 98 90 1241

"a 16 16 18 18 17 18 17 17 15 17 18 18 16 24

a 14.37 14.74 13.24 12.97 13.76 14.46 13.28 14.35 12.82 13.19 13.93 14.67 13.54 13.70

H
0

0.83 0.97 0.89 0.82 0.91 0.89 0.88 0.90 0.91 0.89 0.88 0.90 0.94 0.89

H
e

0.90 0.90 0.89 0.88 0.90 0.90 0.88 0.88 0.89 0.88 0.90 0.89 0.90 0.89

neff
10.00 10.00 9.09 8.33 10.00 10.00 8.33 8.33 9.09 8.33 10.00 9.09 10.00 9.28

Fis 0.077 -0.069 0.002 0.063 -0.002 0.019 -0.003 -0.016 -0.026 -0.013 -0.013 0.019 -0.004 -0.054

Cpal25
Collection 1

AF309796, allele

2 3

size range 207-

4 5

325, 2 bp repeats

6 7 8 9 10 11 12 13 Total

n 45 121 148 94 94 96 123 100 69 127 97 99 76 1289

n& 28 31 37 35 36 33 37 32 29 34 32 33 35 47

a 25.33 23.10 25.30 25.42 25.80 25.74 26.02 23.74 21.75 25.08 22.87 25.48 26.36 25.15

H
0

0.96 0.97 0.95 0.96 0.92 0.95 0.94 0.93 0.97 0.96 0.94 0.94 0.95 0.95

0.96 0.95 0.95 0.95 0.95 0.96 0.96 0.94 0.94 0.95 0.94 0.96 0.96 0.95

«eff 25.00 20.00 20.00 20.00 20.00 25.00 25.00 16.67 16.67 20.00 16.67 25.00 25.00 21.15

F
IS

0.001 -0.020 0.002 -0.007 0.040 0.008 0.013 0.015 -0.035 -0.010 -0.010 0.005 0.020 0.009

Cpal34
Collection 1

AF309798, allele size range 119-

2 3 4 5

255, 2 bp repeats

6 7 8 9 10 11 12 13 Total

n 52 125 140 92 88 98 125 100 64 125 96 99 91 1295

«a 20 30 29 27 22 27 27 29 21 26 27 29 29 57

a 17.06 18.12 18.60 18.07 15.77 17.54 17.46 19.27 16.38 15.90 17.62 18.22 18.88 17.90

H
0

0.92 0.90 0.91 0.92 0.93 0.94 0.92 0.93 0.86 0.88 0.94 0.89 0.97 0.92

0.91 0.92 0.91 0.92 0.90 0.92 0.92 0.92 0.91 0.91 0.91 0.91 0.93 0.92

n
eff

11.11 12.50 11.11 12.50 10.00 12.50 12.50 12.50 11.11 11.11 11.11 11.11 14.29 11.80

-0.015 0.027 0.008 -0.009 -0.032 -0.024 0.000 -0.010 0.057 0.032 0.032 -0.026 0.027 -0.042



394

Analysis of permanent magnets
as elasmobranch bycatch reduction devices

in hook-and-line and longline trials

Email address for contact author: coconnell2@umassd.edu

1 Present address for contact author: School of Marine Science and Technology

University of Massachusetts Dartmouth

New Bedford, Massachusetts 02740

2 Coastal Marine and Wetlands Studies

Coastal Carolina University

Conway, South Carolina 29526

3 SharkDefense Technologies, LLC

P.O. Box 2593

Oak Ridge, New Jersey 07438

4 Florida Keys Community College

5901 College Drive

Key West, Florida 33040

Abstract—Previous studies indicate

that elasmobranch fishes (sharks,

skates and rays) detect the Earth’s

geomagnetic field by indirect magne-
toreception through electromagnetic

induction, using their ampullae of

Lorenzini. Applying this concept,

we evaluated the capture of elasmo-

branchs in the presence of permanent
magnets in hook-and-line and inshore

longline fishing experiments. Hooks
with neodymium-iron-boron magnets
significantly reduced the capture of

elasmobranchs overall in comparison

with control and procedural control

hooks in the hook-and-line experi-

ment. Catches of Atlantic sharpnose

shark (Rhizoprionodon terraenovae

)

and smooth dogfish (Mustelus canis)

were significantly reduced with
magnetic hook-and-line treatments,

whereas catches of spiny dogfish

( Squalus acanthias) and clearnose

skate (Raja eglanteria ) were not.

Longline hooks with barium-ferrite

magnets significantly reduced total

elasmobranch capture when compared

with control hooks. In the longline

study, capture of blacktip sharks

(Carcharhinus lirnbatus

)

and southern

stingrays (Dasyatis americatia ) was
reduced on magnetic hooks, whereas
capture of sandbar shark (Carcha-

rhinus plumbeus) was not affected.

Teleosts, such as red drum (Sciaenops

ocellatus), Atlantic croaker ( Micro

-

pogonias undulatus), oyster toadfish

( Opsanus tau), black sea bass (Cen-

tropristis striata), and the bluefish

(Pomatomas saltatrix), showed no

hook preference in either hook-and-

line or longline studies. These results

indicate that permanent magnets,

although eliciting species-specific

capture trends, warrant further inves-

tigation in commercial longline and
recreational fisheries, where bycatch

mortality is a leading contributor to

declines in elasmobranch populations.
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Elasmobranch (sharks, skates, and
rays) populations are being subjected

to large-scale anthropogenic mortal-

ity, resulting in significant population

declines of numerous species (Musick

et al., 1993; Stevens et al., 2000;
Baum and Myers, 2004). Directed

commercial fisheries for shark meat
and fins, combined with substantial

bycatch, are thought to be the main
cause of elasmobranch mortality

(Bonfil, 1994; McKinnell and Seki,

1998; Megalofonou et al., 2005; Pois-

son, 2011). Furthermore, recreational

impact is increasing as charter boats

have redirected their efforts to shark

fishing to compensate for the lack of

teleost targets such as tuna, marlin,

and snapper (Anderson, 1990; Musick

et al., 1993; NMFS 1
). The decline of

several elasmobranch populations is

particularly significant because these

animals are K-selected species, and
therefore populations do not rebound

1 NMFS (National Marine Fisheries Ser-

vice). 1991. Draft Secretarial shark
fishery management plan for the Atlan-

tic Ocean (19 April 1991), 127 p. U.S.

Dep. Commer. NOAA, NMFS, Southeast
Regional Center, St. Petersburg, FL.

quickly with changes in management
practices (Smith et al., 1998).

One strategy for managing shark

fisheries and reducing bycatch is to

employ repellents that selectively re-

pel elasmobranchs but do not repel

target species. A promising line of

research involves the use of perma-
nent magnets to create an abnormally

strong electrical stimulus to over-

whelm the acute electrosensory sys-

tem of elasmobranchs and thus repel

them (Rigg et al., 2009; O’Connell et

al., 2010, 2011). This electrosensory

system, comprising many individual

ampullae of Lorenzini, is used to de-

tect minute electrical impulses for

detection of prey and may also pro-

vide geolocation information (Murray,

1962; Kalmijn, 1982; Klimley, 2002).

In laboratory trials, Rigg et al.

(2009) evaluated the effects of perma-

nent magnets on five elasmobranch

bycatch species: scalloped hammer-
head ( Sphyrna lewini ); Australian

blacktip shark (Carcharhinus tilsto-

ni ); gray reef shark (C. amblyrhyn-

chos ); milk shark (Rhizoprionodon

acutus ); and the speartooth shark

( Glyphis glyphis ); as well as the bar-

ramundi (Lates calcarifer), a teleost.

i,
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This study showed that ferrite magnets induced be-

havioral responses in all the tested elasmobranchs and

that permanent magnets may be able to reduce elas-

mobranch bycatch. Similarly, O’Connell et al. (2010,

2011) showed that permanent magnets are effective

elasmobranch-selective repellents in field and controlled

laboratory experiments involving tests with magnets
and procedural controls on baited apparatuses. Robbins

et al. (2011) concluded that magnetic deterrents in the

form of rare-earth magnetic discs have high potential

for reducing the bycatch of shark species that occur in

low densities, but their use in repelling shark species

that occur in high densities, such as the Galapagos
shark (Carcharhinus galapagensis), was concluded to

be minimal.

In addition to magnetic repellents, electropositive

metal (EPM) repellents have also been explored for

their ability to overstimulate the electrosensory sys-

tem of an approaching shark (Rice, 2008; Stoner and
Kaimmer, 2008). In both laboratory and field studies,

EPMs were shown to repel juvenile sandbar sharks

( Carcharhinus plumbeus; Brill et al., 2009). In labora-

tory studies, the duration of the EPM repellency was
short lived (-three minutes), a phenomenon attributed

to competitive interactions among the sharks. In field

trials, there was a 62% decrease in the capture of C.

plumbeus with EPM hook treatments. Additionally,

electropositive metals have been shown to deter spiny

dogfish sharks (Squalus aeanthias) from baits in both

laboratory (Stoner and Kaimmer, 2008) and field experi-

ments (Kaimmer and Stoner, 2008). Although Kaimmer
and Stoner (2008) showed that the capture of S. acan-

thias was reduced by 19% on hooks containing EPMs in

the Pacific halibut (Hippoglossus stenolepis ) commercial

fishery, Tallack and Mandelman (2009) conducted both

laboratory and field experiments in the Northwest At-

lantic, producing contradictory results. The reasoning

for the contrasting findings is unclear.

In the present study, we explore the effectiveness of

two different permanent magnets on hooks as elasmo-

branch repellents. We hypothesize that the capture of

elasmobranchs would be reduced with hooks containing

magnets in comparison with control hooks in hook-

and-line and longline studies. Additionally, we further

hypothesize that the presence of permanent magnets on

hooks would not alter teleost capture because teleosts

lack the ampullary organ.

Methods

Longline study

For the present study we employed grade N52 neodym-
ium-iron-boron cylinder magnets on 30 longline sets and
grade C8 barium-ferrite permanent cylinder magnets
on 54 sets in North Inlet and Winyah Bay, Georgetown
County, South Carolina, between April and Septem-
ber 2008. North Inlet (33°19'N, 79°10'W) is a tidally

dominated, well-mixed estuary comprising 32 km 2 of

mudflats, oyster reefs, tidal creeks, and salt marshes

dominated by Spartina alterniflora (Dame et al., 1986).

It has a mean tidal depth of 2.5 m. Winyah Bay (33°12'N,

79°11'W) is a partially mixed estuary during periods

of low to moderate river discharges, and a salt wedge
estuary during higher flows. Winyah Bay averages about

four meters in depth and has various substrate types:

mud, sand, silt, and clay (Patchineelam et al., 1999).

Longlines consisted of a 150-m tar-coated nylon main-

line with 24 evenly spaced gangions (branches), each

with a single hook. Gangions consisted of 0.75 meters

of 317.5-kg 49-strand stainless cable and 0.75 meters

of 226.8-kg monofilament line and were attached to the

mainline with tuna clips. The hooks were 16/0 Mustad®
3996 open-eye circle hooks and were baited with Atlan-

tic mackerel (Scomber scombrus).

The magnetic flux of the longline treatments,

with 2.5-cm diameter, 85-g neodymium-iron-boron
(Nd

2
Fe

14
B) and a 2.5-cm diameter, 85-g grade C8 bar-

ium-ferrite (BaFe 120 19 ) permanent magnets, was mea-

sured with a model 4048 teslameter and a transverse

probe, model T-4048-001 (F. W. Bell, Milwaukie, Or-

egon). The former produced a maximum flux of approxi-

mately 14,800 gauss at the surface and were polar-

ized through the diameter. The latter were similar in

shape to the neodymium-iron-boron cylinder magnets
but were polarized through the height and produced

a maximum flux of approximately 3850 gauss at their

surface. Before experimentation, the axis of polariza-

tion was not assumed to be a contributing factor to

repellent effectiveness, which is why the axes differed

between magnets.

An alternating experimental design consisted of mag-
netic gangions (treatment) and control (sham-magnet)
gangions that were characterized by having an 85-g

lead weight similar in appearance to the magnet (Fig.

1, A and B). Magnet-type (i.e., neodymium-iron-boron

or barium-ferrite) was consistent for each longline set.

Of critical importance was that treatment and control

gangions remained separated throughout the study

to prevent the magnetization of the control gangions.

Magnets were attached to hooks during deployment
and removed during retrieval. Also, to prevent the

magnetization of control gangions for subsequent tri-

als, the tuna clips on the magnetic treatment gangions

were marked, allowing us to properly separate the con-

trol and magnetic treatment gangions when not in use.

Longlines were deployed several times each week dur-

ing slack tides (for safety and to avoid gear tangling) in

daylight (between 0800-1700 h) for one hour. Each long-

line was set in a double-drape configuration with the

use of a polyform buoy attached midway on the main-
line. With this configuration, approximately 50% of the

hooks (i.e., 12 hooks) rested on the substrate, while the

remaining hooks were suspended in the water column.

During longline retrieval, teleost and elasmobranch
fishes were identified to species, counted, measured
(precaudal length [PCL], fork length [FL], total length

[TL]
,
stretch total length [STL]), elasmobranch sex was

determined, and treatment type noted.
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Figure 1

Hook treatments used in the longline and hook-and-line experiments to examine the deterrent effects

of permanent magnets on elasmobranchs. (A) Configuration of the magnetic treatment used on exper-

imental longlines, (B) configuration of the control treatment used on experimental longlines, and
(C) the magnetic, procedural control, and control treatments used for the recreational fishing experiment.

Hook-and-line study

The hook-and-line fishing experiment was conducted off

Springmaid Pier (33°39'N, 78°54'W) in Myrtle Beach,

South Carolina, between January 2008 and April 2009.

Three medium-action rods and reel combinations were

used in each trial. Rods were equipped with Penn Cap-

tiva CLL4000 reels with 9.07-kg-test monofilament line,

0.30-m steel leader, and egg-shaped sinkers weighing

between 85 and 142 g.

Because elasmobranch fauna varied with water tem-

perature, 6/0 hooks baited with pink shrimp (Penaeus

spp.), squid (Loligo spp.), or freshly caught pinfish (La-

godon 7'hotnboides) were used during warmer months
(April-October; mean sea surface temperature 24°C),

and 2/0 hooks baited with 50 g pieces of Atlantic men-
haden (Brevoortia tyrannus ) were used in colder months
(December-March; mean sea surface temperature 11°C).

At equally spaced locations along the pier, the rods

were randomly arranged. Lines were cast, fished for

fifteen minutes, and then retrieved. Each trial consisted

of three hook treatments: 1) control, 2) procedural con-

trol (sham magnet), and 3) magnetic treatment (Fig.

1C). The control consisted of an untreated hook (i.e.,

no addition to the shank). The procedural control con-

tained a lead weight of similar dimensions to those in

the magnetic treatment and was attached to the hook

shank with duct tape. The magnetic treatment con-

tained a neodymium-iron-boron tube magnet (12-mm
outer diameter, 5.5-mm inner diameter, and 25-mm
height), magnetized through the height, and attached

with duct tape to the shank of a hook. If any bait was
removed or tampered with, all three treatments were

rebaited with fresh bait of identical species. If a fish

was found on any of the three lines, the remaining two

lines were retrieved so that all three lines were in the

water for the same duration. When a fish was caught,

it was identified, measured (PCL, FL, TL, STL), the sex

of elasmobranchs was determined, and treatment type

was noted. Once the fish was de-hooked, all three lines

were redeployed for the remaining minutes of the trial.

Fishing occurred irrespective of tides and day or night.

Statistical analysis

For both the hook-and-line and longline experiments,

total elasmobranch and teleost catches were analyzed

separately. For the longline study, an individual chi-

square analysis was used to compare the effectiveness of

magnet type compared to the control. Also, a chi-square

analysis was conducted on individual species if more
than five individuals were caught during one treatment.

For the hook-and-line study, a chi-square analysis was
conducted to compare control and procedural control

hook data in order to determine whether the presence of

an object (sham-magnet) on a hook altered fish capture.

If no statistical difference was observed, further analy-

sis was conducted on catches of control versus magnetic

treatments. As with longline analyses, if more than five

individuals from one species were captured during one

treatment, a chi-square analysis was conducted for that

species to determine species-specific trends.

Results

Longline: neodymium-iron-boron magnets

Five species of elasmobranchs were captured on long-

lines during the neodymium-iron-boron magnetic trials
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Table 1

Elasmobranch catch composition from longline gear with

neodymium-iron-boron magnets in 30 sets. No significant

differences were found between control and magnetic

treatments for any of the species or all species combined.

Species n

No. of

control

treatments

No. of

magnet
treatments

Rhizoprionodon 15 7 8

terraenovae

Carcharhinus limbatus 6 3 3

Carcharhinus plumbeus 4 2 2

Dasyatis americana 4 1 3

Negaprion brevirostris 1 0 1

Total elasmobranchs 30 13 17

(n= 30 sets): Atlantic sharpnose shark (Rhizoprionodon

terraenovae), blacktip shark ( Carcharhinus limbatus),

sandbar shark ( Carcharhinus plumbeus), southern sting-

ray (Dasyatis americana), and lemon shark (Negaprion

brevirostris). Total capture between magnetic and control

treatments was not significant (^
2 =0.533, P=0.4652),

nor was there a significant difference in catch for R.

terraenovae (^ 2 = 0.067, P = 0.7963), the only species

for which sufficient catch allowed analysis by species

(Table 1). No teleosts were caught on any hooks.

Longline: barium-ferrite permanent magnets

Seven different species were captured during the bar-

ium-ferrite permanent magnetic trials (n- 54 sets): C.

limbatus, D. americana, C. plumbeus, N. brevirostris,

bonnethead shark (Sphyrna tiburo), blacknose shark
(Carcharhinus acronotus), and one teleost—red drum
(Sciaenops ocellatus). Elasmobranch catch with the use

of barium-ferrite permanent magnets was significantly

lower than the catch with controls (

j

2=4.235, P=0.0396).

Among individual species with sufficient numbers to

analyze, catches of D. americana and C. limbatus were
significantly greater on control hooks than on magnetic

treatment hooks (^
2 =4.455, P=0.0348). There was no dif-

ference in the catch of C. plumbeus (j
2=1.286, P=0.257;

Table 2).

Hook-and-line

Six elasmobranch species were captured by hook-and-

line: R. terraenovae, spiny dogfish (Squalus acanthias),

smooth dogfish (Mustelus canis), clearnose skate {R.

eglanteria), C. limbatus, and scalloped hammerhead
(Sphyrna lewini).

For all species combined, there was no statistical

significance in capture found between control and
procedural control hooks: R. terraenovae (;^

2 =0.419,
P=0.5175); S. acanthias (j

2 =0.019, P=0.8907); M. ca-

Table 2

Elasmobranch catch composition from longline gear with

barium-ferrite magnets in 54 sets. Asterisks indicate sig-

nificant (P<0.005) differences between control and mag-

netic treatments in chi-square analyses.

Species n Control Magnets

Dasyatis americana

*

ii 9 2

Carcharhinus limbatus

*

ii 9 2

Carcharhinus plumbeus 7 2 5

Negaprion brevirostris 2 2 0

Carcharhinus acronotus 2 0 2

Sphyrna tiburo 1 1 0

Total elasmobranchs* 34 23 11

Total teleosts 4 2 2

Table 3

Elasmobranch catch composition from hook-and-line gear

with neodymium-iron-boron magnets in 660 trials. Pro-

cedural control data were not included because no signifi-

cant difference in catch for control and procedural control

treatments was observed. Asterisks indicate significant

(P<0.005) differences between control and magnetic

treatments in chi-square analysis.

Species n Control Magnets

Rhizoprionodon 169 67 30

terraenovae*

Mustelus canis* 21 10 1

Squalus acanthias 85 31 23

Raja eglanteria 16 6 3

Carcharhinus limbatus 7 4 0

Sphyrna lewini 2 1 0

Total elasmobranchs* 147 119 57

Total teleosts 16 6 5

nis (x
2 = 0.222, P= 0.6374); R. eglanteria (j 2 = 0.2860,

P=0.5930); C. limbatus (x
2 = 1.000, P=0.3173); and S.

lewini (^
2 =0.000, P=1.000). Therefore, direct compari-

son between combined control and magnetic treatments

was statistically warranted.

Compared with control hooks, neodymium-iron-boron
magnets significantly reduced elasmobranch capture

(X
2 - 21.841, P=0.0001; Table 3). The capture of both

R. terraenovae and M. canis was significantly reduced
by magnets (M. canis: ^

2=7.364, P=0.0067; R. terrae-

novae: j
2 =14.113, P=0.0002). Squalus acanthias and R.

eglanteria catch was not significantly different between
control and magnet treatments (S . acanthias-. j

2 =1.185,

P=0.2763; R. eglanteria-. ^
2 =1.000, P=0.3173). Low C.

limbatus and S. lewini catch did not allow experimental
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analysis. Four species of teleost fishes were captured:

Atlantic croaker (Micropogonias undulatus: control

(0=3, procedural control (PC)=2 , magnet (M)=l), oys-

ter toadfish (Opsanus tau: C=l, PC=2, M=2), black sea

bass (Centropristis striata: C=0, PC=0, M=l), and the

bluefish (Pomatomus saltatrix: C=2, PC=1, M=l). There
was no significant difference in the total number of tele-

ost fish captured between control and procedural control

treatments (^
2 =0.077, P=0.7815) nor between control

and magnetic treatments f^2 =0.077, P=0.7815; Table 3).

Discussion

Magnets were associated with a species-specific catch

in elasmobranchs in both longline and hook-and-line

studies. Longline hooks treated with neodymium-iron-

boron magnets had no effect on any captured elasmo-

branchs (Table 1). Longline hooks with barium-ferrite

permanent magnets produced a reduction in capture

of C. limbatus and D. americana, whereas all other

species were either not affected or were data-deficient

(Table 2). In the hook-and-line study, neodymium-iron-

boron magnets reduced the capture of two species, R.

terraenovae and M. canis, compared with controls and
procedural controls (Table 3). Teleost species were cap-

tured in both experiments and capture rate did not vary

with treatment type.

Longline study

Barium-ferrite magnets repelled elasmobranchs, where-

as neodymium-iron-boron magnets did not. Neodym-
ium-iron-boron magnets (Nd 2

Fe
14
B) contain neodym-

ium from the lanthanide group of elements, as well as

iron (a ferromagnet) and boron. The neodymium-iron-
boron magnets (grade N52) used in our study produced

a maximum flux of 14,800 gauss at their surface.

Barium-ferrite permanent magnets (BaFe 120 19 :
grade

C8) are also alloys with a solidified structure and pro-

duce a maximum flux of 3850 gauss at their surface.

A species-specific difference in catch was observed

when using barium-ferrite magnets. Capture of C. lim-

batus and D. americana was significantly associated

with control hooks; however, capture of C. plumbeus was
not affected. Species-specific differences may be due

to morphological (i.e., ampullary pore density or canal

depth) or behavior (i.e., foraging strategy) (see addition-

al discussion below). Because D. americana is a benthic

elasmobranch whose vision is not the primary sense

in locating buried prey (Raschi, 1986; Jordan, 2008;

Jordan et al., 2009), especially in the turbid waters of

our study sites, we hypothesize that D. americana may
rely more heavily on electroreception, and therefore the

strong induced current produced by the barium-ferrite

magnets elicited a repellent response. O’Connell et al.

(2010) conducted a study which examined the effects

of grade C8 barium-ferrite permanent magnets, identi-

cal to the magnets used in the present longline study,

on D. americana and found that the feeding response

of this species was highly correlated with procedural

control and control regions, and there were significantly

greater quantities of avoidance behaviors toward the

magnetic regions. Similarly, Rigg et al. (2009) showed
that ferrite magnets induce repellent responses in five

elasmobranch species, S. lewini, C. tilstoni, C. ambly-

rhynchos, R. acutus, and G. glyphis. These findings

support the results obtained from field trials in the

present study.

In addition to these results, it is unclear why C.

limbatus catch was significantly associated with con-

trol hooks and C. plumbeus catch was not. One pos-

sible explanation for this result may be animal size

and maturity. The size of the animal is directly cor-

related to ampullary canal length, resulting in dif-

fering electroreception capabilities (Sisneros et al.,

1998; Sisneros and Tricas, 2002). Studies show that

as the Atlantic stingray (Dasyatis sabina) and clear-

nose skate ( Raja eglanteria ) mature there is a gain

of electrosensory primary afferents and, presumably,

neural sensitivity (Sisneros et al., 1998; Sisneros and
Tricas, 2002). More specifically, the neural sensitivity

of R. eglanteria was five times greater in juveniles

and eight times greater in adults than in embryos,

(Sisneros et al., 1998). Similarly, in D. sabina, the

neural sensitivity is three times greater in juveniles

and four times greater in adults than in embryos
(Sisneros and Tricas, 2002). All C. plumbeus cap-

tured in this experiment were juveniles (Sminkey and
Musick, 1995), whereas all C. limbatus were adults

(Killam and Parsons, 1989). It is possible that in the

case of these two species, maturity was an important

characteristic in determining the success of magnetic

repellents and therefore could also explain why mag-
nets successfully repelled D. americana, which were
all adults. Intraspecific comparisons between animal
maturity and repellent success could not be made
because only one size class per species being was
present in the catch; therefore we could not accurately

conclude whether or not animal maturity reflects the

effectiveness of the magnets as repellents.

Supporting our C. plumbeus findings, Brill et al.

(2009) found that juvenile C. plumbeus catch was sig-

nificantly reduced with the use of electropositive met-

als on longline hooks; however, preliminary labora-

tory investigations have demonstrated that juvenile C.

plumbeus quickly habituate to magnetic stimulation

(R. Brill, personal connnun. 2
)—a finding that serves

as a possible explanation for the observed C. plumbeus
results in our study. Lastly, differences in C. plumbeus

and C. limbatus results may be an artifact of small

sample size.

Hook-and-line study

Neodymium-iron-boron magnets polarized through the

longitudinal axis repelled M. canis and R. terraenovae

2 Brill, Richard. 2009. Virginia Institute of Marine Science,

PO Box 1346, Gloucester Point, Virginia, 23062.



O'Connell et al.: Analysis of permanent magnets as elasmobranch bycatch reduction devices 399

during the hook-and-line experiment. Other species of

elasmobranchs did not show any significant responses

to the magnetic treatment hook (S . acanthias and R.

eglanteria) or were data deficient (C. limbatus and S.

lewini).

The ineffectiveness of electrosensory stimuli on S.

acanthias is supported by the results of Tallack and
Mandelman (2009), who reported that the effective-

ness of electrosensory stimuli was reduced owing to

a high level of food deprivation (four days) for captive

S. acanthias. Moreover, electrosensory stimuli had no

affect in field studies involving this species. Because

S. acanthias is found in dense schools, it is possible

that the ineffectiveness of the magnetic stimuli in our

experiment was due to factors such as social-facilitation

(Guttridge et al., 2009). In teleosts fishes, social fa-

cilitation due to increasing group size increased intra-

specific feeding activity (Major, 1978; Ryer and Olla,

1991); therefore these findings may correlate with our

results for S. acanthias and indicate that high shark

densities may influence conspecific feeding activity.

Additionally, because S. acanthias may be found in

dense schools, it is possible that the ineffectiveness of

the electrosensory stimuli was due to the abundance
of conspecific behavior and competition which simply

overrode the electrosensory stimulation induced by the

magnets. High densities of elasmobranchs have been
previously postulated as a potential explanation for

repellent ineffectiveness (Kaimmer and Stoner, 2008;

Robbins et al., 2011) and therefore may explain our S.

acanthias results.

Contrasting with S. acanthias, M. catiis responded
very differently to the treatment hooks and catch was
significantly associated with control hooks. Kalmijn
(1982) showed that M. canis was highly electrorecep-

tive and oriented itself toward or bit electrodes, which
mimicked the bioelectric fields produced by prey. An
explanation for our findings may be that a stron-

ger, induced voltage produced by an electrosensory

stimulus, such as a barium-ferrite magnet, may repel

M. canis.

Unlike our hypothesis above for C. plumbeus catch on

longlines, the relationship between catch and animal
size or ampullary canal length is weak and therefore

cannot be used to explain catch in the hook-and-line

study. For M. canis, ampullary canal length as a result

of stage of maturity may explain the hook-and-line re-

sults because catch was significantly higher in controls

and all animals were adults (Conrath et al., 2002);

however, other examples of catch trends between an
animal’s maturity and magnetic effectiveness do not

exist. For example, all S. acanthias were mature adults

(Hammock et al., 1985), yet no significant trends in

catch existed. Also, although catch of R. terraenovae

was significantly higher for control hooks, catch was
mixed between juvenile and adults (Parsons, 1985) and
no distinct catch relationship was observed between
control and treatment hooks, therefore minimizing the

potential of animal maturity as a pertinent indicator

of the effectiveness of the repellents.

Longline vs. hook-and line

Differences in catch rates for longlines and hooks-and-

lines may be due to species-specific responses, as we
discuss above. Additionally differences in magnetic
characteristics, namely the axis of polarization, may
have led to significant catch trends. Neodymium-iron-
boron magnets used on longlines were polarized through

the diameter, whereas barium-ferrite magnets and the

hook-and-line neodymium-iron-boron magnets were
polarized through a longitudinal axis (height)—a part

of the experimental design that we initially overlooked.

Because the longline neodymium-iron-boron magnets
were placed approximately six centimeters away from
the hook, the measurable magnetic field did not fully

protect the bait, (peaks in magnetic flux occurred side

to side instead of surface-to-substrate), whereas in the

barium-ferrite magnets and hook-and-line neodymium-
iron-boron magnets, the magnetic field covered the

entire bait and hook, which may have been sufficient to

deter elasmobranchs from feeding on the baited hooks.

Deployment methods may also be a possible expla-

nation for these experimental differences. Because
longlines are immersed (i.e., soaked) for longer time

intervals, it is possible that elasmobranchs attracted

by the bait were initially repelled but lingered owing
to the continuous scent emanating from the bait. In

this situation it is possible that sensory habituation to

the magnetic field may have occurred, rendering the

magnets less effective. Numerous studies have demon-
strated that habituation is a common phenomenon in

organisms subjected to repeated sensory stimulation

(Myrberg et al., 1969; Myrberg et al., 1978; Givois and
Pollack, 2000). Moreover, in a previous study, lemon
sharks ( Negapi'ion brevii'ostris) repeatedly exposed to

a magnetic stimulus reacted at first but became un-

responsive after several exposures (O’Connell et al.,

2011). However, if repeated exposure to magnets during

longline experiments resulted in sensory habituation

with the use of neodymium-iron-boron magnets, this

explanation is not supported by results with the use of

barium-ferrite magnets, where there was significantly

less elasmobranch catch on magnetic treatment hooks
during the longline experiments.

Conclusion

In conclusion, magnets used as elasmobranch-selective

repellents during both the longlining and hook-and-line

fishing experiments produced positive result. Although
the effectiveness of magnets may be influenced by
animal density (Kaimmer and Stoner, 2008; Robbins
et al., 2011) and by the level of satiation (Tallack and
Mandelman, 2009), we found that magnetic polarization

may effectively “protect” fish hooks and reduce unwanted
elasmobranch capture in commercial and recreational

fishing. Although promising, these results warrant fur-

ther investigation before recommendations can be made
to fishery managers and policy makers.
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Abstract—The broad distribution

of Pacific sardine ( Sardinops sagax )

along the Pacific coast of North
America makes it difficult for fish-

eries managers to identify regional

stocks of this dominant small pelagic

species. An investigation of morpho-
metric characteristics of otoliths of

Pacific sardine across most of their

range revealed regional differences in

populations. In a survey of over 2000
otoliths, all ages (with an emphasis
on age-1 recruits) were compared.
Principal components analysis, mul-

tivariate analysis of variance, and a

novel method derived from regression

and residuals calculations, termed
perimeter-weight profiles (PWPs),
revealed otolith similarities and dif-

ferences. The results of the different

approaches to statistical comparisons

did not always agree. Sardine otoliths

from Mexican waters were generally

lighter and more lobate than those

from U.S. and Canadian populations.

Age-1 otoliths from northern Califor-

nia in 2006-07 tended to be heavier

and smoother than those from other

areas, including year-class cohorts

from southern California. Compari-
sons of age-groups and year-classes

of northern California otoliths with

the use of the PWP models indicated

significant trends in year-to-year

patterns. In conjunction with other

established indices of population

structure, otolith PWPs are a useful

tool for identifying local and regional

stocks of Pacific sardine and may help

distinguish populations of other fish

species as well.

Manuscript submitted 23 November 2010.

Manuscript accepted 7 July 2011.

Fish. Bull. 109:402-415 (2011).

The views and opinions expressed

or implied in this article are those of the

author (or authors) and do not necessarily

reflect the position of the National Marine
Fisheries Service, NOAA.

The distribution of Pacific sardine

( Sardinops sagax) along approxi-

mately 5000 km of the Pacific coast

of North America—an area span-

ning waters of Mexico, U.S. A., and
Canada—poses an international

challenge to understanding popu-
lation structure and managing the

fishery (Fig. 1; southeast Alaska not

shown). The three countries regu-

late commercial fishing of this often

dominant small, pelagic species under

management plans based on annual
stock assessments, but knowledge of

sardine spawning, recruitment, and
migratory habits is incomplete (Lo et

al., 2010). After a peak in biomass of

3.6 million metric tons (t) in 1936, the

commercial fishery collapsed in the

1940s and 1950s, possibly owing to

overfishing or climatic changes in the

California Current system (Norton

and Mason, 2005; http://www.nmfs.

noaa.gov/fishwatch/species/sardine.

htm [accessed June 2011]). The popu-

lation began to rebound in the 1970s,

and a peak in biomass of 1.7 million t

was recorded in 2000. The present

existence of three North American
stocks has been proposed (reviewed

by Smith, 2005): 1) a stock along the

California coast that migrates to the

Pacific Northwest (Oregon to south-

east Alaska; Wing et al., 2000); 2) a

stock along the Pacific coast of Baja

California, Mexico; and 3) a stock

within the Gulf of California. Radov-

ich (1982) proposed further dividing

the California stock into northern and
far northern races.

Despite a variety of methods, in-

cluding egg, larval, and adult sur-

veys, fish morphometries, vertebral

counts, tagging, and genetic, parasit-

ic, and otolith studies, investigators

have been unable to assign specific

attributes and unique characteristics

to identify regional stocks since the

populations rebounded (Hedgecock et

al., 1989; Grant and Bowen, 1998;

Pereyra et al., 2004; Felix-Uraga

et al., 2005; Smith, 2005; Lo et al.,

2005, 2010; Valle and Herzka, 2008;

Baldwin, 2010; Dorval et al., 2011).

Further clues to stock structure

might be found in more detailed sur-

veys of the morphometry and micro-

chemistry of sardine otoliths.

Since 1993 when a study of Atlantic

cod (Gadus morhua ) showed growth
rates significantly correlated with

otolith shape (Campana and Cassel-

man, 1993), morphometric analysis

has been used as a tool to detect

stock structure and interannual vari-

ability in a number of fish species,

including Pacific sardine (Felix-Uraga

et al., 2005) and other Clupeiformes

(Somarakis et al., 1997; Turan, 2000;

Torres et al., 2000; Gonzalez-Salas

and Lenfant, 2007; Burke et al.,

2008). Linear measurements between

landmark points (truss analysis), cal-

culated geometries (e.g., circularity),

and two-dimensional (Fourier series)

shape analysis of otoliths are meth-

ods typically employed.

Otolith attributes are expressed

under the control of genetic, physi-

ological, and environmental factors.
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Studies of tank-reared fish have led to insights into

how specific environmental influences affect otolith

shape and size. In some cases, feeding condition may
affect growth and otolith morphology (Fletcher, 1995;

Strelcheck et al., 2003; Gagliano and McCormick, 2004;

Hussy, 2008). Temperature influenced otolith size in

tank-reared fish (Hpie et al., 1999) and was inferred

to regulate otolith growth in natural populations of

Merluccius spp. and Coelorhynchus spp. (Lombarte and
Lleonart, 1993; Bolles and Begg, 2000). Otolith mor-

phometry, however, did not vary significantly with tem-

perature or feeding condition in the Japanese flounder

(Paralichthys olivaceus) (Katayama and Isshiki, 2007).

Pacific sardine inhabit coastal waters of a broad tem-

perature range, from <10°C in Oregon and Washington
(Emmett et al., 2005) to >25°C in southern Baja Califor-

nia (Felix-Uraga et al., 2004, 2005). Using temperature-

at-catch data and otolith morphometry, Felix-Uraga et

al. (2004, 2005) showed that the proposed north-south

migration patterns of sardines supported the idea of

three stocks in Baja California. The southern, warm-
water otoliths were most differentiated from the rest,

especially from those taken in coldest water catches.

The authors performed multivariate discriminant anal-

ysis on over 1000 otoliths, using four straight linear

measurements. Although they revealed statistical sig-

nificance, the results showed a high degree of overlap

between collection sites (Ensenada and Bahia Magda-
lena, ca. 500 km apart). That study did not address

the cold-water stocks in the United States and Canada.
Our overall goal was to evaluate the efficacy of oto-

lith morphometries as a tool to identify Pacific sardine

stocks for fishery management. One specific purpose
of this investigation was to compare age-1 otoliths

throughout their geographic range to detect regional

differences and similarities by using several statistical

approaches. Because sardine otoliths elongate asym-
metrically as they grow, we applied a novel statistical

approach that accommodated such changes, with the

use of perimeter-weight profiles (PWPs), in addition to

multivariate analysis of variance (MANOVA), princi-

pal component analysis (PCA), and generalized linear

modeling (GLM). A second objective was to compare
regional and age-related attributes in northern and
southern California cohorts of recruits over multiple

years. This research paralleled 1) a multiyear study of

southern California sardine in the live bait industry,

2) an investigation of the microchemistry (trace ele-

ments and stable isotopes) of a subset of otoliths from
the same multiyear study, and 3) genetic analysis of

sardine tissues (Dorval et al., 2011; B. Javor, unpubl.

data).

Materials and methods

Collections

Either whole fish or otoliths were collected from sites

between Vancouver Island, British Columbia, Canada,

Figure II

Map of the North American collection sites for Pacific

sardine ( Sardinops sagax

)

for determination of coast-

wide population structure from otolith morphometries.

Details of the collections are given in Table 1.

and the Gulf of California, Mexico (Table 1, Fig. 1).

Samples from Canada, the Pacific Northwest, and Mexico

were provided by other researchers investigating those

populations. Samples from California were either spe-

cifically targeted in our study or were collected as part

of regular port sampling by the California Department
of Fish and Game (CDFG). No standard length (SL) or

fish weight data were available for many of the otoliths

obtained from archived CDFG collections.

The collections were divided into seven geographic

groups that reflect oceanographic or political boundar-

ies relevant to national fisheries: 1) Canada (Can); 2)

Pacific Northwest (PNW), which includes Oregon and
Washington; 3) Northern California (Monterey [Mon]);

4) Southern California Bight (SoCal), 32°-35°N, which
includes San Diego (SD) and Los Angeles; 5) Ensenada
(Ens); 6) Bahia Magdalena (BMag); and 7) Gulf of Cali-

fornia (Gulf). Humboldt Bay (Hum, region 2\3 between
the Pacific Northwest and Monterey) and Port Hueneme
(PH, region 3\4 between northern and southern Cali-

fornia) were considered to be transitional zones based
on oceanographic features.

Otolith measurements

Sardine sagittal otoliths are asymmetric and lend

themselves to measurements between multiple land-
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Figure 2

Otolith features and landmarks for morphometric measurements of Pacific sardine

(Sardinops sagax ). (A) Pacific Northwest specimen, age-0, 1.9 mm long, with a

relatively smooth perimeter. (B) Gulf of California specimen, age-1, 3.1 mm long,

with a relatively lobed perimeter. (C) Features for morphometry. Length is the

distance from the midpoint of the rostrum at point A through the primordium
to the posterior edge at point B. Width is the distance perpendicular to the

length passing through the primordium. CE is the distance from the tip of the

antirostrum to the ventral edge, parallel to the width; CC’ is the segment of

CE that represents the gap between the antirostrum (point C) and the rostrum;

and D is the notch between the antirostrum and the rostrum.

mark points on the perimeter and through the primor-

dium. The perimeter may develop rounded, irregular,

or dentate protuberances, particularly along the ven-

tral side, such that some otoliths are relatively smooth
and others are relatively lobed (Fig. 2, A and B). Sag-

ittal otoliths composed of vaterite, which are always
clear and highly lobate, were omitted from the study.

We used both left and right otoliths. Age was deter-

mined by the method of Yaremko (1996). Age-1 otoliths

weigh 0.73-1.30 mg based on our unpublished aging

studies. After having been cleaned in distilled water,

otoliths were dried, weighed on a Cahn C-33 micro-

balance (Thermo Electron Corp., Marietta, OH) with

0.005 mg accuracy and photographed with a reference

scale for measuring otolith dimensions with Image-Pro

Plus, vers. 4.5.1 or 6.3 software (Media Cybernetics,

Inc., Bethesda, MD). The length (segment AB, Fig. 2C)

was determined first, from the midpoint on the ros-

trum tip through the primordium to the posterior edge.

Three segments perpendicular to the length included

the width through the primordium, segment CE, and
CE subsegment C-C’ (a measure of the gap between

the rostrum and antirostrum [point C] ). Point D was
the notch between the rostrum and the antirostrum.

Other measured segments included AC, AD, BC, and

BD. In addition to weight, the measurements included

eight straight linear dimensions, perimeter, and area.

The autotrace function of the software determined the

perimeter and area.

Northern vs. southern California sardine populations

A synoptic study for 2006-07 of age-1 cohorts that

turned age-2 during the spring of the calendar year

was conducted to compare regional differences in sardine

otoliths from Monterey Bay and from San Diego, about

700 km apart. Sardine from both regions presumably

share the same spawning area offshore from central
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Tabie 1

Dates and regions for collections of Pacific sardine (Sardinops sagax) from north to south. The number of otoliths obtained

per site is given in Figure 4. Areas with two region numbers (e.g., 2\3) were considered transitional regions. DFO=Fisheries

and Oceans; SWFSC = Southwest Fisheries Science Center; NWFSC = Northwest Fisheries Science Center; CDFG = California

Department of Fish and Game; CICIMAR=Centro Interdisciplinario de Ciencias Marinas; CICESE = Centro de Investigacion

Cientifica y de Educacion Superior de Ensenada.

Region no. and area Year Collections Provider

1 Canada 2003 Vancouver I., 4 dates (adults) C. Hrabek, DFO
2005 Vancouver I., 1/28/05 area 24 (age 0) C. Hrabek, DFO

2 Pacific Northwest 2003 Cruise FR0307 (3/03), 4 trawls SWFSC
2003 Cruise MF0313 (11/03), 6 trawls R. Emmett, NWFSC
2004 Cruise FR0403 (3/04), 3 trawls SWFSC
2010 Columbia River plume, 5/12 and 5/25 R. Emmett, NWFSC

2\3 Humboldt Bay 1996 Port samples, 3 dates CDFG
3 Monterey 1996-97 Port samples, 8 dates CDFG

2006-97 Port samples, 21 dates CDFG
2008 Port samples, 4 dates CDFG

3\4 Port Hueneme 2007 Port samples, 7 dates CDFG
4 Los Angeles 1995-2003 Port samples, March-April (age 1) CDFG
4 San Diego 2003-09 Bait receiver, monthly samples SWFSC
5 Ensenada 1991-92 Port samples, spring and fall CDFG
6 Bahia Magdalena 2004 Spring and fall, 4 dates R. Felix-Uraga, CICIMAR
7 Gulf of California 2006 February and December Y. Rios, CICESE

and southern California (Lo et al., 2005). However, sea

surface temperatures are markedly different at the two

areas. The average annual temperature range in Mon-
terey Bay at Pacific Grove is 11.8°-14.5°C, whereas 20

km south on the open coast, strong upwelling drives the

temperatures lower (10°-13°C annual range; Breaker,

2005). The mean annual temperature range at the

Scripps Institution of Oceanography pier in La Jolla

(San Diego) is 13.9°-20.0°C (www.nodc.noaa.gov/dsdt/

cwtg, accessed September 2010), whereas 23 km offshore

from San Diego the temperatures are about 1°C warmer
(www.calcofi.org, accessed September 2010). We also

included sardine captured in 2007 near Port Hueneme
(region 3\4), a landing in the Southern California Bight

about midway between Monterey (region 3) and San
Diego (region 4). Because regions 3 and 4 sardine reach

a birthday during April, collections of cohorts during a

calendar year are indicated as age 0—1, age 1-2, and age
2-3. Each sample set included 19-25 fish per collection,

and both left and right otoliths were used when possible.

Statistical analysis

For coast-wide comparisons, several statistical ap-

proaches were used to ascertain patterns and regional

characteristics of otoliths: principal components analysis

(PCA), multivariate analysis of variance (MANOVA), and
a method based on analysis of residuals described below.

PCA was used initially to select the four most important

otolith dimensions for the MANOVA and calculations of

residuals. PCA and associated MANOVA statistics were
applied only to age-1 otoliths (0.73-1.30 mg) because

this age group was collected from all regions, whereas

younger juveniles and older adults were not available

from all areas. The coefficient of the characteristic vector

of the product of contrast sum-of-square cross-product

(SSCP) matrix (H) and the inverse of the error SSCP
matrix (E) were used to determine the influential mea-
surement among four variables. These selected measure-

ments (length, area, perimeter, and weight) were then

standardized (i.e., the correlation matrix rather than the

covariance matrix) to be used in the MANOVA to test

for possible differences in otolith dimensions with six

orthogonal contrasts of individual regions or clusters of

regions by using the Wilks’s lambda test of significance;

Cl, regions 1-2 vs. 3-7; C2, region 1 vs. 2; C3, regions

3-5 vs. 6-7; C4, regions 3 vs. 4-5; C5, region 4 vs. 5; and
C6, region 6 vs. 7. PCA and MANOVA were conducted

with S-Plus (TIBCO Software, Palo Alto, CA) or SAS
(SAS Institute, San Diego, CA) software.

In addition to MANOVA, we designed a method based

on the residuals calculated from regression equations

for measured otolith features in order to express mor-
phometric data for comparisons with average data in

simple models. Three regression equations with the

use of the four most important dimensions determined
by PCA (perimeter vs. area, perimeter vs. length,

and weight vs. length) were derived from a data set

of 2213 otoliths from all ages of sardine and all re-

gions, whereas the MANOVA was performed for age-1

fish only. By applying these equations to the observed

measurements of each otolith, the expected average

perimeter and weight were calculated from the otolith

area or length. The differences between observed and
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calculated measurements (residuals) were employed to

identify regional characteristics. According to the null

hypothesis, 50% of the measurements for otoliths from
a region should fall above the regression line and 50%
below it if there is no regional bias for otolith perimeter

or weight. We tested that hypothesis using the following

equation expressed as a percentage:

n

where Z
;
= 1 if the observed measurement is greater

than the calculated value from the regres-

sion line (otherwise scored as 0); and
n = the total number in the sample set.

We termed the results “perimeter-weight profiles,” or

PWPs.
PWPs reported this way correlated well with residu-

als expressed as plus or minus values in mm or mg. The
correlation coefficients determined by comparing PWP
(%) vs. average residuals (mm or mg) for 61 sample sets

from San Diego collected monthly for over five years

were the following: perimeter based on area, 0.876;

perimeter based on length, 0.889; and weight based on

length, 0.920. PWPs provide an advantage for categoriz-

ing the data on residuals, particularly when there is a

wide spread of values and when the average residuals

fall near zero.

Statistical significance of the three PWP calculations

between geographic areas was determined by three-way

chi-square tests and by using likelihood-ratio tests (or

log linear model) with G 2 statistics (log-linear analy-

sis, http://faculty.vassar.edu/lowry/abc.html, accessed

September 2010). For the ABC chi-square matrix, we
used pairs of values (i.e., 2x2x2): A=two locations;

B=the number of otoliths above and the number below

the regression line that describes the model otolith for

each kind of measurement; and C=two kinds of mea-
surements (PWP perimeter derived from the otolith

area and PWP weight derived from the otolith length).

Significance values (P) were determined from the G 2

statistic for AB(C) that represented the AB interaction

when the AC and BC interactions were removed. It can

be obtained by constructing a separate AB table for

each level of C, calculating a separate G 2 measure for

each AB table, and then summing the results.

Comparisons between northern and southern Cali-

fornia sardine otoliths were conducted several ways. A
GLM with logistic link was used to examine the pos-

sible differences between PWP for perimeter based on

area (P/A), perimeter based on length (P/L), and weight

based on length (W/L) for regions 3 and 4 (Monterey

and San Diego, location effect) using cohorts collected

in 2006 and 2007 (year effect):

g(PWP) = P0 + /IjXj + P2
x

2 + Pa
x

1
x
2 , ( 2

)

where g(PWP) is a logistic link function of the population

proportion for each of the three equations (P/A), (P/L),

and (W/L); and

g(PWP) = log (PWP / (1- PWP)), (3)

where x
1
and x

2
are categorical variables: x

x
=0 for 2006

and 1 for 2007, and x
2
=0 for Monterey and 1 for San

Diego. The last term (/33 ) is the interaction term. When
the coefficient j33

was significant, the GLM was per-

formed to test the location effect for each year with x
2

as the only independent variable.

Because the multiyear data collected from Monterey
area included more than one age, the GLM was also

used to test age and year effect on otoliths sampled
during 2006-07 by using the same methods described

for Equations 2 and 3. The only difference between
these two GLM applications was that here x2 is the age

category: x2
=0 for age-0 fish and 1 for age 1-2 fish. The

coefficient /32
was applied to measure the age effect,

whereas in the previous GLM, x2
was the indicator for

the location.

Results

Coast-wide survey

PCA and MANOVA When otoliths of all ages and from

all regions were compared, most measurements were
highly correlated (coefficients>0.90, /r=2309 otoliths;

data not shown). Length, perimeter, and area had the

highest correlation coefficients (0.98-0.99). Otolith

weight strongly correlated with length, perimeter, and
area (0.94-0.98), and fish standard length similarly

correlated with those four otolith features (0.95-0.97).

When correlations were conducted for each of the seven

areas, no regional patterns were detected (data not

shown).

For the PCA of age-1 otoliths with all eleven mea-
surements, the otolith dimensions (except C-C’) had
nearly equivalent PCI coefficients (data not shown).

When only the four most important dimensions were

compared by PCA (area, length, perimeter, and weight),

PCI explained 86% of the variance and the coefficients

were similar (Table 2). PCI was the only component
with an eigenvalue >1. These samples represented ag-

gregated collections by region for all dates and provided

one otolith per pair. When PCA was conducted with

both otoliths per pair, the results were nearly identical

(results not shown).

MANOVA on these four variables based on the cor-

relation matrix indicated otolith sizes were not the

same for all regions despite the selection of a single age

class (0.73-1.30 mg, nearly a two-fold difference within

the class). MANOVA results showed that all regions

were not the same, and each of the six tested regional

contrasts were significantly different (P<0.05) (Table

3). In three of the six regional contrasts, perimeter, or

perimeter and weight together, contributed the most to

the differences. Length was generally the least influen-

tial factor for any of these contrasts.

Although differences between widely spaced collection

areas might be expected (contrasts 1, 3, and 4), the rea-
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sons for the significant differences between neighboring

regions that share spawning or oceanographic features

(contrasts 2, 5, and 6) were not apparent. Small sample

sizes may have biased some of the results. Age 0-1

otoliths from the northernmost areas were not well

represented: n = 30 from Canada (region 1), all from a

single collection date; and n- 20 from the Pacific North-

west (region 2). However, sample size might not explain

why southern California and Ensenada (regions 4 and

5) otoliths were significantly different, and why Bahia

Magdalena and Gulf of California (regions 6 and 7)

were dissimilar.

We initially conducted PCA of over 1100 otoliths

by aggregating all ages in a region, from juveniles to

adults, which resulted in size-biased, significant dif-

ferences within and between regions (data not shown).

Otoliths from regions 1 and 2, the only areas with

large adults in the collections, differed from all other

regions. This response derived from the overall shape

differences between young and older otoliths (Fig. 2). In

order to compare otoliths of all sizes in collections that

had different distributions of sizes, another approach

was required.

Perimeter-weight profiles (PWPs) The regression lines

between pairs of otolith features for sardine of all ages

and regions were linear (perimeter vs. length) or curvi-

linear (perimeter vs. area, and weight vs. length) (Fig.

3). The regression equations used for calculating PWPs
and their correlation coefficient (R 2

) values for these

features are as follows:

Perimeter (based on area) =

-0.2250 area 2 + 3.1559 area + 1.9071, R2 = 0.968 (4)

Perimeter (based on length) =

2.6808 length + 0.118, R 2= 0.975 (5)

Table 2

Summary of principal components (comp) analyses of

age-1 sardine (Sardinops sagax) otolith measurements

based on the four most important features of length, area,

perimeter, and weight. One otolith was examined per fish.

The numbers of otoliths per region are as follows: region

1 (30), region 2 (20), region 3 (86), region 4 (280), region 5

(87), region 6 (36), region 7 (150), total (689).

Importance of components

Comp
1

Comp
2

Comp
3

Comp
4

Standard deviation 1.86 0.59 0.32 0.29

Proportion of variance 0.864 0.088 0.026 0.022

Cumulative proportion 0.864 0.953 0.978 1.000

Eigenvalues 3.46 0.35 0.10 0.08

Coefficients

Length 0.514 -0.229 0.732 0.384

Area 0.520 -0.850

Perimeter 0.496 -0.540 -0.639 0.233

Weight 0.468 0.810 -0.220 0.276

Weight (based on length) =

(length 2 - 2429
) x (0.1054),

R2 = 0.966, for otoliths <3 mm (6)

Weight (based on length) =

0.2709 length 2 - 0.605 length + 0.6084,

7? 2 =0.947, for otoliths >3 mm (7)

PWPs showed several distinct regional and age patterns,

particularly between northern California (regions 2\3

and 3, Humboldt Bay and Monterey) and regions 5-7

Table 3

Data from a coast-wide survey of the four most important Pacific sardine (Sardinops sagax

)

otolith dimensions (length, area,

perimeter, and weight) determined by principal component analysis and multivariate analysis of variance to test the hypothesis

of no overall region effects and in each of the six orthogonal contrasts of individual regions and clusters of regions. The coef-

ficient of the characteristic vector of the product of contrast sum-of-square cross-product (SSCP) matrix (H) and the inverse of

the error SSCP matrix (E) were used to determine the influential measurement among the four variables. The results include

characteristic roots and vectors of E-1H. Significance (PR>F

)

was <0.0001 for no region effect and all contrasted regions.

Denom. = denominator.

Characteristic vector

Wilks’s Standardized measurements
Contrasted regions

Hypothesis: no effect

lambda
value

F
value

No. of

df

Denom.
df

Characteristic

root Percent Length Area Perimeter Weight

No region effect 0.61 15.13 24 2370 0.359 64.15 0.010 -0.003 0.055 -0.032

1: 1-2 vs. 3-7 0.94 10.02 4 679 0.071 100 0.010 -0.074 0.081 0.010

2: 1 vs. 2 0.92 14.61 4 679 0.059 100 -0.010 0.057 0.019 -0.033

3: 3-5 vs. 6-7 0.90 19.86 4 679 0.042 100 -0.170 -0.007 0.042 0.025

4: 3 vs. 4-5 0.93 12.06 4 679 0.116 100 0.001 0.042 0.029 -0.044

5: 4 vs. 5 0.90 19.74 4 679 0.086 100 0.011 -0.011 0.019 -0.026

6: 6 vs. 7 0.96 7.16 4 679 0.117 100 -0.026 0.039 -0.055 0.045
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in Mexico (Fig. 4, Table 4). Most of the otoliths were
from late age-0 and age-lfish, except those indicated as

being from juvenile (all age-0) and adult (>2 years) fish.

Values close to 50% indicate the collection was close to

the average of the entire population. Samples in Figure

4 were aggregated by collection area regardless of date,

except for two sets: juveniles from region 2 separated

by collection period, 2003-04 vs. 2010; and region 4

(San Diego) monthly otolith collections separated into

2006-07 and 2009-10 sets.

Length (mm)

Figure 3

Pacific sardine (Sardmops sagax) otolith dimen-

sion relationships for 2213 otoliths from all

ages and regions: (A) perimeter vs. area; (B)

perimeter vs. length; and (C) weight vs. length

relationships with two regression lines shown.

The power equation best described otoliths <3

mm in length, and the polynomial equation

best described larger otoliths. The regression

equations are described in the text.

PWPs for Mexican sardine otoliths (regions 5-7) were
distinct. Otolith weights from the three areas of collec-

tion were less than the predicted average. Perimeters

of southern Baja California otoliths from Bahia Mag-
dalena (pooled from spring and fall samples in 2004)
and the Gulf of California (pooled from January and
December, 2006 samples) were markedly lobed. Over-

all, the PWPs of sardine otoliths from region 6 and 7

resembled each other in the chi-square tests, unlike the

results of the MANOVA described in Table 3. Region 5

otoliths had a PWP weight signature resembling the

more southern fish and a PWP perimeter signature

similar to that of southern California sardine. The chi-

square test of the PWP factors indicated that region 5

otoliths were different (P= 0.0002) from more southern

sardine in regions 6 and 7.

Sardine otoliths from regions 1, 2 (2003-04 collec-

tion), and 4 resembled each other. These sets included

both juveniles and adults. By contrast, region 1 and 2

otoliths were significantly different in the MANOVA
presented in Table 3. Northern California otoliths (re-

gions 2\3 and 3) were moderately similar to each other

(P=0.03). The strongest similarities determined in the

chi-square tests were between regions 2 and 4, and
between regions 6 and 7 (P>0.8).

Correlation coefficients between the residuals (ob-

served minus average values, ±mm or mg) for each

Table 4

Similarities in perimeter-weight profiles (PWPs) in the

coast-wide survey of Pacific sardine (Sardinops sagax)

determined by three-way chi-square tests contrasting

perimeter based on area, perimeter based on length, and

weight based on length; n=2213 otoliths. All otoliths were

age 1-2 except those in collections described as juveniles

(age-0) and adults (>age-2). Regions are shown in Figure

1. Region 2, 2003—04 collection; region 3, 1996-97 collec-

tion; region 4, San Diego collection. Dates of other collec-

tions are given in Table 1. Where indicated with +, the

collections were aggregated.

Contrasted ages and regions P

Region 1: juveniles vs. adults 0.0351

Region 2: juveniles vs. adults 0.3985

Region 1 vs. 2 0.1882

Region 1 adults vs. region 2 adults 0.0226

Region 1 vs. 4 0.2039

Region 2 vs. 3 <0.0001

Region 2 vs. 4 0.8025

Region 3 vs. 3\4 <0.0001

Region 3 vs. 2\3 0.0347

Region 3 + 2\3 vs. regions 6 + 7 <0.0001

Region 4 vs. 3\4 <0.0001

Region 4 vs. 5 <0.0001

Region 5 vs. 6 + 7 0.0002

Region 6 vs. 7 0.8781
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2003 2005 2003 2003 - 2010 1996 1996 - 2006 - 2007 2006 - 2009 - 1991 - 2004 2006

2004 1997 2007 2007 2010 1992

Region and year

Figure 4

Regional perimeter-weight profiles (PWPs) of Pacific sardine (Sardinops sagax) otoliths.

All are age 1-2, except age-0 juveniles (designated by a j) and adults >age-2 (designated by

an a). Regions 2, 3, and 4 were divided by collection years (designated by ' and by "). The
dashed line at 50% PWP represents the population average (i.e., 50% of the residuals lie

above the regression line) as determined by the regression equations. The numbers above

the columns represent the number of otoliths collected.

of the three PWP factors, compared for each otolith

(n=2213), were largely similar across the seven geo-

graphic areas. They were positive between the two
ways of conducting perimeter calculations (0.682) and
negative or neutral between perimeter (P/A and P/L)

and weight calculations (-0.382 and 0.071) (data not

shown).

Northern vs. southern California sardine populations

The PWP perimeters calculated from otolith area and
length in monthly or semimonthly collections were
significantly different for Monterey and San Diego
(regions 3 and 4) sardine in 2006-07 (Fig. 5, A and B).

Monterey otoliths tended to have smoother perimeters.

Distinctions between predicted and observed otolith

weights for the two sites were not apparent (Fig. 50.
Fish standard lengths (SL) and condition factors were
similar for the two sites as were the regressions for SL
vs. otolith weight and SL vs. otolith length (data not

shown). Because somatic and otolith growth rates were
similar in the cohorts at the two locations, differences

in otolith perimeters were likely due to environmental

factors.

The Port Hueneme (region 3\4) samples in 2007 had
perimeter profiles more like those of San Diego otoliths

with the area-based regression and widely ranging
perimeter attributes similar to both Monterey Bay and
San Diego otoliths with the length-based regression.

There was no distinction between weight profiles for

the three sites during the same time period. The most

salient feature of the 13 Port Hueneme collections over

a five-month period was their nonuniformity.

A GLM with logistic link was used to examine the

possible difference between PWPs for perimeter based

on area (P/A), perimeter based on length (P/L), and
weight based on length (W/L) between Monterey and
San Diego (location effect) and between years 2006 and
2007 (year effect) (Table 5). For both cases of perimeter

(P/A and P/L), the interaction term (yearxage ) was
significant, and therefore two separate GLMs were per-

formed to test for possible location effects, each for 2006
and 2007. The location effect for each of the two years

was significant (PcO.001) with the difference between
locations being greater in 2007 than in 2006. For the

GLM analysis of PWP for W/L, location and year effects

were not significant. Thus, only PWP perimeters (P/A

and P/L) were dissimilar between regions 3 and 4 for

these two years.

Fish age and collection year were factors for PWPs
of sardine captured in Monterey. In a multi-year sur-

vey, age-1 and older otoliths tended to be smoother
and heavier than average, but year-to-year PWPs were
somewhat inconsistent (Fig. 6). Age-0 otolith PWPs did

not show a predictable pattern that resembled that of

older fish. The GLM was used to test age effect (age 0

and age 1-2) and year effect (2006 and 2007) for the

three PWP factors P/L, P/A, and W/L of the region 3
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A Perimeter based on area

June Dec June Dec

B Perimeter based on length

C Otolith weight based on length

Figure 5

Perimeter-weight profiles (PWPs) of late age-0 and
age-1 Pacific sardine (Sardinops sagax) otoliths from
Monterey (region 3), San Diego (region 4), and Port

Hueneme (region 3\4), 2006-07. (A) Perimeter based
on area. (B) Perimeter based on length. (C) Weight
based on length. The dashed line at 50% PWP repre-

sents the population average (i.e., 50% of the residuals

lie above the regression line) as determined by the

regression equations.

data in Figure 6. The ageiyear interaction term was not

significant for perimeter (both P/L and P/A); therefore

no further GLM was performed (Table 6). The age ef-

fect was significant for perimeter (both P/A and P/L);

the year effect was significant for only P/A and not for

P/L. For the GLM of W/L, the age and year interaction

term was significant.

2006 2007 2008 1996 1997 2006 2007 2008 2008
age 0 age 0 age 0 age lage lege lage lage 1- age 2-

2 2 2 2 2 3

Figure 6

Multiyear comparisons of perimeter-weight profiles (PWPs)
of Pacific sardine (Sardinops sagax ) otoliths from Mon-
terey (region 3). (A) Profiles by collection year and age

(number of otoliths indicated). The dashed line at 50%
PWP represents the population average (i.e., 50% of the

residuals lie above the regression line) as determined by

the regression equations. The number of otoliths is indi-

cated above each set. (B) Averages by age: age-0 (mean of

3 years) and ages 1-2 (mean of 5 years). Each collection

was normalized to 100 otoliths to remove year-based bias.

Error bars are ±95% confidence intervals.

Discussion

PCA and PWP methods of comparison

We compared otolith characteristics from a large collec-

tion of Pacific sardine sampled from most of their North

American range, which was divided into seven regions

between Canada and the Gulf of California. Regional

similarities and differences determined with MANOVA
and perimeter-weight profile comparisons did not agree

consistently with each other.

One of the inherent problems with this kind of survey

is that sardine otoliths elongate asymmetrically as they

grow. Including all sizes of otoliths in any statistical

analysis resulted in significant differences between
northern stocks (where large adult sardine are com-

mercially captured and few juveniles were found) and
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Table 5

General linear model (GLM) for year (fij) and location (fi2 ) interactions effects of region 3 and 4 sardine (Sardmops sagax) otolith

measurements for each perimeter-weight profile (PWP) factor: perimeter based on area, perimeter based on length, and weight

based on length. Because the interaction term (fi3 ) was significant, GLM was performed for both 2006 and 2007 for the three

PWP factors. Significance: *=P< 0.05, **=P<0.005, ***=P< 0.001.

Coefficient Standard

estimate error 2-value P Significance

Perimeter based on area, coefficients

(Intercept) -0.9163 0.1479 -6.195 5.82xlO -10 ***

Location (/3J
0.6286 0.1874 3.354 7.97xl0-4 ***

Year (/3.2 ) -0.4773 0.2006 -2.380 0.0173 *

Location:year (j33 ) 0.8760 0.2513 3.486 4.91xl0 -4

Perimeter based on length, coefficients

(Intercept) -1.0515 0.1525 -6.894 5.42xl0 -12 ***

Location 0.8035 0.1909 4.209 2.57xl0-5 ***

Year -0.2702 0.2021 -1.337 0.1813

Location:year 0.7360 0.2526 2.914 0.00357 **

Weight based on length

(Intercept) 0.1791 0.1993 0.899 0.3763

Location 0.0164 0.2620 0.063 0.9506

Year 0.4879 0.2617 1.864 0.0724

Location :year -0.4265 0.3450 -1.236 0.2263

Weight based on length after excluding interaction term

(Intercept) 0.3226 0.1650 1.956 0.0599

Location -0.2305 0.1718 -1.342 0.1897

Year 0.2427 0.1722 1.410 0.1690

2006 Perimeter based on area, coefficients

(Intercept) -0.9163 0.1479 -6.195 5.82xlO- 10 ***

Location 0.6286 0.1874 3.354 7.97xl0-4 ***

2007 Perimeter based on area, coefficients

(Intercept) -1.3936 0.1355 -10.286 2.00xl0-16 ***

Location 1.5046 0.1674 8.988 2.00 xl0“16 ***

2006 Perimeter based on length, coefficients

(Intercept) -1.0515 0.1525 -6.894 5.42xl0-12 ***

Location 0.8035 0.1909 4.209 2.57xl0“5 ***

2007 Perimeter based on length, coefficients

(Intercept) -1.3218 0.1326 -9.965 2.00xl0“16 ***

Location 1.5395 0.1654 9.310 2.00xl0-16 ***

southern stocks (where large adults are rarely cap-

tured). These dissimilarities are likely due to age differ-

ences. Within the size-class defined to comprise mostly

age-1 otoliths, the dimensional relationships spanned a

smaller range, but they could have biased the results if

all regions did not have a similar distribution of otolith

sizes. The results may have also been biased by the

relatively small number of age-1 representatives from

regions 1 and 2. Any statistical analysis is most reliable

when sample sizes are large and balanced (Osborne and
Costello, 2004).

The predictability of dimensions of an average sardine

otolith of any length or area was the premise for devel-

oping the PWP method to compare sets of otoliths as an
alternative approach for analyzing the data. PWPs gave

a picture of regional signatures and temporal trends

within and between year classes. Juvenile otoliths from

northern California (and in 2010, the Pacific North-

west) showed a regional signature as predominantly
heavy and smooth, whereas juvenile otoliths from their

southernmost distribution were predominantly light and
lobate. Multiyear surveys showed trends in age-specific

profiles for Monterey otoliths.

The PWP method, which permitted the comparison

of individual otolith features, revealed unique profiles

among Mexican sardine. Region 5 otoliths appeared to

have weight characteristics of the more southerly region

6 and 7 populations and perimeter characteristics of

region 4 southern California sardine. Migratory move-

ments that could account for the uniformity of region 6



412 Fishery Bulletin 109(4)

Table 6

General linear model (GLM) for year and age effect in region 3 (Monterey) Pacific sardine (Sardinops sagax) otoliths for each
perimeter-weight profile (PWP) factor: perimeter based on area, perimeter based on length, and weight based on length. Signifi-

cance: *= P<0.05, **=P<0.005, ***=P<0.001.

Coefficient

estimate

Standard

error 2-value P Significance

Perimeter based on area

(Intercept) -0.0757 0.1471 -0.515 0.6069

Year -0.4729 0.2869 -1.648 0.0994

Age -0.8406 0.2086 -4.029 5.60xl0-5 ***

Year:age -0.0045 0.3501 -0.013 0.9898

Perimeter based on area after excluding interaction term

(Intercept) -0.0749 0.1335 -0.561 0.575

Year -0.4759 0.1644 -2.894 3.80 x 10-3 **

Age -0.8422 0.1676 -5.026 5.01 x IQ 7 ***

Perimeter based on length

(Intercept) -0.3606 0.1494 -2.413 0.0158 *

Year -0.1880 0.2881 -0.652 0.5142

Age -0.6909 0.2135 -3.236 1.21xl0 -3 **

Year:age -0.0823 0.3520 -0.234 0.8152

Perimeter based on length after excluding interaction term

(Intercept) -0.3458 0.1352 -2.557 0.0106 *

Year -0.2431 0.1658 -1.467 0.1424

Age -0.7212 0.1701 -4.239 2.24xl0-5 ***

Weight based on length

(Intercept) 0.9391 0.1636 5.742 9.36xl0-9 ***

Year -0.2670 0.2995 -0.892 0.3726

Age -0.7601 0.2115 -3.593 3.27xl0“4 ***

Year:age 0.7549 0.3475 2.173 0.0298 *

Weight based on length, 2006

(Intercept) 0.9391 0.1636 5.742 9.36xl0-9 ***

Age -0.7601 0.2115 -3.593 3.27xl0-4 ***

Weight based on length, 2007

(Intercept) 0.6721 0.2509 2.679 7.39xl0-3 **

Age -0.0051 0.2757 -0.019 0.9851

and 7 otoliths and the mixed characteristics of region

4 and 5 otoliths were described by Felix-Uraga et al.

(2005) in their study of Baja California populations. The
results from our study support the generally accepted

belief that southern Baja California sardine represent

a distinct stock.

The PWP method clearly differentiated region 3 and
4 (Monterey and San Diego) cohorts collected in 2006-
07. The mixed results of the Port Hueneme samples

compared with Monterey and San Diego sardine could

indicate that Port Hueneme is a zone of overlap where
representatives are carried south by the cool California

Current and others are transported north by the warm
Southern California Countercurrent.

The PWP method has limitations for assigning fish

to stocks or environments. Similar PWPs between re-

gion 2 and 4 age-1 sardine, but not region 3 fish, do

not necessarily indicate a common stock, although it is

generally believed adult sardine in California migrate

north during the summer (Smith, 2005; Lo et al., 2010).

Likewise, dissimilar perimeter profiles between age-0

and age-1 sardine otoliths from Monterey do not neces-

sarily indicate two regions of origin. Some attributes

of the PWP method need further study. For example, it

is not obvious why the two equations to model otolith

perimeters correlated differently with the weight model.

Factors affecting otolith morphometries

In previous studies of otolith morphology, length, area,

and perimeter were often the most important character-

istics that defined fish stocks (Bolles and Begg, 2000;

Torres et al., 2000; DeVries et al., 2002; Cardinale et

al., 2004). When included in such studies, otolith weight
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was also an important factor (Tuset et al., 2006; Jons-

dottir et al., 2006). In a morphometric study of Pacific

sardine otoliths from Baja California, Mexico, Felix-

Uraga et al. (2005) used length and other linear dimen-

sions, but not area, perimeter, or weight. Because these

factors were the most important in the first principal

component that explained most of the variance in the

present investigation, a re-evaluation of those otoliths

might refine the results of the earlier study. However,

those otoliths were permanently mounted on slides in

clear resin that precluded weighing them and obtaining

sharp digital images to measure area and perimeter

with the autotrace tool of the image-processing software

(R. Felix-Uraga 1
).

Both temperature and growth rate can be factors

influencing otolith shape. In a study of two stocks of

silver hake (Merluccius bilinearis), fish in the north-

ern stock grew slower, probably due to colder tempera-

tures, and their otoliths were subsequently larger (i.e.,

older) than those from southern-stock fish of the same
standard length (Bolles and Begg, 2000). Similar phe-

nomena have been noted in other fish (summarized by

Strelcheck et al., 2003). Hussy (2008) showed higher

food consumption resulted in a higher number of lobes

in otoliths of juvenile Atlantic cod ( Gadus morhua).

In our 2006-07 synoptic study of region 3 and 4 co-

horts, we found no apparent growth differences be-

tween recruits captured near Monterey and San Diego,

although the higher percentage of smoother otoliths in

Monterey was notable. Juveniles from both locations are

believed to come from central and southern California

coastal spawning grounds (Lo et al., 2005). An obvious

explanation for the differences in otolith morphometries

between the two regions may be temperature.

Temperature has been tested and shown to affect

otolith growth characteristics in other species. Posi-

tive effects of temperature on otolith weight have been

observed in red drum (Sciaenops ocellatus) (Hoff and
Fuiman, 1993) and herring ( Clupea harengus ) (Fey,

2001). Flounder (Paralichthys olivaceus) otoliths showed
no significant difference in marginal coarseness be-

tween wild fish and experimental fish maintained at

15°, 20°, and 25°C (Katayama and Isshiki, 2007). Hoff

and Fuiman suggested that otolith growth was more
directly affected by metabolic rate than by growth rate.

Our unpublished data indicate that otolith weights
and perimeters of sardine reared in tanks at different

temperatures are dissimilar to those same variables

in otoliths of wild-caught sardine of the same age and
they likely reflect artifacts of aquaculture that may be

independent of water temperature.

Temperature may affect sardine otolith morphomet-
ries in wild populations, but other factors may modify
them. An improved survey to address possible tempera-
ture effects would compare all sardine sizes from their

environmental ranges. Sardine do not regularly spawn

1 Felix-Uraga, Roberto. 2005. Personal commun. Centro
Interdisciplinario de Ciencias Marinas, La Paz, Baja Cali-

fornia Sur, Mexico.

successfully in the Pacific Northwest (McFarlane and

Beamish, 2001; Emmett et al., 2005; Lo et al., 2010),

and therefore further study to elucidate the environ-

mental or growth factors that contribute to regional

differences in otolith morphometries in cold ocean en-

vironments would be hampered by the availability of

samples of young fish. Likewise, older sardine are not

usually collected in warmer Mexican waters.

Conclusion

Results from MANOVA indicated there were regional

differences in age-1 otoliths between regions or clusters

of regions when nearly 700 fish were compared. Based
on comparisons with average otoliths of the same length

or area, PWPs of young and adult sardine otoliths

coupled with MANOVA and chi-square tests showed
differences among some regions, as well as significant

similarities. This investigation provided further evi-

dence that S. sagax populations in their southernmost

distribution in Mexican waters are a distinct stock

from U.S. and Canadian populations (Felix-Uraga et

al., 2004, 2005; Smith, 2005). Sardine from Ensenada
(region 5) shared otolith features with both southern

and northern stocks. Age-1 otoliths from northern

California (region 3) tended to be heavier and smoother

than those from other areas. Some regions showed
variations in PWPs between years. PWPs were useful

for describing relationships between and within local

and regional sardine stocks and age cohorts. PWPs
can be applied as a tool for understanding residence,

migration, and population connectivity when used in

combination with otolith chemistry, aging, genetics, and
other traditional measures of population structures for

sardine and other species of fish.
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Abstract— Genetic structure and
average long-term connectivity and
effective size of mutton snapper (Lut-

janus analis) sampled from offshore

localities in the U.S. Caribbean and
the Florida Keys were assessed by

using nuclear-encoded microsatel-

lites and a fragment of mitochondrial

DNA. No significant differences in

allele, genotype (microsatellites),

or haplotype (mtDNA) distributions

were detected; tests of selective neu-

trality (mtDNA) were nonsignificant

after Bonferroni correction. Heuristic

estimates of average long-term rate

of migration (proportion of migrant
individuals/generation) between geo-

graphically adjacent localities varied

from 0.0033 to 0.0054, indicating that

local subpopulations could respond

independently of environmental per-

turbations. Estimates of average long-

term effective population sizes varied

from 341 to 1066 and differed signifi-

cantly among several of the localities.

These results indicate that over time

larval drift and interregional adult

movement may not be sufficient to

maintain population sustainability

across the region and that there may
be different demographic stocks at

some of the localities studied. The
estimate of long-term effective popu-

lation size at the locality offshore of

St. Croix was below the minimum
threshold size considered necessary

to maintain the equilibrium between
the loss of adaptive genetic variance

from genetic drift and its replacement

by mutation. Genetic variability in

mutton snapper likely is maintained

at the intraregional level by aggregate

spawning and random mating of local

populations. This feature is perhaps

ironic in that aggregate spawning also

renders mutton snapper especially

vulnerable to overexploitation.
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An understanding of the genetic

structure of exploited, reef-associ-

ated marine fish species is important

for their effective conservation and
management. Many such species are

known to have long larval phases
(Boehlert, 1996)—a trait associated

with either genetic cohesion or con-

nectivity across regional geographic

scales (Shulman and Bermingham,
1995; Rocha et al., 2002). However,

many of these species also form stable

spawning aggregations where assem-

blages of individuals gather in large

densities with the specific purpose

of reproducing, generally at approxi-

mately the same time and place each

year (Domeier and Colin, 1997). For

geographically widespread species,

multiple spawning aggregations could

tend to minimize connectivity at

regional scales if adult movements are

intraregionally localized. This effect

would be pertinent to management of

heavily exploited groups such as snap-

pers and groupers in which spawn-
ing aggregations are common (Claro

and Lindeman, 2003). Because fish-

ing efforts commonly target spawning

aggregations, participating species

are at elevated risk of overexploita-

tion and rapid population depletion

(Domeier and Colin, 1997; Domeier,

2004; Sadovy de Mitcheson et ah,

2008). Knowledge of population struc-

ture is thus of importance because

separate management of subregional

stocks, should they exist, is critical

both to avoid over-exploitation and to

maintain potentially adaptive genetic

variation (Carvalho and Hauser, 1995;

Hauser and Ward, 1998). Recent pop-

ulation-genetic studies of species that

participate in spawning aggregations

have included assessment of genetic

variation (Rhodes et ah, 2003) and the

relationship between effective popula-

tion size (N
e

) and census size (Bek-

kevold et al., 2002).

In this study, we assessed genetic

structure and average long-term con-

nectivity and effective size of mutton

snapper (Lutjanus analis) sampled
from four localities in the northeast-

ern Caribbean Sea and one locality

in the Florida Keys. Mutton snap-

per are an important component of

commercial fisheries in this region
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(Matos-Caraballo et al., 2004), and fillets often sell

for as much as US $12 per pound in Miami seafood

markets (Watanabe, 2001). Landings of mutton snap-

per, however, have declined over the past decade in

Puerto Rico (Matos-Caraballo et al., 2004; Cummings,
2007a, 2007b) and in southern Florida. In the lat-

ter fishery, commercial landings between the years

2006 and 2009 dropped from 127.0 to 53.6 metric tons

(http://www.st.nmfs.noaa.gov/stl/commercial/landings/

annual_landings.html, accessed July 2011). Although

mutton snapper are not considered overfished in U.S.

waters of the western Atlantic Ocean and Caribbean

Sea (Federal Register, 2005), concern regarding the

condition of the fishery has prompted both seasonal

and permanent closures off southwest Florida, Puerto

Rico, and the U.S. Virgin Islands (http://www.edf.org/

article.cfm?contentid= 443; http://sero.nmfs.noaa.gov/

sf/ClosedAreaCoordinates.htm, accessed March 2011).

Finally, aggregate spawning of mutton snapper is well

documented (Claro, 1981; Domeier et al.,1996), with

known aggregations occurring at Riley’s Hump in the

Dry Tortugas National Park, Florida (Domeier, 2004;

Burton et al., 2006), Gladden Spit, Belize (Graham
et al., 2008), numerous sites along the coast of Cuba
(Claro and Lindeman, 2003), Turks and Caicos (Muel-

ler, 1994; Doemeier et al., 1997), off the southwest
coast of St. Croix in the U.S. Virgin Islands, (SEDAR,
2007), and at La Parguera shelf along the southwest

coast of Puerto Rico (Esteves, 2005). Other, less well-

documented aggregations occur in the Cayman Islands

and the Bahamas (Heyman 1
).

In a recent study by Shulzitski et al. (2009), varia-

tion at eight nuclear-encoded microsatellites was used

to investigate population structure in mutton snapper

sampled from localities off the Florida Keys, two locali-

ties in the western Caribbean Sea (Belize and Hondu-
ras), and the west coast of Puerto Rico. No evidence of

genetic heterogeneity was found, leading these authors

to suggest that larval dispersal or long-distance migra-

tion of adults maintained genetic homogeneity over such

a broad geographic scale. However, simulation studies

based on prevailing currents in the Caribbean Sea have

indicated that larval transport of reef-associated species

in most areas in the region is limited, with average dis-

tances of 145 and 212 km for one- and two-month peri-

ods of larval dispersal, respectively (Roberts, 1997), and
with ecologically relevant larval dispersal distances in

the 10-100 km range (Cowen et al., 2000, 2006). In ad-

dition, empirical studies in the region have shown that

species with the capacity for long-range larval dispersal

often exhibit high levels of larval retention (Taylor and
Hellberg, 2003) and that the degree of dispersal can
differ substantially between windward (high dispersal)

and leeward (low dispersal) sides of islands (Swearer et

al., 1999). Finally, the few data that exist (Beaumar-
iage, 1969; Mueller, 1995; Farmer, 2009) indicate that

1 Heyman, W. D. 2010. Personal commun. Department of

Geography, Texas A&M University, College Station, Texas
77843-3148.

movement of adult mutton snapper is generally limited

to only a few kilometers.

The possibility of limited larval transport and long-

distance adult movement among mutton snapper in

the region may indicate that the genetic homogeneity

observed by Shulzitski et al. (2009) at markers (mi-

crosatellites) presumed to be selectively neutral may
obscure other differences that impact local population

sustainability. The goal of the present study was to

examine this possibility further by using genetic data

to assess both long-term connectivity (migration) and

effective population size (N
e ) among the sampled locali-

ties. Populations with homogeneous allele frequencies at

selectively neutral loci do not necessarily have the same
effective sizes (Saillant and Gold, 2006) and differences

in N
e
could signal populations with reduced sustain-

ability and capability to respond to environmental pres-

sures such as over-exploitation or habitat degradation

(Frankham, 1995).

Materials and methods

A total of 498 mutton snapper were sampled between

2007 and 2009 from four localities in the northern Carib-

bean Sea and one locality in the Florida Keys (Fig. 1).

The locality in the Florida Keys is near a now annually

protected mutton snapper spawning aggregation in the

Dry Tortugas; the locality off the west coast of Puerto

Rico is near several marine protected areas (MPAs)
and a mutton snapper spawning aggregation off the

southwest coast; the locality off the south coast of St.

Thomas is near several MPAs; and the locality off the

southwest coast of St. Croix is a seasonally protected

mutton snapper spawning aggregation area. Samples
from the Florida Keys (FK) were obtained from local

fishermen or fish houses in or near Marathon, Florida.

Samples from the west coast of Puerto Rico (PR-west)

were procured from fish houses in or near Mayaguez,
whereas samples from the east coast of Puerto Rico (PR-

east) were obtained at fish houses in or near Fajardo.

Samples from St. Croix (SC) were obtained as part of

an ongoing project of the Caribbean Fishery Manage-
ment Council (Kojis and Quinn2

), and samples from St.

Thomas (ST) came from the Gustave Quetel Fish House
in Frenchtown (Charlotte Amalie) or local fishermen.

Sample sizes were as follows: FK (118), PR-east (96),

PR-west (94), ST (97), and SC (93). Except for samples

from St. Croix (SC), small pieces (4-5 mm3
) of caudal fin

were removed from each fish and fixed in 95% ethanol.

Samples from St. Croix primarily were internal organs

fixed in DMSO storage buffer (Seutin et al., 1991). DNA

2 Kojis, B. L., and N. J. Quinn. 2011. Validation of a spawn-
ing aggregation of mutton snapper and characterization of

the benthic habitats and fish in the mutton snapper sea-

sonal closed area, St. Croix, U.S. Virgin Islands. [Available

at http://www.caribbeanfmc.com/pdfs%202011/Mutton%20
Snapper%20Report%20for%20CFMC%20-%2014%20Feb%20
11%20, Final.pdf, accessed July 2011.]
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Map of mutton snapper (Lutjanus analis) collection sites and known sites of spawning aggregations in

the Caribbean Sea and Florida Keys. Collection sites are represented by stars; known aggregation sites

are represented by triangles.

was extracted by using a standard phenol-chloroform

protocol (Sambrook et al., 1989).

Seventeen microsatellites were surveyed in three

multiplex panels: panel 1 (Lan6 ,
Lan 11, Lan 12, Lan 13,

Och4 , and Ra6), panel 2 (Lan9, Lca22, Lca64, Lsy8,

Lsy13, and Ra 2), and panel 3 {Lan 3, Lea 20, Lsy4,

Prs248, and Ral). Touchdown polymerase-chain-reac-

tion (PCR) protocols were as follows: 95°C for 3 min; 7

cycles at 95°C for 30 sec, annealing at TA1 for 1 min,

and 72°C for 4 min; 7 cycles at 95°C for 30 sec, anneal-

ing at TA2 for 1 min, and 72°C for 4 min; and 28 cycles

at 95°C for 30 sec, annealing at TA3 for 1 min, and 72°C

for 4 min, with a final extension of 10 min at 72°C. An-
nealing temperatures TA1 ,

TA2 , and TA3 ,
respectively,

were 55°C, 53°C, 51°C (Panel 1), 54°C, 52°C, and 50°C
(Panel 2), and 52°C, 49°C, and 46°C (Panel 3). PCR
primer sequences for individual microsatellites may be

found as follows: Ral, Ra2, and Ra6 (Bagley and Geller,

1998); Lca20, Lca22, Lca64, and Prs248 (Gold et al.,

2001); and Lan3, Lan6, Lan9, Lanll , Lan\2, Lanl3,

Lsy4, Lsy8, Lsyl3, and OchA (Renshaw et al., 2007).

Details regarding fluorescent labeling of primers and
amplification are described in Renshaw et al. (2006,

2007). An ABI Prism 377 DNA sequencer (Applied Bio-

systems Inc., Foster City, CA) was used to separate

and visualize amplification products. Gel analysis was

performed with Genescan Analysis, vers. 3.1.2® (Ap-

plied Biosystems), with allele-calling performed with

Genotyper® software, vers. 2.5 (Applied Biosystems).

Genotypes at the 16 polymorphic microsatellites as-

sayed may be found at http://wfsc.tamu.edu/doc/, ac-

cessed July 2011, under the file name “Microsatellite

genotypes of mutton snappers.”

A 590 base-pair (bp) fragment of the mitochondri-

al NADH-dehydrogenase subunit 4 (ND-4) gene was
amplified and sequenced for 134 individuals (25-29

from each locality). The primers NAP-2 (Arevalo et al.,

1994) and ND4LB (Bielawski and Gold, 2002) were
used for fragment amplification, and ND4BL was used

for sequencing. Polymerase chain reaction amplifica-

tions were run in 30 pL reaction volumes, with -100 ng

whole genomic DNA, lx GoTaq Flexi Buffer (Promega,

Madison, Wisconsin), 1.5 mM MgCl
2 , 0.5 pM of each

primer, 250 pM of each dNTP, and 1.7U GoTaq Taq
polymerase (Promega). The PCR protocol consisted of a

95°C initial denaturation, followed by 35 cycles of 95°C

for 30 sec, 50°C for 45 sec, and 72°C for 1 min, with

a 10 minute final extension at 72°C. Sequencing reac-

tions were carried out with a Big Dye terminator kit®,

vers. 3.1 (Applied Biosystems), according to the manu-
facturer’s recommendations; products were separated

and visualized on an ABI 3100 capillary sequencer
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(Applied Biosystems) and sequences were aligned and

edited in Sequencher, vers. 4.0 (Gene Codes Corp., Ann
Arbor, MI).

For microsatellites, summary statistics, including

number of alleles, allelic richness, unbiased gene di-

versity (expected heterozygosity), and the inbreeding

coefficient FIS ,
measured as f of Weir and Cockerham

(1984), were generated in FSTAT (Goudet, 1995; vers.

2. 9. 3. 2, http://www2.unil.ch/popgen/softwares/fstat.htm,

accessed July 2011). Homogeneity in allelic richness and

gene diversity among the five locations were assessed

by using Friedman rank tests, with SPSS software

(http://www-01.ibm.com/software/analytics/spss/prod-

ucts/statistics/, accessed July 2011). Departure from

Hardy-Weinberg (HW) equilibrium expectations for

each locality was tested with exact probability tests in

Genepop (Raymond and Rousset, 1995; vers. 3.4, http://

genepop.curtin.edu.au/, accessed March 2011), by using

a Markov Chain approach (Guo and Thompson, 1992),

with 10,000 dememorizations, 500 batches, and 5000
iterations per batch. Global and pairwise (between lo-

calities) exact tests of homogeneity of allelic (genic) and
genotypic distributions also were conducted in Genepop;

genetic homogeneity among locations was further tested

by using analysis of molecular variance (AMOVA), with

the program Arlequin (Excoffier and Lischer, 2010; vers.

3. 5. 1.2, http://cmpg.unibe.ch/software/arlequin35/, ac-

cessed March 2011). Sequential Bonferroni correction

(Rice, 1989) of P values was applied for all simultane-

ous tests. Microchecker (van Oosterhout et al., 2004)

was used to determine whether genotype scores at each

locus were compromised by the presence of null alleles,

stuttering, or genotyping errors.

For mitochondrial ND-4 DNA sequences, number of

haplotypes and haplotype diversity were determined by

using DnaSP, vers. 5.10.01 (Rozas et al., 2003; http://

www.ub.edu/dnasp/, accessed March 2011); haplotype

richness and nucleotide diversity for each sample lo-

cality were estimated following El Mousadik and Petit

(1996) and using the software Rarefac (available at

http://www.pierroton.inra.fr/genetics/labo/Software/

Rarefac/, accessed July 2011) and Arlequin, respectively.

A bootstrap resampling method (Dowling et al., 1996)

was used to test homogeneity of haplotype number and
diversity among localities. The observed haplotype num-
ber and diversity at each locality was compared to the

distribution in 1000 bootstrap samples of a comparable

size drawn from the entire population (all samples
pooled); resampling was conducted in PopTools, a free

add-in to Microsoft Excel and available at http://www.

poptools.org/, accessed July 2011. Differences in average

nucleotide diversity were considered significant if pair-

wise comparisons differed by more than two standard

errors. Homogeneity in mtDNA haplotype distributions

among localities was tested using global exact tests and
analysis of molecular variance (AMOVA), as implement-

ed in Arlequin. Pair-wise (between locations) estimates

of &ST,
an analogue of FST,

were generated by using
Arlequin; &ST estimates were based on pair-wise genetic

distances, with significance determined by exact tests

(Raymond and Rousset, 1995; Goudet et al., 1996), as

implemented in Arlequin. Selective neutrality of mtD-
NA variation in each sample was tested by calculating

Fu’s (1997) Fs statistic and Fu and Li’s (1993) D* and

F* statistics, as implemented in the DnaSP program.

Significance of Fs ,
D*, and F* was assessed in FSTAT

by using 10,000 coalescent simulations (after Rozas et

al., 2003) based on the observed number of segregating

sites in each sample.

The coalescent-based program Migrate (Beerli and

Felsenstein 2001; vers. 3.2.6, http://popgen.sc.fsu.edu/

Migrate/Migrate-n.html, accessed July 2011) was used

to generate maximum-likelihood estimates of both the

average long-term (mutation-scaled) migration rate (M)

between pairs of localities and the parameter theta (0)

for each locality. Because the model used in Migrate

explicitly accounts for migration, estimates of 0 can be

generated for individual subpopulations within a larger

metapopulation (Waples, 2010). The average long-term

migration rate (m) between localities was estimated

as M - mlj.1 ,
where pi is the average, per gene muta-

tion rate. Values of theta (4N
e
ji) were used to estimate

average long-term effective population size (N
e

) of each

locality. To obtain estimates of m and N
e ,

the modal
mutation rate (//) of the microsatellite data set was
obtained by using the Bayesian coalescent approach

of Beaumont (1999) and Storz and Beaumont (2002)

and the software MSVAR (vers. 0.4.1b, http://www.ru-

bic.rdg.ac.uk/~mab/software.html, accessed July 2011).

Because simulations in Migrate are computationally

demanding, all parameter estimates were based on a

random sample of 25 individuals from each location

(125 individuals total). A preliminary analysis (short

run) established initial estimates for both M and 0
that were then used as starting values in final long

runs. Parameter estimates were obtained by averaging

three replicate long runs that included 40 short Monte
Carlo Markov chains (MCMC, 104 gene trees sampled)

and three long chains (2.5xl0 6 gene trees sampled). To
ensure parameter stability, the first lxlO4 steps of each

chain were discarded as burn-in.

Results

Summary statistics for microsatellites are presented in

Table 1. Microsatellite Lco64 was monomorphic for a

111-bp allele (scored with primers as 151 bp) and was
excluded from further analysis. Of the remaining 16

microsatellites, the number of alleles ranged from 2-3

at Lsy8 to 19-25 at Prs248. Allelic richness ranged from
2.00-2.86 at Lsy8 and from 19.00-23.67 at Prs248, and
expected (unbiased) gene diversity ranged from 0.050-

0.118 at Lsy8 and from 0.860-0.901 at Lanll. Across all

microsatellites and localities, number of alleles, allelic

richness, and gene diversity averaged (±standard error

[SE] ) 10.05 (0.26), 9.80 (0.22), and 0.594 (0.01), respec-

tively. No significant differences (Freidman’s rank tests)

in allelic richness (P= 0.232) or gene diversity (P= 0.373)

were found among localities.
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Table 1

Summary statistics for 16 nuclear-encoded microsatellites and a 590 base-pair sequence of the mitochondrially encoded ND-4
gene for mutton snapper (Lutjanus analis) sampled from four localities in the northeastern Caribbean Sea and one locality in the

Florida Keys. For microsatellites, n is sample size
,
#A is number of alleles, AR is allelic richness, HE is gene diversity (expected

heterozygosity), PHW is the probability ofconforming to expected Hardy-Weinberg genotypic proportions, and F
IS

is an inbreeding

coefficient (measured as f of Weir and Cockerham, 1984). For mitochondrial DNA (mtDNA): n is sample size, #Hobs is observed

number of haplotypes, HR is haplotype richness, H Dobs is observed haplotype (nucleon) diversity, and ttd is nucleotide diversity.

#Hexp and HDexp are expected haplotype number and diversity (95% confidence interval [Cl]), respectively, as determined by

bootstrap resampling of the entire population.

Microsatellite St. Croix St. Thomas Puerto Rico-east Puerto Rico-west Florida Keys

Lan3
n 81 97 96 94 118

#A 14 14 15 13 13

Ar 13.98 13.81 14.58 12.84 12.78

h e 0.849 0.857 0.829 0.838 0.857

PHW 0.274 0.502 0.011 0.875 0.377

F.s 0.026 -0.035 0.020 0.061 -0.009

LanQ
n 93 97 96 94 114

#A 20 17 18 19 18

Ar 19.54 16.75 17.80 18.78 17.11

He 0.854 0.835 0.882 0.897 0.868

PHW 0.033 0.282 0.776 0.838 0.676

p
,s

0.030 -0.024 0.032 0.016 -0.010

Lan9
n 93 97 96 94 118

#A 13 12 12 12 12

Ar 12.69 11.56 11.80 11.93 11.75

He 0.776 0.774 0.781 0.746 0.795

PHW 0.628 0.236 0.477 0.322 0.230

Fis 0.058 -0.039 -0.027 -0.012 -0.003

Lanll
n 91 96 96 94 116

#A 21 20 22 21 24

Ar 20.50 19.54 21.54 20.06 22.25

h e 0.889 0.869 0.886 0.860 0.901

PHW 0.002 0.766 0.743 0.968 0.151

Fis 0.110 0.005 -0.070 -0.027 -0.004

LanVl
n 93 97 96 94 118

#A 5 5 5 5 6

Ar 4.86 5.00 4.95 4.98 5.86

He 0.595 0.646 0.643 0.611 0.642

PHW 0.208 0.823 0.193 0.080 0.057

Fis 0.151 -0.022 0.011 -0.045 0.023

LanV3
n 93 97 96 94 118

#A 4 4 5 3 5

^R 3.98 3.83 4.81 3.00 4.36

h e 0.295 0.297 0.378 0.380 0.341

PHW 0.083 0.198 0.337 0.234 0.863

Fis 0.161 0.064 0.063 0.076 -0.044

continued
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Table 1 (continued)

Microsatellite St. Croix St. Thomas Puerto Rico-east Puerto Rico-west Florida Keys

Lca20

n 93 96 95 94 117

#A 12 14 13 14 12

Ar 11.84 13.80 12.96 13.64 11.86

He 0.589 0.646 0.683 0.677 0.659

Phw 0.115 0.610 0.039 0.388 0.125

Pis 0.032 -0.015 0.076 0.010 0.041

Lca22

n 91 97 96 94 118

#A 5 4 5 4 6

4.88 3.83 4.83 3.85 5.35

He 0.546 0.465 0.483 0.481 0.507

Phw 0.106 0.744 0.600 0.710 0.440

Pis 0.074 0.003 0.072 0.005 0.013

Lsy4

n 93 95 95 93 118

#A 4 4 4 4 4

Ar 4.00 4.00 4.00 4.00 4.00

He 0.270 0.331 0.386 0.329 0.355

Phw 0.682 0.308 0.867 0.806 0.932

Pis -0.077 0.078 -0.090 -0.077 -0.050

Lsy8

n 93 96 95 94 118

#A 3 2 2 3 2

Ar 2.86 2.00 2.00 2.85 2.00

he 0.083 0.118 0.052 0.102 0.050

PHW 1.000 1.000 1.000 1.000 1.000

Pis -0.034 -0.062 -0.022 -0.046 -0.022

Lsyl3

n 91 96 96 94 118

#A 10 7 7 7 7

Ar 9.42 6.81 6.95 6.81 6.65

H e 0.733 0.716 0.739 0.728 0.742

PHW 0.007 0.875 0.037 0.010 0.633

Pis 0.105 -0.018 -0.015 0.065 -0.073

Oc/?4

n 93 97 96 94 118

#A 5 4 4 4 5

Ar 4.98 4.00 4.00 4.00 4.68

H e 0.559 0.576 0.535 0.553 0.565

phw 0.334 0.318 0.495 0.238 0.004

F.s 0.115 -0.127 0.085 -0.039 0.160

Prs248

n 80 97 94 91 117

#A 19 22 25 24 24

19.00 21.28 23.67 22.48 21.57

He 0.860 0.886 0.886 0.870 0.870

PHW 0.011 0.583 0.507 0.190 0.818

Pis 0.084 0.000 0.014 -0.015 0.007

continued
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Table 1 (continued)

Microsatellite St. Croix St. Thomas Puerto Rico-east Puerto Rico-west Florida Keys

Ral

n 93 97 96 94 118

#A 5 4 5 6 6

Ar 4.84 3.97 4.67 5.83 5.25

he 0.592 0.560 0.558 0.606 0.567

PHW 0.877 0.327 0.150 0.308 0.410

Fis 0.037 0.043 0.142 -0.019 0.059

Ra2

n 93 94 96 94 118

#A 19 17 18 19 17

Ar 18.52 16.51 17.13 18.63 16.04

H e 0.780 0.767 0.753 0.778 0.781

PHW 0.345 0.873 0.466 0.549 0.436

Fis 0.008 -0.013 0.073 -0.012 -0.020

Ra6
n 93 97 92 94 118

#A 2 4 4 3 3

Ar 2.00 3.65 3.87 2.85 2.90

He 0.053 0.109 0.134 0.111 0.105

PHW 1.000 0.106 1.000 1.000 1.000

F
[S

-0.022 0.050 -0.052 -0.051 -0.046

mtDNA
n 27 26 29 25 27

#Hobs 11 11 11 11 10

#Hexp 9.6 (7-12) 9.9 (7-13) 9.5 (7-12) 9.6 (7-12) 9.7 (7-13)

Hr 10.97 10.99 10.92 11.00 9.97

Hoobs 0.832 0.812 0.865 0.873 0.721

HDexp 0.835 0.818 0.873 0.818 0.835

(95% Cl) (0.732-0.915) (0.709-0.900) (0.788-0.934) (0.693-0.897) (0.731-0.916)

nD 0.003 0.004 0.004 0.004 0.003

Significant deviations from Hardy Weinberg equilib-

rium were found before Bonferroni correction in nine

of 80 tests (Table 1). Only one microsatellite (Lanll)

at one locality (SC) deviated significantly (P=0.0019)

from expectation after correction. Analysis with Micro-

checker indicated an excess of homozygotes, indicating

possible null alleles, at Lanll (in SC) and OchA (in FK),

a finding reflected in the FIS values of 0.11 and 0.16

(Table 1), respectively, for these microsatellites at those

localities. Sizes of observed alleles were compatible with

the stepwise mutation model (SMM) for all microsatel-

lites, except sizes of Lca20, Lsy13, and Prs248. Very
rare alleles at Lca20 (allele 231) and Prs248 (allele 227)

that differed by one base from their “regular” dinucleo-

tide repeat were excluded from the analysis (Migrate)

where a SMM was assumed. Two such alleles (alleles

118 and 120) were found at Lsyl3; consequently, Lsyl3

also was excluded from analysis with Migrate.

A total of 25 mtDNA haplotypes were observed among
the 134 individuals sequenced. The number and dis-

tribution of mtDNA haplotypes across localities are

given in Table 2; summary statistics for mtDNA may be

found in Table 1. Haplotype richness ranged from 9.97

(FK) to 11.00 (PR-west), and haplotype diversity ranged

from 0.72 (FK) to 0.87 (PR-west). Results of bootstrap

resampling analysis indicated that observed haplotype

number and diversity at each locality did not deviate

significantly from expectations in random subsamples

of the overall data set (Table 1). Estimates of haplotype

richness and nucleotide diversity were essentially iden-

tical at all localities (Table 1).

Exact tests of homogeneity of both microsatellite al-

lele and genotype distributions among localities were

nonsignificant (P=0.225, alleles; P=0.288, genotypes),

and the among-localities component of molecular vari-

ance (all microsatellites combined), estimated by AMO-
VA, did not differ significantly from zero (<Pg7

,=—0.0001,

P=0.644). Nearly identical results were obtained for

mtDNA; an exact test of homogeneity of haplotype dis-

tribution was nonsignificant (P=0.590) and the among-

locality component of molecular variance (from AMO-
VA) did not differ significantly from zero (<£>ST=-0.010,
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Table 2

Distribution of individual haplotypes in 134 mutton snapper (Lutjanus analis

)

sampled from four localities in the northeastern

Caribbean Sea and one locality in the Florida Keys. Numbers below each locality indicate observed occurrence of each of 25

haplotypes identified across all localities. GenBank® is a genetic sequence database, available at http://www.ncbi.nlm.nih.gov/

genbank/, accessed July 2011).

Haplotype St. Croix St. Thomas Puerto Rico-east Puerto Rico-west Florida Keys GenBank no.

1 1 0 1 0 1 JF514891

2 10 10 9 5 14 JF514892

3 1 0 0 1 0 JF514893

4 0 0 0 1 0 JF514894

5 0 0 0 1 0 JF514895

6 0 1 2 2 0 JF514896

7 0 0 1 0 0 JF514897

8 5 6 4 7 4 JF514898

9 0 1 0 0 1 JF514899

10 0 0 0 0 1 JF514900

11 1 0 0 0 0 JF514901

12 0 0 0 1 0 JF514902

13 1 0 0 0 0 JF514903

14 2 1 0 0 1 JF514904

15 1 0 1 0 0 JF514905

16 0 0 1 0 0 JF514906

17 0 1 0 1 1 JF514907

18 0 2 2 0 2 JF514908

19 3 1 5 4 1 JF514909

20 0 1 1 1 0 JF514910

21 0 0 0 0 1 JF514911

22 0 0 0 1 0 JF514912

23 1 0 0 0 0 JF514913

24 1 1 2 0 0 JF514914

25 0 1 0 0 0 JF514915

Total 27 26 29 25 27

P= 0.785). Pair-wise exact tests (between samples) for

both microsatellites and mtDNA also were nonsignifi-

cant (data not shown but available from E. W. Carson).

Finally, nine of 15 tests of selective neutrality were
significant before Bonferroni correction; none remained
significant after Bonferroni correction.

Estimates of average long-term mutation-scaled mi-

gration (M) between geographically adjacent pairs of

sample localities are presented in Table 3. Estimates of

M between adjacent localities were generated by aver-

aging bidirectional estimates from Migrate, in part be-

cause bidirectional estimates generally were equivalent,

and in part because confidence intervals for estimates

of m, generated with Migrate, are generally compro-
mised (Abdo et al., 2004). Based on a modal mutation
rate (//) over all microsatellites of 2.51xl0 -4

,
generated

with MSVAR, estimates of average long-term migration

rate (m) between adjacent localities varied from 0.0033

(PR-west vs. PR-east) to 0.0054 (SC vs. ST). Higher
estimates of m were found between ST and SC and
between ST and PR-east (Table 3).

Estimates of average long-term, effective population

size (N
e ) for each locality (Table 3) were derived from

©values generated in Migrate (N
e
=OZ4//), with ji equal

to the modal mutation rate of 2.51xl0~4 obtained from

the Bayesian coalescent approach of Beaumont (1999)

and Storz and Beaumont (2002). Initial Migrate runs
revealed that the sample from SC had by far the low-

est estimate ofN
e

. Because genotypes at microsatellite

Lem 11 did not conform to Hardy-Weinberg expectations

in the sample from SC (Table 1), values reported in

Table 3 reflect Migrate runs without Lanll. Average
long-term N

e
among the five localities varied from a

low of 341 (SC) to a high of 1066 (FK). Estimates from

Migrate of 95% confidence intervals (CIs) indicate sig-

nificant differences in average long-term N
e
among lo-

calities (Table 3); the lower values for PR-west and SC
are especially relevant because these two localities are

close to known mutton snapper spawning aggregation

sites in the U.S. Caribbean.

Discussion

Analysis of microsatellite and mtDNA variation in

mutton snapper sampled from localities in the north-
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eastern Caribbean Sea and the Florida Keys revealed

no evidence of either genetic heterogeneity or population

subdivision. Shulzitski et al. (2009) found similar results

in their study of mutton snapper from the west coast of

Puerto Rico, the Florida Keys, and localities in Belize

and Honduras. Because two of the localities (one in the

Florida Keys and one along the west coast of Puerto
Rico) sampled by Shulzitski et al. (2009) were very near
two of the localities sampled in this study, it appears

that mutton snapper from the Leeward (northeastern)

Islands in the Lesser Antilles to the Central American
coast to the eastern Gulf of Mexico may be homogeneous
in frequencies of alleles at microsatellite markers.

Shulzitski et al. (2009) suggested that genetic homo-
geneity among mutton snapper in the region stemmed
from long-distance larval dispersal or adult migration

to spawning aggregations. Estimates of long-term mi-

gration rates (m) in our study between geographically

proximal localities, some separated by less than 100

km, ranged from 0.33% to 0.54%. These estimates of m,
however, should be viewed as heuristic, in part because

Migrate tends to underestimate m and because confi-

dence intervals for m are generally unreliable (Abdo et

al. 2004), and in part because of potential bias intro-

duced by the necessity of running subsets of data owing
to the computational demands of Migrate (Palstra et al.,

2007). On the other hand, even if our estimates of m
were 20 times higher, there still could be independent

response of local populations to environmental or other

(e.g., fishing) perturbations (Hastings, 1993, Hauser
and Carvalho, 2008). Because the genetic markers
used here and in Shulzitski et al. (2009) are presumed
to be selectively neutral, genetic homogeneity in this

case could be decoupled from genetic factors that affect

adaptability and sustainability of local populations.

That is, patterns of variation in genes affecting traits

influenced by natural selection do not necessarily follow

the same patterns as selectively neutral genes (or ge-

netic markers) and geographic differences in adaptively

useful genes (or alleles) can be maintained even in the

face of substantial gene flow (Conover et al., 2005).

Our estimates of average long-term migration also are

consistent with the argument of Roberts (1997) that

regional currents in the Caribbean Sea are insufficient

for larval dispersal across the region.

The estimates of average long-term effective size

varied three-fold among the localities sampled and
the lowest and highest effective size was found in the

samples from St. Croix (AI
e
=341) and the Florida Keys

(Af,=1066), respectively. Briefly, N
e

is the number of

breeding individuals in an ideal population that expe-

rience the same amount of genetic drift and show the

same dispersion of allele frequencies or inbreeding as

the population under consideration (Wright, 1931) and
is of importance as a measure of a population’s response

to evolutionary and ecological forces (Waples, 2010).

For the conservation and management of exploited bio-

logical resources, effective size reflects fixation of del-

eterious alleles, loss of adaptive genetic variance, and
the capacity to respond to either natural selection or

Table 3

Estimates of average long-term mutation-scaled migra-

tion (M

)

and rate of migration (m
,
proportion of migrant

individuals/generation), and of average long-term effec-

tive size (N
e

) for mutton snapper (Lutjanus analis). Esti-

mates ofM and m are presented for pair-wise comparison

of geographically adjacent sample localities; distance (in

km) between pairs of localities is approximate. Estimates

ofN
e
and 95% confidence intervals (Cl) are presented for

each of five sample sites. PR =Puerto Rico.

Comparison M m Distance

St. Croix and 21.46 0.0054 60

St. Thomas

St. Croix and 15.16 0.0038 90

PR-east

St. Thomas 35.11 0.0053 90

and PR-east

PR-east and 13.27 0.0033 200

PR-west

PR-west and 15.07 0.0038 >1,600

Florida Keys

Lower Upper
Site K 95% Cl 95% Cl

St. Croix 341 314 372

St. Thomas 922 847 1007

PR-east 828 766 896

PR-west 646 607 689

Florida Keys 1066 987 1155

environmental perturbation (Franklin, 1980; Anderson,

2005). Long-term estimates ofN
e
represent a harmonic

mean of N
e
over approximately 4N

e
generations (Hare

et al., 2011), meaning that 1) smaller values (that may
have occurred either in the past or recently) will have a

greater weight on average values, and 2) the time over

which long-term N
e
in mutton snapper was estimated

ranged between -1500 and >4000 generations. Because

of the time period usually involved, estimates of long-

term N
e
are not necessarily reliable indicators of con-

temporary N
e
but do provide a baseline for evaluating

management planning (Hare et al, 2011). Differences in

long-term N
e , however, do indicate possible differences

in long-term demographic dynamics that potentially af-

fect the number of individuals over time that produce

surviving offspring (and hence population sustainabil-

ity). Demographic factors that generate differences in

effective size are difficult to assess empirically and can

stem from varying numbers of breeding individuals

across generations or from variance in reproductive

success of either or both sexes (Charlesworth, 2009). In

both cases, a number of factors including food availabil-

ity, habitat quality, predation, or mortality are likely

involved (Saillant and Gold, 2006).

The low effective size observed for the sample of

mutton snapper taken off the southwest coast of St.
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Croix is of possible concern for several reasons. First,

the average long-term N
e
estimate of 341 is below the

upper bound of the “50/500” rule (Rieman and Allen-

dorf, 2001), where an effective size of 500 or greater is

needed to maintain the equilibrium between the loss

of adaptive genetic variance from genetic drift and its

replacement by mutation (Franklin, 1980; Schultz and

Lynch, 1997). A potential consequence of sustained

low effective size over time would be loss of adap-

tive genetic variance and reduced capacity to respond

to perturbation (including exploitation). Second, this

sample of mutton snapper came from a known spawn-

ing aggregation site that currently is under a joint

territorial and federal closure during the spawning
season (http://fw.dpnr.gov.vi/fish/Docs/Fisheries%20

Master%20Plan/Sections/Appendix3.pdf, accessed July

2011). The estimate of effective size certainly indicates

that the closure is appropriate and timely. Finally, St.

Croix is near the northeastern edge of the Lesser An-
tilles and the spawning aggregation site is located on

the leeward side of the island. Surface currents in the

area are almost all to the west (Roberts, 1997) and in-

clude the Anegada Passage, a fairly wide channel that

connects the Atlantic Ocean with the Caribbean Sea
and runs westward between St. Thomas and St. Croix

(Johns et al., 2002). Both the prevailing currents and
the observation (Swearer et al., 1999) that leeward-

island sites are prone to larval retention and less af-

fected by larval immigration than windward locations

would indicate that immigration into the spawning
aggregation from locations outside of St. Croix could

be limited. Limited immigration into St. Croix waters

from outside potentially could impede recovery if the

spawning aggregation becomes depleted. These infer-

ences also are consistent with the findings of Wares
and Pringle (2008) who found that N

e
may be reduced

in populations where there is unidirectional transport

of individuals away from natal grounds.

The differences in long-term N
e
among the samples

of mutton snapper further indicate that at least his-

torically there may have been distinct demographic
stocks within the region. In addition to the low esti-

mate ofN
e
for the sample from St. Croix, the estimate

for the sample from St. Thomas (N
e
= 922) was nearly

three times as large as the estimate for St. Croix,

yet the distance between the two localities (60 km)
is substantially less than the larval-dispersal ranges
of Roberts (1999) and the ecologically relevant larval

dispersal distances of Cowen et al. (2000, 2006). Sail-

lant and Gold (2006) in their study of red snapper
(Lutjanus carnpechanus ) in the Gulf of Mexico defined

demographic stocks as geographic samples that dif-

fered in dynamics that potentially affected N
e
and

the number of individuals that produce surviving off-

spring. In their study, estimates ofN
e
were negatively

correlated with several critical fishery parameters,
including size at age, maximum size, proportion of

smaller and younger fish, and size and age of females

at sexual maturity, reported by Fischer et al. (2004)

and Woods et al. (2003), respectively. Similar age and

growth and reproductive studies on mutton snapper

in the U.S. Caribbean are clearly warranted.

At present, mutton snapper in the U.S. Caribbean

(Puerto Rico, St. Thomas/St. John, and St. Croix) are

managed as a single management unit, although island-

specific management is under consideration. Based on

data on prevailing surface currents, low probability

of larval input, and restricted movements of adults,

the life-history subgroup of a recent stock assessment

(SEDAR, 2007) indicated a two-stock hypothesis, with

one stock on the Puerto Rican platform (Puerto Rico

and St. Thomas/St. John) and a second stock around

St. Croix. The estimates of long-term N
e
are consistent

with the hypothesis that mutton snapper off St. Croix

may represent a different demographic stock. In addi-

tion, the estimate of long-term N
e
for mutton snapper of

the west coast of Puerto Rico (N
e
-646 ) is less than the

estimate for the east coast of Puerto Rico (.N
e
-828 ) and

nearly 1.5-fold less than the estimate for St. Thomas.
This could indicate that there are different demographic

stocks of mutton snapper on the Puerto Rican platform.

Further study of mutton snapper off the west coast of

Puerto Rico is likely justified because our sample local-

ity is near a known spawning aggregation (Esteves,

2005). Finally, stock structure of mutton snapper in

the U.S. Caribbean may follow metapopulation models

suggested by Kritzer and Sale (2002), Hellberg et al.

(2002), and Gstergaard et al. (2003) where 1) subpopu-

lations (stocks) may be asynchronous demographically

but display homogeneity at selectively neutral (genetic)

markers, and 2) subpopulations may be independent in

terms of recruitment events and yet show no genetic

differences because of sporadic gene flow.

Conclusions

Results of our study indicate that mutton snapper across

the Caribbean Sea to the Florida Keys may be subdi-

vided into a number of demographic stocks that differ

in aspects that impact effective size and hence local

sustainability. These differences could easily be both

genetic and environmental, and in the future it will be

of interest to apply new genomic tools (Allendorf et al.,

2010) that allow identification of specific genomic regions

responding to local adaptation. A second implication of

our results is that neither larval drift nor inter-regional

adult movement may be sufficient over time to offset

these differences. Critical genetic variability in mutton
snapper at the intraregional level, consequently, is likely

maintained by aggregate spawning and random mating
of local populations. It is perhaps ironic that the life-

history characteristic (aggregate spawning) that makes
mutton snapper especially vulnerable to overexploitation

also could be a critical asset in maintaining local genetic

diversity. This characteristic elevates the importance of

securing the vitality of spawning aggregations in spe-

cies such as mutton snapper. Protective measures for

spawning aggregations, including seasonal closures and
appropriately placed marine protected areas (MPAs),
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are clearly critical steps to help ensure sustainability

of species with this life history in the Caribbean Sea
and Florida Keys.
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Abstract—The taxonomic status of

Sebastes vulpes and S. zonatus were

clarified by comprehensive genetic

(amplified fragment length poly-

morphisms [AFLP] and mitochon-

drial DNA [mtDNA] variation) and
morphological analyses on a total of

65 specimens collected from a single

locality. A principal coordinate analy-

sis based on 364 AFLP loci separated

the specimens completely into two

genetically distinct groups that cor-

responded to S. vulpes and S. zonatus

according to body coloration and that

indicated that they are reproductively

isolated species. Significant morpho-

logical differences were also evident

between the two groups; 1) separa-

tion by principal component analysis

based on 31 measurements, and 2)

separation according to differences

in counts of gill rakers and dorsal-fin

spines without basal scales, and in the

frequencies of specimens with small

scales on the lower jaw. Restriction

of gene flow between the two groups

was also indicated by the pairwise

<PST values estimated from variations

in partial sequences from the mtDNA
control region although the minimum
spanning network did not result in

separation into distinct clades. The
latter was likely due to incomplete

lineage sorting between S. vulpes

and S. zonatus owing to their recent

speciation.
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The genus Sebastes, containing the

live-bearing rockfishes, is the most
species-rich scorpaenid genus, com-

prising over 110 species worldwide,

over 30 of which are known from
the western North Pacific (Kai et

al., 2003; Nelson, 2006; Hyde and
Vetter, 2007). Exhibiting a relatively

high diversity in number of closely

related species in contrast to other

genera of marine fishes, the genus
has long attracted the attention of

evolutionary biologists (e.g.. Love et

ah, 2002). The greater part of such

diversity has been ascribed to an
ancient explosive speciation event

and subsequent adaptive radiation.

These species have been interpreted

as representing an “ancient species

flock”—an occurrence rarely seen in

marine fishes (Johns and Avise, 1998;

Ruber and Zardoya, 2005). However,

an increasing number of recent stud-

ies have documented recently diverged

sibling species pairs that are indica-

tive of ongoing speciation within the

genus (Kai et ah, 2002a; Narum et ah,

2004; Hawkins et ah, 2005; Hyde et

ah, 2008; Burford, 2009; Stefansson

et ah, 2009). These events present

a series of “snapshots” of the specia-

tion process, providing us with unique

insights into evolutionary processes in

the marine realm (Sobel et ah, 2009).

Sebastes vulpes, S. ijimae, and S.

zonatus are closely related and mor-

phologically similar western North
Pacific species (Chen and Barsukov,

1976; Nakabo, 2002b; Kai et ah,

2003; Hyde and Vetter, 2007) that

are subject to some taxonomic con-

fusion. Doderlein in Steindachner
and Doderlein (1884) first described

Sebastes vulpes; Jordan and Metz
(1913) subsequently listed S. vulpes

as valid and described a new species,

S. ijimae. Two color variants within

<S. vulpes recognized by Matsubara
(1943) were later considered to repre-

sent separate species (S. vulpes and a

new species, S. zonatus) by Chen and
Barsukov (1976). They characterized

S. vulpes as having a dark gray body

with distinct dense white spots and
S. zonatus as having a white to pink-

ish body with three distinct vertical

dark bands. In addition, Chen and
Barsukov (1976) also recognized S.

ijimae as a distinct species, noting

that the three species shared almost

the same distributional range, be-

ing known from southern Hokkaido
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southward to central Honshu on the Pacific coast of

Japan and to the western coast of Honshu. Amaoka
(1984) and Nakabo (2002b) recognized the three species

as valid, following Chen and Barsukov (1976). Several

authors recognized only S. vulpes— S. ijimae and S.

zonatus being considered as synonyms (Kanayama and
Kitagawa, 1983; Nagasawa, 2000; Kitagawa et al.,

2008; Ishida, 2009). However, because comprehensive
genetic or morphological studies have been lacking to

date, taxonomic status of the three species remains
uncertain.

Failure to recognize reproductively isolated popula-

tions within an exploited stock can introduce critical

errors in management (Carvalho and Hauser, 1994).

Sebastes vulpes and S. zonatus are both abundant
across northern Japan, together representing an im-

portant fisheries component, whereas S. ijimae is rela-

tively rare (Sekigawa et ah, 2003). Because of their

high commercial value, some Japanese fisheries orga-

nizations have attempted to enhance the stocks of S.

vulpes and S. zonatus through aquaculture (Sasaki,

2003; Sekigawa et al., 2003). However, without reliable

taxonomic information for both species, it is unlikely

that enhancement of the fishery will be realized. In

this context, as a first step toward fully resolving the

taxonomic status of S. vulpes
, S. ijimae, and S. zonatus,

we focused on S. vulpes and S. zonatus, using compre-

hensive genetic and morphological analyses.

Mitochondrial DNA (mtDNA) has been used success-

fully as a primary marker to infer species boundar-
ies among species of Sebastes (e.g., Alesandrini and
Bernardi, 1999; Kai et al., 2002b), although recently

evolved sibling species pairs that are nonmonophyletic

with respect to the mtDNA gene tree have been fre-

quently reported in Sebastes (e.g., Kai et al., 2002a;

Narum et al., 2004; Burford and Bernardi, 2008).

The delimitation of such pairs requires data from
multiple independent loci (e.g., Nichols, 2001; Avise,

2004). In fact, S. vulpes and S. zonatus are primar-

ily distinguished by body coloration, which has been
demonstrated as a good indicator of recent speciation

in Sebastes (e.g., Kai et al., 2002a; Narum et al.,

2004; Hyde et al., 2008; Orr and Hawkins, 2008).

Accordingly, a technique called AFLP (amplified frag-

ment length polymorphisms) (Vos et al., 1995) has
also been used, because it is a multilocus approach
that produces hundreds of highly replicable indepen-

dent dominant markers (Bensch and Akesson, 2005)

and therefore estimates genetic divergence across the

whole genome. Such an approach has successfully

resolved the species boundaries and phylogenetic re-

lationships among recently diverged species complexes

in various organisms, in which mtDNA sequencing
alone was less informative (e.g., Seehausen et al.,

2003; Mendelson and Shaw, 2005). Moreover, evaluat-

ing a mtDNA gene tree against the background of a

multilocus approach allows further discussion on the

evolutionary relationships and histories among closely

related species (e.g., Kai et al., 2002a; Hyde et al.,

2008; Burford, 2009).

Figure 1

Collection sites around the Noto Peninsula, Island of

Honshu, Japan, for the 65 Sebastes spp. specimens exam-
ined for genetic and morphological differences. Numbers
below symbols represent sample sizes.

Materials and methods

Samples

In order to clearly demonstrate intrinsic reproductive

isolation between S. vulpes and S. zonatus, a total of 65

specimens were collected from single locality around
Noto, Ishikawa Prefecture, Japan (Fig. 1), thereby elimi-

nating any geographical variations. The body coloration

of each specimen was recorded with a photograph taken

while the fish was alive or soon after death. Thirty-nine

specimens with a grayish body were identified as S.

vulpes, and the remaining 26 (with a brownish body) as

S. zonatus (Fig. 2), generally by following the methods

of Chen and Barsukov (1976). The two species are not

usually caught together; S. vulpes is caught with set

nets at ~60 m depth and S. zonatus with gill nets at

-150 m around the sampling locality (K. Sakai 1
). Muscle

tissue was taken from each specimen before fixation and

preserved in 99.5% ethanol. The specimens examined
here were deposited in the Kyoto University Fish Col-

lection (FAKU) (see Appendix for catalog numbers and

collection data).

Genetic analysis

Genomic DNA was extracted from the preserved muscle

tissue, by using the DNeasy Tissue Kit (Qiagen, Tokyo,

Japan) according to the manufacturer’s protocols.

AFLP profiles were generated with the AFLP Plant

Mapping Kit (Applied Biosystems, Foster City, CA) by

following the manufacturer’s protocol slightly modified

by Kai et al. (2002a). For the selective amplification

1 Sakai, K. 2011. Personal commun. Noto Marine Center,

3-47 Ossaka, Noto, Ishikawa 927-0552, Japan.
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step, 12 randomly chosen primer pairs were used (Mse

I + Eco RI [ACA + CAA, AAG + CAG, ACA + CTT, ACA
+ CAC, ACT + CTA, ACA + CTG, AAG + CAC, AGG
+ CAT, ACC + CTT, ACG + CAC, AAG + CAT, AGG
+ CTT]). Selective amplification products were ana-

lyzed on an ABI PRISM 310 genetic analyzer (Applied

Biosystems) together with a GeneScan-500 Rox size

standard (Applied Biosystems). Fragment data were
collected with Peak Scanner software, vers. 1.0 (Ap-

plied Biosystems). Electropherograms were scored for

the presence (1) or absence (0) of fragments between 90

base pairs (bp) to 450 bp in size, so as to create binary

matrices. Fragments were inferred as homologous if

they differed by not more than 0.5 bp from the median.

Euclidean pairwise genetic distances (Huff et ah, 1993)

were calculated from the binary matrices in GenAlEx,
vers. 6.41 (Peakall and Smouse, 2006). Principal coor-

dinate analysis (PCoA) with a covariance matrix and
the data standardization method was performed on

the basis of the Euclidean pairwise distance matrix,

as implemented in GenAlEx, vers. 6.41 (Peakall and
Smouse, 2006). By means of PCoA, we explored the

genetic population structure among all 65 specimens

without a priori grouping information.

The mitochondrial DNA sequence comprising 452 bp

extending from the threonine transfer RNA (tRNAThr )

gene to the middle conserved region of the control re-

gion (mtCR) was amplified with the primers L15876
(5'-AAG CAC TTG AAT GAG CTT G-3') (Rocha-Olivares

et ah, 1999) and H16498 (5'-CCT GAA GTA GGA ACC
AGA TG-3') (Meyer et al., 1990). The polymerase chain

reaction (PCR) proceeded for 30 cycles, with denatur-

ation at 94°C for 1 min, annealing at 54°C for 1 min
and extension at 72°C for 2 min, PCR products being

purified with USB® ExoSAP-IT® (Affymetrix, Santa
Clara, CA). DNA sequencing was performed with a Big-

Dye Terminator Cycle Sequencing Kit (Applied Biosys-

tems) on an ABI PRISM 310 genetic analyzer (Applied

Biosystems). The DNA sequences were edited with the

sequence alignment editor BioEdit 7.0. 5. 3 (Hall, 1999)

and aligned with the program CLUSTAL X, vers. 2.1

(Larkin et al., 2007). Estimation of mitochondrial ge-

netic structuring among specimens based on haplotype

frequency and uncorrected genetic distances between
haplotypes (<f>sr ) was performed by Arlequin, vers. 3.5

(Excoffier and Lischer, 2010). The significance of the

<J>sr value was tested by 10,000 random permutations.

Arlequin 3.5 was also used to construct the minimum
spanning network (MSN) of the haplotypes on the ba-

sis of minimum sequence differences. The sequences

determined in this study have been deposited in Gen-
Bank (accession numbers AB614522-AB614526 and
AB615270-AB615329).

Morphological analysis

Morphological characters were examined after fixa-

tion in 10% formalin and preservation in 70% etha-

nol. Measurements were made on 31 morphological
characters, including standard length, which generally

Figure 2

Coloration of fresh specimens of Sebastes vulpes

and S. zonatus. (A) S. vulpes, FAKU 96090, 194.0

mm standard length; ( B I S. zonatus, FAKU 97082,

167.9 mm standard length. Photo by N. Muto.

followed those described by Nakabo (2002a) except for

the following: body depth 1 and 2 as defined by Kai and
Nakabo (2002); upper peduncle length, lower peduncle

length, spinous dorsal-fin base length, soft dorsal-fin

base length, prepelvic length, and gill raker length as

defined by Chen (1971); body width was taken as the

distance between the uppermost bases of the right and
left pectoral fins; pelvic-to-anal-fin length was taken as

the distance from the anteriormost base of the pelvic fin

to the origin of the anal fin.

Analysis of covariance (ANCOVA) of loglO trans-

formed measurements (with standard length as a co-

variate) was used to assess differences in morphometric

characters between S. vulpes and S. zonatus when as-

sumptions of normality and homogeneity of slopes were
satisfied. The following characters met the assumptions

required for ANCOVA: head length, snout length, orbit

length, interorbital width, postorbital length, upper jaw
length, body depth 1, body depth 2, body width, caudal

peduncle depth, upper peduncle length, pectoral-fin

length, pelvic-fin length, dorsal-fin base length, spi-

nous dorsal-fin base length, soft dorsal-fin base length,

preanal length, predorsal length, prepelvic length, pel-

vic-to-anal-fin length, 2nd dorsal-fin spine length, 3rd

dorsal-fin spine length, and gill raker length. To pro-

vide an objectively defined score that summarizes the

major components of variable measurements between
the specimens, a principal component analysis (PCA)
was conducted on the basis of all measurements. Raw
measurement data were standardized by log transfor-

mation before PCA.
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Counts were made on the dorsal-fin rays, anal-fin

rays, pectoral-fin rays, pored lateral line scales, gill

rakers, and dorsal-fin spines without basal scales. Sig-

nificant differences in these characters were tested

with the Mann-Whitney U-test. The presence or ab-

sence of small scales on the lower jaw was noted and
the difference in frequencies between species assessed

by Fisher’s exact test. All statistical analyses were

conducted using R language, vers. 2.11.1 (R Develop-

ment Core Team, 2010). Differences were considered

significant at PcO.Ol.

Results

Genetic analysis

The 12 primer sets yielded 364 AFLP fragments, of

which 127 (34.9%) were polymorphic. All specimens

tested displayed unique AFLP fragment patterns, indi-

cating a high level of genetic variability. A PCoA based

on the pairwise distance matrix clearly separated the

specimens into two groups along the first principal

coordinates (PCo) axis (accounting for 41.83% of the

total variance) with no overlap (Fig. 3), which corre-

sponded well with the initial identifications of S. vulpes

and S. zonatus based on body coloration, except for

two specimens (FAKU 82515 and FAKU 130236). The
latter were initially identified as S. vulpes, but geneti-

cally assigned to S. zonatus. Because S. vulpes and S.

zonatus were clearly distinguished by the PCol scores

without any intermediate specimens, we regarded the

above specimens as S. zonatus. Comparisons below were

made between the two genetically assigned species (S.

vulpes : 37 specimens, S. zonatus: 28 specimens). In

contrast, the PCo2 and PCo3 scores (accounting for

13.52% and 12.56% of the total variance, respectively)

did not result in separation of the two species (not

shown). Despite the high polymorphism evident in the

AFLP fragments, no diagnostic differences in fragment

patterns were observed between genetically assigned

S. vulpes and S. zonatus. Mean (± standard deviation)

pairwise genetic distances estimated by the algorithm

of Huff et al. (1993) were 22.63 ±3.95 within S. vulpes,

28.69 ±5.16 within S. zonatus, and 32.21 ±5.52 between

them

.

Within the amplified region of mtDNA, continuous se-

quences of part of the tRNAThr gene (24 bp), the proline

transfer RNA (tRNAPr0
) gene (70 bp), and part of the

mtCR (358 bp) were aligned. The sequences contained

45 variable sites with three indels among
65 specimens, 29 of which were parsimony

informative, defining a total of 41 haplo-

types. Twenty-one haplotypes were found

in S. vulpes and 22 in S. zonatus, two be-

ing shared by the two species. No transver-

sions were observed. The nucleotide compo-

sition was AT-biased (A=38.4%, C = 19.4%,

G = 13.6%, T=28.6%), as is common for fish

mtDNA (McMillan and Palumbi, 1997).

Pairwise sequence divergences between S.

vulpes and S. zonatus varied from 0% to

3.1% (mean 1.5%). The haplotype diversities

for S. vulpes and S. zonatus were 0.94 ±0.03

and 0.98 ±0.02, respectively, and nucleotide

diversities (in %), 1.41 ±0.76 and 1.47 ±0.80,

respectively. In the MSN inferred from mtD-

NA sequence variations, 41 haplotypes were

connected to each other by one to six muta-

tional steps, revealing a rather expanded

topology in the network (Fig. 4). Sebastes

vulpes and S. zonatus were not clearly sepa-

rated in the network, but restricted gene

flow between them was indicated by the low

but significant pairwise <f>sr value at a=0.05

level (<J>ST= 0.053, P=0.011 ±0.001).

Morphological analysis

Measurements of S. vulpes and S. zonatus

and results of the ANCOVA are shown in

Table 1. Among measurements meeting the

statistical assumptions for ANCOVA, four

characters out of 23 differed significantly

between the two species.

Figure 3

Distribution of first principal coordinate (PCo) scores based on 364

amplified fragment length polymorphisms fragments for Sebastes

zonatus and S. vulpes. The amount of variance explained by PCol
is given in parentheses. The body coloration of each specimen is

designated by the fill pattern of the bars (grayish specimens, lateral

stripes; brownish specimen, diagonal stripes). The present specimens

were separated completely into two genetically distinct groups.
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Figure 4

Minimum spanning network of mitochondrial DNA sequence haplotypes of Sebastes

vulpes (filled circles) and S. zonatus (open circles). Each circle represents a unique

haplotype (size proportional to number of specimens). The arrow indicates the specimen

initially identified as S. vulpes by body coloration but genetically assigned to S. zona-

tus in the principal coordinate analysis of amplified fragment length polymorphisms.

Black dots along branches represent nucleotide changes. The two species shared two

haplotypes and did not exhibit clear separation in the network.

In the PCA, seven specimens were elimi-

nated because they lacked one or more mea-
surements, such as dorsal-fin spine length and
anal-fin spine length. Nevertheless, plots of

the PCA scores revealed marked differences

between S. vulpes and S. zonatus. The first

principal component (PCI) accounted for 87.5%
of the variations. Because all loadings were
negative, PCI was considered a size compo-
nent. PCs 2 and 3 were shape components,
with both positive and negative loadings, and
together accounted for an additional 4.9% of

variation. These components were then visu-

ally assessed as dimensions of shape (Fig. 5).

PC2 was heavily loaded on body width, 1st

anal-fin spine length and 2nd anal-fin spine

length (Table 2), providing separation between
S. vulpes and S. zonatus with a narrow over-

lap. PC3 was heavily loaded on orbit length,

prepelvic length, and 1st dorsal-fin spine

length (Table 2), with the clusters of the two
species broadly overlapping along PC3.
The results of countable characters are

shown in Table 3. Sebastes vulpes had fewer
gill rakers than S. zonatus. Counts of dor-

sal-fin spines without basal scales also dif-

fered significantly between S. vulpes and S.

zonatus, as did the frequencies of specimens
with small scales on the lower jaw (0.16 and
0.82, respectively). Other countable charac-

ters did not differ significantly between the

species.

1 1 1 1 1 1-3-2-10 1 2 3

PC2 (3.4%)

Figure 5

Plots of principal component (PC) scores based on 31 measurements
for Sebastes vulpes (filled circles) and S. zonatus (open squares).

The open star indicates one of the two specimens (FAKU 82515)

initially identified as S. vulpes by body coloration but genetically

assigned to S. zonatus in the principal coordinate analysis of

amplified fragment length polymorphisms (FAKU 130236 was
removed from analysis because it lacked a measurement for gill

raker length). The two species were separated with a narrow
overlap along the PC2 axis, the primary shape component.
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Table 1

Measurements in proportion to standard length (SL) for Sebastes vulpes and S. zonatus. Data indicate ranges, means (in paren-

theses), and sample sizes in). X indicates statistically a significant difference between the two species, demonstrated by analysis

of covariance (ANCOVA) with standard length (SL) as a covariate. The specimens initially identified as S. vulpes by body color-

ation but genetically assigned to S. zonatus in the principal coordinate analysis of amplified fragment length polymorphisms are

shown separately (FAKU 82515 and FAKU 130236). ns=not significant.

S. vulpes (n = 37)

S. zonatus (n= 28)

FAKU 82515 FAKU 130236 ANCOVA

Standard length (mm) 156.4 -249.9 137.3--286.4 189.0 154.8

As % of SL

Head length 38.0-41.1 (39.6, 37) 37.7-41.3 (39.3, 26) 41.4 40.4 ns

Snout length 10.1-12.4 (11.3, 37) 9.3-11.9 (10.7, 26) 11.2 11.6 X
Orbit length 8.9-11.3 (9.7, 37) 9.0-12.0 (10.4, 26) 10.7 10.2 X
Interorbital width 6.5-8.

2

(7.4, 37) 6.6-8.

3

(7.4, 26) 7.0 7.2 ns

Postorbital length 19.1-21.8 (20.3,37) 18.8-21.9 (20.2, 26) 21.5 20.6 ns

Upper jaw length 19.1-21.6 (20.5,37) 19.5-21.2 (20.1, 26) 20.3 21.6 X
Body depth 1 35.9-40.7 (38.3, 37) 35.8-41.2 (37.9, 26) 38.6 43.0 ns

Body depth 2 27.5-33.9 (30.3, 37) 29.3-33.4 (31.1, 26) 30.6 34.5 ns

Body width 17.5-24.0 (21.1, 37) 16.1-23.5 (18.7, 26) 18.9 22.2 X
Caudal peduncle depth 10.2-12.4 (11.5, 37) 10.4-12.3 (11.4, 26) 12.2 12.1 ns

Upper peduncle length 10.0-13.2 (11.7, 37) 10.4-13.0 (11.7, 26) 10.7 11.5 ns

Lower peduncle length 16.4-20.6 (18.6, 37) 16.6-19.8 (18.4, 26) 18.5 18.2

Pectoral-fin length 24.9-31.2 (27.9, 37) 26.7-31.1 (28.8, 26) 28.4 27.8 ns

Pelvic-fin length 20.2-24.1 (22.1, 37) 20.9-24.4 (22.6, 26) 22.8 23.7 ns

Dorsal-fin base length 56.2-65.2 (60.3, 37) 57.2-65.4 (60.8, 26) 61.5 65.4 ns

Spinous dorsal-fin base length 34.0-43.1 (38.0, 37) 34.2-40.9 (37.7, 26) 38.2 41.5 ns

Soft dorsal-fin base length 19.5-25.2 (22.9, 37) 19.8-25.6 (22.8, 26) 23.4 24.7 ns

Preanal length 64.6-74.3 (68.3, 37) 63.7-72.2 (67.1, 26) 66.5 66.4 ns

Predorsal length 34.0-38.1 (35.8, 37) 33.0-40.0 (35.8, 26) 35.9 38.4 ns

Prepelvic length 39.1-52.5 (43.2, 37) 39.5-55.8 (43.5, 26) 43.4 44.1 ns

Anal-fin base length 12.9-16.7 (14.7, 37) 13.7-16.7 (14.9, 26) 13.8 14.4

Pelvic-to-anal-fin length 26.6-40.5 (33.4, 37) 26.4-37.1 (33.0, 26) 33.5 32.9 ns

1st dorsal-fin spine length 5. 3-8.

6

(6.8, 37) 5.6-8.

1

(7.0, 25) 6.8 7.1

2nd dorsal-fin spine length 10.1-13.5 (11.5, 37) 10.6-13.9 (11.8, 25) 11.2 12.3 ns

3rd dorsal-fin spine length 13.5-18.2 (15.3, 36) 14.3-17.4 (15.7, 26) 15.8 18.0 ns

1st anal-fin spine length 5.0-8.

2

(6.7, 37) 6. 3-8.

5

(7.3, 26) 7.4 7.8

2nd anal-fin spine length 12.1-15.5 (13.4, 37) 13.1-17.0 (15.6, 26) 13.2 14.3

3rd anal-fin spine length 12.2-15.8 (14.1,37) 13.0-16.7 (14.8, 25) 13.7 15.1

Pelvic-fin spine length 12.4-15.9 (13.6, 36) 13.2-15.6 (14.6, 26) 13.3 14.8

Gill raker length 3.3—4.5 (3.8, 37) 3.0-4.7 (4.1, 25) 4.0 — ns

Discussion

Genetic and morphological differentiation

Variations in AFLP loci across the whole genome
revealed marked genetic structure among the speci-

mens examined. The PCoA with AFLP disclosed two

genetically distinct groups, which corresponded well with

initial S. vulpes and S. zonatus identifications that were

based on body coloration (Fig. 3). Because the present

specimens were collected from a single sampling locality,

the clear genetic differences between S. vulpes and S.

zonatus indicated that they are reproductively isolated

from each other and should be recognized as separate

species. Notwithstanding, two specimens with grayish

body coloration reminiscent of S. vulpes were clearly

genetically assigned to S. zonatus on the basis of the

PCoA with AFLP. Such discordance may be indicative of

some intraspecific variation in body coloration in S. zona-

tus, or historical hybridization between S. vulpes and S.

zonatus, as discussed below. Significant morphological

differences also supported the validity of the two species.

A PCA of body measurements resulted in clusters of S.

vulpes and S. zonatus being almost completely sepa-

rated, apart from a narrow overlap along the PC2 axis,

the primary shape component (Fig. 5). Some countable

characters also differed significantly between the two

species. In addition, a restriction of gene flow between S.
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Table 2

Factor loadings for principal component (PC) analysis of measurements of Sebastes vulpes and S. zonatus in specimens examined

with all characters available for multivariate analysis.

PCI PC2 PC3

Standard length -0.9895 -0.1027 0.0409

Head length -0.9852 -0.1065 0.0703

Snout length -0.9128 -0.2459 0.0786

Orbit length -0.8875 0.1683 0.2684

Interorbital width -0.9700 -0.0066 -0.0215

Postorbital length -0.9800 -0.0695 0.0980

Upper jaw length -0.9783 -0.1367 0.0339

Body depth 1 -0.9768 -0.1375 -0.0715

Body depth 2 -0.9727 -0.0285 -0.0632

Body width -0.8952 -0.3316 -0.1898

Caudal peduncle depth -0.9615 -0.1364 -0.0182

Upper peduncle length -0.9401 -0.1069 0.0622

Lower peduncle length -0.9446 -0.0344 -0.0497

Pectoral-fin length -0.9686 0.0310 -0.0073

Pelvic-fin length -0.9768 0.0100 -0.0085

Dorsal-fin base length -0.9792 -0.0444 0.1357

Spinous dorsal-fin -0.9644 -0.0373 0.1107

base length

PCI PC2 PC3

Soft dorsal-fin -0.9445 -0.0692 0.1436

base length

Preanal length -0.9567 -0.1952 -0.0632

Predorsal length -0.9725 -0.0474 0.1441

Prepelvic length -0.9080 -0.2030 -0.2424

Anal-fin base length -0.9390 -0.0077 -0.1620

Pelvic-to-anal-fin length -0.8711 -0.1179 0.2136

1st dorsal-fin spine -0.8878 0.2150 -0.2948

length

2nd dorsal-fin spine -0.9371 0.1776 -0.0960

length

3rd dorsal-fin spine -0.9357 0.2025 -0.0797

length

1st anal-fin spine length -0.8194 0.3814 0.0470

2nd anal-fin spine length -0.8001 0.4780 0.0565

3rd anal-fin spine length -0.9116 0.2521 -0.0827

Pelvic-fin spine length -0.9467 0.2192 -0.0177

Gill raker length -0.8520 0.1947 -0.0462

Table 3

Distributions of countable characters in Sebastes vulpes and S. zonatus. Superscripts a and b indicate the counts of the two speci-

mens initially identified as S. vulpes by body coloration but genetically assigned to S. zonatus (FAKU 82515 and FAKU 130236,

respectively).

Species

Dorsal-fin

rays

Anal-fin

rays

Pectoral-fin

rays (total)

Pectoral-fin rays

(unbranched)

n12 13 5 6 7 16 17 18 6 7 8 9 10 11

S. vulpes 19 18 _ 36 1 5 31 1 1 11 22 3 37

S. zonatus 9 igo.6 1 26a - 6 1 _ 24a ' b 4 — 1 4 Ylb 5“ 1 28

Pored lateral line scales Gill rakers

Species 28 29 30 31 32 33 34 35 36 24 25 26 27 28 29 n

S. vulpes 1 7 8 12 8 1 2 9 22 4 — 37

S. zonatus 1 — 4 5 6°’ 6 5 5 1 1 — 1 90,6 9 8 1 28

Dorsal-fin spines without basal scales

Species 1 2 3 4 5 6 7 8 9 10 11 12 n

S. vulpes 3 _ 1 1 1 3 3 3 9 4 5 33

S. zonatus 21 1* 2 1 1 1 — — 1 “ — 28

vulpes and S. zonatus was also indicated by the pairwise

@ST value based on mtDNA sequence variation although

the MSN inferred from the mtDNA sequences did not

clearly separate the two species and therefore indicated

incomplete lineage sorting in mtDNA due to their recent

speciation and the occurrence of introgression between
them, or both (see below).

The difference in depth ranges between S. vulpes and
S. zonatus also adds support to the recognition of two
species. In the general sampling area, the different fish-
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ing nets are indicative of the different depth habitats

for the two species: adult S. vulpes are usually caught

with set nets laid around 60 m depth, whereas S. zona-

tus are usually caught with gill nets laid around 150

m depth around the sampling locality (Sakai 1
); Simi-

lar habitat separation (by depth) is common for other

closely related (sister) species of Sebastes (Narum et al.,

2004; Orr and Blackburn, 2004; Burford and Bernardi,

2008; Hyde et al., 2008; Orr and Hawkins, 2008; Ste-

fansson et al., 2009)—ecologically based reproductive

isolation having often been invoked for Sebastes. For

example, Hyde et al. (2008) showed that S. miniatus

and “S. crocotulus” were segregated by habitat depth

and they hypothesized a speciation model for closely

related species pairs of Sebastes in which truncation

of depth-related ontogenetic migration may have led to

speciation. More detailed ecological studies may provide

further insights into the maintenance of independent

gene pools by S. vulpes and S. zonatus and eventu-

ally provide clues for understanding the mechanisms
underlying the considerable diversity within Sebastes

(Ingram, 2011).

Incomplete lineage sorting and introgression

Although S. vulpes and S. zonatus are reproductively

isolated from each other and should be treated as two

distinct species, two specimens of S. zonatus had typical

S. vulpes coloration. In addition, the two species shared

two mtDNA haplotypes and did not exhibit clear sepa-

ration in the MSN inferred from the mtDNA sequences

(Fig. 4). This feature can be explained by 1) incomplete

lineage sorting in mtDNA due to recent speciation, and

2) interspecific mtDNA gene flow mediated by hybrid-

ization and backcrossing (introgression), or both (Avise,

2000; Funk and Omland, 2003). Incomplete lineage sort-

ing is a source of nonmonophyletic relationship among
rapidly radiating species in a mtDNA gene tree (Funk
and Omland, 2003) because newly diverged species are

initially expected to be nonmonophyletic with respect to

any gene tree owing to allelic separations predating the

species split, thereafter progressing to reciprocal mono-

phyly over time as ancestral haplotypes are sorted and

unique mutations acquired (Avise, 2000). On the other

hand, a mtDNA gene tree is also particularly suscep-

tible to the effects of introgression because mtDNA is

inherited maternally and does not recombine (Funk and

Omland, 2003). In fact, both incomplete lineage sorting

and introgression have been frequently reported within

Sebastes (Roques et al., 2001; Kai et al., 2002a; Narum
et al., 2004; Buonaccorsi et ah, 2005; Hyde et al., 2008;

Burford, 2009).

A rigorous statistical framework accounting for the

stochastic variance of genetic processes is generally

required to distinguish incomplete lineage sorting from

introgression (Peters et ah, 2007), although an ad hoc

explanation can be given without the statistical rejec-

tion of alternative hypotheses (Avise, 2000; Donnelly

et al., 2004). In this study, two lines of observations

appeared to better support incomplete lineage sorting

as the cause of the observed nonmonophyly of mtDNA,
although the two processes are difficult to distinguish

unequivocally and are not necessarily mutually exclu-

sive.

First, the present MSN of mtDNA showed no distinct

clades that corresponded with each species. The topol-

ogy of the gene tree has often been used as an heuristic

approach to determine the cause of lack of separation

(e.g.. Baker et al., 2003; Omland et al., 2006; Zakharov
et al., 2009). A shallow genetic divergence between spe-

cies without distinct clades, as observed in the present

study, is generally interpreted as indicative of recent

speciation and incomplete lineage sorting (e.g., Baker,

2003; Donnelley et al., 2004). The relatively small pair-

wise sequence divergences between S. vulpes and S.

zonatus
,
corresponding closely to those of intraspecific

variations found in some other species of Sebastes (Ro-

cha-Olivares et al., 1999; Higuchi and Kato, 2002; Kai

et al., 2002a; Burford and Bernardi, 2008), also indicate

recent speciation between the two species. In addition,

haplotype and nucleotide diversities within both S.

vulpes and S. zonatus were relatively high compared
with those of other species of Sebastes (Rocha-Olivares

et al., 1999; Higuchi and Kato, 2002; Kai et al., 2002a),
j

as well as other marine fishes (Grant and Bowen, 1998),

indicating that the two species evolved from a large, ge-

netically diverse ancestral population, thereafter main-

taining large effective population sizes without recent

bottlenecks (Grant and Bowen, 1998; Avise, 2000). Be-

cause the probability of complete sorting of ancestral

haplotypes is a function not only of stochastic processes

and time since speciation but also effective population

sizes (Funk and Omland, 2003), it seems plausible that

large, stable effective population sizes of those two spe-

cies delayed lineage sorting, resulting in their present-

day sharing of ancestral haplotypes.

Second, in the PCoA of AFLP, no specimens occupied

positions intermediate between two clusters (=S. vulpes

and S. zonatus) (Fig. 3). Because fragments detected in

AFLP are inherited according to Mendelian expecta-

tions (Kakehi et al., 2005), hybridized specimens (FI)

are generally expected to have intermediate fragment

patterns between parental species (e.g., Congiu et al.,

2001; Young et al., 2001). Therefore, the absence of

intermediate specimens in PCoA indicated a lack of

ongoing hybridization between the two species, although

the possibility of historical introgression (including

backcross) cannot be completely excluded. In fact, two

specimens assigned to S. zonatus in the PCoA of AFLP
had been initially identified as S. vulpes on the basis of

body coloration (Fig. 3). One of those specimens (FAKU
82515) was plotted near the S. vulpes cluster in the

PCA based on measurements (Fig. 5), the count of 11

dorsal-fin spines without basal scales for that specimen

also being indicative of S. vulpes (usually more than

six) rather than S. zonatus (usually one) (Table 3). Such

equivocal morphological characters may be explained

by traces of historical hybridization between S. vulpes

and S. zonatus ,
which may have resulted in mtDNA

introgression between them.
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Conclusions

The recognition of S. vulpes and S. zonatus as two dis-

tinct species is the first step toward establishing a

biologically based, species-specific management scheme
for these commercially and recreationally important

species. In order to demonstrate more detailed evolution-

ary relationships between the two species, specimens

sampled throughout their overall distributional range

are currently under examination.
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Appendix

Materials examined

Sebastes vulpes (genetically assigned) 37 specimens.

FAKU 82514; Noto, Ishikawa Prefecture, Japan, 30

May 2002, 200.2 mm SL. FAKU 83188, 83189, 83193,

83195-83197; Noto, Ishikawa Prefecture, Japan, 31

May 2002, 200.9-243.2 mm SL. FAKU 96073; Noto,

Ishikawa Prefecture, Japan, 8 April 2008, 203.5 mm
SL. FAKU 96074-96078; Noto, Ishikawa Prefecture,

Japan, 1 May 2008, 156.4-218.5 mm SL. FAKU 96082-
96088, 96090-96094; Matsunami, Ishikawa Prefecture,

Japan, 1 May 2008, 159.8-230.9 mm SL. FAKU 96097,

96099, 96100, 131566, 131567, 131569; Noto, Ishikawa
Prefecture, Japan, 2 May 2008, 170.0-249.9 mm SL.

FAKU 130099; Noto, Ishikawa Prefecture, Japan, 13

May 2004, 182.1 mm SL. FAKU 131533-131537; Ogi,

Ishikawa Prefecture, Japan, 10 April 2006, 161.0-176.6

mm SL. Sebastes zonatus (genetically assigned) 28

specimens. *FAKU 82515; Wajima, Ishikawa Prefec-

ture, Japan, 30 May 2002, 189.0 mm SL. FAKU 82516-

82519, 82521; Wajima, Ishikawa Prefecture, Japan, 30

May 2002, 137.3-165.1 mm SL. FAKU 83185-83187;

Noto, Ishikawa Prefecture, Japan, 30 May 2002, 252.1—

286.4 mm SL. FAKU 85799; Noto, Ishikawa Prefec-

ture, Japan, 11 February 2003, 257.5mm SL. FAKU
96095; Toyama Bay, Japan, 1 May 2008, 234.4 mm
SL. FAKU 96096, 96098; Noto, Ishikawa Prefecture,

Japan, 2 May 2008, 184.8-210.3 mm SL. FAKU 97077,

97080, 97082, 97083; Wajima, Ishikawa Prefecture,

Japan, 7 July 2009, 147.9-170.3 mm SL. FAKU 129995,

130103-130105, 130349; Toyama Bay, Japan, 7 July

2004, 206.5-232.7 mm SL. FAKU 130100-130102; Ogi,

Ishikawa Prefecture, Japan, 13 May 2004, 160.1-176.2

mm SL. FAKU 130235; Noto, Ishikawa Prefecture,

Japan, 7 June 2004, 202.8 mm SL. *FAKU 130236;
Noto, Ishikawa Prefecture, Japan, 12 May 2004, 154.8

mm SL. FAKU 131568; Noto, Ishikawa Prefecture,

Japan, 2 May 2008, 204.2 mm SL. * indicates the

specimen was initially identified as S. vulpes by body
coloration but genetically assigned to S. zonatus in the

principal coordinate analysis of amplified fragment
length polymorphisms.
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Abstract—We examined the inciden-

tal catches of American shad (Alosa

sapidissima ) taken during research

cruises and in commercial and rec-

reational landings along the Pacific

coast of North America during over

30 years of sampling. Shad, an intro-

duced species, was mainly found over

the shallow continental shelf, and
largest catches and highest frequency

of occurrences were found north of

central Oregon, along the coasts of

Washington and Vancouver Island,

and in California around San Fran-

cisco Bay. Migrations to the north off

Washington and Vancouver were seen

during spring to fall, but we found

no evidence for large-scale seasonal

migrations to the south during the

fall or winter. The average weight of

shad increased in deeper water. Sizes

were also larger in early years of the

study. Most were caught over a wide

range of sea surface temperatures

(11-17°C) and bottom temperatures

(6.4-8.0°C). Abundance of shad on the

continental shelf north of 44°N was
highly correlated with counts of shad

at Bonneville Dam on the Columbia
River in the same year. Counts were
negatively related to average weights

and also negatively correlated with

the survival of hatchery coho salmon
(Oncorhynchus kisutch), indicating

that survival of shad is favored by

warm ocean conditions. Examining
the catch during research cruises and
commercial and recreational landings,

we concluded that American shad

along the Pacific coast have adapted

to the prevailing environmental con-

ditions and undertake only moderate

seasonal migrations compared with

the long seasonal migrations of shad

along the Atlantic coast of North
America. We suggest that the large

spawning populations in the Columbia

River and San Francisco Bay areas

explain most of the distributional fea-

tures along the Pacific coast.
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American shad (Alosa sapidissima),

the largest member of the family Clu-

peidae, is a euryhaline, anadromous
fish native to the east coast of North

America, where it ranges from Florida

to the Bay of Fundy. American shad

undertake extensive ocean migrations

along the east coast of North America
to the north in the summer, and south

in the fall and winter, before returning

to natal rivers in the spring to spawn.

Adults usually spend 3-6 years in

the ocean before returning to spawn
in natal rivers. Juveniles migrate
downstream in the fall, but some may
reside in estuaries more than a year

(Talbot and Sykes, 1958; Walburg
and Nichols, 1967; Leggett, 1973).

According to tagging studies, their

extensive ocean migrations, of some-

times thousands of kilometers during

one season, are closely correlated

with 13-18° sea surface isotherms

(Leggett, 1973; Leggett and Whit-
ney, 1972) and 7-13°C bottom tem-

peratures (Neves and Depres, 1979).

Little is known about the ocean life

of American shad (hereafter referred

to as “shad”) along the west coast of

North America, although long mi-

grations, like those in the Atlantic,

have been postulated (Leggett and
Whitney, 1972; Moyle, 1976; Peters-

en et al., 2003). We examine recent

catches of American shad along the

Pacific coast of North America from

research surveys, 1977-2008, as well

as from landings of shad by commer-
cial or sport vessels, thus expand-

ing the data provided for the Pacific

coast by Petersen et al. (2003) and
Leggett and Whitney (1972). We com-

pare similarities in distributions and

seasonal migrations along the Pacific

coast with those along the Atlantic

coast of North America.

American shad were first intro-

duced to the Pacific coast of North
America from the eastern United

States in 1871. About ten thousand

shad from the Hudson River were
released into the Sacramento River

after shipment across the country in

8-gallon (31.3-L) milk cans by the

California Fish Commission (Green,

1874). Several other shipments were

made between 1871 and 1881 (Smith,

1896). Shad migrated rapidly to the

north and south. They were intro-

duced into the Columbia River, and

the Willamette and Snake rivers, in

1885 and 1886 (Skinner, 1962; Craig

and Hacker, 1940). However, shad

had appeared in the Columbia River

several years before these introduc-

tions, and this occurrence indicated

the rapid movements of fish planted

earlier in California (Welander, 1940;

Oregon Fish Commission, 1951). Shad

eventually were found in British

Columbia in 1891, and later as far

north as Alaska and as far south as

Baja California (Hart, 1973). They
have been reported as far west as

Kamchatka, Russia, but established

spawning populations there are not

known (Chereshnev and Zharnikov,

1989).
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Adult and juvenile shad have been reported in ma-

ny bays and estuaries along the west coast of United

States from Grays Harbor, Washington, to San Fran-

cisco Bay, California (Emmett et al 1
). Their distribution

in inland and coastal waters along the Pacific coast is

known mainly from fishery landings. Large commercial

catches of shad have been made in rivers in Oregon,

Washington, and California. A fishery existed in the

Columbia River, as well as in Oregon coastal streams

in the early 1900s. Landings in other rivers (Siuslaw,

Umpqua, Smith, Coos, and Coquille) in Oregon, where
shad spawned, averaged 192 metric tons per year (t/yr)

during 1962-72 (Mullen and Conover2
). The fishery in

the Umpqua River landed an average of 180 t annually

after 1923 (Skinner, 1962). Each of these rivers appar-

ently supported its own spawning run of shad, although

some recoveries of tagged fish have been reported in

other rivers (Mullen3
). In the Columbia River, counts

of shad passing Bonneville Dam to spawn during May
through July have increased greatly over the past 70

years because of the completion of dams and creation

of large reservoirs, from fewer than 17,000 before 1960

to over 2-5 million after 1990 (www.cbr.washington.

edu/dart/, accessed November 2010). Several hundred
thousand shad are landed annually by commercial and
sport fisheries in the Columbia River (Petersen et al.,

2003). Adults are even found in the Snake River above

Lower Granite Dam, 600 km from the ocean (Quinn
and Adams, 1996). However, the major spawning areas

for shad in the Columbia River are thought to be below

Bonneville Dam where large numbers of juvenile shad

are found in the estuary (Cleaver, 1951; Oregon Fish

Commission, 1951; Hamman, 1981; Petersen et al.,

2003). In Washington, breeding populations of shad are

known from Puget Sound, the Chehalis River, and Wil-

lapa Bay (Wydoski and Whitney, 2003; Emmett et al. 1
).

In California, large runs of shad migrate into the

Sacramento-San Joaquin River Delta to spawn where
juvenile shad have been collected. Smaller runs are

found in the Klamath, Eel, Salinas, and Russian rivers

(Skinner, 1962; Allen et ah, 2006; CDFG

4

). The shad
fishery in the San Francisco Bay area peaked in 1917

when over 2500 t were landed. Between 1918 and 1945

1 Emmett, R.L., S.A. Hinton, S.L. Stone and M.E. Monaco.
1991. Distribution and abundance of fishes and inverte-

brates in west coast estuaries. Volume 11: species life history

summaries. ELME Report 8, 329 p. NOAA/NOS Strategic
Environmental Assessments Division, Rockville, MD.

2 Mullen, R. E., and K. R. Conover. 1973. Ecology of shad
and striped bass in coastal rivers and estuaries, 12 p. Fish
Comm. Oregon, Project No. AFC 53, Portland, OR.

3 Mullen, R. E. 1974. A summary of American shad (Aiosa
sapidissima) tagging studies on the coastal streams of Oregon,
1946-70. Coastal Rivers Investigation, Inf. Rep. 74-3, 43
p. Fish Comm. Oregon, Portland, OR.

4 CDFG (California Department of Fish and Game). 2010.

Effects of delta inflow and outflow on several native, rec-

reational, and commercial species. DFG Exhibit 1, unpubl.
report, 39 p. California Department of Fish and Game, 830
S Street, Sacramento, CA 95811.

the catch averaged 362 to 1800 t and then declined. In

1957 the commercial fishery in the bay was closed and

there now exists only a sport fishery (Skinner, 1962;

Moyle, 1976).

Shad were first reported in British Columbia in 1891;

small numbers were caught between 1914 and 1946

in fresh water. They were also reported from several

regions in the ocean along the coast (Carl et al., 1959),

but according to McPhail (2007), there is no evidence

of reproduction in British Columbia.

Our objectives were to document the distributional

patterns of American shad along the Pacific coast of

North America and to compare these patterns with

those known from the Atlantic coast.

Materials and methods

American shad were captured incidentally in both

pelagic and benthic research surveys from 1977 through

2008 from California to British Columbia, as well as in

commercial and recreational fisheries. National Oce-

anic and Atmospheric Administration’s (NOAA) Alaska

Fisheries Science Center (AFSC) triennial bottom trawl

surveys from 1977 to 2004 provided extensive data on

shad catches. Nor’eastern trawls (with 27.4-m head-rope

and 12.7-cm mesh in the body, 9-cm mesh in the codend

and a 3.2-cm stretch mesh liner) were fished during

the day at about 5.6 km/h for one half hour and from

depths of 55 to 500 m during the months of May through

September, 1977-2004 (Stauffer, 2004). Cruises began
during different months of the year, beginning in Cali-

fornia and progressing northward to Vancouver Island.

Shad were also caught by the Northwest Fisheries

Science Center (NWFSC) in bottom trawls (Aberdeen-

style high-opening net, 26-m head rope, 3.8 cm liner

in the codend), fished during the daytime to depths

of 55-1280 m at a nominal tow duration of 15 min on

the bottom at 4.0 km/h, mainly from late May to late

July (early cruise) and again from late August to late

October (late cruise), 2003-08. The trawl surveys were
conducted according to a random-stratified sampling
design (Keller et al., 2008). Biomass caught in both the

AFSC and NWFSC trawls was converted to average

weight per shad by dividing the total biomass by the

total number of shad caught. Stepwise multiple regres-

sion models were used to relate size of shad to bottom
depth, day of year, sea surface temperature (SST), and
bottom (gear) temperature during the 10 years of AFSC
surveys, and to bottom depth and day of year during

the six years of the NWFSC surveys (SST data for

the NWFSC cruises were not available). Catches were
also related to the Pacific Decadal Oscillation (Mantua
et al., 1997), Oregon Production Index (OPI) survival

estimates generated from hatchery releases of coho

salmon (Oncot'liynchus kisutch) smolts and returns of

adult coho salmon to hatcheries, and counts of shad
passing the Bonneville Dam. Shad were also caught
in pelagic surveys targeting juvenile salmonids from
1981 to 2008 off Oregon and Washington. The purse
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seine used during 1981-85 was 457-496 m long, had
32-mm or finer mesh, fished to a depth of 30-65 m, and
sampled about 20,000 m 2 (Pearcy and Fisher, 1988).

The midwater trawl deployed during 1998-2008 was a

Nordic rope trawl that fished near the surface mainly

during the day with a mouth opening 30 m wide x 20 m
deep and had a 0.8-cm fine mesh liner in the codend

(Brodeur et al., 2005).

Shad catches and sizes were available from both com-

mercial midwater and bottom trawling, 1997-2009, off

British Columbia (Davidson and Fargo 5
), from com-

mercial landings from bottom and midwater trawls and

from gill nets, set nets, dip nets, and hook-and-line gear

fished in the Columbia River and the Oregon coast,

1978-2009 (Karnowski and Hurtado 6
) and California

(Larinto7
). Catches in all regions were highly variable

and shad discarded as bycatch were not reported. In

addition, observer data on shad catches in the limited-

entry trawl groundfish fishery in Washington, Oregon,

and California for “summer” (April-October) and “win-

ter” (November-March) seasons, 2002-2009 were also

examined (Majewski and Bellman8
; Olson9

).

Shad, a schooling pelagic fish, undertake diel vertical

migrations in the Atlantic (Neves and Depres, 1979).

Such migrations are not known, however, for shad in

the Pacific Ocean. We assumed that they would be more

susceptible to capture during the daytime in bottom

tows, or as the net descended or ascended to surface

waters than in surface waters. Because schooling be-

havior may result in a few extremely large catches and

many zero catches, we restricted our analyses mainly

to log
10

transformed numbers for fish caught and pres-

ence-absence data to deemphasize the rare catches of

large numbers of shad. Although bottom trawls are de-

signed to capture demersal species, catches may reflect

major changes in abundance or availability of pelagic

species, such as shad (Neves and Depres, 1979). In ad-

dition, shad migrate into estuaries and freshwater to

spawn during May, June, and July along the Pacific

coast (Hamman, 1981; Petersen et ah, 2003) and hence

adults and some juveniles were not available during

the early months of ocean sampling. Also, small and

young-of-the-year shad are unlikely to be retained by

all sampling nets.

5 Davidson, J., and J. Fargo. 2010. Personal commun.
Department of Fisheries and Oceans, 200-401 Burrand St.,

Vancouver, British Columbia, Canada V6C 3S4.
6 Karnowski, M., and N. Hurtado. 2010. Personal commun.
Oregon Department of Fish and Wildlife, 2040 Southeast
Marine Science Dr., Newport, OR 97365, and 3406 Cherry
Ave NE, Salem, OR 97305.

7 Larinto, T. 2010. Personal commun. California Depart-

ment of Fish and Game, 4665 Lampson Ave Los Alamintos,

CA 90720.
8 Majewski, J., and M. Bellman. 2010. Personal commun.
Northwest Fisheries Science Center, 2725 Montlake Blvd.

E„ Seattle, WA 98112.
9 Olson, J. 2010. Personal commun. Pacific States Marine
Fisheries Commission, 7600 Sand Point Way, Seattle, WA
98115.

Results

Shad were caught in 1178 of the 5612 tows by the AFSC
(frequency of occurrence, FO=21%), and in 403 of 3762

tows by the NWFSC (FO=ll%). Highest log
10 catches

were noted along the continental shelf off Washing-
ton and Vancouver Island and off San Francisco Bay
during the AFSC cruises (Fig. 1A). Catches in NWFSC
early season and late season tows were more uniformly

distributed along the coast from northern Washington
to northern California than were AFSC catches, but

again with highest catches off Washington and lower

catches to the south, with a cluster of catches off San
Francisco (Fig 1, B and C). Large catches appeared to

shift from Oregon to off Washington up to Vancouver

Island between the early and late NWFSC cruises. This

shift was consistent with the high catches off Vancouver

Island also in late summer during the AFSC cruises

(see also Fig. 2).

When the log10 (catc/i + l) and FO data were pooled

across years, clusters of high shad catches became evi-

dent off the Washington coast (45-49°N lat.) and along

the central California coast (37-38 °N lat.) during the

AFSC sampling (Fig. 2A). Similar latitudinal trends in

abundance were shown with the late-May to late-July

NWFSC sampling (Fig. 2B), and this northward shift in

abundance was also documented with the late-August

to late-October NWFSC sampling (Fig. 2C). In addition

to the two latitudinal centers of abundance seen in the

AFSC sampling, the NWFSC sampling indicates a third

center of abundance in northern California (41-42°N

lat.). Despite interannual variations in the distribution

of catches along the coast among years of sampling, this

fairly consistent distributional pattern emerged. Note

that catches in the AFSC tows were sometimes orders

of magnitude higher than those in the NWFSC tows

(Fig. 2), a difference related to the faster tow speeds,

longer tow durations on the bottom, and the higher net

opening of the AFSC tows.

Shad were also collected in purse seine surveys off

Oregon and Washington during cruises conducted by

Oregon State University from 1981 through 1985 (sum-

marized by month in Fig. 3). Over 1100 shad were

caught in 29 sets. Catches had a restricted distri-

bution mainly near the Columbia River plume and

close to shore. The largest catch comprised 883 shad

in one purse seine set off Cape Disappointment in

August 1981. In the daytime surface trawls by the

NWFSC, only 139 shad were captured from 43 tows

out of a total of 1536 tows (FO = 2.8%) from central

Oregon and the Washington coast during 1998-2008

(Fig. 4). These numbers and frequencies of occurrence

were much lower than those seen during the demersal

sampling (Fig. 2), supporting the observations in the

Atlantic that shad undertake diel vertical migrations

and are more available in subsurface than in surface

waters by day.

An inshore-offshore gradient in abundance of shad

was significant; most shad were caught in AFSC and

NWFSC tows on the continental shelf (<200 m) (Fig. 5,
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Figure 1

Average catch of American shad (Alosa sapidissima) in 10' latitude x 10' longitude sampling

areas during (A) 30-minute bottom tows conducted by the Alaska Fisheries Science Center

for the years 1977-2004 combined, and (B) during 15-minute bottom tows conducted by the

Northwest Fisheries Science Center for the years 2003-08 combined in early season sampling

(May-July), and (C) late season sampling ( August-October). Isobaths are 200 m and 500 m.

Catch is transformed by log
10(catc /2 +1).

Table 1). On the shelf shad were found in 28% of AFSC
tows (1132 of 4010), whereas, off the shelf in deeper

water they were found in only 2% of tows (36 of 1586).

Similarly, shad were found in 24% of NWFSC tows

(394 of 1669) on the shelf, but in <1% of off shelf tows

(9 of 2093).

The average weight of individual shad caught in AF-
SC trawls increased with both latitude and day of year

(Fig. 6, A and B). However, because latitude and day of

year were highly correlated during each AFSC cruise

(correlation coefficient [f?] = 0.90-0.99), it was impos-

sible to separate the effects of these two variables on

size. Average weight consistently increased with depth

during both surveys and often with day of year during

the AFSC sampling. An effect of sea surface tempera-

ture on size was evident in only a few years (Table 1).

Similar increases in weight were obtained when latitude

was substituted for day of year (not shown in Table 1).

The increase in size of shad with depth was consistent

in all sampling collections that we examined. Besides

the increase in average weight of shad with depth in

the AFSC and NWFSC tows (Table 1), shad weight in

purse seines was also positively correlated with depth

(72 = 0.40, n = 43 hauls, P=0.007), and in the limited-

entry trawl fisheries off Washington, Oregon, and Cali-

fornia during both summer and winter seasons (linear

regressions of average weight of shad by 5-m tow depth

intervals: summer, n- 36, slope =0.0026 kg/m, coeffi-

cient of determination [r
2

] = 0.53, P<0.001; winter, n = 33,

slope=0.0016 kg/m, r2=0.56, PcO.001).

The weight of shad caught in later years, uncorrected

for date of sampling or depth of tow, was also signifi-

cantly less than that in early years (Fig. 7A). To correct

weight for depth and date of sampling in the different

years a general linear model was applied to the weight

data from both the AFSC and NWFSC demersal sur-

veys combined (Fig. 7B). Even when adjusted for bottom

depth and date of capture (much earlier for 1995—2004),
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Latitude (N)

Figure 2

Log
10
-transformed catch of American shad (Alosa sapidissima) and

percent frequency of occurrence (FO) out to the 200-m isobath by

one degree latitude ranges during (A) the 1977-2004 Alaska Fish-

eries Science Center triennial surveys, (B) the 2003-08 Northwest

Fisheries Science Center early season (May-July) sampling, and

(C) late season ( August-October) sampling. Box plots show the

50th-75th percentile (shaded columns), the 10th-90th percentiles

(whiskers), and outliers (dots). Small squares indicate FO of shad

in tows. Kruskal-Wallace tests showed that catch differed by lati-

tude (P<0.05) for all three studies.

a decline in size with year was still apparent

(Fig. 7B). Shad caught in the surface trawls in

1998 were larger than those in the four sub-

sequent years (2001, 2004, 2007, and 2008)

when more than 10 fish were caught (Kruskal-

Wallace test, P=0.001) and therefore also in-

dicated a possible decrease in average weight

of shad during this decade.

During the AFSC sampling survey over

the shelf (<200 m), shad were caught in tows

over a wide range of sea surface tempera-
tures (SSTs), from about 9° to 18°C, with the

10th and 90th percentiles of log
10 (catc/i+l)

occurring at 11.2° and 16.5°C, respectively

(Fig. 8A). Cumulative frequency curves of

log
10
(catc/i+l) vs. SST and presence-absence

vs. SST closely followed that of sampling, in-

dicating that shad were widespread across

most sea surface temperatures sampled on

the shelf. However, the raw catch of shad
(numbers per tow) indicated that the largest

catches tended to occur where SSTs were from
13° to 17°C (Fig. 8A). This finding indicates

that large schools of shad may be more abun-

dant in areas where the SST is above 13°C.

Conversely, the largest catches of shad also

tended to occur where the bottom temperature

(where gear was situated) was colder than

that found in most other areas sampled; 80%
of the raw catch occurred between 6.4°C and

8.0°C, whereas only 56% of sampling was in

water that cold (Fig. 8, B and C). During both

AFSC and NWFSC sampling surveys, bottom

temperature was strongly negatively corre-

lated with latitude (f? = 0.78 and 0.86, respec-

tively). SST was weakly positively correlated

with latitude (J? = 0.36). Therefore, the shad

abundance vs SST patterns seen in Figure 8

(largest catches where bottom temperature is

cool and SST is warm) are consistent with the

generally larger catches seen north of 44°N

and the smaller catches seen off central Cali-

fornia (Fig. 2).

Discussion

Shad undertake long distance seasonal migra-

tions along the Atlantic coast of the United

States, swimming thousands of kilometers

north in the summer and south in the winter

(Talbot and Sykes, 1958; Walburg and Nichols,

1967; Leggett and Whitney, 1972; Leggett,

1973). Although little is known about shad

migrations in the Pacific Ocean (Moyle, 1976),

Leggett and Whitney (1972) speculated that

shad in the Pacific Ocean migrate long dis-

tances within their preferred SST range of

13-18°C as they do in the Atlantic—migrat-

ing south of Point Conception into southern
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Figure 3

Catch of American shad (Alosa sapidissima ) in round haul purse seine sets conducted by Oregon State Univer-

sity by month, for the combined years 1981-85. Catches are log
10
-transformed. Isobaths are 100 m and 200 m.

California and Baja Mexico during January-June, fol-

lowed by migrations far to the north during July-Octo-

ber. Because ocean temperatures along the coast are

often cooled by coastal upwelling during July, Leggett

and Whitney thought that northward movements were
diverted offshore to avoid these cool coastal waters.

Data from our research surveys were collected mainly
during the spring and summer; however, other data lend

little support for shad migrations in the Pacific Ocean
far to the south during the winter months. Data from

commercial and sport landings of American shad along

the Pacific coast indicate limited seasonal migrations

along the West Coast.

In British Columbia, over 100 t of shad have been
landed in some years in bottom and midwater trawls

from 1997 to 2009 (Davidson andFargo 5
). This figure

includes large catches from “unknown management”
ocean areas in British Columbia (not shown in Table 2).

From known ocean management areas, about 85% of

the weight landed occurred between April and October

(“summer” in Table 2) and most of these landings (95%)

occurred during the months of August and October (see

Figs. 1 and 2A). Shad were 260-580 mm fork length,

most 400 mm or larger (about 0. 8-3.0 kg; Davidson
and Fargo 5

), mature, and over three years of age ac-

cording to Petersen et al. (2003) and Hamman (1981).

Large numbers of shad would not be expected in Brit-

ish Columbia waters during the fall when cool water
temperatures below 13°C prevail if their migration

patterns were similar to those predicted or shown for

the Atlantic coast by Leggett and Whitney (1972). These
large catches often found off the northern Washington
and British Columbia coasts (Figs. 1 and 2) indicate

that many shad from the Columbia River region move
to the north after spawning. Surface currents to the

north along the coast during winter months, or the deep
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Figure 4

Catch of American shad (Alosa sapidissima) in Northwest Fisheries Science Center

surface trawls (most 30 minutes) by month, for the combined years 1998-2008.

Catches are log10-transformed. Isobaths

countercurrent to the north during the spring and early

summer off Oregon (Huyer et ah, 1975) may passively

transport shad to the north.

Most commercial landings of shad in Oregon are from

gill nets fished in the Columbia River and along the

Oregon coast during May and June when fishing ef-

fort is high and shad are migrating into the Columbia
River (up to 40 to 172 t per month in some years be-

tween 1978 and 2009). Shad are also caught and landed

are 100 m and 200 m.

in bottom and midwater trawls used to target Pacific

whiting (Merluccius productus

)

during the summer, and

some are landed in trawls or gill nets during the fall

and winter, October-March (Table 3; Karnowski and

Hurtado 6
). In northern California, where up to 32 t of

shad are landed in some years, more shad were landed

in the ocean and inland waters during the “winter”

than the “summer” (Table 3; Larinto7
). Observer data

on shad catches in the limited-entry trawl groundfish
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fishery (Majewski and Bellman8
;
Olson9

) indicated that

the percentage of tows with shad was higher in the

“summer” (April-October) than in the “winter” (No-

vember-March). Although the average number of shad

caught in positive tows was higher in California in the

winter, catches were still taken in Oregon and Wash-
ington waters in the winter (Table 3). Lower catches

per positive tows in the winter may be related to the

deeper distribution of shad below 200 m in the winter,

as found by Talbot and Sykes (1958).

Moreover, shad were rarely caught in fisheries tar-

geting Pacific sardine (Sardinops sagax) and northern

anchovy (Engraulis mordax ) in southern California dur-

ing any season of the year (Sweetman 10
), or in pelagic

trawling off the central California coast (Brodeur et al.,

2003). During eleven years of sampling (1995-2005)

with variable mesh gill nets in bays and estuaries of

California, Allen et al. (2006) and L. Allen 11 found

shad in the Klamath and Eel rivers, but mainly in

San Francisco Bay. These are apparently the only bays

where shad spawn. In the southern California Bight,

only 78 American shad were caught in thirteen years of

sampling in shallow, protected embayments from Santa
Barbara to Oceanside during the summer and fall. In

summary, from all these observations of the geographic

distribution of catches of shad, we see little evidence

for long-distance seasonal migrations of stocks along

the Pacific coast and a massive exodus from north-

ern waters in the fall and large increases in southern

California waters below 35°N. These differences are

probably driven by the more extreme ranges of sea-

sonal temperatures along the east coast in contrast to

the temperature ranges along the west coast of North
America.

In our study, most shad were also caught in bottom
trawls in shallow water (<150 m depth), which is con-

sistent with ocean catches in the Atlantic (Neves and
Depres, 1979), and with the few catches of shad beyond
the continental shelf in bottom and midwater trawls

off California, Oregon and Washington (Brodeur et al.,

2003, 2005; Ralston and MacFarlane 12
). We found no

evidence that shad were more abundant offshore or that

they avoided cooler nearshore waters along the Pacific

coast during the upwelling season by migrating offshore

as postulated by Leggettt and Whitney (1972).

Shad caught along the Pacific coast were generally

larger in deep water along the outer continental shelf

where bottom temperatures are cooler and surface

temperatures are warmer during spring and summer
months than inshore (Table 1). The lower catch num-
ber for shad off California (Fig. 2A) may also reflect

10 Sweetman, D. 2010. Personal commun. California Dept,
of Fish and Game, 8604 La Jolla Shores Dr., La Jolla, CA
92037.

11 Allen, L. 2010. Personal commun. Southern California
Marine Institute, 820 S. Seaside Ave, Terminal Island, CA
91330.

12 Ralston, S., and B. MacFarlane. 2010. Personal commun.
NOAA Southwest Fisheries Science Center, 110 Shaffer
Rd., Santa Cruz, CA 95060.

their preference for cool bottom temperatures to the

north. Although shad weight increased with latitude

in the AFSC survey (Fig. 6A), it did not in the NWSC
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Table 1

Results of forward selection multiple regression models relating the average weight (kg) ofAmerican shad (Alosa sapidissima

)

in

Alaska Fisheries Science Center (AFSC) and Northwest Fisheries Science Center (NWFSC) sampling surveys in different years

to sea-surface temperature (SST), bottom depth, and day of year. Shown for each model are the significant (P<0.05) coefficients

and r2 (coefficient of determination). SST was not available from the NWFSC sampling.

Year No of hauls

SST
(kg/°C)

Regression coefficients for weight

Depth

(kg/m)

on:

Day of year

(kg/d) r2

AFSC
1977-2004 1168 ns 0.0029 0.0027 0.23

1977 29 0.12 ns ns 0.15

1980 26 ns 0.0120 ns 0.46

1983 133 ns 0.0024 0.0039 0.20

1986 152 ns 0.0044 ns 0.18

1989 94 0.04 0.0040 ns 0.38

1992 191 ns 0.0021 0.0057 0.36

1995 154 ns 0.0018 0.0056 0.35

1998 163 a 0.0026 0.0050 0.43

2001 95 ns 0.0029 0.0025 0.25

2004 108 ns 0.0031 0.0025 0.23

NWFSC
2003-08 387 — 0.0026 ns 0.15

2003 57 — 0.0038 ns 0.28

2004 76 — 0.0041 0.0020 0.36

2005 106 — 0.0025 ns 0.16

2006 60 — 0.0017 ns 0.08

2007 52 — 0.0030 ns 0.14

2008 36 — ns ns 0.00

a SST was removed from model because it was highly correlated ( R>0.5 ) with the other, stronger variables.

Table 2

Total landings of American shad (Alosa sapidissima) in known management areas for British Columbia (1997-2010 provided

by Department of Fisheries and Oceans), and Oregon, Washington and California (1981-2010 provided by the Pacific Fisheries

Information Network database). Data for the United States are summarized for ocean, inland, and unknown areas and for the

two seasons: April-October (summer) and November-March (winter).

Area

Ocean/

Inland Season

Weight

landed (t) Area
Ocean/

Inland Season

Weight

landed (t)

BC Ocean Summer 17 CA Ocean Summer 13

Ocean Winter 3 Inland Summer 23

OR and WA Ocean Summer 420 Ocean Winter 27

Inland Summer 2307 Inland Winter 51

Unknown Summer 577

Unknown Winter 3

sampling survey. However, shad landed off Vancouver

Island were usually larger (2.0-3.0 kg; Davidson and
Fargo 5

) than farther to the south (Figs. 6 and 7), in-

dicating that larger shad may migrate farther to the

north and remain in these cooler water longer, as do

other pelagic species, such as Pacific whiting (Bailey

et ah, 1982; Dorn, 1995) and sardine (Emmett et ah,

2005). Increased tolerances of cool water by large shad

may explain both their extensive inshore-offshore and

latitudinal distributions.

We found that shad occurred over a wide range of

sea-surface temperatures; largest catches occurred
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Figure 6

Trends in weight of American shad (Alosa sapidissima)

by (A) latitude, and (B) day of year during the 1977-2004

Alaska Fisheries Science Center triennial surveys. Boxes

span the 25th to 75th percentiles. The line and cross

within each box indicate the median and mean weight,

respectively. The whiskers indicate the minimum and
maximum weights, except when outliers are present at

more than 1.5 interquartile ranges (box heights) above

or below the box. Small squares indicate outliers and
small squares with crosses extreme outliers.

where SSTs were between 13° and 17°C and bottom tem-

peratures were usually between 6.4° and 8°C. Neves and
Depres (1979) caught Atlantic shad at SSTs of 2-23°C
but concluded that bottom temperatures of 3-15°C pro-

vided a better basis for predicting movements of Atlantic

shad in the ocean during all seasons of the year.

These differences in distributional and migration pat-

terns of Pacific and Atlantic American shad are con-

sistent with the phenotypic plasticity that has allowed

adaptations to the unique environmental conditions

along the Pacific coast over the past 100 years (see

also Petersen et al., 2003). Rottiers et al. (1992) found

that juvenile shad from the Columbia River had higher

growth rates than did shad from the Delaware River

and that the two stocks differed genetically. Quinn and
Adams (1996) concluded that shad in the Columbia Riv-
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Figure 7

Mean weight (±2 standard errors) of American shad

(Alosa sapidissima ) by year during the 1977-2004
Alaska Fisheries Science Center triennial (black) and
the 2003-08 Northwest Fisheries Science Center (gray)

surveys: (A) uncorrected for date or depth of capture,

and (B) results of a general linear model applied to

both surveys combined where weight is the response

variable, year is the categorical variable, and depth

and day of year are quantitative variables (r 2 = 0.30).

In (B) the mean weights are standardized to the aver-

age depth of 114 m and the average sample day 219

(August 7). In 2004 weights of shad in both surveys

were very similar.

er have evolved a migratory pattern that allows greater

behavioral response to environmental conditions because

they now migrate into the river earlier in the year and
at lower temperatures than during the prior 45 years.

Future molecular and otolith microchemistry studies

are needed to determine possible differences among
spawning runs in different rivers, home stream fidelity,

and distributional and migratory patterns at sea during

their ocean migrations along the Pacific coast.

Counts of shad migrating past Bonneville Dam on the

Columbia River provide important data on their abun-

dances and interannual variability. The different indi-

ces of shad abundance (% FO, average log
10
(caic/z+l),

and average raw catch) during the AFSC and NWFSC
demersal sampling on the shelf (<200 m) between 44°N
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and 50°N in different years were all strongly and posi-

tively correlated with shad counts at Bonneville Dam
in the same years (Table 4). These positive correla-

Bottom temperature (°C)

Figure 8

Cumulative frequency of sampling effort (number
of tows), log

10
-transformed catch, presence-absence

(l=present, 0 = absent), and raw catch of American shad

(Alosa sapidissima) vs. (A) sea-surface temperature (SST

°C), and (B) bottom temperature during the Alaska

Fisheries Science Center sampling, and (C) bottom

temperature during the Northwest Fisheries Science

Center sampling (both early and late season sampling

combined).

tions indicate that the abundance estimates of shad off

northern Oregon and Washington during these surveys

were good indicators of the spawning populations of

Columbia River shad above Bonneville Dam, despite

the fact that shad were not a target species of these

demersal surveys. Average weight of shad in ocean sur-

veys was also strongly negatively correlated with shad

counts at Bonneville Dam (Table 4), indicating that the

proportion of younger year classes in ocean sampling

increased as the abundance of spawners increased.

The numbers of shad counted are related to ocean

conditions and the survival of coho salmon as indi-

cated by the Oregon Production Index or OPI (Fig. 9).

The OPI is an index of smolt-to-adult survival of coho

salmon mainly from Columbia River hatcheries. We
assumed that ocean conditions that affect the survival

of coho salmon may also affect the survival and re-

turn of Columbia River shad. During the cool Pacific

Decadal Oscillation (PDO) regime between 1970 and
1976 shad counts were comparatively low. At this time

coho salmon survival was high (Fig. 9, A and B). Dur-

ing the relatively warm PDO phase from 1977 to 1998

shad counts increased rapidly, whereas coho salmon

survival was generally low, especially during the warm
ocean conditions of the late 1990s. After 2000 shad

counts increased markedly with warm PDOs, whereas

coho salmon survival increased to high levels follow-

ing several earlier years with cool PDOs and then de-

clined. Shad counts at Bonneville were significantly

negatively correlated with the OPI index (n=39 years,

P = -0.45, P=0.004). From these trends we conclude

that ocean survival of shad and coho salmon off Oregon

and Washington are inversely related and that warm
ocean conditions favor increased shad abundances and

cool, more productive ocean periods favor coho salmon

survival. In purse seine sets there was also a positive

correlation between log
10

(caic/i) of shad and SST (n=29

sets, P = 0.43, P=0.02, SST from about 12.2° to 16.4°C).

The occurrence of shad off Kamchatka in 1935-1939,

and again in 1987, all during warm phases of the PDO
(jisao.washington.edu/pdo, accessed July 2011), indicate

that shad distributions may increase with predicted

future climate change and a warmer ocean, just as

Pacific hake, Pacific sardine, Pacific mackerel (Scomber

japonicus), and jack mackerel (Trachurus symmetri-

es) increased off Oregon and Washington after ocean

warming increased in 1977 (Ware and McFarlane, 1995;

Emmett and Brodeur, 2000; Emmett et ah, 2006).

In recent years, numbers of shad counted at Bonnev-

ille Dam have decreased dramatically. The run in 2010

was the lowest since 1982 (Columbia Basin Bulletin 13
).

Reasons for this decline are unknown, but increased

incidence of a protozoan parasite, endemic to the Pacific

Ocean has been suspected (Columbia Basin Bulletin 13
).

13 Columbia Basin Bulletin. 2011. American shad: non-

native to Columbia Basin, runs exceed one million fish,

peaking at 6.5 million. The Columbia Basin Bulletin, May
13, 2011. [Available at: http://www.cbbulletin.com, accessed

July 2011.]
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Table 3

Data on counts of shad (Alosa sapidissima) in limited-entry groundfish catches, summarized for “summer” (April-October) and

“winter” (November-March), by state (California, Oregon, and Washington) for as many as eight years, 2002-09. Counts were

collected by onboard observers.

State Season Shad count Years

Tows with

shad

All observed

tows

% of tows

with shad

No. of shad

per positive tow

CA Summer 3224 8 324 4940 6.6 10

CA Winter 1035 8 37 2002 1.8 28

OR Summer 22,068 8 1056 11,147 9.5 21

OR Winter 1853 8 133 4150 3.2 14

WA Annual" 9381 3 96 620 15.5 98

WA Summer 14,402 5 466 1969 23.7 31

WA Winter 346 5 59 527 11.2 6

“ For three of eight years only the annual catch off Washington was available.

Table 4

Correlation coefficients (R

)

between counts of American shad (Alosa sapidissima) at Bonneville Dam on the Columbia River and
frequency of occurrence (FO) and abundance of shad determined from data from the Alaska Fisheries Science Center (AFSC)
and Northwest Fisheries Science Center (NWFSC) demersal sampling survey over the continental shelf (<200 m depth) from

44°N-50°N in different years. Tows that were negative for shad were included when calculating abundance. Shown also is the

correlation (R

)

between average corrected weight of shad for the combined AFSC and NWFSC sampling survey in different years

(Fig. 7B) and for the count of shad at Bonneville Dam.

n % FO Log
10
(catc/i+l) Catch Weight

AFSC 10 years 0.61, P=0.06 0.77, P=0.01 0.73, P=0.02 -0.77, P<0.001

NWFSC 6 years 0.84, P=0.03 0.88, P=0.02 0.89, P=0.02

Prolonged infection by this parasite may cause mor-
tality of larger adult fish that spend more years in

the ocean and may relate to the decrease in size we
observed in later years (Fig. 7, Table 4). Other possible

explanations for declining numbers include changes in

the temperature and river flows that may affect sur-

vival (Leggett and Whitney, 1972; Crecco and Savoy,

1986; Petersen et al., 2003), competition for zooplankton

with forage fishes in the ocean that increase during cool

ocean conditions (Emmett and Brodeur, 2000), dietary

overlap with salmonids in the estuary (McCabe et ah,

1983), and increased predation by seabirds in the Co-

lumbia River estuary (Petersen et al., 2003).

Conclusions

In conclusion, American shad along the Pacific coast of

North America were mainly confined to the continental

shelf and highest catches occurred from Oregon north-

ward into British Columbia and near San Francisco Bay.

Shad were bigger in deeper water. No evidence was found

for large-scale seasonal migrations as reported along

the Atlantic coast. The abundance of shad was highly

correlated with the counts of shad passing Bonneville

Dam on the Columbia River, and negatively correlated

with the survival of coho salmon.
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Abstract—The sandbar shark (Car-

charhinus plumbeus) was the corner-

stone species of western North Atlan-

tic and Gulf of Mexico large coastal

shark fisheries until 2008 when they

were allocated to a research-only

fishery. Despite decades of fishing

on this species, important life history

parameters, such as age and growth,

have not been well known. Some vali-

dated age and growth information

exists for sandbar shark, but more
comprehensive life history informa-

tion is needed. The complementary
application of bomb radiocarbon and
tag-recapture dating was used in this

study to determine valid age-estima-

tion criteria and longevity estimates

for this species. These two methods
indicated that current age interpre-

tations based on counts of growth
bands in vertebrae are accurate to

10 or 12 years. Beyond these years,

we could not determine with certainty

when such an underestimation of age

begins; however, bomb radiocarbon

and tag-recapture data indicated that

large adult sharks were considerably

older than the estimates derived

from counts of growth bands. Three
adult sandbar sharks were 20 to 26

years old based on bomb radiocar-

bon results and were a 5- to 11-year

increase over the previous age esti-

mates for these sharks. In support of

these findings, the tag-recapture data

provided results that were consistent

with bomb radiocarbon dating and
further supported a longevity that

exceeds 30 years for this species.
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Bomb radiocarbon dating has evolved

as a useful method for validating the

age of fishes. The validation of age

relies on a preserved record of the

rapid increase in radiocarbon (
14C)

that occurred in the world’s oceans as

a result of atmospheric testing of ther-

monuclear devices in the 1950s and
1960s (Broecker and Peng, 1982). The
uptake of bomb-produced 14C by the

marine environment, reported as A14C
in reference to an established prenu-

clear 14C record (Stuiver and Pollach,

1977), was virtually synchronous in

the mixed layer of mid-latitude oceans

and was first recorded from marine
carbonates in hermatypic corals

(Druffel and Linick, 1978). Applica-

tion for the dating of fishes began
with an innovative comparison of A14C
values recorded in otolith carbonate

in relation to regional A14C records

from hermatypic corals (Kalish, 1993).

The temporal specificity of otolith

A14C provided an independent deter-

mination of age and corroborated age

estimates determined from counting

growth zones in otoliths (Campana,

2001). Bomb radiocarbon dating has

since been successfully applied to

validate age estimates of numerous
teleost fishes (e.g., Andrews et al.,

2007; Ewing et al., 2007; Neilson and

Campana, 2008), elasmobranchs (e.g.,

Campana et ah, 2002, 2006; Kneebone

et ah, 2008), and other marine organ-

isms (e.g., Frantz et ah, 2005; Roark

et ah, 2006; Stewart et ah, 2006;

Kilada et ah, 2007).

The first application of bomb radio-

carbon dating to validate ages in long-

lived sharks addressed the porbeagle

(Lamna nasus) and, preliminarily,

the shortfin mako (Isurus oxyrinchus',

Campana et ah, 2002). Unlike the

otoliths of bony fishes, in which the

source of 14C is inorganic and up-

take is mostly synchronous with the

marine environment, the vertebrae

of porbeagle provided evidence for

a phase lag of approximately three

years in the timing of the rise in A14C.

This lag was attributed to a trophic-

level delay in the propagation of 14C

or to depth-related dilution of carbon

sources, or to both, in relation to the
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formation of vertebrae from organic carbon sources. Use

of measurements from known-age individuals, in rela-

tion to measurements made in adult vertebrae, ruled out

the possibility of reworked vertebral carbon throughout

the life of the shark. This procedure enabled age valida-

tion for porbeagle and shortfin mako (Campana et al.,

2002; Ardizzone et al., 2006). By contrast, a study of the

white sharks (Carcharodon carcharias) of the eastern

North Pacific Ocean indicated that aspects of life histo-

ry, such as large-scale movements and feeding below the

ocean mixed layer, can lead to mixed h14C results that

confound attempts to validate age (Kerr et al., 2006).

The sandbar shark (Carcharhinus plumbeus ) is a

cosmopolitan species of subtropical and tropical seas

and was the cornerstone large coastal shark taken in

the western North Atlantic (WNA) and Gulf of Mexico

(GOM) bottom longline shark fisheries from the early

1980s until 2008 when they were allotted to a research-

only fishery (NMFS, 2008). Modeling regional popula-

tion dynamics has led to conclusions that the population

is in need of rebuilding (Brewster-Geisz and Miller,

1999; Cortes, 1999). The most recent stock assessment

of the large coastal shark complex of this region re-

vealed that sandbar sharks are currently overfished,

and overfishing is occurring (NMFS, 2006). Because
fishing authorities set management measures using

stock assessment models that increasingly and neces-

sarily rely on age data (Cailliet and Andrews, 2008),

even greater importance must be placed on age valida-

tion as a requirement for stock assessments (Payne,

2006). Validated age data enable stock assessment sci-

entists 1) to understand and monitor long-term changes

in population age-structure; 2) to determine the timing

of important life history events (e.g., age at first matu-
rity); 3) to measure vital rates (e.g., growth and natural

mortality); and 4) to monitor fishing mortality rates and
their long-term effects on the population.

Some validated age and growth information exists

for sandbar shark, but more comprehensive information

on its biological development is needed. Age has been
validated for juvenile sandbar sharks in Hawaii by us-

ing marginal increment analysis and oxytetracycline

(OTC) marking (Romine et al., 2006), and for adults

up to approximately 17 years in Australia with the use

of tag-recapture data (McAuley et al., 2006). However,

studies geographically removed from the WNA are of

limited use for that region. In the WNA-GOM region,

one laboratory study validated growth up to 112 cm
(Branstetter, 1987). Estimates of age, growth, and lon-

gevity were primarily “unvalidated” by using vertebral

centra and observations of growth in tag-recapture pro-

grams (Casey et al., 1985; Casey and Natanson, 1992;

Sminkey and Musick, 1995; Merson and Pratt, 2001).

Use of tag-recapture data to determine growth char-

acteristics can be complicated because revisions may
be needed as additional recaptures continue to provide

new data over time (cf. growth parameters presented

in Casey and Natanson [1992] with those in Casey et

al. [1985]). In addition, maximum size (Lmax ) is typi-

cally underestimated in tag-recapture studies, although

the tag-recapture method offers several advantages,

including a useful verification of younger age classes,

estimates of longevity, and valid measures of age and
growth when used in concert with OTC-marked growth

bands. Therefore, use of both bomb radiocarbon and tag-

recapture dating methods can produce a series of age

and growth determinations that can facilitate accurate

growth modeling throughout ontogeny of a species. The
sandbar shark is not known to move into deep water;

thus it is a good candidate for bomb radiocarbon dating

because complications from greatly depleted 14C sources

with depth are unlikely (i.e., Kerr et al., 2006). It was
hypothesized that an application of bomb radiocarbon

dating would 1) provide independent estimates of age

that either corroborate or refute age estimates from

counting growth band-pairs; and 2) provide a minimum
longevity for sandbar shark. It was further hypoth-

esized that additional tag-recapture age and growth
data from OTC-injected sandbar sharks would be in

agreement with the bomb radiocarbon age data.

Materials and methods

Bomb radiocarbon dating

Sandbar shark vertebrae, collected from the WNA and
stored frozen, with capture years ranging from 1965 to

1985 were obtained from 1) the Apex Predators Program
of the National Marine Fisheries Service (NMFS; n- 4);

and 2) the Florida Program for Shark Research (n=l)

for bomb radiocarbon analyses (Table 1). Successful

application of bomb radiocarbon dating requires that

structures used to determine age come from sharks

that were alive during some portion, or all, of the period

of rapid increase in 414C from atmospheric bomb test-

ing (-1955 to 1970 for the marine environment). Five

sharks collected between 1965 and 1981 were selected

for analysis on the basis of estimated age from sex spe-

cific growth curves (Casey et al., 1985) and collection

dates, to estimate birth year (Table 1). Age estimates

from growth band counts for four of these sharks were
made before our study by using histological techniques

described elsewhere (Casey et al., 1985). Contiguous

vertebrae were used for the 14C analyses.

Vertebrae from the five individual sharks were
sampled for 14C analysis by using accelerator mass
spectrometry (AMS). A section of the vertebral cen-

trum was removed from the corpus calcareum of each

vertebra along the sagittal plane. Sections were cut

thicker than typically used for age estimates (2-3

mm) to ensure that there was adequate material to

meet minimum sample size requirements. Sections

were mounted on glass microscope slides with fine-

meshed, double-stick nylon tape. A New Wave® (Elec-

tro Scientific Industries, Fremont, CA) micromilling

machine with a 0.3-mm diameter bit (Brassier®, Sa-

vannah, GA) was used to drill a series of overlapping

holes around the circumference of the targeted growth
band pair (one opaque and one translucent band; sensu
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Table 1

Size, year of capture, estimated age, and sex of sandbar shark (Carcharhinus plum beus) sampled in this study.

Specimen

number
Fish fork length

(cm) Year of capture

Estimated age

(yr)

Estimated

birth year Sex

SB 43 136.5 1965 10.3 1955 F

SB 47970 160.0 1985 14.2 1971 F

SB 745 167.0 1976 16.4 1960 M
SB 118 167.5 1966 15.6 1950 F

SB 749 170.0 1981 16.1 1965 F

Cailliet et al., 2006). The location of the series of

drill holes was carefully chosen to extract the tar-

geted growth-band pair within the corpus calcareum
and to minimize the possibility of including external

vertebral material not formed during that year of

growth. The intermedialia of the vertebral centrum
was avoided because banding is poorly defined near

the corpus calcareum. The width of growth-band pairs

was used as the target size for extraction therefore,

the amount of material extracted decreased as the

width of growth band pairs decreased. Drilling depth

was just short of the depth required to pass completely

through the section to provide a secure mount for the

extracted block of vertebral material. Final removal

of the sample was made with a razor blade, firmly

pressed to the slide.

A total of thirteen growth-band pairs were extracted

from the corpus calcareum of the five sandbar shark

vertebrae. The first growth-band pair after the birth

band (estimated to be the first year of growth after

birth) and one to four subsequent growth band pairs

farther toward the outer edge of the corpus calcareum

were extracted from each vertebra. The last band pair,

corresponding to the last year of growth, was targeted

to provide a sample where time of formation was con-

strained by the collection date. The location for extrac-

tion of the most recent vertebral sample was usually

proximal to the distal tip of the corpus calcareum be-

cause of reduced band width and poor edge condition at

the tip, The extracted samples weighed approximately

10 mg; the specific values were not specifically recorded

owing to an oversight.

Demineralization of vertebral samples was performed

to isolate the organic portion (collagen) by dissolving

the inorganic component that can increase carbon yield

from the accelerator mass spectrometry (AMS) graphi-

tization process (Brown et al., 1988). Samples were
soaked in 0.25 N HC1 for 24 hours at refrigerator tem-

peratures to reduce reaction rate. Treated samples were

dried in an oven at 60°F (16°C) and placed in clean

quartz tubes. Copper oxide (CuO, oxidizing agent) and

silver (Ag, for impurity removal: SOx and NOx) were

added to the treated organic samples at levels specified

for AMS (Center for Accelerator Mass Spectrometry

[CAMS], Lawrence Livermore National Laboratory).

Quartz tubes were evacuated, sealed, and heated for 2

hours at 900°C to convert the organic carbon to C0
2

.

Sample C0
2
was converted to graphite (Vogel et al.,

1984, 1987) and measured for 14C content with AMS
at the CAMS. The 14C values were reported as 414C
(Stuiver and Polach, 1977) and age corrected by using

the estimated year of formation in relation to 1950.

The 14C values were then adjusted for fractionation by

using an assumed <?
13C value of -15%e based on a previ-

ous study (Campana et al., 2002) and other standards

(Stuiver and Polach, 1977).

Sandbar shark 414C data were compared with exist-

ing hermatypic coral Z\
14C records for the WNA for a

temporal alignment. Because this species is known to

cover great distances along the Atlantic seaboard sea-

sonally and ontogenetically (Grubbs et al., 2007), the

Z\
14C records from hermatypic coral off the Florida Keys

and Bermuda (Druffel and Linick, 1978; Druffel, 1989)

and validated shark vertebrae (porbeagle from western

North Atlantic; Campana et al., 2002) were used as

reference chronologies for comparison to the measured

values from aged sandbar shark vertebrae. Fish otolith

414C records were also considered for calibration pur-

poses (i.e.
,
Campana et al., 2008) but were not used in

our analysis because the Z\
14C record was intermediate

in time and magnitude to the coral and shark 414C

records and did not provide additional temporal clar-

ity. Age of sandbar sharks was calibrated by aligning

measured 414C values with the z\
14C reference chronolo-

gies, and estimated age was adjusted for some sharks

according to the temporal alignment of these data.

OTC tag-recapture dating

Tag-recapture data were obtained and analyzed by

using the methods of Casey et al. (1985) and by using

only recaptures obtained since the publication by Casey

and Natanson (1992). In addition, vertebrae were pro-

cessed from OTC-injected and recaptured specimens.

Two adjacent vertebrae were sectioned and examined

concurrently to align band pairs with the OTC mark.

One section was removed for histological examination

(Casey et al., 1985) and the other, a thicker section, was

made to preserve the OTC mark. The thicker section

was made by using a gem saw (Raytech, Middleton, CT)



Andrews et al.: Bomb radiocarbon and tag-recapture dating of Carcharhinus plumbeus 457

Table 2

Summary of results from radiocarbon analyses. Estimated shark age from growth band counts with calculated birth year, year

of growth-band formation, and ages for each sandbar shark ( Carcharhinus plumbeus) vertebra. Resultant A14C values and the

adjusted year of growth-band (GB) formation for each sample are given along with bomb radiocarbon age of the shark, where

applicable. SD=standard deviation

Age determined from growth bands

Age determined

from radiocarbon data

Sample Shark age

number (yr)

Year of GB
formation

Age
sampled

A14C (SD)

(%o)

Adjusted

year

Shark age

(yr)

SB 43 1955 N.C. 2

1957 2 -67.6(4.2) N.C. 2

1963 8 -21.2 (3.6) N.C. 2

10.3 1965 10.3

SB 47970 1971 1960

1972 1 -79.8 (4.1) 1962

1977 6 125.3 (5.9) 1967

14.2 1985 25 (23-27)

SB 745 1960 1955

1961 1 -64.3 (4.0) 1956

1967 7 -78.6(3.9) 1962

16.4 1976 >20

SB 118 1950 N.C.2

1951 1 -53.3(4.2) N.C.2

1965 15 N.M. 3

15.6 1966 N.C.2

SB 749 1965 1954

1966 1 -7.8 (4.4) 1955

1967 2 -110.9 (3.9) 1956

1970 5 -70.6(3.9) 1959

1974 9 -61.7(4.0) 1963

1980 15 16.6(4.6) 1980

16.1 1981 >26

1 No change: Values in alignment with calibration curves.

2 No change: Not enough information to assess an adjustment (with prebomb reference)

3 Not measured: Sample was lost during preparations for accelerator mass spectrometry.

with two diamond blades separated by a 0.6-mm spacer.

Photographs of both sections were taken—the thicker

sections under UV light and the thinner histological

sections under reflected lighting. Resulting photographs

were superimposed to determine the location of the OTC
mark on the histological section and counts and mea-
surements were determined from the combined images.

Results

Bomb radiocarbon dating

Values of A14C measured in sandbar shark vertebrae,

provided in parts per million (%c) ±1 standard devia-

tion [SD] ), ranged from prebomb to peak and postbomb
levels (Table 2). Prebomb levels were similar to those

in the porbeagle record, with values as low as -110.9%c

(SD = 3.9). The peak A14C value exceeded expectations

and was similar in magnitude to hermatypic coral

Z\
14C records (125. 3%c, SD = 5.9). Despite the strong

indication of bomb-produced radiocarbon in several

vertebrae, the growth-band derived years of formation

for many of the samples were not in agreement with

the bomb radiocarbon dating A14C references (Fig. 1).

One sample was lost from specimen SB 118; therefore,

the vertebra was useful only as a prebomb A14C refer-

ence value. The age of the youngest specimen (SB 43),

estimated at 10.3 years, was supported by the A14C
results; yet the estimated ages of the other three adult
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Year of formation

Figure 1

Plot of sandbar shark (Carcharhinus plumbeus) AUC measured from vertebrae in relation

to the estimated year of formation (determined from growth band counts). Observations

from individual sharks are connected with lines and labeled accordingly. For calibration

purposes two regional hermatypic coral records and the porbeagle (Larmia nasus) A14C
records were used. In addition, a LOESS curve was fitted to the porbeagle z\

14C data to

provide a central distribution reference (LOESS, P=0.5, 2-parameter regression). Note that

the sandbar shark 414C values, plotted in relation to estimated age, were phase lagged by

up to 11 years. Calibration of age was necessary for some sandbar shark age estimates

(see Figs. 2-4).

sharks were not in agreement with the reference Z\
14C

chronologies.

The age of three adult sandbar sharks (SB 745, SB
749, SB 47970) was underestimated by approximate-

ly five to 11 years in relation to the reference z\
14C

chronologies and resulted in an increase in age to at

least 20 to 26 years. The age of specimen SB 749 was
underestimated by at least 11 years after alignment
with the porbeagle 414C reference record for a revised

age of at least 26 years. To make the alignment, we
had to assume that the innermost sample (year-1) of

the vertebra was an inaccurate extraction that in-

cluded more recent (postbomb) material (Fig. 2). This

conclusion was supported by the measured postbomb
A14C level from the innermost sample of the corpus

calcareum (-7.8%o, SD = 4.4) when compared to more
recently formed samples that were clearly prebomb and
further into the life of the shark (Table 2). The age

of specimen SB 47970 was underestimated, requiring

adjustment of 10 to 12 years based on a simultaneous

alignment of the measured Zl
14C values in relation to

the coral and porbeagle shark 414C reference chronolo-

gies. The near peak z\
14C value could not have been

formed earlier than 1965 (based on the maximum

rise in 414C from the Florida coral record), yet the

measured prebomb 414C value could be no later than

1962 (based on the rise in 414C from the porbeagle

record; Fig. 3). With these alignment constraints, and

with the assumption that there was no problem with

interpreting age from the early growth between the

two samples (five years), a median age of 25 ±2 years

was determined for this shark. The age for specimen

SB 745 was underestimated by at least five years to

align with the porbeagle zi
14C record, but this shark

could have been older because prebomb values alone

are not diagnostic (Fig. 4).

OTC tag-recapture dating

Since 1992, 173 tagged sandbar sharks have been recap-

tured as part of the NMFS Apex Predators Program.

Ten of these sharks were estimated to have lived more

than 20 years (20.1-31.1 years) based on time-at-liberty

(TAL) and the estimated age at time of release deter-

mined from the sex-specific growth curves of Casey et

al. (1985). These sharks were tagged at 80-183 cm fork

length (FL) and had a TAL of 2.6-26.9 years (Table 3).

In addition, 22 sharks with estimated lengths at tagging
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Figure 2

Plot of sandbar shark ( Carcharhinus plumbeus) A14C measured from vertebrae in relation

to the estimated year of formation (determined from growth band counts), showing that

an adjustment of formation dates for sandbar shark specimen SB 749 (by an additional 10

years) was necessary to match the porbeagle (Lamna nasus) A14C record (filled diamonds).

Minimum adjusted age was 26 years. The assumption was made that the missing years

were those in the late-adult years (as reflected in the outer part of corpus calcareum

where band resolution can be lost) and that early growth was well quantified. 10 years

was added to the time between the known-age edge material and the next sample inward

in the corpus calcareum ( cf. 1974 with 1963). For this sample series, the youngest sample

(juvenile portion of corpus calcareum) was classified as contaminated with older (postbomb)

adult material and was eliminated from consideration because of its unexpectedly high

A14C value (denoted as an X in the projected growth scenario).

of 73—140 cm FL were recaptured after a minimum of

10 years at liberty (TAL 10.0-27.7 years). Ages for these

sharks ranged from 13.1 to 36.0 years (Table 3). The tag

of the shark at liberty 27.7 years was compromised over

time: the last of 3 digits on the tab was worn off by the

time of recapture. This shark was one of ten sandbar

sharks measured and tagged on the same day within

this number series. These sharks ranged in size from 99

to 122 cm FL at recapture and longevity was estimated

at 33 to 36 years for these sharks for this longest period

before recapture.

One OTC-tagged recaptured shark was examined
that measured 68 cm at tagging and 150.4 cm FL
at recapture. Time at liberty was 11.8 years and the

estimated age at tagging was 1.6 years. Twelve band
pairs were visible after the OTC mark as determined

by the criteria of Casey et al. (1985) and the total esti-

mated age was 13.6 years. This estimate was one year

more than the growth curve estimate (12.6 years), but

was within the margin of uncertainty of the growth
function.

Re-examination of vertebrae

Because the bomb radiocarbon analyses revealed dis-

crepancies in age, four of the original histological sec-

tions were re-examined to determine whether banding

existed in the sections that would correspond with the

bomb radiocarbon ages. Many additional band pairs

were visible in the vertebrae of these specimens and
support the ages indicated by the bomb radiocarbon

analyses. These band pairs were not considered to rep-

resent annual growth in the early study because they

did not fit the criteria defined in the study and were
not counted. If an approach were used to count all band
pairs, this would also indicate that the age-validated

specimen SB 43 was more than 10 years old (maximum
addition of three years in relation to coral zl

14C records).

In addition, the recently collected OTC-marked specimen

would necessarily have an age greater than the known
TAL and lead to the conclusion that early growth was
not underestimated. These findings indicate that the

band pair counts with the Casey et al. (1985) criteria
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Figure 3

Plot of sandbar shark (Carcharhinus plumbeus) 414C measured from vertebrae in relation

to the estimated year of formation (determined from growth band counts), showing that an
adjustment of formation dates for sandbar shark specimen SB 47970 (by an additional 11

years) was necessary to match the porbeagle (Lanina nasus) 414C record (filled diamonds).

Adjusted age was increased to 25 years. The assumption was made that the missing years

were those in the late-adult years (as reflected in the outer part of corpus calcareum) and
that early growth was well quantified. This span in z)

14C values is perhaps the most diag-

nostic in terms of age determination; age could not be older by more than 2 years because

of limits to the rise in A14C from the Florida coral record (-1965 for the measured Z)
14C

level), and the prebomb sample could not have been younger by more than 1 year because of

the limits of the porbeagle (Lamna nasus ) 414C record (-1964 for the measured 414C level).

Age for this sandbar shark was likely constrained to a range between 23 and 27 years.

were reliable as a measure of annual growth to at least

12 years (10 and 12 years validated in this study with

bomb radiocarbon and OTC marking, respectively). After

this time of band formation in the vertebrae, either

growth-band pairs do not provide an accurate measure
of annual growth or the criteria for counting must be

changed to incorporate a finer growth band structure.

Until all sizes and ages can be validated, it would not

be possible to determine how the growth-band counting

criteria need to change.

Discussion

The comparisons of measured A14C values from sandbar

shark vertebrae with regional reference chronologies

provided age determinations that exceeded age esti-

mates from visual growth-band counts for three of the

largest sharks in this study. Levels of A14C recorded in

sandbar shark vertebrae during the rise in marine A14C
and postbomb periods were unexpectedly low based on

their estimated year of band formation determined from

growth-band counts. This finding led us to conclude that

ages had been underestimated for these adult sandbar

sharks by 5 to 11 years, thereby providing explanation

for the temporal offset and providing evidence that these

individuals were considerably older.

Considerable evidence shows that diet is the pri-

mary source of carbon in the skeletal structure of

sharks and that collagen retains its time specificity

in respect to its deposition in vertebrae (Fry, 1988;

Campana et ah, 2002, 2006); hence, an alternative

explanation for the unexpectedly attenuated A14C val-

ues measured in sandbar shark vertebrae could be a

shift or mix in dietary carbon sources. To address this

potential explanation for sandbar sharks, we turned

to the well-documented study of white sharks from

the eastern North Pacific Ocean (Kerr et al., 2006).

For white sharks, the unexpectedly low A14C values in

the vertebrae could not be explained as problems with

age estimation; collection year and known-age juvenile

samples provided temporal constraints that eliminated
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Year of formation

Figure 4

Plot of sandbar shark (Carcharhinus plumbeus) A14C measured from vertebrae in relation

to the estimated year of formation (determined from growth band counts), showing that an
adjustment of formation dates for sandbar shark specimen SB 745 (by 5 years) was neces-

sary to match the porbeagle (Lamna nasus) A14C record (filled diamonds). Adjusted age

was increased to a minimum of 20 years. The assumption was made that the missing years

were those in the late-adult years (as reflected in the outer part of corpus calcareum) and
that early growth was well quantified. This determination does not preclude an older age

because there are no limits to the prebomb levels measured in these samples.

age-related discrepancies. Instead, feeding habits of

these sharks in deep offshore waters appear to explain

the observations.

For the sandbar shark, a scenario similar to that of

the white shark would be possible if the single sample

from year-1 of specimen SB 749 was considered uncon-

taminated. This A14C value was clearly postbomb value

at -7.8%o (SD = 4.4). Including this sample would pre-

clude an increase in age for this sandbar shark, as well

as the other sharks in our study and explain the un-

expectedly low A14C values. Based on the growth band
age estimates alone, the temporal distribution of the

A14C data for sandbar shark would be similar to that

of the white shark (cf. Fig. 1 of this study with Fig, 1 of

Kerr et al. [2006]). However, the well-documented feed-

ing behavior and depth-related life history of sandbar
shark do not support this hypothesis (Springer, 1960;

Stillwell and Kohler, 1993; Conrath and Musick, 2007).

In addition, although it is certain there was some non-

surface-derived 14C included in the sandbar shark diet

based on the lowest measured A14C values (-78.6%e to

—110. 9%e cf. -40.2%c to —66%c for corals), the levels were
similar to the lowest A14C values measured in the por-

beagle A14C reference chronology (-74.6%o to -114.7%c).

Because of important life history considerations, it was

concluded that the innermost sample (year-1) from the

vertebra from specimen SB 749 was inaccurately ex-

tracted and included more recently formed vertebral

material. In support of this conclusion is the series of

three additional samples that would have formed after

this sample, all of which were clearly classified as pre-

bomb material.

The most plausible explanations for underestimated

ages of sandbar sharks in this study are either a lack

of band pair formation at the oldest adult ages or a

problem with the interpretation of growth bands. The
validated age of the youngest specimen (SB 43) pro-

vides some evidence that age can be determined visu-

ally with growth-band counts in the earliest years of

growth. A validated age of ten years for this shark
provides evidence that the missing years for the larger

shark were most likely those from the latter years of

life. This argument was well documented for porbeagle

shark off New Zealand, for which age estimation was
accurate to approximately 20 years but was underesti-

mated by several decades for older sharks (Francis et

al., 2007). Estimation of age from band pair counts was
not possible for older sharks because as somatic growth
of the shark slowed or ended, vertebral growth ceased.

A similar scenario was described for school shark or
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Table 3

Tag and recapture data for sandbar shark (Carcharhinus plumbeus

)

over a period of several decades. Specimen IDs 1-10 revealed

life spans exceeding 20 years and the remaining specimens had time at liberty (TAL) exceeding 10 years. Age at tagging was
estimated from the Casey et al. (1985) growth function. Age at recapture was the sum of estimated age at capture and time at

liberty. Italicized lengths were estimated. NR=not reported. U=unidentified.

Specimen

ID

Fork length (cm) Estimated age (years)

Sex Tagging Recapture Growth TAL (yr) Tagging Recapture

1 F 183 160 -23 2.6 19 21.4

2 F 152 170 18 7.6 13 20.5

3 M 139 140 1 9.0 11 20.1

4 F 152 145 -7 10.2 13 23.0

5 F 156.6 169 12 12.1 14 25.7

6 M 154 NR 12.1 14 25.9

7 M 127 203 76 12.7 9 21.8

8 M 80 141 61 24.9 3 27.8

9 M 106 136 30 24.9 6 31.1

10 F 87 166 79 26.9 4 30.6

11 M 137 152 15 11.0 11 21.7

12 F 73 202 129 11.0 2 13.1

13 M 82 154 72 11.0 3 14.2

14 M 90 127 37 11.0 4 15.1

15 F 131 127 -4 11.1 10 20.6

16 U 102 131 29 11.1 6 16.7

17 F 127 162 35 11.5 9 20.4

18 U 115 178 63 11.5 7 18.9

19 M 137 148 11 11.7 11 22.4

20 F 102 202 100 12.1 6 17.7

21 M 115 156 41 12.8 7 20.2

22 F 91 140 49 13.2 4 17.4

23 M 140 155 15 13.4 11 24.6

24 F 127 169 42 13.5 9 22.4

25 F 90 152 62 13.6 4 17.7

26 F 102 152 50 14.5 6 20.1

27 F 123 165 42 15.6 8 24.0

28 F 122 160 38 16.8 8 25.0

29 F 102 167 65 17.5 6 23.1

30 U 115 183 68 18.0 7 25.4

31 F 91 168 77 18.4 4 22.6

32 U 99-122 146 47-24 27.8 5-8 33-36

tope shark (Galeorhinus galeus ) in Australia (Kalish

and Johnston, 2001).

There is evidence to support a similar conclusion in

terms of reduced or ceased somatic growth of the verte-

brae. Two of the sandbar sharks in this study could be

older because once prebomb A14C levels were attained

there was no limit to maximum age. In contrast, the

age of specimen SB 47970 was well constrained by the

upper and lower limits of the AuC reference chronolo-

gies for an age of 25 ±2 years. The five years estimated

from band pair counts between the measured values for

SB 47970 is consistent with the validated early growth

from SB 43 (10 years old). Therefore, the addition of 11

years, as part of the age estimate that was not quanti-

fied for late adult life, was chosen to shift the observed

five-year early growth period to match the A14C refer-

ence records.

In general, bomb radiocarbon dating of sharks must

be qualified with empirical evidence to support a tem-

poral correlation with a regional A14C reference chronol-

ogy. Complexities tied to ontogenetic changes in feeding

were recently observed to varying degrees in bomb
radiocarbon dating studies of other sharks. Bomb radio-

carbon dating of tiger shark (Galeocerdo cuvier ) not only

validated age estimates up to 20 years, but also provid-

ed information about carbon sources from the measured

levels of A14C (Kneebone et al., 2008). The interesting

finding with tiger shark in terms of 14C uptake was in

the differences and similarities of values between juve-

niles and an adult shark. Measured A14C values from
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juvenile tiger sharks were in agreement over time with

a hermatypic coral record from Florida, indicating there

was no phase lag in terms of the timing of the A14C sig-

nal for the early growth of vertebrae. In contrast, the

older adult, one that lived through the period of bomb
testing to nearly the end of the marine z3

14C record, was
mostly in phase with the porbeagle record as an adult,

and deviated to match the coral record in what would
have been the juvenile portion of the adult vertebrae.

These findings can be logically attributed to tiger shark

juveniles feeding on short-lived and near-surface food

sources and adults shifting to older food sources, repre-

sented as a phase lag that can be attributed to trophic-

level changes (Kneebone et ah, 2008). A similar sce-

nario was observed for the great hammerhead (Spliyrna

mokarran), where there was close agreement with a

coral A14C record in some years and attenuation of the

z\
14C signal in others (Passerotti et al., 2010). For the

sandbar shark, carbon is derived from mixed sources

throughout ontogeny and Z\
14C values range from agree-

ment with the attenuated and phase-lagged porbeagle

record to agreement with the elevated and timely coral

records. In general, no time-specific correlation was ob-

served with either record, and this finding is consistent

with the wide-range of sandbar shark feeding habits.

The use of vertebrae as an exclusive tool to age sand-

bar shark has well-documented limitations. Casey et

al. (1985) used strict age-estimation criteria and not-

ed that ages may be underestimated owing to a large

number of uncounted growth bands at the margin.
The uncounted banding pattern did not fit the criteria

formulated from observed early growth; therefore, the

bands were not counted at the time. A subsequent tag-

recapture study provided support for the notion that

age was underestimated and evidence was presented

for much slower growth and greater longevity (Casey
and Natanson, 1992). Tag-recapture data generated
since Casey and Natanson’s publication and presented

herein provides an indication of an even greater longev-

ity (33-36 years). These data were further supported by

the bomb radiocarbon results that indicated ages were
underestimated late in adult life.

For age determination of smaller sharks, Casey and
Natanson (1992) suggested that the band counts may
have an annual periodicity until a threshold size and
age, at which the deposition rate changes. At the time of

the Casey and Natanson’s study, the only age validation

was from a laboratory OTC study for sharks no larger

than 112 cm ( Branstetter, 1988), and the conclusion was
that periodicity of band-pair deposition changed after

5-6 years. Branstetter (1988) argued that the Casey et

al. (1985) criteria were limited to early growth and this

view is supported by the bomb radiocarbon and OTC
findings of the present study.

Conclusion

In light of these results, it is important to emphasize the

need for age validation across all size (and age) classes

for the sandbar shark. Given the potential for changes

in the periodicity of band pair formation throughout

ontogeny, the application of complementary age valida-

tion methods is preferred in order to provide a verifiable

and defensible position for the determination of impor-

tant life history parameters for sharks and other fishes.
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