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INTRODUCTION

Mitigating incidental catch of endangered species
in commercial fisheries is a major challenge for
developing successful management and protection
plans. As a consequence, efforts are underway to
reduce these impacts on a variety of taxa, including
marine mammals, seabirds, and sea turtles (Lewison
et al. 2004, Moore et al. 2009). Several measures have

been implemented globally to reduce turtle bycatch,
including controlling fishing effort, time-area clo-
sures, gear modifications, and a map-tool providing
thermal ranges for turtles (Epperly et al. 1995,
Gilman et al. 2006, Dietrich et al. 2007, Read 2007,
Gardner et al. 2008b, Howell et al. 2008, McClellan
et al. 2009, Wallace et al. 2010). However, the effec-
tive implementation of such management strategies
will benefit from additional knowledge of the loca-
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tion and timing of movements of marine species, as
well as information about the environmental drivers
that influence their biology (Lewison et al. 2004,
 Carreras et al. 2006, Etnoyer et al. 2006, McClellan &
Read 2007, 2009, Gardner et al. 2008a, Wallace &
Saba 2009).

In the North Pacific, the loggerhead turtle Caretta
caretta is among the primary species of concern for
fisheries management and bycatch reduction efforts
(Dietrich et al. 2007, Peckham et al. 2007). Following
a status review initiated in 2008, loggerheads in the
North Pacific were up-listed to endangered status
(identified as the North Pacific ‘distinct population
segment’ in 2011 under the US Endangered Species
Act; Conant et al. 2009), whereas the species as a
whole is listed as Endangered on the International
Union for Conservation of Nature (IUCN) Red List
(www.iucnredlist.org). Loggerheads in the North Pa -
cific constitute a distinct genetic stock (Bowen et al.
1995, Dutton 2007, LeRoux et al. 2008, Watanabe et
al. 2011), with nesting occurring almost exclusively
in Japan. At sea, individuals use broadly separated
localities and various habitats during their lifetime.
Juvenile loggerheads inhabit 2 distinct regions: the
oceanic waters of the central North Pacific (Polovina
et al. 2000, 2004) and neritic and oceanic habitats
along the Pacific coast of the Baja California Penin-
sula (BCP), Mexico (Seminoff et al. 2004, Peckham et
al. 2008, 2011). Once they are close to sexual matu-
rity, loggerheads migrate back to foraging areas
near their breeding grounds in the western Pacific
(Resendiz et al. 1998, Nichols et al. 2000, Ishihara et
al. 2011).

Interactions between loggerheads and fisheries
occur throughout the eastern Pacific, with hotspots
identified in waters of Chile, Peru, and Mexico (Peck-
ham et al. 2007, Donoso & Dutton 2010, Alfaro-
Shigueto et al. 2011). Whereas loggerheads foraging
off Chile and Peru belong to the South Pacific distinct
population segment (Conant et al. 2009) of turtles
that nest in eastern Australia and New Caledonia
(Kelez et al. 2003, Alfaro-Shigueto et al. 2004, Boyle
et al. 2009), those found off the coasts of Mexico and
the US originate from the North Pacific breeding
stock, of which most individuals nest in Japan (Bowen
et al. 1995, Dutton 2007, LeRoux et al. 2008, Wata -
nabe et al. 2011).

Along the US west coast, observers of the Califor-
nia drift gillnet (CDGN) fishery operating within the
Southern California Bight (SCB) have documented
few loggerhead interactions (n = 16 in 4165 observed
sets in the SCB from 1990 to 2010, average of 3.8 log-
gerhead turtles caught per 1000 observed sets within

the SCB; Carretta & Barlow 2011, Carretta & Enri -
quez 2012), with the recorded bycatch largely occur-
ring during El Niño Southern Oscillation (ENSO)
conditions (NMFS 2000, Carretta et al. 2003, Carretta
& Enriquez 2007). To reduce gillnet fishery inter -
actions with loggerhead turtles, the US National
Marine Fisheries Service (NMFS) established a time-
area closure for the CDGN fishery operating within
the SCB in 2003 (NOAA 2007), which is implemented
during above average warm-water periods brought
on by ENSO events (June, July, and/or August dur-
ing forecasted or realized ENSO years; NOAA 2007).
Non-ENSO years are excluded from the closure, as it
is likely that the SCB is too cold in relation to temper-
ature ranges associated with satellite tracked or fish-
ery-caught loggerheads in the central North Pacific
(Polovina et al. 2000, 2004, Howell et al. 2008). To
date, this closure has yet to be implemented, because
the sea surface temperature (SST) threshold for trig-
gering the month-by-month closure has not been
reached since the publication of this regulation. Fish-
ing effort has decreased over time, and therefore,
more recent bycatch rates are lower. Nonetheless,
bycatch of loggerheads in the SCB has occurred as
recently as 2006 when ENSO conditions were identi-
fied during the period of the interaction, yet SSTs
were normal. Therefore, a better understanding of
migratory pathways and habitat use by loggerhead
turtles in the SCB would help refine this adaptive
management tool.

One technique to examine migratory origin is the
analysis of stable isotope ratios in animal tissue (Hob-
son & Wassenaar 1999). The isotopic compositions
of consumer tissues integrate information from forag-
ing environments, which allows these animals to be
recorders of the prevailing isotope regime (often
referred to as an ‘isoscape’) within which they live
(DeNiro & Epstein 1981, Hobson & Wassenaar 2008,
Ruiz-Cooley & Gerrodette 2012). When an animal
moves among spatially discrete food webs that are
isotopically distinct, the stable isotope analysis (SIA)
of tissues with slow turnover rates (e.g. skin; New-
some et al. 2010, Reich et al. 2008) can provide unam-
biguous information about the animal’s previous
location(s) (Hobson & Wassenaar 2008, Newsome et
al. 2010). Indeed, the large-scale movements of sea
turtles have been tracked previously using the SIA
technique (McClellan et al. 2010, Reich et al. 2010,
Zbinden et al. 2011, Seminoff et al. 2012).

The central North Pacific and Pacific waters of the
BCP are the 2 potential foraging regions for logger-
heads incidentally caught in the SCB, with the Pacific
water off Baja being the likely source for logger-
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heads in the SCB due to the close proximity of the
BCP to California and the fact that both are sub -
regions within the California Current Large Marine
Ecosystem (CCLME; NMFS 2000). Waters of the
CCLME are characterized by high phytoplankton
δ15N values in surface waters (Liu & Kaplan 1989,
Castro et al. 2001, Voss et al. 2001, Somes et al. 2010)
caused by denitrification in the eastern tropical
North Pacific Ocean (Voss et al. 2001) and advection
of this water mass northward (Liu & Kaplan 1989),
whereas the central North Pacific exhibits lower
baseline δ15N values in oceanic food webs (Liu &
Kaplan 1989). The baseline stable nitrogen isotope
values of these 2 regions differ by approximately 3‰
(Liu & Kaplan 1989). These disparate baseline δ15N
values suggest that SIA is an excellent tool to deter-
mine the origin of loggerheads in the SCB.

In this study, we used SIA of loggerhead skin sam-
ples combined with knowledge of prevailing re -
gional isoscapes to determine the migratory origin of
loggerhead turtles found in the SCB. Similar to previ-
ous studies of sea turtles (Blumenthal et al. 2009,
Godley et al. 2010), identification of the recent forag-
ing ground locations and movement patterns of juve-
nile loggerheads may elucidate the oceanographic
conditions at the time of loggerhead presence and
can help clarify the most appropriate environmental
triggers for implementation of the CDGN fishing
 closure to  minimize loggerhead bycatch
while re ducing undue hardships to fish-
ers. Ultimately, these findings will be
 useful for the management of the en -
dangered North Pacific loggerhead stock.
The isotopic patterns identified in our
results underscore the value of SIA for
addressing endangered species manage-
ment concerns and policy decisions.

MATERIALS AND METHODS

Turtle sampling and body size

Skin tissue samples were obtained from
loggerhead turtles that were incidentally
caught by US commercial fisheries or pur-
posely caught during re search operations
in 3 different regions (central North
Pacific [n = 20 turtles], SCB [n = 8], and
BCP [n = 9]; Fig. 1). Samples from the
central North Pacific were obtained in
January and December 1998, January,
February, and December 1999, and Janu-

ary, February, and August 2000 from turtles caught
by the Hawaii-based longline (HLL) fishery. HLL
fishing occurs primarily outside of the exclusive eco-
nomic zones (EEZ) between the Hawaiian Archipel-
ago and outside the west coast EEZ of the USA. Sam-
ples from the SCB were obtained from loggerheads
incidentally caught by the CDGN fishery during Au -
gust and October 1997, August 1998, August 2001,
and October 2006. Samples off the west coast of the
BCP were collected from loggerhead turtles captured
during research operations in July and August 2004
and 2005. Of the 26 loggerhead turtles stranded in
the SCB from 1990 to 2010, 24 were measured for
body size. The size (curved carapace length, CCL) of
all turtles was obtained whenever possible. Straight
carapace length (SCL) measurements obtained for
the stranded turtles (n = 17) were converted to CCL
using the conversion equation derived by Peckham
et al. (2008).

Sample collection and preparation

Skin was obtained from each turtle using a razor or
biopsy punch. All but 4 samples (3 BCP and 1 CDGN)
were preserved in 20% dimethyl sulfoxide (DMSO)
solution in saturated salt (NaCl); the other 4 were
preserved in a saturated salt solution. All samples
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Fig. 1. Caretta caretta. Foraging area of loggerhead turtles off the Baja Cali -
fornia Peninsula (BCP) and locations of turtle captures by the Hawaii-based
longline (HLL) fishery and the California drift gillnet (CDGN) fishery. Also
included for reference are the north-east corner of the HLL fishing area in
the central North Pacific region, the southern California bight (SCB) time-
area closure, and the California Current Large Marine Ecosystem (CCLME)
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were frozen (−80°C) after collection. Although DMSO
has been shown to affect stable isotope values (Bar-
row et al. 2008), based on studies by Todd et al.
(1997) and Ruiz-Cooley et al. (2011), we assumed
our samples were free of DMSO after lipid extrac-
tion. Further, the difference in stable isotope values
between control (dried at 60°C for 24 h) samples and
those preserved in DMSO decreased after samples
were stored for >60 d (Barrow et al. 2008). Because
our samples were preserved over 60 d in DMSO and
virtually all samples had the same preservation tech-
nique, DMSO did not likely change our results.

Skin samples were thawed, rinsed with distilled
water, and freeze-dried at −50°C for a minimum of
8 h in a lyophilizer (BenchTop K, VirTis, SP Indus-
tries). An accelerated solvent extractor (Model 200,
Dionex) removed lipids from the skin samples using
petroleum ether (one 30 min cycle). Following lipid
extraction, samples were freeze-dried at −50°C for
~3 h to remove any residual solvent. Sub-samples of
prepared tissue were then cut with a razor blade into
small grains, weighed with a microbalance (0.6 to
1.0 mg), and packed in tin capsules for mass spectro-
metric analysis.

Sample analysis

The samples were sent to the Stable Isotope Labora-
tory at the University of Florida, Gainesville, USA, to
be analyzed by a continuous-flow isotope-ratio mass
spectrometer. A Costech ECS 4010 elemental com-
bustion system interfaced via a ConFlo III device
(Finnigan MAT) to a Deltaplus gas isotope-ratio mass
spectrometer (Finnigan MAT) was used to determine
stable isotope values. A conventional delta (δ) notation
in parts per thousand (‰) was used to express the sta-
ble isotope ratios of the samples relative to the isotope
standards: δ = ([Rsample/Rstandard] − 1)(1000), where the
corresponding ratios of heavy to light  isotopes
(13C/12C and 15N/14N) in the sample and standard are
represented by Rsample and Rstandard, respectively. Rstan-

dard for 13C was Baker acetanilide (C8H9NO; δ13C =
−10.4‰) calibrated monthly against the Peedee
Belemnite limestone formation international standard;
Rstandard for 15N was IAEA N1 ammonium sulfate
((NH4)2SO4; δ15N = +0.4‰) calibrated against atmo -
spheric N2 and USGS nitrogen standards. After every
6 to 7 samples, standard materials were in cluded for
each run in order to calibrate the system and compen-
sate for any drift over time. Measurement errors of the
standard materials in repli cate assays were 0.05‰ for
carbon and 0.095‰ for nitrogen.

SST

SSTs at the locations of loggerhead bycatch events
were examined to determine the thermal envi -
ronment of SCB waters when loggerheads were
present. The SST data were obtained from NOAA’s
 coastwatch browser (http:// coastwatch. pfeg. noaa.
gov/  coastwatch/ CWBrowser WW180. jsp) using the
data set ‘SST, Pathfinder Ver 5.0, Day and Night,
4.4 km, Global, Science Quality*’. SST data were
compiled for each date (averaged over 7 to 8 d for
±1° latitude/longitude, centered at the location of
bycatch) on which a loggerhead was incidentally
caught in the SCB.

Statistical analysis

To compare body size between all groups of log-
gerhead turtles, as well as δ13C and δ15N values
among the 3 sampled groups (HLL, CDGN, and
BCP), a Bayesian equivalent of a 1-way analysis of
variance was used. The mean values were modeled
as a linear function among the different groups (Kéry
2010). OpenBUGS (Lunn et al. 2009) was used to
sample the joint posterior distribution of parameters.
Marginal posterior distributions were computed by
using kernel density estimates of the posterior sam-
ples. Large overlap between 2 posterior distributions
of the means indicated a similarity between the 2
means. To quantify the difference between 2 means,
we report the difference interval (D95) by listing the
2.5th and 97.5th percentiles. If the difference inter-
val includes zero, the 2 means are considered to be
 similar. Results are presented as mean ± standard
error (SE) of the mean where applicable.

RESULTS

Turtle body size

Of the turtles for which size data were collected
(see Table 1), all (except 2 stranded loggerheads)
were classified as juveniles based on their CCL (rela-
tive to the mean size of nesting adults in Japan, ≥84.8
cm SCL; Ishihara et al. 2011). Mean body size varied
among turtle sampling locations (Table 1). The log-
gerheads caught by the CDGN fishery were signifi-
cantly smaller than those in the other groups, viz. the
HLL-caught turtles (D95 = [5.62, 21.91]), those forag-
ing off the BCP (D95 = [3.29, 32.86]), and stranded tur-
tles (D95 = [10.82, 26.46]). There was no difference in
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body size between the HLL- and BCP-captured tur-
tles (D95 = [−10.13, 18.78]), or stranded turtles versus
HLL (D95 = [−2.30, 12.03]) or BCP (D95 = [−13.67,
14.77]).

Stable isotope analysis

The isotope values (δ13C and δ15N) of loggerhead
skin tissues from the 3 study regions are provided in
Table 1. The δ13C ratios were statistically different for
all 3 pairwise comparisons among the 3 groups (HLL
vs. CDGN: D95 = [−1.21, −0.20]; HLL vs. BCP: D95 =
[1.31, 2.27]; CDGN vs. BCP: D95 = [0.50, 1.68],
Fig. 2A). For δ15N, there was a signifi-
cant difference for the pairwise com-
parisons of 2 groups: CDGN vs. BCP
(D95 = [3.44, 5.67], Fig. 2B) and HLL
vs. BCP (D95 = [4.06, 5.90], Fig. 2B).
There was no difference between
δ15N values for HLL vs. CDGN (D95 =
[−1.38, 0.53], Fig. 2B).

Southern California Bight SST

The average SST within the SCB
for each bycatch date (±7 to 8 d) was
19.7 ± 0.5°C (18.6 to 21.2°C, n = 5;
note that 2 bycatch dates are included
in the same 7 to 8 d period). The SST
around each bycatch location (± 1°

latitude/longitude) on the date of bycatch was 20.3 ±
0.6°C (18.5 to 22.4°C, n = 6; note that 3 loggerheads
were caught at the same location in August 1998).

DISCUSSION

Loggerhead turtles that migrate to the SCB most
likely move in from the central North Pacific, based
on the isotopic comparisons among the 3 study
groups. Specifically, the δ15N values for loggerheads
caught in the SCB were nearly identical to turtles
caught in the HLL fishery. The mean δ15N values of
these 2 groups were significantly lower than that of
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nCCL CCL (cm) nSI δ13C (‰) δ15N (‰)

HLL 19 59.4 ± 2.0 20 −18.0 ± 0.1 11.0 ± 0.3
(48.0 to 82.5) (−18.6 to −17.3) (7.7 to 12.8)

CDGN 14 45.6 ± 2.2 8 −17.3 ± 0.4 11.4 ± 0.2
(35.5 to 59.0) (−18.7 to −16.1) (10.7 to 12.3)

BCP 3 63.8 ± 7.6 9 −16.2 ± 0.2 15.9 ± 0.3
(50.0 to 76.0) (−17.2 to −15.7) (14.2 to 16.7)

Stranded 24 64.3 ± 3.0 – –
(25.5 to 97.7)

Table 1. Caretta caretta. Loggerhead turtle size (curved carapace length,
CCL) and stable isotope (SI) values (δ13C and δ15N) of skin samples obtained
from turtles caught by the California drift gillnet (CDGN) or Hawaii-based
longline (HLL) fisheries, from a foraging location off the Baja California Penin-
sula (BCP), Mexico, or from turtles that stranded in the Southern California
Bight. Values are mean ± SE, with ranges in parentheses. Size measurements
were not obtained for all turtles sampled and not all turtles measured for size 

were sampled for SI analysis. (–) data not available

Fig. 2. Caretta caretta. Posterior distributions of the mean of (A) δ13C and (B) δ15N ratios in skin samples of loggerhead turtles
incidentally caught by Hawaii-based longline (HLL, n = 20) and California drift gillnet (CDGN, n = 8) fisheries as well as from 

a foraging population off the Baja California Peninsula (BCP, n = 9), Mexico
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turtles sampled in the waters off the BCP (Fig. 2B).
This finding is useful for answering management-
related queries regarding the origin of loggerhead
turtles caught by the CDGN fishery in the SCB and
illustrates how isotopes can be used to decipher
 animal movements (Hobson & Wassenaar 2008).

Stable isotope values of any tissue are affected by
how quickly they change as animals move to a dif -
ferent isoscape (turnover rates). Although empirical
isotope turnover rates are unavailable for the size
classes of turtles examined in this study, insights
about turnover rates of large juvenile loggerheads
can be gained by examining the isotope turnover
rates that are available for post-hatchlings coupled
with our understanding of the influence of growth
rates on turnover rates. For example, Reich et al.
(2008) found that stable nitrogen turnover in skin is
on the order of 45 d for post-hatchling turtles (mean
SCL = 10.6 ± 1.4 cm). Considering that such small tur-
tles grow rapidly relative to larger immature turtles
(Chaloupka 1998), protein turnover, and thus isotopic
residence time, would likely be longer for larger tur-
tles. The average size of CDGN-caught loggerheads
(45.6 ± 2.2 cm CCL) relative to the hatchlings in the
study by Reich et al. (2008) suggests that turnover
rate for these larger animals is on the order of 5 to
6 mo (K. Reich pers. comm.). This implies that any
loggerhead turtle moving northward from the Pacific
coast of Baja would retain a relatively high δ15N
‘Baja’ signal for several months after entrance into
the SCB. High δ15N would also be expected for ani-
mals that have been in the SCB for extended periods
(longer than the isotopic turnover rate), because the
SCB is characterized by high baseline δ15N (Voss et
al. 2001). The fact that CDGN-caught loggerheads
possess low δ15N values is indicative of a turtle com-
ing from an isotope regime that differs from that of
the CCLME. Moreover, when taken in the context of
knowledge regarding isotope turnover, the turtles
encountered in the SCB are likely recent arrivals to
the area (within 5 to 6 mo).

The nitrogen isotope dichotomy in loggerhead tur-
tles is likely due to differences in nitrogen biogeo-
chemistry in the central North Pacific versus the
CCLME (Liu & Kaplan 1989, Somes et al. 2010). Log-
gerheads in the central North Pacific are in an area
with relaxed N2 fixation and low denitrification,
where source nitrogen has a lower isotopic composi-
tion (Deutsch et al. 2001, Montoya 2007). Turtles re -
siding in the CCLME that are centered off Baja Cali-
fornia Sur, Mexico, to take advantage of this area’s
productive and warm waters (Voss et al. 2001, Peck-
ham et al. 2011) are in a region characterized by high

baseline δ15N (Rau et al. 2003). More recent studies
have used SIA of loggerhead skin samples to reveal
oceanic differences in baseline isotope values
(Pajuelo et al. 2010, 2012). Similarly, loggerheads
sampled in denitrified southeast Pacific Peruvian
waters had bulk tissue δ15N values (17.1 ± 0.9‰ δ15N,
Pajuelo et al. 2010) more in line with values from the
BCP (15.9 ± 0.3‰ δ15N) than the other 2 groups sam-
pled in our study. These studies underscore the role
of nitrogen cycling regimes in driving observed pat-
terns of marine turtle nitrogen isotopic compositions.

We found a significant difference in δ13C skin val-
ues among the 3 groups of turtles. Lower δ13C values
in oceanic versus neritic systems (Hobson et al. 1994),
correlate with our finding that HLL-caught logger-
heads have the lowest δ13C skin values among all
3 groups; however, the reasons for significant dif -
ferences in δ13C between BCP and SCB turtles are
unclear. Perhaps the greater δ13C of BCP turtles
 versus SCB turtles relates to the lesser influence of
oceanic isotope signals along the Pacific coast of the
BCP. Whereas water depths along the BCP where
loggerheads typically forage is <75 m (Peckham
2009), depths at the loggerhead bycatch locations in
the SCB range to >500 m (Hanan et al. 1993). How-
ever, the fact that CDGN- and HLL-sampled turtles
differ in δ13C but are consistent in δ15N suggests
that other factors may be at play. The differences be -
tween δ13C of CDGN- and HLL-caught turtles may
relate to the fact that these study groups included
turtles from different years. While this would not be
an issue for δ15N due to consistency in nitrogen val-
ues of turtle skin tissue through time, δ13C is highly
variable among years (Lemons et al. 2011). There-
fore, the difference in carbon between HLL- and
CDGN-caught turtles is not due to spatial differ-
ences, but perhaps instead to temporal differences
when turtles were sampled. To clarify the observed
difference in δ13C, we recommend additional stable
isotope-specific studies on tissue turnover rates for
loggerhead turtles that are within the size range of
turtles in this study as well as investigations on the
changes in baseline δ13C through time.

The influence of nitrogen cycling on the δ15N val-
ues in marine turtle tissues has been suggested pre-
viously (Wallace et al. 2006, Pajuelo et al. 2010); how-
ever, these studies could not eliminate the possibility
that differences in δ15N values were the result of
trophic variation among foraging groups − a major
constraint of most SIA studies. In our study, the ob -
served ≥4.5‰ difference in skin δ15N values between
BCP and SCB/HLL loggerheads is suggestive of at
least a full trophic-step difference between these
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groups based on the loggerhead skin tissue discrimi-
nation factors presented by Reich et al. (2008). How-
ever, while loggerheads are known to be opportunis-
tic foragers, it is unlikely that potential differences in
diet would be sufficient to create the observed δ15N
disparity between turtles foraging within the BCP or
SCB/central North Pacific. Whereas a variety of prey
species have been identified in the diet of logger-
heads throughout the Pacific (Nichols 2003, Parker et
al. 2005, Peckham et al. 2011), all of these taxa, with
the exception of fish (loggerheads eat fish discarded
by fishers; Peckham et al. 2011), are of similar trophic
status (Peterson & Fry 1987, Jennings et al. 1997,
McClellan et al. 2010) and are therefore unlikely to
be influential in the difference in nitrogen content
between the groups of turtles (BCP and SCB/HLL).
As explained in the previous 2 paragraphs, the more
likely explanation is the difference in isoscapes be -
tween the central North Pacific and BCP.

Previous satellite tracking studies in the eastern
North Pacific corroborate our findings that turtles
sampled in the SCB most likely came from the central
North Pacific and are not from the BCP. For example,
despite the proximity of the BCP to the SCB, none of
the 40 loggerheads tracked while foraging along the
Pacific coast of Baja from 1996 to 2007 moved north
into US waters (Peckham et al. 2011). This is parti -
cularly relevant considering that this time period
encompassed at least one major ENSO event (1997−
1998). The results of Peckham et al. (2011) under-
score the strong tendency for loggerheads to main-
tain their presence in the waters off Mexico after
arrival from the nesting beaches in Japan. The
apparent absence of northward movements of
tracked turtles may be due to the equatorial
flow of the California Current (Lynn & Simp-
son 1987), which would require northbound
turtles off the BCP to swim directly into the
southerly currents. In addition to potential im -
pediments to northward movement in the form
of the prevailing southerly current, logger-
heads may stay in the BCP ‘hotspot’ due to
consistently high productivity and prey avail-
ability (Peckham et al. 2011, Wingfield et al.
2011) and also because juvenile loggerheads
show site fidelity to foraging areas (Avens et
al. 2003).

There is a possible bias in our data due to
small sample sizes. The number of samples
obtained for the loggerheads caught in the
SCB by the CDGN fishery is limited by the
number of observed turtles caught (n = 16),
and therefore SIA could only be performed on

the samples obtained (n = 8) from the loggerheads.
However, increasing our sample size would likely
bolster our findings that turtles from the central
North Pacific move to the SCB.

The occurrence of ENSO could be the driving
force in the presence of loggerhead turtles in the
SCB. Indeed, 7 out of 8 loggerhead captures by the
CDGN fishery coincided with ENSO events (Fig. 3).
Changes in fishing effort by the CDGN fishery dur-
ing ENSO years likely did not influence the number
of interactions with loggerhead turtles in the SCB, as
the percentage of observed drift gillnet sets within
the SCB has increased over the years (>50% since
2000), while only 2 out of the 16 interactions with
 loggerheads occurred since 2000 (Carretta & Barlow
2011, Carretta & Enriquez 2012). Specifically, the
percentage of observed sets within the SCB during
the ENSO events was 29% in 1992/1993 (7 logger-
head interactions) and 46% in 1997/1998 (7 logger-
head interactions), while during the 2006 El Niño,
77% of observed sets occurred within the SCB (1
 loggerhead inter action). Although the ENSO-driven
movement hypo thesis is plausible, loggerhead tur-
tles also enter the SCB and are taken by fisheries or
found stranded during non-El Niño years (NOAA
2007, LeRoux et al. 2012; Fig. 3). Furthermore,
although stranding events are rare, over half (14 out
of 26 or 1.3 yr–1 from 1990 to 2010) of the strandings
of loggerhead turtles along the coast of the SCB oc -
curred during non-El Niño events (all years except
1992–1993, 1997–1998 and 2006). Therefore, El Niño
events and changes in fishing effort within the SCB
may not be the contributing factors which influence
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Fig. 3. Caretta caretta. Estimated fishing effort (number of drift
 gillnet sets) and the number of loggerhead turtles incidentally
caught by the California drift gillnet (CDGN, n = 16) fishery per fish-
ing season as well as the number of stranded turtles (n = 26) along
the southern California coast in the Southern California Bight (SCB).
Fishing seasons coinciding with El Niño Southern Oscillation events 

are designated by gray bars
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interactions between loggerheads and the CDGN
fishery.

Due to loggerhead turtles being caught or strand-
ing in the SCB during and outside of ENSO events,
and because changes in loggerhead distribution due
to varying SST have been described previously
(Epperly et al. 1995, Polovina et al. 2004, Howell et al.
2008), SST within the SCB was examined as a poten-
tial mechanism for their movement into the region.
SST has been suggested as a good predictor for fish-
ery interactions with loggerhead turtles (Braun-
McNeill et al. 2008, Murray 2009). For all of the sam-
ples collected (n = 8), the SSTs in the SCB when
loggerheads were incidentally caught by the CDGN
fishery (mean: 19.7°C, range: 18.6 to 21.2°C) were
similar to central North Pacific SSTs that were associ-
ated with loggerhead turtle interactions with the HLL
fishery (mean: 17.9°C, range: 15.1 to 20.1°C, Howell
et al. 2008), implying that SCB waters are within the
turtles’ normal temperature range even outside of
ENSO events. Specifically, for the samples ob tained
from the 2001 and 2006 bycatch events, the SSTs
in the SCB were at or below the average of
18.7°C (http:// coastwatch. pfeg. noaa. gov/ coastwatch/
CW Browser WW 180. jsp; data set: SST Anomaly,
Blended, Optimum Interpolation, Ver. 2, NCDC
AVHRR, 0.25 degree, Global*), but they still were
within the temperature range (15.0 to 22.0°C) in
which loggerhead turtles were caught by the HLL
fishery in the central North Pacific (15.1 to 20.1°C).
Therefore, the temperature range of SCB waters may
be suitable for this turtle species. If so, the existing
management framework using temperature-threshold
implementation of fishery closure for the SCB needs
to be reconsidered.

Loggerheads caught by the CDGN fishery within
the SCB were significantly smaller in size relative to
those in the other areas (Table 1), and it is possible
that ocean current patterns may facilitate movement
of smaller turtles into the region. The sub-sample of
HLL-caught loggerheads used in this study (larger
individuals) may not be representative of the popula-
tion because smaller animals are caught in the HLL
and high-seas driftnet fisheries in the central North
Pacific (Polovina et al. 2000, Parker et al. 2005). Per-
haps the smaller turtles are more likely to become
entrained in prevailing currents, although even small
turtles can swim counter-current for some period
(Polovina et al. 2000). The mean size (64.3 ± 3.0 cm)
of stranded loggerhead turtles in the SCB was larger
than that of the 3 turtle groups used for SIA (Table 1).
Therefore, although small juvenile turtles do migrate
to the SCB, the smaller size of the CDGN-caught tur-

tles may be an artifact of gillnet fishery-dependent
sampling bias.

An alternate, although not mutually exclusive,
mechanism by which loggerheads may enter SCB
waters from the central North Pacific is via the
 turtles’ close affinity with frontal zones, which are
known to be areas of prey aggregation (Polovina et
al. 2000). However, while associations with ocean
fronts have been shown for loggerheads in the cen-
tral North Pacific (Polovina et al. 2000, 2001, 2004),
frontal zone location and movements within the SCB
are not well understood during our study period.
Finally, it is possible that loggerhead turtles exist in
the SCB continuously at low density. Given the
strong affinity to their foraging grounds during the
juvenile stage at other locations, some juvenile log-
gerhead turtles may remain in the area until they
mature. For future studies, we encourage additional
efforts to determine the ocean current and frontal
zone patterns within the SCB throughout the year
with respect to locations of loggerhead turtles.

Management implications

Loggerhead turtle bycatch in the North Pacific is of
growing concern due to the endangered status of this
species. While loggerheads are relatively rare in the
SCB compared to identified foraging ‘hotspots’ in the
north Pacific (Peckham et al. 2011, Wingfield et al.
2011), from a fisheries-management perspective it is
important to understand when they occur in the SCB
and what brings them there. The findings of this
study assist in understanding the movement patterns
of loggerhead turtles and in addressing marine turtle
management concerns and policy. SIA can assist in
determining the foraging location of turtles prior to
their entry into the SCB. Future research into fishery-
bycatch issues should examine existing data on inci-
dentally captured species and include investigation
of multiple environmental influences (i.e. chloro-
phyll a, SST, or frontal zone location) that may affect
bycatch of certain species.

At present, an SCB fishery closure would only take
place during summer months when there are warmer
than normal SSTs (which usually occur during ENSO
events) in the 1 or 2 months prior to June, July,
and/or August (NOAA 2007). These criteria have not
been met in the time since these regulations were
established. Therefore, other environmental vari-
ables in addition to SST should be investigated from
the central Pacific to the US and BCP west coasts
throughout the year to determine factors that affect
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movements of loggerhead turtles in this area. Such
studies would provide essential information for deve -
loping a better management tool for the species and
improved fishing operations.
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