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(31.89°n, 80.97°W), between 2004 and 2011 with resulting 
possible fitness effects. Stable isotope analysis was used to 
assign the adult female loggerheads to one of three foraging 
areas in the northwest atlantic Ocean. Our data indicate 
that foraging area preference influences the size, fecun-
dity, and breeding periodicity of adult female loggerhead 
turtles. We also found that the proportion of turtles origi-
nating from each foraging area varied significantly among 
the years examined. The change in the number of nest-
ing females across the years of the study was not a result 
of uniform change from all foraging areas. We develop a 
novel approach to assess differential contributions of vari-
ous foraging aggregations to changes in abundance of a 
sea turtle nesting aggregation using stable isotopes. Our 
approach can provide an improved understanding of the 
influences on the causes of increasing or decreasing popu-
lation trends and allow more effective monitoring for these 
threatened species and other highly migratory species.

Introduction

Individual differences in foraging strategies within a popu-
lation occur across a range of species (Bolnick et al. 2003; 
araújo et al. 2011). Consistent inter-individual patterns 
in diet or habitat use represent individual specializations, 
whereby individual conspecifics use different portions of 
the population’s ecological niche, irrespective of factors 
such as age, sex, or morph (roughgarden 1972). Sustained 
patterns of differential habitat use or diet may contribute 
to variation in fitness or performance among individuals. 
evolutionary ecologists typically measure the reproduc-
tive output of a species, as it relates to fitness. Individual 
specialization is documented to affect annual and long-
term reproductive output in a variety of species (annett and 

Abstract Diet items and habitat constitute some of the 
environmental resources that may be used differently by 
individuals within a population. long-term fidelity by 
individuals to particular resources exemplifies individual 
specialization, a phenomenon that is becoming increas-
ingly recognized across a wide range of species. less is 
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Here, we investigate the effects of differential foraging 
ground use on reproductive output in 183 loggerhead sea 
turtles (Caretta caretta) nesting at Wassaw Island, georgia 
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Pierotti 1999; norris et al. 2004; Mcloughlin et al. 2007; 
Zbinden et al. 2011; authier et al. 2012; Hoye et al. 2012).

In the loggerhead sea turtle (Caretta caretta), differen-
tial use of foraging areas has previously been identified in 
the northwest atlantic (nWa) (Hawkes et al. 2011; Ceri-
ani et al. 2012; Pajuelo et al. 2012b; griffin et al. 2013), 
and these individual foraging site preferences are likely 
maintained over long time spans (Vander Zanden et al. 
2010; Hawkes et al. 2011). Differences in reproductive 
output may stem from individual foraging preferences 
that can ultimately affect demographic parameters that 
are critical for assessing sea turtle population status and 
trends (national research Council 2010). across the nWa, 
environmental factors such as resource availability, tem-
perature, and oceanic productivity vary among the key bio-
geographic regions used by loggerheads (Wilkinson et al. 
2009; Pajuelo et al. 2012b). Previous studies indicate that 
sea turtle reproductive output is influenced by the differen-
tial utilization of foraging areas. For instance, loggerheads 
using two foraging areas in the Mediterranean differed in 
body size and number of eggs laid per clutch (Zbinden 
et al. 2011), and loggerheads nesting in Japan that used 
neritic foraging areas exhibited greater cumulative repro-
ductive output than those using oceanic foraging areas 
(Hatase et al. 2013). Thus, variation in foraging site prefer-
ence could influence the reproductive output of female log-
gerheads in the nWa as well.

Individual variation in diet or habitat use can be both 
difficult to monitor in a free-ranging, migratory animal and 
difficult to link to reproductive output. First, the foraging 
strategy, or in this case the foraging area, that is used by 
each individual must be determined. Carbon and nitro-
gen stable isotopes are increasingly being used to deter-
mine geographic origin and trace movements of migratory 
marine animals. These isotopes are assimilated through the 
diet and reflect biogeochemical processes that create spa-
tial gradients in the isotope values of primary producers at 
the base of the food web (goericke and Fry 1994; Montoya 
2007). This method requires spatial variation in the stable 
isotope landscape, or isoscape, of the habitat used by the 
organism as well as knowledge of how these isotopic val-
ues vary across the geographic range. Because isoscape 
coverage is limited in the marine environment (McMahon 
et al. 2013), a combination of stable isotope data and sat-
ellite telemetry or geolocation data can efficiently identify 
the geographic origin of marine species that utilize isotopi-
cally distinct areas, such as sea turtles (Zbinden et al. 2011; 
Ceriani et al. 2012; Pajuelo et al. 2012b; Seminoff et al. 
2012) and marine birds (Phillips et al. 2009; Jaeger et al. 
2010; gonzález-Solís et al. 2011).

The second component of understanding the potential 
effects of alternative foraging strategies requires measur-
ing parameters linked to reproductive output. Individual 

females must be marked and followed through multi-
ple years with observation of reproductive activities. The 
Caretta research Project (CrP) at Wassaw Island, geor-
gia, USa, has conducted saturation tagging and monitored 
nesting activity of loggerheads since 1973, thus providing a 
long-term database to link reproductive output to foraging 
strategy.

Using satellite telemetry data and isotopic values from 
epidermal tissue, Pajuelo et al. (2012b) characterized three 
major biogeographic regions that are used by loggerheads 
nesting in the southeastern United States: (1) Mid-atlan-
tic Bight (MaB), (2) South atlantic Bight (SaB), and 
(3) Subtropical northwest atlantic (SnWa) (Fig. 1). The 
MaB extends from Cape Cod, Ma to Cape Hatteras, nC; 
the SaB extends from Cape Hatteras, nC to West Palm 
Beach, Fl; the SnWa extends from West Palm Beach, Fl 
to naples, Fl and includes the Florida Keys and Bahamas 
(Fig. 1). These areas represent well-defined biogeographic 
regions of the nWa with discrete biotic and abiotic fea-
tures (Hutchins 1947, Wilkinson et al. 2009) that contrib-
ute to distinct isotope values in lower trophic levels that 
are transferred up the food web to the turtles (Pajuelo et al. 
2012a).

Because the relationship between habitat use and tissue 
stable isotope values have been validated for this popula-
tion, stable isotope data alone can be successfully applied 
to a large number of individuals at low cost to determine 
the foraging area of individuals in a nesting aggregation 

Fig. 1  loggerhead foraging areas in the northwest atlantic and nest-
ing beach location (Wassaw Island, georgia). Dashed lines divide the 
three foraging areas. MAB Mid-atlantic Bight, SAB South atlantic 
Bight, SNWA Subtropical northwest atlantic
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(Pajuelo et al. 2012b). This approach also has the poten-
tial to provide an improved understanding of nesting abun-
dance if evaluation of stable isotopes becomes a component 
of long-term studies at nesting beaches.

The nWa population of loggerheads is divided into five 
recovery units defined as geographically and/or genetically 
distinct subpopulations, and the annual total number of 
nests in several of these recovery units has declined signifi-
cantly over the past one to two decades (national Marine 
Fisheries Service and US Fish and Wildlife Service 2008). 
In addressing the conservation efforts for this species, it 
is critical to assess the causes for any change in nesting 
female abundance. Sea turtle population trends are usually 
evaluated based on the number of females in nesting aggre-
gations, but because females originate from many foraging 
areas, this can confound the efforts to understand trends 
in the nesting aggregation. Therefore, our approach using 
stable isotope data can also aid in understanding changes 
in nesting abundance due to variation at particular foraging 
areas.

The purpose of this study was to: (1) identify the for-
aging areas used by nesting female loggerheads at Was-
saw Island and determine whether foraging site preference 
affects reproductive output as measured through a suite of 
ten metrics and (2) examine the trends in the number of 
females originating from each of three foraging areas in the 
nWa over multiple years. With respect to the first objec-
tive, we expected that variation in environmental conditions 
and resources available on foraging grounds would contrib-
ute to differences in reproductive output. The ten reproduc-
tive output metrics examined in this study are known to be 
important in sea turtles and have the potential to influence 
an individual’s lifetime reproductive output. each of the 
parameters is described in further detail in Materials and 
Methods. In relation to the second objective, we predicted 
that the proportion of turtles originating from each foraging 
ground would vary over the years studied, as the proportion 

of females originating from different foraging grounds was 
previously shown to vary between 2 years at Florida’s nest-
ing beaches (Pajuelo et al. 2012b). We also explored how 
this approach might be used to examine trends in abun-
dance in sea turtle nesting aggregations.

Materials and methods

Sample collection and analysis

a total of 212 skin samples were collected from 192 log-
gerhead females at Wassaw Island, georgia, USa, during 
the nesting season (May–august) in the years 2004, 2005, 
2006, 2009, and 2011. Females were sampled at the time 
they were first encountered during the nesting season, and 
the majority (73 %) were sampled in the months of May or 
June, though some were not sampled until July or august, 
with the latest collection occurring on august 4. Seven-
teen females were sampled in more than 1 year: 15 females 
were sampled in 2 years, one was sampled in 3 years, and 
one was sampled in 4 years. Females were not sampled 
more than once in the same year. The number of females 
sampled represented 32–86 % of the observed nesting 
aggregation in that year (Table 1). Skin was sampled using 
a sterile 6 mm biopsy punch from the “shoulder” area of 
each female (between the neck and the front flipper), and 
samples were stored in 70 % ethanol. Stable isotope values 
of loggerhead epidermis are not significantly affected by 
preservation in 70 % ethanol (Barrow et al. 2008).

Prior to stable isotope analysis, the skin biopsies were 
rinsed with distilled water and cleaned with isopropyl alco-
hol swabs. Surface epidermis was separated from dermal 
tissue and homogenized with a scalpel blade, and the epi-
dermis was dried at 60 °C for a minimum of 24 h. lipids 
were removed from epidermis samples collected prior 
to 2011 using an aSe300 accelerated solvent extractor 

Table 1  Stable isotope values from 212 loggerhead skin samples were used to determine geographic origin from three foraging areas in 5 years

The proportion of turtles from each foraging area, indicated in parentheses, differed significantly among years. not all sampled females could 
be assigned to a foraging area (unassigned females), but a total of 183 females was assigned. The number of observed females indicates the total 
number of females that was observed on Wassaw Island during the nesting season to provide a measure of how many females were represented 
in the analysis from each year

MAB Mid-atlantic Bight, SAB South atlantic Bight, SNWA Subtropical northwest atlantic

Year MaB SaB SnWa number of assigned 
females

number of unassigned  
females

number of observed 
females

2004 7 (0.50) 4 (0.29) 3 (0.21) 14 3 20

2005 30 (0.77) 7 (0.18) 2 (0.05) 39 8 65

2006 16 (0.89) 1 (0.06) 1 (0.06) 18 1 60

2009 41 (0.89) 5 (0.11) 0 (0.00) 46 3 63

2011 50 (0.76) 14 (0.21) 2 (0.03) 66 14 93

Total 144 (0.79) 31 (0.17) 8 (0.04) 183 29 301
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(Dionex) and petroleum ether solvent for three consecu-
tive cycles consisting of 5 min of heating to 100 °C and 
pressurization to 1,500 PSI, 5 min static, purging, and then 
flushing with additional solvent.

Samples from 15 loggerhead turtles that nested in 2011 
were used to determine whether lipid extraction signifi-
cantly affects δ13C and δ15n values of loggerhead epider-
mis. all samples of epidermis were dried and homog-
enized using the protocol outlined above. each epidermis 
sample was subdivided such that half of the sample was 
lipid-extracted as described above, whereas the other half 
was not lipid-extracted. Paired t tests were conducted to 
examine the δ13C and δ15n values before and after lipid 
extraction.

Isotopic compositions of epidermis samples weighing 
0.5–0.6 mg were determined at the Department of geologi-
cal Sciences, University of Florida, gainesville, Florida, 
using an eCS 4010 elemental analyzer (Costech) inter-
faced via a ConFlo III to a DeltaPlus Xl isotope ratio mass 
spectrometer (ThermoFisher Scientific). Delta notation was 
used to express stable isotope abundances, defined as parts 
per thousand (‰) relative to the standard:

where Rsample and Rstandard are the corresponding ratios of 
rare to common isotopes (13C/12C and 15n/14n) in the 
sample and international standard, respectively. Vienna 
Pee Dee Belemnite was used as the standard for 13C, and 
atmospheric n2 for 15n. reference materials were used to 
normalize all results. n1 (ammonium sulfate) was used 
for nitrogen isotopes and CH6 (sucrose) was used for car-
bon isotopes with the 2004 and 2005 samples. The refer-
ence material was changed during the study, and USgS40 
(l-glutamic acid) was used with the isotopic analysis of the 
samples from 2006, 2009, and 2011. The standard devia-
tion of n1 + CH6 was 0.19 ‰ for δ13C and 0.08 ‰ δ15n 
values (n = 13) and the standard deviation of USgS40 
was 0.09 ‰ for δ13C and 0.11 ‰ δ15n values (n = 31). 
repeated measurements of a laboratory reference material, 
loggerhead scute, were used to examine consistency in a 
homogeneous sample with similar isotopic composition to 
the epidermis samples. The standard deviation of this labo-
ratory reference material was 0.14 ‰ for δ13C values and 
0.31 ‰ for δ15n values (n = 10).

Determining foraging area

Because rates of isotopic incorporation have not been 
measured in adult loggerheads, the precise time period 
reflected in the skin samples is unknown. Measurements of 
the isotopic turnover time of epidermis in juvenile logger-
heads are approximately 4 mo (reich et al. 2008), but the 

δ =

(

Rsample

Rstandard

− 1

)

× 1000

time period represented in adult samples is likely longer, 
as the rate of isotopic incorporation slows with reduced 
growth rate (reich et al. 2008) and increasing body mass 
(Bauchinger and McWilliams 2009). In adult alligators 
(Alligator mississippiensis), the turnover time in the scute 
tissue (collagen and keratin-based raised scales) on the tail 
was estimated to be over a year (rosenblatt and Heithaus 
2013). Therefore, we expect that the epidermis samples 
from adult loggerheads reflect a foraging period of at least 
4 months prior to migration and nesting activity.

Quadratic discriminant function analysis of stable iso-
tope values was used to assign females to one of three 
foraging areas: (1) Mid-atlantic Bight (MaB), (2) South 
atlantic Bight (SaB), and (3) Subtropical northwest 
atlantic (SnWa). The training data for the quadratic dis-
criminant function analysis consisted of stable isotope 
values of 60 adult loggerheads from known foraging areas 
(either through satellite tracking or from sample collection 
at a foraging site) collected between 2004 and 2011 (Fig 
S1, Pajuelo et al. 2012b). a uniform prior probability dis-
tribution was assumed, meaning it was equally likely the 
individuals could have originated from each foraging area, 
rather than weighting the prior probability by sample size 
from each area. To test the accuracy of assignment, we used 
leave-one-out cross-validation with the reference group. 
Fifty-six (93 %) of the 60 turtles in the training data set 
were assigned to the correct foraging group.

The discriminant analysis was then used to classify 212 
nesting female samples from Wassaw Island into one of the 
three groups. Only assignments with posterior probabili-
ties ≥0.8 were considered, which translates to an eightfold 
improvement in odds over random assignment (Wunder 
2012). a total of 183 of the 212 samples from the nesting 
females (86 %) had posterior probabilities of assignment 
≥0.8. The foraging area assignments for the 20 duplicate 
samples from 17 females were also compared to examine 
the consistency in habitat use.

The inter-annual variation in the proportion of turtles 
originating from each foraging area was compared using 
a Pearson’s Chi-squared test with a p value computed 
through Monte Carlo simulation (based on 2,000 repli-
cates) due to the unequal distribution across the foraging 
sites.

reproductive parameters

nocturnal patrols were conducted nightly on Wassaw Island 
each year from May through august to intercept females 
during nesting emergences. all females were examined for 
and, if necessary, fitted with individualized tags (Williams 
and Frick 2001), and the detection probability of females 
remained constant through the years of the current study 
(Pfaller et al. 2013). each nest was individually marked, 
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monitored throughout incubation, and excavated within 
5 days after hatchling emergence.

Ten parameters were analyzed for each female, data per-
mitting. each female was represented only once. If skin 
samples were taken in successive years, only data for the 
most recent nesting year with foraging ground assignment 
were used in the analysis of reproductive output. Data on 
body size, arrival date, duration of nesting season, clutch 
size, clutch frequency, hatching success, and proportion of 
relocated nests were reported for the same year in which 
the skin sample was collected. For 23 females, there were 
no nests deposited on Wassaw Island in the year the sam-
ple was collected (i.e., samples were taken during a non-
nesting emergence). Information from genetic mark recap-
ture of females (Shamblin and nairn unpubl data) and tag 
returns from other beaches present in the CrP database 
were included when available. genetic mark recapture 
incorporating up to 18 microsatellite loci was used to 
assign clutches laid off-site or on Wassaw Island by unob-
served females (Shamblin et al. 2007, 2009, 2011b). Data 
from these other sources were obtained for 72 females. 
The ten reproductive output parameters were determined as 
follows:

 1. Body size. Hard-shelled turtles may be limited in the 
number of eggs they can carry, and clutch size has 
been demonstrated to positively correlate to linear 
metrics and body mass (limpus 1985; Frazer and 
richardson 1986; Bjorndal and Carr 1989), which 
means body size can be indicative of fecundity. Body 
size was measured as the curved carapace length 
(CCl notch-to-tip) to the nearest 0.5 cm for the year 
in which the female was sampled. In some years, the 
same female was measured more than once. If CCl 
was measured multiple times in a year, the median 
was used. If CCl was not available for the year of 
sample collection, we used CCl measurement(s) 
from the most recent prior year in which the female 
was measured because growth is negligible in adult 
turtles (Bjorndal et al. 1983).

 2. Arrival date. The onset of loggerhead nesting is cor-
related to latitude as well as sea surface temperatures 
in the atlantic and Mediterranean basins (Weishampel 
et al. 2004; Pike et al. 2006; Hawkes et al. 2007b; 
Mazaris et al. 2013; lamont and Fujisaki in press). 
Turtles experience distinct temperature regimes in 
each of the three foraging areas in the nWa, and if 
sea surface temperature acts as a cue to initiate migra-
tion, foraging ground origin could affect arrival date 
to the nesting beach. additionally, migration time 
may vary depending on the distance to the nesting 
beach, as not all foraging areas are equidistant to the 
nesting beach. Significant differences in the arrival 

date could mean that clutches do not experience equal 
environmental conditions and sand temperatures 
through incubation, possibly affecting hatching suc-
cess and sex ratios among clutches. arrival date was 
reported as the Julian calendar day for the first obser-
vation of an individual female on the nesting beach 
during the year, regardless if she nested during that 
observation (i.e., sometimes the first observation was 
a non-nesting emergence).

 3. Duration of nesting season. regardless of whether 
females arrive on the same date, they may spend dif-
fering lengths of time at the breeding grounds. Turtles 
with longer nesting seasons can potentially produce a 
greater number of clutches, assuming the inter-nesting 
interval remains constant. However, one study has 
demonstrated a link between arrival date and duration 
of the nesting season, such that earlier arrival was cor-
related with shorter nesting seasons (Pike et al. 2006). 
Duration of the nesting season was calculated as the 
number of days between the first and last observation 
for each female.

 4. Clutch size. The number of eggs per clutch is a meas-
ure of fecundity, and it is predicted that turtles should 
maximize clutch size in order to maximize reproduc-
tive output (Hays and Speakman 1991). Clutch size 
was calculated as the mean number of eggs per clutch 
within a year, though 62 females had only one clutch 
from which to measure clutch size. Because there 
may be a physical limit to the number of mature eggs 
a female can hold, clutch size tends to be greater in 
larger individuals (limpus 1985; Frazer and richard-
son 1986, Broderick et al. 2003). Therefore, we exam-
ined the influence of body size on clutch size by using 
CCl as a covariate with anCOVa for the MaB and 
SaB foraging groups.

 5. Estimated clutch frequency. Fecundity within a nest-
ing season depends on the number of eggs per clutch 
and the number of clutches each female produces. 
However, observing every clutch a sea turtle lays dur-
ing the season is difficult, and the number of observed 
nests is typically an underestimate of the actual num-
ber of nests laid (Hays and Speakman 1991). There-
fore, clutch frequency estimates are often adjusted 
to include probable missed nests (Frazer and rich-
ardson 1985). Because all nests laid in a season are 
rarely observed, we accounted for probable missed 
nests when the time between nesting events exceeded 
the mean inter-nesting interval, which is 13 days for 
loggerheads in this nesting aggregation (Pfaller et al. 
2013). One nest was added to the observed number 
of nests if ≥18 days separated two nests; two nests 
were added if ≥36 days separated two nests; and three 
nests were added if ≥54 days separated two nests. 
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additionally, nests were added when a non-nesting 
emergence preceded or followed the first or last nest 
by at least 8 days; additional nests were added using 
the same temporal limits set for gaps between two 
nests. a maximum of three nests was added to our 
estimates of clutch frequency, and the mean ± SD 
number of nests added was 0.47 ± 0.68. Females with 
zero observed nests were not included in the analysis. 
The estimated clutch frequency is likely to still be an 
underestimate of the actual number of nests, as clutch 
frequency is more accurately determined through sat-
ellite telemetry (Tucker 2010). However, we expect 
that the rate of nest detection does not vary among 
females from different foraging grounds.

 6. Mean hatching success. The successful incubation 
and hatching of eggs deposited by a female depends 
on a number of factors, including distance to the 
water, temperature, humidity, and sand characteristics 
(Miller et al. 2003; Foley et al. 2006). The placement 
of the nest can significantly affect hatching success, 
thus nest-site selection could lead to differences in 
reproductive output for females originating from dif-
ferent foraging areas. loggerheads exhibit variation 
in nest-site placement (Pfaller et al. 2009), and the 
spatial distribution of nests is not uniform (Hays and 
Speakman 1993). Hatching success is the percentage 
of eggs in a clutch that produce live hatchlings. The 
CrP relocates all nests placed below the high water 
line (=“doomed nests”). Hatching success was cal-
culated as the mean hatching success from all nests 
for each female, and a hatching success of 0 % was 
assigned to relocated nests.

 7. Proportion of relocated nests. nests sites too close to 
the water are vulnerable to tidal inundation and are 
relocated by CrP personnel. In relation to the hatch-
ing success parameter above, we wanted to deter-
mine whether the number of “doomed” nests differed 
among females from the three foraging areas. The 
proportion of relocated nests was calculated as the 
number of nests that were relocated divided by the 
total number of nests that were observed during the 
year for each female.

 8. Mean remigration interval. loggerheads rarely nest 
in consecutive years (Dodd 1988). The remigration 
interval, or time period between successive nesting 
seasons, may reflect conditions encountered at the 
foraging area, with productive conditions leading 
to shorter remigration intervals (Hays 2000; Solow 
et al. 2002). The mean remigration interval in log-
gerheads in southeastern USa ranges from about 2.5 
to 3.0 years (Schroeder et al. 2003). We determined 
the remigration interval for females that had previ-
ously nested on Wassaw Island or nearby beaches by 

using the number of years between consecutive sea-
sons sighted and calculating the mean of all remigra-
tion intervals available for each female. The number 
of remigration intervals, when available, ranged from 
one to nine.

 9. Breeding frequency. Females that breed most fre-
quently typically display higher fecundity during their 
reproductive lifetime. Breeding frequency was calcu-
lated as the number of years a female was observed 
nesting at Wassaw between 1973 and 2011, and only 
females that were observed in more than 1 year were 
included in this metric.

 10. Cumulative reproductive output. To integrate a por-
tion of the reproductive output parameters above, a 
cumulative reproductive output value was calculated 
by determining the number of hatchlings produced 
per female throughout the survey period. This value 
was a product of four parameters and is similar to the 
metric used by Hatase et al. (2013), whereby cumu-
lative reproductive output = clutch size × estimated 
clutch frequency × mean hatching success × breed-
ing frequency. This metric was calculated only for 
females that were observed nesting for more than 1 
year, thus reducing the sample size for comparison.

Differences in reproductive parameters among turtles 
originating from the three foraging areas were identified 
with anOVa with Type II Sums of Squares (due to the 
unequal sample sizes among foraging grounds) followed 
by Tukey’s HSD tests where applicable. all data were ana-
lyzed using program r version 3.0 (r Development Core 
Team 2013) with an α level of 0.05.

Results

There was no significant difference in δ13C values 
(t14 = −0.17, p = 0.87) or δ15n values (t14 = −1.10, 
p = 0.29) of epidermis following lipid extraction (Fig. 2). 
Therefore, the samples did not contain sufficient lipids to 
affect the stable isotope values of the tissue, and we are 
confident that loggerhead epidermis samples that were not 
lipid-extracted are comparable to those that were lipid-
extracted in this study and in other studies.

a total of 183 of the 212 nesting females (86 %) were 
assigned to one of three foraging areas in the nWa with 
posterior probabilities of group membership ≥0.8 (Fig. 3). 
The 29 females that could not be assigned to a foraging 
area fell between the MaB and SaB groups (Fig. 3). There 
is some overlap in the distributions of the stable isotope 
values of these two foraging areas, making it difficult to 
assign turtles with values that fall in the overlapping region 
of the isotopic distributions (Fig. S1). Because the isotope 
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values change along a latitudinal gradient (Pajuelo et al. 
2012a), these individuals were likely foraging near the bor-
der of these two foraging areas.

Multiple samples were obtained from 17 turtles during 
two or more years. Though duplicate samples were not used 
to compare reproductive parameters, they were useful in 
examining foraging area utilization by individual females 
over numerous years. eleven of the 17 turtles sampled over 

multiple years had foraging ground assignment probabili-
ties ≥0.8 in all years sampled. These turtles were assigned 
to the same foraging area in all years, including a single 
female that was sampled in four different seasons spanning 
a time period of 7 years. Six turtles sampled over multiple 
years, however, had foraging ground assignment probabili-
ties <0.8, and could not be reliably assigned to the same 
foraging area for each season they were sampled, suggest-
ing that these females were feeding near the boundaries of 
the defined foraging areas (Table S1).

Females originating from the three foraging areas dif-
fered in three of the ten reproductive parameters examined 
(Table 2). Turtles originating from SaB were significantly 
smaller than those from the MaB or SnWa (Fig. 4a), and 
females from the SaB also laid significantly fewer eggs per 
clutch than females from the MaB or SnWa (Fig. 4b). The 
effect of body size (CCl) on clutch size was further investi-
gated between MaB and SaB turtles (SnWa females were 
not included in this analysis, due to the small sample size). 
Clutch size was positively related to CCl for both groups 
of females, and there was no difference in the two regres-
sion lines (F(1,121) = 0.11, p = 0.75, Fig. 5). Therefore, 
clutch size was not significantly different between the two 
foraging areas after accounting for body size. We believe 
the significant difference in clutch size between SaB and 
SnWa turtles is also a result of body size because body 
size and clutch size were not significantly different between 
MaB and SnWa turtles.

The remigration interval varied significantly among the 
foraging areas, with fewer years between nesting seasons 
for females originating from the MaB than those from the 
SnWa (Fig. 4c). The remigration interval for females orig-
inating from the SaB was not significantly different from 
the other two areas. We caution that the sample size from 
the SnWa was only two females for remigration intervals, 
thus limiting the ability to make a robust comparison.

a trend in arrival date approached significance as MaB 
females tended to arrive earlier than SaB females, and 
both tended to arrive earlier than SnWa females (Table 2). 
While SaB females tended to have fewer relocated nests, 
there were no significant differences. Despite differences in 
the foraging areas utilized by turtles, there were no signifi-
cant differences in the remaining reproductive parameters 
examined (estimated clutch frequency, duration of the nest-
ing season, adjusted hatching success, breeding frequency, 
and cumulative reproductive output; Table 2).

The sampling protocol allowed for examination of 
the trends in abundance from each of the foraging areas 
between 2004 and 2011 (excluding 2007, 2008, and 
2010). among the years sampled, the proportion of turtles 
originating from each foraging area varied significantly 
(χ2

14 = 18.4, p = 0.02, Table 1). The largest proportion of 
females originating from the SaB (0.29) and SnWa (0.21) 

Fig. 2  Carbon and nitrogen stable isotope values from untreated and 
lipid-extracted epidermis sampled from 15 loggerhead females that 
nested in 2011. Lines connect paired samples. lipid extraction did 
not significantly alter δ13C and δ15n values

Fig. 3  Stable carbon and nitrogen isotope values of 212 loggerhead 
females nesting at Wassaw Island, georgia between 2004 and 2011. 
Dark points (circles, triangles, and squares) represent 183 loggerhead 
females that were determined to have originated from one of three 
foraging areas in the northwest atlantic through discriminant analy-
sis with posterior probability of group membership ≥0.8. Gray points 
(diamonds) represent 29 females with probability of group member-
ship <0.8 that could not be assigned to a foraging area. MAB Mid-
atlantic Bight, SAB South atlantic Bight, SNWA Subtropical north-
west atlantic
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occurred in 2004, while the largest proportion of females 
originating from the MaB occurred in 2006 and 2009 (0.89 
in both years). Over the time period of the study, the nest-
ing population size corrected for imperfect detection (dou-
ble counting, misidentifying, or overlooking individuals) 
ranged from 24 to 103 females (Fig. 6). Visual inspection 
of Fig. 6 reveals that differences in abundance of nesting 
turtles is primarily the result of changes in the number of 
turtles originating from MaB, not of equal changes from 
all foraging areas.

Discussion

reproductive output

We found that female loggerheads that forage in the MaB 
contributed a disproportionate number of offspring to the 
population because they were larger, had larger clutch 
sizes, and had shorter remigration intervals than individu-
als foraging in other areas of the nWa. Individual differ-
ences in foraging strategies, such as differences in forag-
ing site preference by loggerheads in this study, can affect 
reproductive performance both on an annual and long-term 
basis. a skew in reproductive performance as a result of 
differential foraging can lead to individuals contributing 
disproportionately to the population (annett and Pierotti 
1999). additionally, the “decisions” made by an animal 
may not have immediate consequences, but rather such 
processes may operate across seasons, resulting in signifi-
cant “carry-over effects” on performance in subsequent 
time periods (norris 2005; Harrison et al. 2011). In many 

cases, carry-over effects are a consequence of variation in 
the use and access to resources among individuals (Harri-
son et al. 2011).

In the case of nesting loggerheads in the nWa, females 
utilize three distinct foraging areas that differ in a variety 
of biotic and abiotic characteristics, though the majority 
of females nesting at Wassaw Island, ga, forage in the 
MaB. Based on the repeated samples from individuals in 
our study, adult loggerheads appear to consistently use the 
same foraging area across multiple years. This supports the 
high degree of foraging site fidelity that has been suggested 
for loggerheads in the nWa (Vander Zanden et al. 2010; 
Hawkes et al. 2011) and in other regions (Broderick et al. 
2007; Schofield et al. 2010; Marcovaldi et al. 2010; Thom-
son et al. 2012). Individuals may pass through other regions 
as they migrate to the nesting beach, and turtles foraging in 
the MaB move south seasonally (Hawkes et al. 2011; grif-
fin et al. 2013), yet our results indicate that the majority of 
the nutrients consumed and assimilated reflect consistent 
foraging in the same area.

The cause for differential foraging area use may be due 
to many reasons. nothing is known about the heritabil-
ity of foraging location. almost all of the hundreds of the 
females nesting at Wassaw Island that have been examined 
to date have the same mtDna haplotype: CC-a1.1 (Sham-
blin et al. 2011a; Shamblin and nairn unpubl data). There-
fore, the lack of genetic structure among these females 
does not support the possibility that genetic differences 
contribute to the choice in foraging area. no genotypic 
or haplotype differences were observed among logger-
head females using distinct foraging areas in Japan either 
(Watanabe et al. 2011). Significant, though shallow, genetic 

Table 2  Ten reproductive parameters were compared for loggerhead females originating from each of the three foraging areas

Mean ± SD and sample size (n) are indicated for each area. reproductive parameters that differed significantly among the foraging regions 
are indicated by the superscripts, and the corresponding p values are bolded. Cumulative reproductive output = clutch size × estimated clutch 
frequency × hatching success × breeding frequency. Both breeding frequency and cumulative reproductive output were calculated for the study 
period, not lifetime

MAB Mid-atlantic Bight, SAB South atlantic Bight, SNWA Subtropical northwest atlantic

Parameter MaB SaB SnWa p value

Mean ± SD n Mean ± SD n Mean ± SD n

CCl (cm) 99.2a ± 6.1 115 91.5b ± 4.4 26 103a ± 6.2 8 <0.001

arrival date (Julian day) 159 ± 19.1 124 161 ± 16.8 26 176 ± 26.9 8 0.06

Duration of nesting season (day) 35.7 ± 15.1 87 41.4 ± 13.2 19 37.5 ± 18.7 4 0.32

Clutch size (# eggs) 110a ± 23.6 110 95.8b ± 16.7 25 123a ± 19.2 7 0.003

estimated clutch frequency (# nests) 3.1 ± 1.6 113 3.4 ± 1.7 26 2.8 ± 1.8 8 0.64

Hatching success (%) 39.4 ± 33.3 110 44.4 ± 36.1 25 24.5 ± 38.6 8 0.72

Proportion of relocated nests 0.34 ± 0.37 111 0.17 ± 0.27 26 0.34 ± 0.44 8 0.11

Mean remigration interval (year) 3.4a ± 1.7 47 4.1a,b ± 0.89 7 5.0b ± 1.4 2 0.01

Breeding frequency (seasons) 3.4 ± 1.8 42 2.3 ± 0.5 6 2 ± 0 2 0.25

Cumulative reproductive output (hatchlings) 916 ± 941 36 621 ± 384 5 889 ± 359 2 0.79
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Fig. 4  a Body length (CCL curved carapace length) differed sig-
nificantly among loggerheads originating from the different for-
aging areas. MAB Mid-atlantic Bight, SAB South atlantic Bight, 
SNWA Subtropical northwest atlantic. SaB females were signifi-
cantly smaller than MaB and SnWa turtles. b Clutch size also dif-
fered among the females originating from different foraging areas 
with SaB females depositing significantly fewer eggs per clutch than 
MaB or SnWa females. c Mean remigration interval was signifi-
cantly shorter for MaB females than SnWa females
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haplotype population structure does exist among neritic 
juvenile foraging areas in the nWa, which was correlated 
to the haplotype frequencies of adjacent nesting aggrega-
tions, supporting the hypothesis that juveniles recruit to 
neritic foraging areas near their natal rookery (Bowen et al. 
2004). Further investigation into the genetic relatedness of 
individuals may help to elucidate whether foraging location 
may be heritable and is a direction for future research. It is 
also possible that adult female dispersion from the nesting 
beach may be linked with the drift scenarios that hatchlings 
would have experienced when first leaving the natal beach 
(Fossette et al. 2010; Hays et al. 2010), as the gulf Stream 
would first carry them northward along the coast before 
veering east into the oceanic waters of the northern atlan-
tic. additionally, body size could contribute to the dispersal 
of adults to different foraging areas based on the ability to 
endure water temperature extremes, such that larger turtles 
could be expected to withstand larger temperature ranges 
(abecassis et al. 2013).

In this study, we demonstrate that fidelity to foraging 
areas among individual loggerheads is linked to reproduc-
tive output. The primary difference observed in logger-
heads using distinct foraging areas is body size: females 
using the SaB are significantly smaller than those foraging 
in the MaB or SnWa. SaB females also produce smaller 
clutches. While smaller clutch size is a corollary of smaller 
body size, it may ultimately influence the lifetime repro-
ductive output. Clutch frequency and remigration intervals 
do not differ between MaB and SaB turtles, but because 
SaB turtles do not reach the same maximum size as those 
from the MaB (Fig. 4), the lifetime reproductive output 
of SaB turtles will be significantly reduced if reproduc-
tive lifespan does not vary between turtles originating from 
these areas.

We were unable to calculate a lifetime reproductive out-
put in this study, but MaB turtles tended to have a higher 
cumulative reproductive output than SaB turtles over the 
study period, although no significant differences were 
observed due to the wide variation observed among indi-
viduals. If the lifetime reproductive output does indeed dif-
fer, not all foraging aggregations will contribute equally to 
the nesting aggregation over the long term, and the propor-
tion of females using the MaB could continue to increase 
if foraging area choice is heritable.

While adult loggerheads in the nWa and Mediterranean 
use distinct coastal, or neritic, foraging areas (Hawkes et al. 
2011; Zbinden et al. 2011; Ceriani et al. 2012; Pajuelo et al. 
2012a; Schofield et al. 2013), loggerheads in other regions 
have alternative foraging strategies that include both neritic 
and oceanic habitats. This oceanic/neritic dichotomy has 
been observed for loggerheads nesting in Cape Verde and 
Japan, whereby females using oceanic foraging areas are 
smaller than those that forage in neritic areas with reduced 

reproductive output, likely due to differences in nutri-
ent availability in the distinct habitats (Hatase et al. 2002, 
2013; Hawkes et al. 2006; eder et al. 2012).

The three neritic foraging areas used by loggerheads 
in the nWa vary in productivity. The MaB is one of the 
most productive marine regions of the world (Wilkinson 
et al. 2009), but this area is used only on a seasonal basis, 
as loggerheads that forage above 35°n migrate to the south 
or east in the winter to areas with more suitable water tem-
peratures (Hawkes et al. 2007a, 2011; griffin et al. 2013). 
The SaB is moderately productive, with more patchy pro-
duction due to short-lived plankton blooms associated with 
upwelling along the gulf Stream front (Wilkinson et al. 
2009). The SnWa contains a complex physiography with 
areas of reef supporting a rich biota and overall moderate 
productivity in the region (Wilkinson et al. 2009). logger-
heads using the SaB and SnWa do so year-round, as the 
water temperatures do not necessitate seasonal migrations 
(Hawkes et al. 2011; griffin et al. 2013). If productivity is 
the main driver of body size, the inconsistent productiv-
ity in the SaB may contribute to the smaller body sizes 
observed in females using that area, as has been observed 
for leatherbacks foraging in less productive areas (Wal-
lace et al. 2006). Furthermore, the high seasonal productiv-
ity of the MaB and consistent moderate productivity with 
warmer water temperatures in the SnWa, respectively, 
may contribute to the larger body size and clutch size of 
females from those areas. We cannot rule out the possibility 
that body size drives the dispersal ability of the turtles and 
the areas where they can forage, but given that differences 
in productivity have been correlated to loggerhead body 
size in other regions (Hatase et al. 2002, 2013; Hawkes 
et al. 2006; eder et al. 2012), we expect that it is also the 
case in the nWa.

Future examination of the energy requirements for 
migration and reproduction among the foraging areas may 
help to explain the variation in reproductive output param-
eters. Oceanic (and smaller) loggerhead females in Japan 
breed less frequently than those that are neritic foragers 
(and larger), likely due to the time needed to accumulate 
sufficient energy for reproduction (Hatase and Tsukamoto 
2008; Hatase et al. 2013). The differences in distance to 
the nesting beach from each foraging area in the nWa are 
not as substantial as the differences in distance for the oce-
anic and neritic habitats in Japan, though mean remigration 
interval was observed to differ among the three foraging 
grounds in this study. In this case, distance to the nesting 
beach may be less important than the currents encountered 
during migration or habitat quality differences (including 
food availability) among the foraging areas, as it would 
be expected that SaB turtles would nest more frequently 
if distance was the main factor influencing remigration 
interval.
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However, caution is warranted in the interpretation of 
these results. First, we have only measured the remigra-
tion intervals using the data collected at Wassaw Island, but 
females may nest unobserved at other beaches. Therefore, 
we are unable to distinguish whether a long remigration 
interval and short breeding frequency are a result of low 
fidelity to the nesting beach or a true absence of nesting 
activity during that period. Second, we had an extremely 
limited sample size from the SnWa, as only two of the 
eight SnWa females were observed across multiple years 
at Wassaw Island, thus limiting our ability to make robust 
comparisons for remigration interval, breeding frequency, 
and cumulative reproductive output.

Further investigation of these parameters should be pur-
sued at a beach where the proportion of females originating 
from the SnWa is higher, for example, at a more southerly 
beach in Florida (Pajuelo et al. 2012b). If the pattern we 
observed truly reflects a longer remigration interval rather 
than low nest-site fidelity, then this would be a reproduc-
tive consequence of using distinct foraging areas. MaB 
turtles that nest nearly twice as frequently as those from the 
SnWa will exhibit a higher lifetime reproductive output if 
reproductive life spans are similar.

Finally, the difference in arrival date to the nesting beach 
approached significance, with the MaB turtles arriving first 
in the season. If it were an effect of migration differences, 
we might expect that SaB females would arrive first, as 
they would have the shortest migration distance, with MaB 
and SnWa arriving later. More likely, this is an effect of 
sea surface temperature influencing the initiation of migra-
tion (Weishampel et al. 2004; Hawkes et al. 2007b; lamont 
and Fujisaki in press), as we also observed inter-annual 
variation in the onset of nesting. While Pike et al. (2006) 
reported that earlier nesting contributed to a shorter nesting 
season, we found no difference in the duration of the nest-
ing season among foraging areas. However, a later arrival 
to the nesting beach can potentially result in nests experi-
encing higher sand temperatures, thus influencing the sex 
ratio and hatching success (Matsuzawa et al. 2002; reece 
et al. 2002).

Trends in abundance

By examining the foraging area origin of nesting females 
over a span of 7 years, we found that the change in the nest-
ing aggregation was not a result of equal increases from 
each foraging area. Stable isotope analysis is increasingly 
being used to determine the origin of nesting sea turtles 
when persistent isotopic differences can be used to discrim-
inate among foraging grounds (Hatase et al. 2002; Zbin-
den et al. 2011; Ceriani et al. 2012; Pajuelo et al. 2012b; 
Seminoff et al. 2012). This method requires initial track-
ing efforts to validate the isotopic data—and though it may 

not be useful in regions where the stable isotope values of 
turtles from different foraging areas exhibit high overlap 
(e.g., Vander Zanden et al. 2013)—it holds great promise 
for monitoring sea turtle foraging aggregations from the 
nesting beach in many regions by scaling up the knowledge 
gained from tracking a limited number of individuals. This 
study is the first time stable isotope data from a sea turtle 
nesting aggregation have been used to monitor inter-annual 
variability in abundance and trends among foraging aggre-
gations. This technique has important conservation value 
for sea turtle populations, as it may aid in the development 
of more specific management approaches that address the 
threats and trends for each foraging aggregation.

long-term monitoring of nesting aggregations with this 
approach can be used to determine whether fluctuations in 
the number of nesting females are due to disproportionate 
trends in foraging aggregations. In this study, foraging area 
was determined for 183 nesting loggerheads, and the pro-
portion of females originating from each of the three forag-
ing areas varied over the 5 years of the study. The annual 
number of nesting females at Wassaw Island, corrected for 
imperfect detection, has not exhibited a significant trend 
from 1973 to 2011 (Pfaller et al. 2013). However, the years 
included in this study represent near minimum (20 in 2004) 
and maximum (93 in 2011) number of females observed 
over the long-term population monitoring at Wassaw Island 
(Pfaller et al. 2013). From female counts or nest counts 
alone, it is impossible to determine whether the nearly five-
fold increase in the number of nesting females between 
these years resulted from a uniform increase in females 
from all foraging areas. Our approach offers the advantage 
of examining trends among the three major foraging aggre-
gations in addition to the nesting aggregation.

Our data indicate that the increase in nesting females 
between 2004 and 2011 is not a consequence of a uni-
form increase from all foraging areas, but rather the differ-
ence is driven by turtles originating from the MaB. This 
study does not address possible causes for fluctuations in 
the nesting aggregation, though anthropogenic threats and 
regional ocean temperatures may be major drivers of log-
gerhead nesting population dynamics (Chaloupka et al. 
2008; Witherington et al. 2009; Mazaris et al. 2013). Fur-
ther investigation is needed to examine whether there is a 
relationship between sea surface temperature at each of the 
foraging areas and the number of nesting females originat-
ing from each area.

Continued monitoring of this population with stable 
isotope analysis can be used to develop an understanding 
of the long-term patterns in the composition of the nest-
ing aggregation and could be complemented by moni-
toring other nesting subpopulations in the nWa, as this 
information is important for interpreting nesting abun-
dance as a proxy for population dynamics. an improved 
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understanding of variation in foraging aggregations can 
also aid in the geospatial prioritization of threat reduction. 
If this approach becomes a component of long-term stud-
ies, it can be a valuable tool not only to monitor sea turtle 
demographic trends in other parts of the globe, but it could 
be useful for other animal taxa that exhibit a similar dis-
persion phenomenon whereby reproductive areas are geo-
graphically separated from foraging areas (e.g., salmonids, 
seabirds, and marine mammals).

In conclusion, we found that persistent differences in 
foraging strategies among loggerheads can have carry-over 
effects on reproductive output, as significant differences 
were observed in body size, clutch size, and remigration 
interval. We also observed that fluctuations in the nesting 
aggregation were related to variation in the contribution 
of females from the three foraging areas in the nWa. Our 
approach to assess foraging area origins of nesting logger-
heads through stable isotope analysis can be useful to inter-
pret trends in abundance at nesting beaches and to monitor 
trends in abundance of other sea turtle species, thus becom-
ing a valuable tool for sea turtle conservation. an improved 
understanding of the influences on demographic parameters 
and trends among distinct foraging areas, such as reproduc-
tive differences among foraging aggregations, can aid in 
more effectively managing these populations.
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