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contributions to different foraging regions from 2007 to 
2012. Foraging regions significantly influenced female 
body size and fecundity. Loggerheads foraging southeast 
of the nesting beach in the vicinity of the Bahamas and 
Florida Keys laid larger clutches and had a shorter breed-
ing frequency. On average, 47 % (±3 % SE) of the females 
foraged year-round in this area, while 33 % (±4 % SE) 
resided on the Southwest Florida continental shelf south of 
Tampa Bay and 18 % (±2 % SE) undertook seasonal migra-
tions and foraged north of Cape Hatteras, North Carolina. 
Relative contributions to the foraging areas did not change 
over the 6-year period. The northern foraging area consist-
ently contributed the fewest females despite being the most 
productive oceanographic region suggesting a trade-off 
between foraging area productivity and distance to the nest-
ing beach. We reaffirm that the isotopic approach can be 
used to interpret trends in abundance at nesting beaches and 
demographic parameters affecting those trends. Understand-
ing geospatial linkages and relative importance of foraging 
areas is critical to fostering appropriate management and 
conservation strategies for migratory species.

Introduction

Increasing evidence indicates that arrival time to breeding 
areas, reproductive success and annual breeding population 
size are linked to non-breeding habitat quality (see review 
by Harrison et al. 2011), a phenomenon that is described 
under the umbrella term of “carry-over effects.” What we 
observe at one location is the result of interactions occur-
ring at the prior foraging location and migratory route. 
Hence, connectivity among populations influences their 
demographics, genetic structure and response to environ-
mental change (Webster et al. 2002).

Abstract Migratory animals spend different periods of 
their lives in widely separated and ecologically different 
locations; their experiences from one activity/period/site 
(e.g., foraging) can dramatically affect their success during 
another (e.g., breeding). Carry-over effects reflect the influ-
ence of foraging quality on reproductive behaviors of migra-
tory species, such as nesting loggerhead sea turtle (Caretta 
caretta), which vary greatly in body size and reproductive 
parameters. We investigated carry-over effects on 330 log-
gerheads nesting at the Archie Carr National Wildlife Ref-
uge (Melbourne Beach, Florida), one of the largest aggre-
gations in the Western Hemisphere, using telemetry, stable 
isotope analysis and reproductive parameters. We assigned 
foraging locations used during the non-breeding period with 
discriminant function analysis and determined the relative 

Communicated by B. Wallace.

Reviewed by undisclosed experts.

 * Simona A. Ceriani 
 Simona.Ceriani@myfwc.com

1 Present Address: Florida Fish and Wildlife Conservation 
Commission, Fish and Wildlife Research Institute, Saint 
Petersburg, FL 33701, USA

2 Department of Biological Sciences, University of Central 
Florida, Orlando, FL 32816, USA

3 Department of Biological Sciences, University of Manitoba, 
Winnipeg, MB R3T 2N2, Canada

4 Mote Marine Laboratory, Sarasota, FL 34236, USA
5 Sea Turtle Conservancy, Gainesville, FL 32609, USA
6 Conservancy of Southwest Florida, Naples, FL 34102, USA
7 National Marine Fisheries Service, Southeast Fisheries 

Science Center, Miami, FL 33149, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00227-015-2721-x&domain=pdf


 Mar Biol

1 3

Advances in telemetry, genetics and biogeochemical 
analyses have helped elucidate migratory connectiv-
ity and intrapopulation variation in foraging strategies. 
Carbon and nitrogen stable isotopes have been used 
increasingly as intrinsic markers to identify migratory 
linkages and determine geographic origin of migrants. 
Stable isotope ratios of these elements vary across land- 
and seascapes, often in systematic ways due to a vari-
ety of biogeochemical processes (Bowen et al. 2005; 
Graham et al. 2010). Patterns in stable isotope ratios at 
the base of food webs are assimilated through diet and 
retained at higher trophic levels. Isotopic signatures 
may be influenced by diet, habitat type and geographic 
location (Hobson and Norris 2008). Individuals mov-
ing between isotopically distinct regions may maintain 
quantifiable isotopic differences in one or more tissues 
that can be linked to past locations. Thus, stable iso-
tope ratios function as intrinsic markers that reflect the 
isotopic composition of the environment (location and 
food web) where the tissues were synthesized (Hobson 
and Norris 2008). Because geographic variation in sta-
ble isotope ratios in marine systems has been described 
only at very coarse scales (e.g., McMahon et al. 2013), 
isotopic approaches have been validated with telemetry 
in several marine species such as sea birds (Jaeger et al. 
2010; González-Solís et al. 2011) and sea turtles (e.g., 
Ceriani et al. 2012, 2014b; Pajuelo et al. 2012b; Sem-
inoff et al. 2012).

Sea turtles are long-living, highly migratory and late-
maturing species of conservation concern (IUCN 2013). 
They have been primarily studied at nesting beaches where 
they are more accessible. Nesting females exhibit large 
variation in body size and reproductive parameters such as 
clutch size, clutch frequency (the number of clutches laid 
within a season) and remigration interval (the number of 
years between consecutive nesting seasons) (Miller 1997). 
Each female from a nesting aggregation typically forages 
in one of several geographically distinct foraging grounds 
(e.g., Zbinden et al. 2011; Ceriani et al. 2012; Pajuelo et al. 
2012b; Seminoff et al. 2012), and individuals show fidel-
ity to both nesting and feeding areas throughout adult life 
(Broderick et al. 2007; Vander Zanden et al. 2010; Tucker 
et al. 2014). As capital breeders, sea turtles use energy 
stored at an earlier, non-breeding area for reproduction 
(Stearns 1992). They reproduce every few years and lay 
multiple clutches (Miller 1997). Moreover, like most ovipa-
rous ectothermic vertebrates, sea turtles lack parental care. 
Hence, the maternal investment in reproduction is limited 
to preovipositional allocation of resources to the number 
and size of eggs and the number of clutches per reproduc-
tive season (Wallace et al. 2007). These characteristics sug-
gest that carry-over effects may play an important role in 
the ecology of sea turtles because the resources required for 

reproduction are acquired months before the nesting sea-
son while at the feeding area and, in fact, carry-over effects 
have been documented in some sea turtle populations (e.g., 
Zbinden et al. 2011; Hatase et al. 2013; Vander Zanden 
et al. 2014).

Over the past two decades, large fluctuations in abun-
dance have been observed in the Northwest Atlantic 
(NWA) loggerhead population (NMFS and USFWS 2008). 
Reasons for the oscillating trend in annual nest numbers are 
unclear, but loggerhead fishery-related mortality has been 
suggested as the main driver of the trend (e.g., Withering-
ton et al. 2009). However, changes in nest numbers might 
also be a consequence of female foraging strategy or of a 
variation in resource availability that could lead ultimately 
to a change in reproductive output affecting clutch fre-
quency, clutch size, egg quality and remigration intervals. 
For example, Seney and Musick (2007) reported that log-
gerheads stranded in Virginia had incurred a double shift 
in diet during the past two decades from horseshoe crabs to 
blue crabs to finfish discarded by fisheries.

The NWA loggerhead population consists of five recov-
ery units that are identified based on genetic differences 
and a combination of geographic distribution of nesting 
densities, geographic separation, and geopolitical bounda-
ries (NMFS and USFWS 2008). Intrapopulation variation 
in foraging strategies has been identified previously in this 
population using telemetry (Hawkes et al. 2011; Foley et al. 
2013; Griffin et al. 2013), stable isotope analyses (Reich 
et al. 2010) or a combination of the two methods (e.g., 
Ceriani et al. 2012; Pajuelo et al. 2012b); thus, there may be 
differential carry-over effects in this loggerhead population. 
Recently, Vander Zanden et al. (2014) explored possible 
reproductive consequences of differential use of foraging 
areas in loggerheads of the Northern Recovery Unit, which 
represents ~10 % of the overall NWA loggerhead nesting 
population (NMFS and USFWS 2008), and found differ-
ences in body size, clutch size and remigration intervals 
among the foraging areas. Carry-over effects have not been 
investigated in the Florida Peninsular Recovery unit, one of 
the two largest in the world (Ehrhart et al. 2003) despite the 
prime importance of this management unit (~90 % of the 
NWA nesting population, NMFS and USFWS 2008) to the 
overall NWA loggerhead population.

Our aim was to examine carry-over effects on Florida 
loggerheads, which exhibit variation in foraging strategies, 
using telemetry, stable isotope analysis and reproductive 
parameters. The specific objectives were to: (1) identify the 
foraging regions used by loggerheads nesting at the Archie 
Carr National Wildlife Refuge (ACNWR), (2) examine 
annual variation in the relative contribution of each foraging 
region to this nesting aggregation over a 6-year period and 
(3) evaluate whether foraging site affects female reproduc-
tive output. Interannual variation in females originating from 
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different foraging areas has been found among three Florida 
nesting beaches examined over a 2-year period (Pajuelo 
et al. 2012b) as well as females of the loggerhead Northern 
Recovery Unit (Vander Zanden et al. 2014). Individuals from 
different non-breeding regions in the NWA experience dispa-
rate environmental conditions and resource availability (e.g., 
temperature regimes and primary productivity, Wilkinson 
et al. 2009). Thus, resources acquired at the foraging ground 
and associated environmental conditions may have implica-
tions for female long-term reproductive success and estimat-
ing overall number of females in the population.

Materials and methods

Sample collection and stable isotope analysis

A total of 330 loggerhead females were sampled at the 
ACNWR (27.9167°N, 80.4833°W) and vicinity during the 
2007–2012 nesting seasons (May–August). This 21+ km 
stretch of beach in east central Florida accounts for ~18 % 
(6000–17,000 nests/year) of the mean annual number of 
loggerhead nests in Florida (FWC/FWRI Statewide Nest-
ing Beach Survey Program database as of 20 February 
2015). Florida, in turns, represents ~87 % of the logger-
head nests in the NWA (NMFS and USFWS 2008). Here, 
all nesting activity has been continually monitored since 
1982 (Ehrhart et al. 2014), and a subsample of females 
was encountered and tagged using both Inconel flipper tags 
and passive integrated transponders during night surveys. 
Tissues (skin and/or blood) were collected for stable iso-
tope analysis or as a part of a genetic study. Skin samples 
were obtained using a sterile 4-mm biopsy punch from the 
“shoulder” area of each female (between the neck and the 
front flipper) or from the soft skin on the trailing edge of 
the rear flipper. Blood samples (4 ml) were collected from 
the cervical sinus with a 20-gauge needle and syringe, 
transferred to a non-heparinized container and placed in 
ice. Blood was separated into serum and cellular compo-
nents by centrifugation (5000 rpm × 10 min) and frozen 
at −20 °C until analysis. Skin samples were either stored 
in a non-frost-free freezer at −20 °C or preserved in 70 % 
ethanol. Neither preservation method affects tissue isotopic 
composition (Barrow et al. 2008).

Samples were prepared for stable isotope analysis fol-
lowing standard procedures (Ceriani et al. 2014a). For skin 
samples, surface epidermis was separated from the under-
lying dermal tissue and epidermis was prepared for stable 
isotope analysis. Stable isotope ratios were expressed in 
conventional notation as parts per thousand (‰) according 
to the following equation:

δX = [(Rsample/Rstandard)− 1] × 1000,

where X is 15N or 13C, and R is the corresponding ratio 
15N:14N or 13C:12C. The standards used were atmospheric 
nitrogen and Pee Dee Belemnite for 15N and 13C, respec-
tively. Estimates of analytical precision were obtained 
by replicate measurements of internal laboratory refer-
ence materials (1577b bovine liver) and yield a precision 
(reflecting ±1 SD) of ±0.14 ‰ for δ13C and 0.16 ‰ for 
δ15N.

Development of assignment model to foraging areas

Tissue turnover rates in adult sea turtles have not been 
measured. Previous studies on cheloniids and juvenile log-
gerheads estimated RBC and epidermis tissue to reflect for-
aging habits at least 4 months prior to sampling (Seminoff 
et al. 2007; Reich et al. 2008). Thus, RBC and epidermis 
samples are assumed to represent the isotopic signature of 
foraging areas used by females during the non-breeding 
season prior to migration and nesting activity (e.g., Ceriani 
et al. 2012; Pajuelo et al. 2012b; Seminoff et al. 2012).

Several studies have used RBC, epidermis, fresh and 
unhatched eggs combined with satellite telemetry to infer 
foraging areas of sea turtles (e.g., Hatase et al. 2002; Zbin-
den et al. 2011; Ceriani et al. 2012; Pajuelo et al. 2012a, 
b; Seminoff et al. 2012). Recently, Ceriani et al. (2014a) 
investigated the relationship among these same four tissues 
commonly used for stable isotope assignment and devel-
oped equations to convert the signature of one tissue into 
another.

Skin samples were available from 279 (of the 330) indi-
vidual females sampled at the ACNWR. Epidermis isotopic 
values were derived from RBC values for the remaining 
51 females for which only a blood sample was available 
using an equation based on females for which we ana-
lyzed both RBC and epidermis (n = 165; δ13Cepi = 0.953 
δ13CRBC + 0.734, r2 = 0.92; δ15Nepi = 1.031 
δ15NRBC + 1.576, r2 = 0.93, Fig. 1).

Twenty-three of the 330 loggerheads sampled at the 
ACNWR and vicinity were equipped with satellite tags 
between 2008 and 2012. Telemetry revealed that logger-
heads nesting at the ACNWR primarily follow four forag-
ing behaviors (Dodd and Byles 2003; Ceriani et al. 2012; 
Foley et al. 2013) (Fig. 2): (1) a seasonal shelf-constrained 
movement between summer foraging areas located in the 
Mid-Atlantic Bight (MAB), defined as the region enclosed 
by the coastline from Cape Cod (Massachusetts) to Cape 
Hatteras (North Carolina), and wintering areas south of 
Cape Hatteras; (2) a year-round residence in the South 
Atlantic Bight (SAB), defined as the region between Cape 
Hatteras and West Palm Beach (Florida); (3) a year-round 
residence in the Subtropical Northwest Atlantic (SNWA), 
defined as the water encompassing the waters around the 
Florida Keys, Bahamas and Cuba; and (4) a year-round 
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residence on the Southwest Florida continental shelf 
(SWFL), defined as the waters between Tampa (FL) and 
the Florida Keys. In these biogeographic areas, isotopic 
variation at the base of the food web/low trophic levels has 
been shown to be transferred to higher trophic level organ-
isms (Pajuelo et al 2012a; Radabaugh et al. 2013). Thus, 
loggerhead isotopic values reflect foraging area location 
but not necessary diet differences, which supports the use 
of isotope values to infer foraging area use.

The 23 adult females equipped with satellite tags in this 
study, 14 of which were used in Ceriani et al. (2012), were 
the only nesting ACNWR loggerheads that were also sam-
pled for stable isotope analysis. We included an additional 
33 loggerheads equipped with satellite tags between 2008 
and 2013 from other nesting locations in Florida (Table 1) 
and sampled for stable isotope analysis to increase the 
number of females with known foraging destinations 
to develop the assignment model for the remaining 307 
untracked individuals. Epidermis isotopic values were 
available for 8 of the 33 females, but other tissues were 
available for the remaining 25 females (RBC: n = 7; fresh 
egg: n = 3; unhatched egg: n = 15). We converted all the 
isotopic values into epidermis values to unify the data set. 
If epidermis values were not available, the tissue sampled 
(RBC, fresh or unhatched egg) was converted in epidermis 

isotopic values using the regression equations found in 
Ceriani et al. (2014a) and Fig. 1. The 33 loggerheads 
equipped with satellite tags outside the ACNWR vicinity 
were included in the development of the assignment model 
but were removed from subsequent analyses because our 
goal was to describe the female aggregation nesting at the 
ACNWR. All 56 loggerheads transmitted long enough to 
determine their foraging region. For details on transmitter 
attachment, tracking data processing and identification of 
estimated postnesting foraging areas used by each adult 
female, see Ceriani et al. (2012) and Tucker et al. (2014).

To test for significant differences in isotopic values 
among foraging areas, we used multivariate analysis of 
variance (MANOVA) with the Pillai’s trace test. We used 
post hoc Games-Howell (GH) multiple comparison tests 
to identify groups responsible for statistical differences. 
We then used discriminant function analysis (DFA—SPSS 
v. 19) of epidermis stable isotope values to assign females 
to one of the four foraging areas identified by telemetry: 
MAB, SAB, SNWA and SWFL. The δ13C and δ15N val-
ues of the 56 loggerheads equipped with satellite tags rep-
resented the training data set to develop the discriminant 
functions, and the remaining 307 females sampled at the 
ACNWR were the test data set for the classification. We 
chose to compute from group sizes for prior probabilities 

Fig. 1  Relationship between epidermis (epi) isotopic values and δ13C (a) and δ15N (b) for red blood cells (RBC)

Table 1  Location of nesting 
beaches of satellite-tracked 
turtles and their associated 
foraging grounds which were 
used as training data to develop 
the geographic assignment 
model

Nesting site Latitude Longitude Year n MAB SAB SNWA SWFL

ACNWR 27.917°N 80.483°W 2008–2012 23 8 4 9 2

Juno Beach 26.873°N 80.054°W 2012 6 2 2 2 0

Keewaydin Island 26.046°N 81.778°W 2011–2013 12 0 0 6 6

Casey Key 27.150°N 82.481°W 2007–2011 15 0 1 4 10

All sites 2007–2013 56 10 7 21 18
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because previous telemetry data (Dodd and Byles 2003; 
Ceriani et al. 2012; Foley et al. 2013) have shown unequal 
contribution of foraging areas to this breeding aggregation: 
23 (65.7 %) of the 35 females previously satellite-tagged 
at the ACNWR migrated to SNWA and SWFL. Thus, the 
56 loggerheads in the training data set reflected the relative 
contribution to each foraging area identified by prior telem-
etry-based studies (Dodd and Byles 2003; Ceriani et al. 
2012; Foley et al. 2013). Moreover, a non-uniform prior 
approach has been shown to improve the assignment prob-
ability compared to the uniform prior probability approach 
(Vander Zanden et al. 2015). Next, we used DFA to assign 
the 307 untracked loggerheads sampled at the ACNWR 
into one of the four foraging areas. Only assignments with 
posterior probabilities ≥50 % were retained for the follow-
ing analyses on phenotypic variability and reproductive 
output differences attributed to foraging area. We used a 
cutoff of 50 % probability of membership, which translates 
to a threefold improvement in odds over a random assign-
ment (Wunder 2012). An external validation of the isotopic 
approach for NWA loggerheads showed that this odds ratio 
is adequate to assign loggerheads to foraging grounds cor-
rectly (see Fig. 4 in Ceriani et al. 2014b). Two hundred and 
sixty-four of the 307 untracked nesting females (86 %) had 
posterior probabilities of assignment ≥50 %.

Previous telemetry studies found unequal contributions 
of foraging areas to the loggerhead aggregation nesting at 
the ACNWR, but each study was based on a small num-
ber of individuals (4 ≤ n ≤ 16); thus, this conclusion might 
have been biased by the small sample size. We used the 
larger data set of 287 loggerheads (23 females equipped 
with satellite tags and 264 females assigned to a foraging 
area with a probability ≥50 %) to evaluate the annual con-
tribution of the foraging areas to the nesting assemblage at 
the ACNWR over the 2007–2012 nesting seasons. We used 
Chi-square tests to assess the independence of frequencies 
of arriving turtles among foraging areas by year and com-
bined across years, and among years. We assumed a null 
equal arrival frequency among sources and years.

Reproductive parameters and analyses

Tissues from 287 females were sampled at the ACNWR 
and used to evaluate whether foraging site preference 
affects phenotypic variability and reproductive output. 
Nest laid by each of the female sampled was left in situ, 
marked using standard procedure based on triangulation 
and geolocated for future analysis (Brost et al. 2015). Three 
days after emergence or 70 days after deposition (if signs 
of emergence were not observed), the nest content was 
inventoried to determine reproductive success rates. When 
the situation allowed, we analyzed four parameters for each 
female or her nest: female body size, clutch size, emerging 

success and remigration interval. Standard curved cara-
pace length (CCL notch-to-tip taken using a fiberglass 
cloth tape) for the year in which the female was sampled 
was used as an indicator of female body size. Body size 
measurements were available for 274 (95.5 %) of the 287 
females. Clutch size (the number of eggs deposited in a 
single nesting event) was determined either within 12 h of 
deposition (2008–2011) or at time of posthatching exca-
vation (2007 and 2012) whenever possible. Clutch size 
measurements were available for 203 (70.7 %) of the 287 
females. No clutch size data were available for 58 females 
which were sampled after a non-nesting emergence and 
for 26 nests which were lost due to erosion or predation. 
Emerging success is the percentage of hatchlings that 
emerge from an individual nest ([#of hatched eggs − (dead 
hatchlings + live hatchlings)] × 100/clutch size, Miller 
1999). Sixty-five (32.0 %) of the 203 clutches marked were 
either depredated by raccoons or lost due to beach erosion; 
thus, data on emerging success were available for only 138 
nests. If a female was encountered repeatedly during the 
nesting season (n = 15), mean clutch size and emergence 
success were calculated. The high nest density at our study 
site precluded sufficient data on clutch frequency. Remi-
gration interval is defined as the number of years between 
reproductive cycles. Some prior nesting information was 
available for 105 (36.6 %) of the 287 females that were 
encountered nesting at the ACNWR between two and five 
times over the years. We calculated remigration interval in 
two ways: (1) mean remigration interval and (2) observed 
remigration interval. Mean remigration interval was deter-
mined as the mean of all the remigration intervals avail-
able (range 2–5 times) for an individual (n = 105 females, 
see Vander Zanden et al. 2014). However, mean remigra-
tion interval calculations do not reflect observed remigra-
tion interval, but are likely an artifact of the large number 
of loggerheads nesting at our study site (on average 11,556 
nests at year, Ehrhart et al. 2014), which limits our abil-
ity to observe the same individual every successive nesting 
season. Sixty-three of the 105 loggerheads were seen over 
assumed consecutive nesting seasons. Their remigration 
intervals ranged from 2 years (n = 29), 3 years (n = 20) 
and 4 years (n = 14). However, it is probable that some 
of the 4-year remigration intervals represent two 2-year 
cycles.

We explored relationships among the four reproductive 
parameters with Pearson’s correlation and tested for dif-
ferences in phenotypic and reproductive parameters (body 
size, clutch size, emerging success and mean remigration 
interval) among foraging areas and years using two-way 
analyses of variance (ANOVA). We further examined remi-
gration interval differences among foraging areas using 
Pearson’s Chi-square test on the subset of females that were 
seen over assumed consecutive nesting seasons (n = 63) 
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to evaluate whether individuals originating from the three 
foraging areas were more likely to be on a 2-, 3- or 4-year 
remigration interval. Data were tested for normality and 
homogeneity of variance using Kolmogorov–Smirnov and 
Levene’s test, respectively. Body size and clutch size data 
were normal; emerging success required arcsine square 
root transformation, while remigration interval required 
squared root transformation to meet the normality assump-
tion. All data met the equal variance assumption; thus, we 
used post hoc Tukey’s HSD multiple comparison tests to 
identify groups responsible for statistical differences. Pre-
vious studies have demonstrated that clutch size positively 

correlates with body size (e.g., Bjorndal and Carr 1989). 
When comparing clutch size among foraging areas, we 
used an ANCOVA to control the effect of body size (covari-
ate) on clutch size (dependent variable). Data were ana-
lyzed using SPSS (vs. 19) and the R Statistical Package (R 
Development Core Team 2011) with an alpha level set to 
0.05.

Results

Assignment to foraging grounds

Epidermis isotopic values of satellite-tracked females 
in the NWA ranged from −17.06 to −9.40 and 5.67 to 
17.02 ‰ for δ13C and δ15N, respectively (Fig. 3a). Mean 
δ13C values per group varied from −16.32 ± 0.27 (SE) ‰ 
in tracked females using northern foraging areas (MAB) to 
−11.74 ± 0.37 ‰ in individuals foraging in the SNWA. 
δ15N values ranged from 14.23 ± 0.63 ‰ (northern 
females) to 7.98 ± 0.35 ‰ (SNWA females). Females for-
aging in the SAB and SWFL exhibited intermediate val-
ues in both δ13C and δ15N. Mean δ13C values of females 
foraging in the SAB and SWFL were −14.68 ± 0.26 and 
−14.96 ± 0.42 ‰, respectively, while their mean δ15N val-
ues were 12.56 ± 0.26 and 10.45 ± 0.35 ‰, respectively. 
Females from the four foraging areas were segregated by 
their overall isotopic signatures (MANOVA, Pillai’s trace 
test, F6,104 = 14.702, p < 0.001). Post hoc GH multiple 
comparison tests indicated that SWFL aggregation δ13C 
did not differ from the SAB aggregation and was only 
marginally different from females feeding in the MAB 
(p = 0.052). δ15N signatures of loggerheads foraging in 
the MAB did not differ from those of females foraging in 
the SAB individuals. All other δ13C and δ15N post hoc GH 
comparisons were highly significant (p < 0.001).

The postnesting migratory destinations of the 56 sat-
ellite-tagged loggerheads used as the training data set to 
develop the assignment model were as follows: ten females 
migrated to the MAB, seven took up year-round residence 
in the SAB, 21 females resided year-round in the SNWA 
and 18 individuals migrated to year-round foraging areas 
on the SWFL continental shelf (Fig. 2). The discriminant 
analysis of the training data set was significant (p > Wilks’ 
Lambda < 0.001). Two discriminant functions were cal-
culated, with a combined χ2(6) = 79.7, p < 0.001. After 
removal of the first function, the association between 
groups (foraging areas) and predictors (δ13C and δ15N) 
remained significant χ2(2) = 10.454, p = 0.050. The first 
discriminant function accounted for 92.6 % of the between-
groups variability. Overall, the discriminant analysis of the 
training data set was able to correctly classify the forag-
ing ground used for 45 of the 56 loggerheads (80.4 % of 

Fig. 2  Locations of nesting beaches where loggerheads were 
equipped with satellite tags and adult foraging areas in the North-
west Atlantic identified by telemetry studies. Black markers indi-
cate the foraging area centroid of the 56 satellite-tagged females, 
and white markers indicate the four nesting beaches. Black marker 
shapes match nesting beaches. Nesting beaches: ACNWR Archie Carr 
National Wildlife Refuge, JB Juno Beach, KI Keewaydin Island, CK 
Casey Key. Foraging areas: MAB Mid-Atlantic Bight, SAB South 
Atlantic Bight, SNWA Subtropical Northwest Atlantic, SWFL South-
west Florida continental shelf
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original grouped cases correctly classified). The stability of 
the classification procedure was checked by a leave-one-
out cross-validation, which classified 75.0 % of the test 
data set correctly. The putative foraging ground of the 307 
untracked loggerheads in the test data set was based on the 
above classification functions (Table 2). Not all females 
sampled could be assigned to a foraging area (unassigned 
females, Table 2). Two hundred and sixty-four of the 307 
untracked nesting females (86.0 %) had posterior prob-
abilities of assignment ≥50 % (Table 2; Fig. 3b) and were 
retained for further analyses. Only four (of 23) loggerheads 
equipped with satellite tags at the ACNWR and vicin-
ity during this study took up residence in the SAB. None 
of the untracked loggerheads was assigned with posterior 
probability ≥50 % (3:1 odds ratio) to the SAB; therefore, 
we excluded the SAB from any comparison of reproductive 
parameters among foraging areas.

Reproductive parameters

We found significant correlations between body size and 
clutch size, and between emerging success and mean remi-
gration interval (Table 3). We examined differences in 
reproductive parameters (body size, clutch size, emerging 

success and remigration interval) among years and forag-
ing areas. Females using the three distinct foraging areas 
(MAB, SNWA and SWFL) differed in three of the param-
eters examined (body size, clutch size and remigration 
interval; Fig. 4). Body size differed significantly among 
foraging areas (F2,257 = 19.029, p < 0.001) and decreased 
moving south from MAB to SWFL (Fig. 4a), with sig-
nificant differences among all three foraging areas (Tuk-
ey’s HSD, all p ≤0.038). Clutch size also differed sig-
nificantly among the three foraging areas (F2,181 = 7.641, 
p < 0.001, Fig. 4b); females from SWFL laid significantly 
fewer eggs than those from the MAB (p < 0.001) and the 
SNWA (p < 0.001), but there was no difference in clutch 
size between MAB and SNWA females (p = 0.882). Clutch 
size differed among females using the three foraging areas 
even after including body size as a covariate (ANCOVA, 
F2,195 = 3.576, p = 0.030). Foraging ground did not affect 
emerging success (F2,119 = 0.849, p = 0.431, Fig. 4c), 
but mean remigration interval differed among foraging 
areas (F2,97 = 3.478, p = 0.035, Fig. 4d). Females origi-
nating from the MAB had longer mean remigration inter-
val than females from the SNWA (p = 0.050), but there 
was no difference in mean remigration interval between 
MAB and SWFL (p = 0.442) or between SNWA and 

Table 2  Foraging ground assignment, number and proportion (in parentheses) for the discriminant model based on δ13C and δ15N values of 330 
loggerheads sampled at the Archie Carr National Wildlife Refuge and vicinity over a 6-year period (2007–2012)

a Eight of the 53 females assigned to the MAB were equipped with satellite tags
b The only four females assigned to the SAB were equipped with a satellite tag
c Nine of the 136 individuals assigned to the SNWA were equipped with satellite tag
d Only one of the 94 females assigned to the SWFL foraging ground was satellite-tagged

Year MAB SAB SNWA SWFL Females assigned 
(prob ≥ 0.50)

Females unassigned 
(prob < 0.50)

Females 
sampled/year

2007 3 (0.14) 0 (0.00) 11 (0.50) 8 (0.36) 22 1 23

2008 9 (0.25) 0 (0.00) 15 (0.42) 12 (0.33) 36 6 42

2009 7 (0.14) 1 (0.02) 18 (0.35) 25 (0.49) 51 7 58

2010 10 (0.17) 3 (0.05) 29 (0.49) 17 (0.29) 59 13 72

2011 13 (0.20) 0 (0.00) 31 (0.48) 21 (0.32) 65 9 74

2012 11 (0.20) 0 (0.00) 32 (0.60) 11 (0.20) 54 7 61

Total 53a (0.18) 4b (0.01) 136c (0.48) 94d (0.33) 287 43 330

Table 3  Pearson’s product–moment correlation coefficient matrix (two-tailed) for reproductive parameters of loggerheads sampled at the Archie 
Carr National Wildlife Refuge and vicinity from 2007 to 2012

* <0.05; ** <0.01; *** <0.001

Body size Clutch size Emerging success Mean remigration interval

Body size 1 (n = 274)

Clutch size 0.655*** (n = 200) 1 (n = 203)

Emerging success 0.037 (n = 136) 0.028 (n = 138) 1 (n = 138)

Mean remigration interval −0.036 (n = 100) −0.164 (n = 57) −0.285* (n = 48) 1 (n = 105)
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SWFL (p = 0.609). Females foraging in the SNWA were 
more likely to be on a 2-year remigration interval (n = 40, 
χ2

2 = 11.48, p = 0.003), while females foraging in the 
MAB and SWFL had the same probability of being on a 2-, 
3- or 4-year remigration interval (MAB: n = 9, χ2

2 = 2.0, 
p = 0.368; SWFL: n = 14, χ2

2 = 0.14, p = 0.931). How-
ever, caution should be exercised in interpreting the 
results of the Chi-square test for MAB and SWFL due to 
small sample size of remigrants from these areas (Sokal 
and Rohlf 1994). We found no effect of year on body size 
(F5,257 = 0.875, p = 0.498), clutch size (F5,181 = 1.483, 
p = 0.198), emerging success (F5,119 = 1.740, p = 0.131) 
or remigration interval (F5,97 = 1.735, p = 0.134), and no 
interactions between year and foraging area were signifi-
cant (all p >0.199).

Dynamics of foraging ground contributions

We examined (i) the overall contribution of the forag-
ing grounds to the breeding aggregation and (ii) whether 
the relative contribution to the foraging areas changed 
over a consecutive 6-year period (2007–2012). The over-
all contribution to the three foraging areas was unequal 
(χ2

2 = 36.516, p < 0.001). For all but one (2009) of the 
six years, the SNWA foraging area contributed the larg-
est proportion of females to the nesting assemblage fol-
lowed by SWFL (Fig. 5a). The MAB contributed con-
sistently the fewest females (other than the SAB, which 
was not included in the analysis) in the years sampled 
with the exception of the 2012 nesting season when 
MAB and SWFL contributions were equal (20 %). On 
average, 47 % (±3 % SE, range 35–59 %) of the females 

sampled each year foraged in the SNWA, 33 % (±4 % 
SE, range 20–49 %) foraged in SWFL and 18 % (±2 % 
SE, range 14–25 %) foraged in the MAB. Relative con-
tributions to the three foraging areas did not change over 
the course of the six years examined (χ2

10 = 12.367, 
p = 0.261). Overall, egg contribution by foraging 
areas (proportion of females using a foraging area each 
year × mean clutch size of females using the foraging 
area) exhibited a similar pattern (Fig. 5b).

Discussion

Body size and reproductive output differences

Foraging regions significantly influenced female body size 
and fecundity (Fig. 4). Northern foraging turtles (MAB) 
were significantly larger than southern foraging ones 
(SNWA and SWFL). Loggerheads feeding in the SNWA 
laid larger clutches and had shorter remigration intervals, 
while those residing in the SWFL had the lowest repro-
ductive output (i.e., smaller clutch size, longer remigra-
tion interval). The three neritic biogeographic areas (MAB, 
SNWA and SWFL) differ in productivity and distance to 
the nesting beach. Telemetry-documented females nesting 
at the ACNWR have different postnesting migratory desti-
nations and behaviors (Dodd and Byles 2003; Ceriani et al. 
2012; Foley et al. 2013); thus, reproductive differences 
among the three groups may be associated with energetic 
trade-offs (between foraging area productivity and distance 
to the nesting beach). Northern foraging turtles undertake 
seasonal migrations between the MAB, one of the most 

Fig. 3  Epidermis stable isotope ratios (δ13C and δ15N) of (a) the 56 
nesting loggerheads equipped with satellite tags (training subset) and 
(b) the entire data set (56 satellite-tagged and 307 untracked females 
sampled at the Archie Carr National Wildlife Refuge). Colored mark-
ers represent satellite turtles, unfilled markers represent untracked 

females assigned to a foraging area (probability ≥50 %, n = 264) and 
stars indicate females that could not be assigned definitively to a for-
aging area (posterior probability of assignment <50 %, n = 43). MAB 
Mid-Atlantic Bight, SAB South Atlantic Bight, SNWA Subtropical 
Northwest Atlantic, SWFL Southwest Florida continental shelf
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productive waters in the world (Wilkinson et al. 2009), 
where they forage during summer months, and warmer and 
less productive waters on the edge of the Gulf Stream or 
in the SAB, where they overwinter (Hawkes et al. 2011; 
Ceriani et al. 2012; Griffin et al. 2013). Conversely, log-
gerheads feeding in the warmer but less productive waters 
of the SNWA and SWFL reside there year-round and 
incur lower energetic costs associated with migration. We 
found that body size decreased moving south from MAB 
to SWFL (Fig. 4a), a result consistent with previous stud-
ies that have correlated loggerhead body size in the NWA 
(Vander Zanden et al. 2014) and other regions (e.g., Hatase 
et al. 2002, 2013; Hawkes et al. 2006; Eder et al. 2012) 
with differences in ocean productivity. In turn, body size 
affects clutch size in sea turtles (Bjorndal and Carr 1989) 
and reptiles in general (Shine 1992); hence, it was not sur-
prising to find that females feeding in MAB and SNWA 
laid significantly larger clutches than SWFL females 
(Fig. 4b). Despite the body size difference between MAB 
and SNWA females, clutch size did not differ between the 
two groups (p = 0.882). Body size may set an upper limit 
to clutch size, but this limit may not be reached if condi-
tions are suboptimal (Shine 1992). If clutch frequency per 

nesting season is equal across foraging areas (as found in 
Vander Zanden et al. 2014), we hypothesize that the lack 
of differences in clutch size despite the significant differ-
ences in body size between these two groups is the result 
of differential allocation of energy within the reproduc-
tive component (i.e., migration vs. egg development costs) 
of an adult sea turtle whose growth is negligible (Bjorn-
dal et al. 1983). However, the lack of differences in clutch 
size between these two groups may simply be an artifact of 
numerically small differences in clutch size and wide varia-
tion around group mean.

Even though female diet may vary across marine 
regions, we found no differences in emerging success 
among the three foraging areas (Fig. 4c), suggesting similar 
investment in egg quality. A recent study similarly found no 
differences in egg size and nutritional components between 
oceanic and neritic foraging loggerheads in the Pacific 
Ocean (Hatase et al. 2014). As nest site affects hatching 
success (Miller et al. 2003), the similarity in emerging suc-
cess among females originating from the three foraging 
areas suggests no difference in nest-site selection. However, 
mean remigration interval and emerging success showed a 
significant negative correlation suggesting that, irrespective 

Fig. 4  Reproductive parameters of loggerheads nesting at the Archie 
Carr National Wildlife Refuge and foraging in three foraging regions: 
a body size (curved carapace length, cm), b clutch size, c emerg-
ing success and d remigration interval (y). Boxes reflect quartiles, 

whiskers extend to the tenth to the 90th percentile, solid black circles 
represent outliers and letters indicate foraging areas responsible for 
statistical differences. MAB Mid-Atlantic Bight, SNWA Subtropical 
Northwest Atlantic, SWFL Southwest Florida continental shelf
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of foraging habitat, efficient foragers may return sooner 
(have shorter remigration interval) and invest more energy 
and nutrients into individual eggs leading to higher emerg-
ing success. These hypotheses may be further addressed in 
future studies involving, for example, detailed nutritional 
analyses (macro- and micronutrients).

Lastly, mean and observed remigration intervals differed 
among feeding areas. If we assume that reproductive life-
time and clutch frequency are the same across locations, 
remigration interval is the most influential reproductive 
parameter affecting female’s cumulative reproductive out-
put. Loggerheads foraging in the MAB had longer mean 
remigration intervals than SNWA turtles, but there was 
no difference in mean remigration interval between tur-
tles feeding in SWFL and the other two locations. Females 
foraging in the SNWA were more likely to be on a 2-year 
remigration interval, while females foraging in the MAB 
and SWFL had the same probability of being on a 2-, 3- or 
4-year remigration interval. Remigration interval is affected 
by migration distance between nesting and foraging habi-
tats and the quality and quantity of prey, which have been 
related to interannual environmental variability (e.g., Saba 
et al. 2007; Hatase et al. 2013). Although MAB waters are 
highly productive, migration cost to and from MAB may 
outweigh or offset the benefit of foraging there, possibly 
leading to longer remigration intervals. Both telemetry 
studies (e.g., Hawkes et al. 2011) and stable isotope ones 
(Vander Zanden et al. 2010) have indicated interannual 
fidelity to foraging areas in NWA female loggerheads; thus, 
reproductive output differences among females using dif-
ferent feeding areas may propagate across years and breed-
ing cycles and result in carry-over effects.

Assignment to foraging grounds and future 
improvements

Our results confirm the importance of the Caribbean 
(SNWA) and the SWFL continental shelf as prime forag-
ing areas for loggerheads nesting at the ACNWR, which is 
consistent with previous flipper tag returns (Meylan et al. 
1983; Moncada et al. 2010) and satellite telemetry studies 
(Dodd and Byles 2003; Foley et al. 2013). The importance 
of SWFL continental shelf as a foraging area for logger-
heads nesting along the Florida east coast had been sug-
gested previously (e.g., Foley et al. 2013) but had not been 
verified isotopically due to sample size limitations (Ceriani 
et al. 2012; Pajuelo et al. 2012b). Moreover, our results 
emphasize the importance of having adequate numbers of 
samples from all known foraging areas in order to develop 
a meaningful assignment model. Only four of the 23 log-
gerheads equipped with satellite tags at the ACNWR and 
vicinity and included here took up residence in the SAB. 
None of the untracked loggerheads was assigned with 

adequate posterior probability (≥50 %) to the SAB; hence, 
SAB was removed from any comparison of reproductive 
parameters among foraging areas. Furthermore, while the 
assignment model was able to identify four isotopically 
distinct regions, 43 females (14.0 % of the untracked log-
gerheads) fell in the isotopic space between MAB, SAB 
and SWFL [mean δ13C = −14.63 ± 0.19 (SE) ‰; mean 
δ15N = 12.42 ± 0.09 ‰] and could not be assigned defini-
tively to a foraging region, suggesting that previous esti-
mates of loggerheads using MAB and SAB may need to 
be revised (Ceriani et al. 2012; Pajuelo et al. 2012b; Vander 
Zanden et al. 2014). We believe the inability to infer the 
foraging area of these 43 females is likely due to the spatial 
resolution of the assignment method used (DFA based on 
two elements). Additional markers (e.g., sulfur stable iso-
tope and trace elements) and novel techniques (e.g., con-
tinuous-surface assignment models, a.k.a. isoscapes; Ceri-
ani et al. 2014b, Vander Zanden et al. 2015) could help to 
further discern these three foraging areas (MAB, SAB and 
SWFL) and reduce the number of individuals for which 
foraging area cannot be determined. Alternatively, the lack 
of assignment to a specific foraging area may indicate that 
these individuals have higher foraging plasticity (in their 
diet, foraging area location or both) which could result in 
carry-over effects.

Trends in abundance, implications and future 
directions

Females foraging near the ACNWR contributed dispro-
portionally more to the annual makeup of the nesting 
aggregation and relative contributions of the three forag-
ing areas did not change over the course of the six years 
examined. As nest numbers in Florida have been increas-
ing since 2008 (FWC/FWRI Index Nesting Beach Survey 
Program database as of 30 September 2014), the lack of 
interannual variation in the contribution of foraging areas 
to the nesting population suggests that the increase in over-
all nest numbers in Florida might be associated with an 
overall increase in the breeding female populations across 
foraging areas. Arendt et al. (2013) hypothesized that the 
increase in Florida loggerhead nest counts since 2008 
may reflect lagged protection benefits, a hypothesis sup-
ported by steady increases in catch rates for loggerheads 
approaching maturity since 2000 (Arendt et al. 2012a) that 
exhibit a strong genetic association with regional nesting 
assemblages (Arendt et al. 2012b) as well as a concurrent 
apparent increase in the number of neophytes nesting. Log-
gerheads foraging in the SNWA were more likely to have 
a 2-year remigration interval, while females foraging in 
the other two areas had the same probability of being on 
a 2-, 3- or 4-year cycle. Therefore, the consistently higher 
contribution of SNWA to the nesting aggregation at the 
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ACNWR does not necessarily imply larger female breeding 
population, but may merely reflect the shorter remigration 
interval. Environmental conditions in the year or two prior 
to the nesting year strongly affect the number of nests pro-
duced by NWA loggerheads in a given year (Arendt et al. 
2013). In addition, physical indices of environmental vari-
ation have been used successfully to estimate remigration 
intervals in Pacific leatherbacks (Saba et al. 2007). A simi-
lar climate modeling approach could be applied to logger-
heads nesting at the ACNWR, which accounts for ~14 % of 
the total loggerhead nesting activity in the NWA (Ehrhart 
et al. 2014), and would provide a better understanding of 
present and future trends in nesting abundance.

Our results suggest that SNWA and SWFL are the most 
important foraging areas used by loggerheads nesting at 
the ACNWR (Florida Peninsular Recovery Unit), while 
a similar study found that MAB and SAB contributed the 
largest number of females (79 and 17 %, respectively) to 
the Northern Recovery Unit nesting population (Vander 
Zanden et al. 2014). Although differences in foraging areas 
and years examined, as well as sample size, precluded a 
detailed comparison of reproductive estimates between 
this work and Vander Zanden et al. (2014), the results of 
both studies agree with previous flipper tag returns (Meylan 
et al. 1983; Williams and Frick 2008; Moncada et al. 2010), 
telemetry studies targeting females from the Florida Penin-
sular Recovery Unit (specifically, the ACNWR: Dodd and 
Byles 2003; Foley et al. 2013) and the Northern Recovery 
Unit (Hawkes et al. 2011; Griffin et al. 2013) and earlier 
isotopic work (Pajuelo et al. 2012b).

Loggerheads, and marine turtles in general, exhibit natal 
homing (Miller et al. 2003); thus, females’ choice of forag-
ing in location nearer to their nesting beach may provide 
some reproductive advantages. Interestingly, Bowen et al. 
(2004) found significant, but shallow, population structure 
among neritic juvenile feeding areas in the NWA, and hap-
lotype differences were significantly correlated with the 
haplotype frequency of adjacent nesting aggregations. This 
supports the hypothesis that juveniles are homing to neritic 
foraging areas near their natal rookery. While there is evi-
dence supporting adult female natal homing (Miller et al. 
2003) and fidelity to foraging sites (e.g., Vander Zanden 
et al. 2010; Hawkes et al. 2011), it is unknown whether 
female foraging site choice is inherited. Genetic analysis 
has been performed on females nesting at the ACNWR 
(n = 750), and 19 distinct mt-DNA haplotypes have been 
identified (Shamblin et al. 2012), while loggerheads from 
the Northern Recovery Unit carry almost exclusively one 
mt-DNA haplotype (Shamblin et al. 2011). The existence 
of various haplotypes among NWA loggerhead rooker-
ies suggests that the foraging site heritability hypothesis 
in adult females might be investigated combining isotopic 
and genetic data. The combination of the two techniques 

could be used to determine genetic structure within forag-
ing areas, and haplotype frequency changes across feeding 
grounds. With regard to the ACNWR, since loggerheads 
foraging in SNWA have higher reproductive parameters, 
the contribution of this foraging area will increase over time 
if foraging site choice is heritable and clutch frequency and 
survival rates do not differ among foraging areas.

Loggerheads nesting at the ACNWR account for ~14 % 
of the total loggerhead nesting activity in the NWA (Ehrhart 
et al. 2014); thus, this nesting aggregation is critical for the 
persistence of the NWA loggerhead population as a whole. 
Our results suggest that analysis of threats and development 
of mitigation measures should focus on foraging areas of 
prime importance and, in particular SNWA and SWFL, a 
recommendation partially in agreement with Pajuelo et al. 
(2012b). The spatial resolution of stable isotope analysis 
and spatially implicit models (such as the DFA we per-
formed), although informative, can only identify relatively 
large geographic areas (e.g., the SNWA which include the 
Bahamas, Cuba and the Florida Keys) and performs best 
when stable isotope values from different foraging areas 
are sufficiently distinct. Other tools (e.g., telemetry, aerial 
surveys and continuous-surface approach using multiple 
element isoscapes) should be used to increase spatial reso-
lution, identify hotspots and maximize cost-benefit of con-
servation measures.

Stable isotope analysis has been increasingly used to 
infer distinct foraging locations of nesting sea turtles (i.e., 
Zbinden et al. 2011; Ceriani et al. 2012; Pajuelo et al. 
2012b, Seminoff et al. 2012, Vander Zanden et al. 2014). 
This and the Vander Zanden et al.’s (2014) study provide 
strong evidence that stable isotope analysis is an effective 
tool to investigate carry-over effects and analyze trends in 
nesting patterns for NWA loggerheads and sea turtles, in 
general. Monitoring interannual contribution to foraging 
grounds may help identify threats specific to each foraging 
aggregation. Moreover, sampling for stable isotope analysis 
as a component of long-term studies provides opportunities 
to address research questions beyond the scope of this man-
uscript. For example, a systematic and long-term collection 
of isotopic data may be used to investigate whether females 
from distinct foraging areas exhibit differences in arrival 
time to the nesting beach. Arrival time has implications for 
female reproductive output because nests laid early in the 
season experience lower sand temperature, which, in turn, 
affects sex ratio and reproductive success (Wibbels 2003). 
In addition, early season nests are less susceptible to hur-
ricanes and storm events that reduce reproductive success 
(Pike and Stiner 2007). In addition to a temporal compo-
nent, undertaking systematic sampling for stable isotope 
analysis may allow spatial scale questions to be addressed. 
Recently, Reece et al. (2013) found that sections of the 
ACNWR are eroding at different rates. If females from 



 Mar Biol

1 3

different foraging areas selectively chose sections of beach 
under different rates of erosion, the contribution of that 
foraging area may change over time (assuming high site 
fidelity).

In conclusion, we found that intrapopulation variation in 
foraging strategies affect reproductive output (clutch size 
and remigration interval) of the most important loggerhead 
aggregation in the NWA. Using stable isotope analysis to 
infer foraging areas allowed us to begin exploring interan-
nual contribution of foraging areas to the aggregation nest-
ing at the ACNWR and to identify foraging aggregations 
of greater conservation importance. This study provides a 
proof of concept that the isotopic approach can be used to 
interpret trends in abundance at nesting beaches and demo-
graphic parameters affecting those trends. An intensive 
and long-term sampling for stable isotope analysis, which 
can be achieved easily and non-destructively by collect-
ing unhatched eggs (Ceriani et al. 2014a), will improve our 
understanding of carry-over effects, demographic param-
eters and trends in nesting abundance. This information 
combined with periodic telemetry studies to evaluate tem-
poral isotopic consistency as well as other approaches and/
or forecasting tools (e.g., continuous-surface geographic 
assignment, climate modeling, and threat analysis) may aid 
the conservation management of this species.
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