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Abstract Oceanographic sampling is often limited to local
and temporally concise assessments of complex, transient,
and widespread phenomena. However, long-lived,
migratory pelagic vertebrates such as leatherback turtles
(Dermochelys coriacea, Vandelli 1761) can provide
important integrated information about broad-scale
oceanographic processes. Therefore, the present study
analyzed stable carbon and nitrogen isotope ratios (d13C
and d15N) of egg yolk and red blood cells from nesting
leatherback populations from Costa Rica in the eastern
Pacific in 2003–2004 and 2004–2005 and from St. Croix in
the North Atlantic in 2004 and 2005 to establish differ-
ences between nutrient sourcing and its influence on
higher trophic level consumers in both ocean basins.
Whereas d13C signatures were similar betweenCostaRica
(�19.1±0.7&) and St. Croix (�19.4±1.0&) leather-
backs, reflecting the pelagic foraging strategy of the spe-
cies, Costa Rica leatherback d15N signatures
(15.4±1.8&) were significantly enriched relative to St.
Croix leatherback d15N signatures (9.8±1.5&). This
d15N difference likely reflects inter-basin differences in
nitrogen cycling regimes and their influence on primary

productivity being transferred through several trophic
levels. Thus, high-order marine consumer movements,
habitat preferences, and stable isotope signatures can be
combined with ocean sampling to elucidate interactions
between oceanographic processes andmarinemegafauna.

Introduction

Oceanographic sampling often has been confined to lo-
cal ‘‘snapshots’’ of processes that are actually wide-
spread and transient, and models derived from such
information are unable to fully characterize complexities
of open ocean ecosystems (Karl et al. 2002). To address
this problem, highly migratory pelagic vertebrates
equipped with electronic tags can be employed as ‘‘ocean
samplers’’ during natural behaviors to collect detailed
and integrated oceanographic data over large spatio-
temporal scales (Block et al. 2003). However, additional
vital information could be accessed by implementing
stable carbon (13C:12C; d13C) and nitrogen (15N:14N;
d15N) isotope analyses of high-order marine consumer
tissues to elucidate oceanographic processes that influ-
ence trophic dynamics affecting marine megafauna.

Due to selectivity of heavier isotopes during meta-
bolic processes, animal tissues tend to be enriched rela-
tive to their diet by 0 to 1& for d13C and 3 to 4& for
d15N per trophic level (DeNiro and Epstein 1978, 1981;
Tieszen et al. 1983; Minagawa and Wada 1984; Hobson
1999). Because d13C signatures undergo only slight tro-
phic enrichment, they are not necessarily good indica-
tors of trophic levels, but more effectively describe
different carbon sources and flow pathways (DeNiro and
Epstein 1978; Peterson and Fry 1987). On the other
hand, due to their large enrichment factor, d15N signa-
tures are useful for identification of trophic level of the
organism or trophic structure of the system of interest
(DeNiro and Epstein 1981; Minagawa and Wada 1984).

Different oceanographic processes can affect base-
line d13C and d15N values in marine food webs
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(Rau et al. 1982; Saino and Hattori 1987; Goericke and
Fry 1994; Gruber and Sarmiento 1997; Minami and Ogi
1997). Values of d13C indicate the proximity of marine
vertebrate consumers’ foraging habitats to the coast (i.e.,
pelagic vs. near-shore) (Rau et al. 1983; Rubenstein and
Hobson 2004). Carbon isotope ratios also tend to
decrease (become more negative) from low to high lati-
tudes due to factors such as water temperature and CO2

concentration effects on carbon fixation by phyto-
plankton (Rau et al. 1982; Goericke and Fry 1994).
Nitrogen isotope ratios vary depending on the pre-
dominant form of nitrogen cycling and metabolism of a
given oceanic region (Wada and Hattori 1976; Saino and
Hattori 1987; Gruber and Sarmiento 1997). Denitrifi-
cation occurs in oxygen-depleted areas of the open
ocean, such as the eastern tropical Pacific (ETP) and in
hypoxic–anoxic marine sediments, as in the Bering Sea
(Gruber and Sarmiento 1997), resulting in 15N enrich-
ment of the nitrogen source available for production and
thus elevated baseline d15N values (Saino and Hattori
1987). Alternatively, fixation of 15N-depleted nitrogen
gas generates new nitrogen available for production, and
baseline d15N values in areas of high N2-fixation are
generally low (Saino and Hattori 1987; Montoya et al.
2002). Nitrogen fixation is iron limited and, therefore,
occurs in areas of high aeolian flux of dust or riverine
input, such as the North Atlantic, which receives con-
sistent delivery of airborne Saharan dust (Falkowski
et al. 1998; Berman-Frank et al. 2001; Karl et al. 2002).

While analyses of stable isotope are employed com-
monly to investigate the origin and movement pattern of
migratory species and to distinguish between nutrient
sources (reviewed by Hobson 1999), few studies have in-
voked effects of oceanographic factors on marine food
webs to explain geographic variation in stable isotope
ratios, particularly d15N values. Most studies are usually
confined to a single ocean basin or to a region within one
basin (Minami and Ogi 1997; Hirons et al. 2001; Takai
et al. 2000). Differences in d15N signatures of sooty
shearwaters (Puffinus griseus) from the eastern and
western Pacific were attributed to differences in baseline
d15N between the eastern (high denitrification and
15N-enriched) andwesternPacific (highN2-fixationdue to
dust input from Asia and Australia and 15N-depleted)
foraging and migratory habitats (Minami and Ogi 1997).
These intra-Pacific baseline d15N differences were also
reflected in d15N signatures of ten squid species from
several areas of the Pacific and surrounding seas (Takai
et al. 2000). Stable isotope analyses of conspecific taxa
from different ocean basins (i.e., Pacific vs. Atlantic
Oceans) would expand our understanding of how ocean-
ography influences the trophic ecology of high-order
marine consumers.

Leatherback turtles (Dermochelys coriacea) are long-
lived and undertake long-distance migrations every 2–
4 years between nesting beaches in the tropics and for-
aging grounds in high-latitudes (Morreale et al. 1996;
Eckert and Sarti 1997; Ferraroli et al. 2004; Hays et al.
2004; James et al. 2005a, b). Leatherbacks forage pri-

marily on gelatinous zooplankton (Holland et al. 1990;
Davenport and Balazs 1991; James and Herman 2001) in
high-latitudes, cool water convergence zones, and areas
of nutrient upwelling (Bjorndal 1997; Ferraroli et al.
2004). Although leatherbacks are considered critically
endangered (IUCN 2004), some nesting populations in
the Atlantic have been increasing (Dutton et al. 2005), in
contrast to the continued declining trends seen in Pacific
populations (Spotila et al 2000). Additionally, despite the
relatively low genetic differentiation between geographi-
cally distinct leatherback populations (Dutton et al.
1999), other differences exist between leatherbacks in
separate ocean basins. For example, eastern Pacific (EP)
leatherbacks, on average, are smaller, less massive, have
smaller clutch sizes, and longer remigration intervals
(period between subsequent nesting seasons) than their
North Atlantic (NA) counterparts (Boulon et al. 1996;
Reina et al. 2002; Dutton et al. 2005). Wallace et al.
(2006) hypothesized that environmental stochasticity
related to the El Niño-Southern Oscillation (ENSO) re-
duces resource availability on EP leatherback foraging
grounds, thus rendering EP leatherbacks unable to ac-
quire and allocate sufficient resources to match the size
and reproductive output of NA leatherbacks. Using
stable isotope analyses to determine trophic status and
sources of energy available to leatherbacks on their for-
aging grounds in different basins could provide insight
into the nature of oceanographic processes that influence
inter-basin leatherback populations.

Because different tissues reflect dietary stable isotope
signatures incorporated over time periods of varying
lengths (Estrada et al. 2005), the appropriate tissue(s)
should be selected depending on the length of the time
period relevant for a given stable isotope study. The rate
at which the isotope ratios of diet items become incor-
porated in consumer tissues varies with the level of
metabolic activity of the tissue in question (isotopic
turnover rate) and the effects of biochemical fraction-
ation of isotopes during tissue anabolism (DeNiro and
Epstein 1978, 1981; Tieszen et al. 1983; Hobson 1999).
Stable isotope ratios of diet become incorporated into
egg yolk within 8–15 days in birds (Hobson 1995), but
for reptiles this process requires more time, due to dif-
ferences in metabolism. Vitellogenesis in leather-
backs and other sea turtle species probably lasts for
3–6 months and is complete upon arrival at nesting
grounds before mating begins (Rostal et al. 1996).
Likewise, while mammalian red blood cells (RBCs) turn
over in the order of weeks to months, the longevity of
nucleated reptilian RBCs is ‡200 days (Kirkland and
Altland 1955). Therefore, we selected leatherback egg
yolk and RBCs for analyses because the stable isotope
signatures of these tissues should represent integration
of dietary resources consumed on foraging grounds be-
fore migration to the nesting beach.

Declining leatherback populations are considered
indicators of threats to marine biodiversity (Spotila et al.
2000), but their longevity, pan-oceanic migrations, and
specialized diet could also make them indicators of



oceanographic processes that affect their nutrient intake
and processing. Therefore, we analyzed stable isotopic
signatures from female leatherbacks over two nesting
seasons from populations in the EP (Playa Grande,
Costa Rica) and the NA (St. Croix, US Virgin Islands)
to compare nutrient sourcing at the base of marine food
webs and the relative trophic position of leatherbacks in
the two basins.

Materials and methods

We collected tissue samples from female leatherbacks
nesting at Playa Grande, Parque Nacional Marino Las
Baulas (PNMB), Guanacaste Province, Costa Rica
(eastern Pacific Ocean), during the 2003–2004 and 2004–
2005 nesting seasons, and at Sandy Point National
Wildlife Refuge, St. Croix, US Virgin Islands (Carib-
bean Sea, North Atlantic Ocean), during the 2003 and
2004 nesting seasons. These two leatherback nesting
populations have been studied extensively for the past
15–20 years (Boulon et al. 1996; Spotila et al. 2000;
Reina et al. 2002; Dutton et al. 2005).

Sample collection

We collected blood samples from the dorsal cervical
sinus or a rear flipper during oviposition to avoid dis-
turbing the nesting females. We separated blood com-
ponents and isolated RBCs by centrifugation. Because
intra-clutch variation in stable isotope ratios is low for
loggerhead turtles (Caretta caretta) (0.1 to 0.2& d13C
and 0.1–0.3& d15N; Hatase et al. 2002), we collected a
yolk sample from only one egg per leatherback clutch in
Costa Rica and in St. Croix. Costa Rica leatherback
eggs were non-viable, unhatched eggs excavated fol-
lowing hatchling emergence, while St. Croix eggs were
viable. We stored blood and yolk samples at �10�C until
they could be processed at NMFS Southwest Fisheries
Science Center, La Jolla, California. We analyzed 19
yolk samples and 18 RBC samples from Costa Rica and
47 yolk and 20 RBC samples from St. Croix.

Sample preparation and analysis

We dried blood samples at 60�C for 24 h and then
powdered the samples with a mortar and pestle. We
removed lipids from yolk samples using a Soxhlet
apparatus with a 1:1 solvent mixture of petroleum ether
and ethyl ether for at least two 10-h cycles and then
dried the samples at 60�C for 24 h to remove any
residual solvent. We loaded between 0.3–1.8 mg tissue
subsamples into sterilized tin capsules and analyzed
them with a continuous-flow isotope-ratio mass spec-
trometer in the Stable Isotope Laboratory at Scripps
Institution of Oceanography, La Jolla, California. We

used a Costech ECS 4010 elemental combustion system
interfaced via a ConFlo III device to a Deltaplus gas
isotope-ratio mass spectrometer (Finnigan MAT, Bre-
men, Germany).

We expressed stable isotope ratios of samples relative
to isotope standards in the following conventional delta
(d) notation in parts per thousand (&):

d ¼ ½ðRsample=RstandardÞ � 1� � 1; 000;

where Rsample and Rstandard are the corresponding ratios
of heavy to light isotopes (13C/12C:d13C and
15N/14N:d15N) in the sample and standard, respectively.
Rstandard for 13C was Baker Acetanilide (C8H9NO;
d13C=�10.4) calibrated monthly against NBS 19 and
NBS 18 +20. Rstandard for 15N was IAEA N1 ammo-
nium sulfate [(NH4)2SO4; d15N=+0.4] calibrated
against atmospheric nitrogen and USGS nitrogen stan-
dards. All analytical runs included samples of standard
materials inserted into every 6 to 7 samples to calibrate
the system and compensate for any drift in the mass
spectrophotometer over time. Hundreds of replicate as-
says of standard materials indicated measurement errors
of 0.05 and 0.095& for carbon and nitrogen, respec-
tively.

We also measured %C and %N for each tissue
sample. Samples were combusted with pure oxygen in
the elemental analyzer. Resultant CO2 and N2 gasses
were passed through a series of thermal conductivity
detectors and element traps to determine percent com-
positions. Acetanilide standards (10.36%N, 71.09%C)
were used for calibration.

We used SPSS 11.5.1 (Chicago, USA) to analyze the
stable isotope and sample element composition data. We
arcsine transformed percentage data and used Student’s
t tests to compare mean stable isotope and element
composition data between tissue types and locations. We
accepted significance at a £ 0.05 level and present
means±SD.

Results

Costa Rica versus St. Croix samples

Yolk %C and %N values were similar between locations
(%C: CR=47.1±3.6%; STX=46.3±1.6%; t=1.023,
P=0.318; %N: CR=12.1±0.9%; STX=11.8±0.5%;
t=1.123, P=0.273). RBC %C values did not differ be-
tween locations (CR=46.4±6.1%; STX=47.7±1.6%;
t=�0.834, P=0.414). However, Costa Rica RBC %N
was significantly lower than St. Croix RBC %N
(CR=12.9±1.2%; STX=13.9±0.6%; t=�3.040,
P=0.006; see Electronic Supplementary Material; Ta-
ble S1).

Costa Rica yolk d13C and d15N signatures were higher
than St. Croix yolk d13C and d15N signatures (d13C:
CR=�19.2±0.6&; STX=�19.9±0.6&; t=4.132,
P<0.001; d15N: CR=14.7±2.0&; STX=10.2±1.3&;



t=11.118, P<0.001; Table S1; Fig. 1). Costa Rica RBC
d13C was lower than that from St. Croix
(CR=�19.0±0.7&; STX=�18.3±0.7&; t=2.950,
P=0.006), but Costa Rica RBC d15N was significantly
higher than St. Croix RBC d15N (CR=16.1±1.2&;
STX=8.9±1.5&; t=16.346, P<0.001; Table S1;
Fig. 1).

In order to compare the results between Costa Rica and
St. Croix, we pooled egg yolk and RBC elemental com-
position and stable isotope valueswithin locations.Neither
%C (CR=46.8±4.9%; STX=46.7±1.7%; t=0.227,
P=0.821) nor %N (CR=12.5±1.1%; STX=12.4±1.1;
t=0.142, P=0.887) differed between locations. We found
no difference in d13C signatures between locations
(CR=�19.1±0.7&; STX=�19.4±1.0&; t=1.650,
P=0.102). However, Costa Rica d15N was significantly
higher than St. Croix d15N (CR=15.4±1.8&;
STX=9.8±1.5&; t=17.393,P<0.001; Table S1; Fig. 1).

Discussion and conclusions

Carbon and nitrogen percent compositions of pooled
leatherback yolk and RBC samples were similar between
Costa Rica and St. Croix, indicating that turtle tissues
from both sites were similar (Table S1). However,
whereas stable carbon (d13C) isotopic signatures were
similar for both populations, supporting the well-
established high-latitude, pelagic foraging strategy of
this species (Bjorndal 1997; Godley et al. 1998), Costa
Rica d15N signatures were 5.6& higher than St. Croix
d15N signatures (Table S1; Fig. 1). These disparate d15N
signatures were unlikely to have resulted from trophic
level differences, but rather these d15N signatures con-
nect Costa Rica (EP) and St. Croix (NA) leatherbacks to

fundamentally different oceanographic processes on
their respective foraging grounds.

Egg yolk contains high amount of lipids, which are
relatively depleted in 13C (DeNiro and Epstein 1978;
Tieszen et al. 1983). Although we lipid-extracted the
leatherback yolk samples, persistence of residual lipids
could have decreased the d13C signature of yolk relative
to RBC d13C (Fig. 1). Furthermore, the higher RBC
d13C might reflect more rapid turnover than yolk d13C,
thus reflecting the influence of coastal nesting areas on
the RBC d13C signature, but we cannot verify this pos-
sibility.

Mean yolk d15N was higher than mean RBC d15N
from Costa Rica, but the reverse was true for tissues
from St. Croix (Fig. 1). These differences could be due to
incorporation of dietary isotopic signatures over differ-
ent periods or differential fractionation during synthesis
of the two tissues (DeNiro and Epstein 1978; Peterson
and Fry 1987). In general, while differences existed
within locations and tissues, directions of the significant
differences were not consistent. Therefore, because both
tissues reflect long-term incorporation of dietary signa-
tures, the most meaningful comparisons were between
Costa Rica leatherback tissues and St. Croix leatherback
tissues.

Previous stable isotope studies of sea turtles have
revealed interspecies differences in trophic ecology
(Godley et al. 1998) and variation in foraging grounds
(Hatase et al. 2002). For example, Hatase et al. (2002)
combined d15N and d13C signatures of egg yolk with
post-nesting satellite telemetry to discern size-related
increases in both isotopes which revealed differences in
foraging strategies and habitats among female logger-
head turtles. With respect to the present study, invoking
the accepted 3 to 4& stepwise trophic enrichment in
d15N (DeNiro and Epstein 1981; Minagawa and Wada
1984) suggests that Costa Rica leatherbacks were for-
aging at almost two trophic levels above St. Croix
leatherbacks. This is highly unlikely because leather-
backs are globally specialist predators on gelatinous
prey (Holland et al. 1990; Davenport and Balazs 1991;
Bjorndal 1997) and would imply that while St. Croix
leatherbacks fed on gelatinous zooplankton, Costa Rica
leatherbacks had consumed top predator species, such as
orcas (Orcinus orca), contrary to the trophic relationship
that occurs in nature between these species (Pitman and
Dutton 2004).While gelatinous zooplankton as a group
exhibit diverse feeding strategies ranging from herbivo-
rous planktivory (e.g., Aurelia aurita) to at least partial
piscivory (e.g., Stomolophus spp., Chrysaora spp.), dif-
ferences in prey consumption by leatherbacks between
basins could not, by itself, explain the large d15N dif-
ference between populations.

Distinct nitrogen cycling regimes that influence base-
line d15N signatures of marine food webs in the two ba-
sins likely account for the d15N dichotomy between these
leatherback populations. High levels of denitrification
occur in the oxygen-depleted Humboldt Current/Equa-
torial Current/Peruvian upwelling system of South

Fig. 1 Stable nitrogen (d15N; in ppt) and carbon (d13C; in ppt)
isotope signatures (mean±SD) from adult female leatherbacks
nesting at Playa Grande, on the Pacific coast of Costa Rica (CR,
filled symbols) and St. Croix, US Virgin Islands (STX, open
symbols). Red blood cells are indicated by circles, yolk by triangles,
and both RBC and yolk combined by squares



America to which eastern Pacific leatherbacks migrate
after nesting (Morreale et al. 1996; Eckert and Sarti
1997). Oceanic nitrate, which is utilized in denitrification
processes, has a d15N value of �5& (Karl et al. 2002)
and particulate organic nitrogen d15N values in the
eastern equatorial Pacific range from 6.6 to 14.4& (Saino
and Hattori 1987). In contrast, leatherbacks nesting in
the Caribbean and western tropical Atlantic migrate and
forage throughout the North Atlantic, from the North
American continental shelf to the UK and west African
waters (Ferraroli et al. 2004; Hays et al. 2004; James et al.
2005a, b). Several field and laboratory studies suggest
that high rates of N2-fixation influence primary produc-
tion throughout the North Atlantic (Gruber and Sar-
miento 1997; McClelland and Montoya 2002; Montoya
et al. 2002). Because atmospheric nitrogen is typically
15N-depleted and N2-fixation involves very little, if any,
isotopic fractionation (Karl et al. 2002), North Atlantic
baseline d15N values should be close to 0. In fact, zoo-
plankton d15N signatures from the North Atlantic range
from 0.3 to 2.2& (Montoya et al. 2002).

Because leatherbacks consuming gelatinous prey
would be three trophic steps from baseline primary
producers (primary producers fi zooplankton fi gelat-
inous zooplankton fi leatherbacks), leatherback tissues
should theoretically reflect three trophic level enrich-
ments in d15N (approximately 3 to 4& per trophic level;
DeNiro and Epstein 1981; Minagawa and Wada 1984).
Given the above ranges of baseline d15N values in each
region, we can assume that leatherback tissue d15N
should be >14& in the eastern Pacific and roughly 7–
11& in the North Atlantic. Costa Rica (EP) leatherback
tissues in this study had d15N signatures of 16.1& for
RBC and 14.7& for yolk (mean d15N=15.4&), whereas
d15N values of the same two tissues from St. Croix (NA)
leatherbacks were 8.9& and 10.2&, respectively (mean
d15N=9.8&). Therefore, we suggest that the difference
between Costa Rica and St. Croix leatherback d15N
values reveals the influence of high levels of denitrifica-
tion in the ETP and of elevated N2-fixation by diazo-
trophic phytoplankton in the North Atlantic (Saino and
Hattori 1987; Gruber and Sarmiento 1997; Karl et al.
2002) on baseline d15N being conserved through several
trophic levels. Interestingly, populations of sperm
whales (Physeter macrocephalus) from the eastern trop-
ical north Pacific (ETNP) (19.6&; Ruiz-Cooley et al.
2004) and the northwest Atlantic (11.1&; Ostrom et al.
1993) also reflect this inter-basin d15N dichotomy.

To investigate further the influence of differential
primary producer nitrogen metabolism on marine tro-
phic dynamics globally, we compiled d15N signatures
from previous studies representing several diverse taxa
from cetaceans to invertebrates. We grouped animals
according to trophic level and the predominant nitrogen
cycling regime (i.e., denitrification or N2-fixation) of the
oceanic area where the sample was taken (Table S2). We
assigned consumers to a trophic level following Pauly
et al. (1998) for marine mammals, Cortes (1999) for
sharks, and Sydeman et al. (1997) for seabirds. Trophic

level 4 and above (TL>4) included apex predators (e.g.,
odontocetes, sharks), owing to their predominantly
piscivorous diets. Trophic levels 3–4 (TL 3–4) included
predators such as humpback whales (Megaptera nova-
eangliae) and minke whales (Balaenoptera acutorostrata)
with mixed carnivorous diets comprised of fish and small
invertebrates such as krill. We then grouped the
remaining invertebrates into broad taxonomical cate-
gories (i.e., squid, gelatinous zooplankton). Finally, we
divided the consumer groups by the predominant
nitrogen regime in their foraging habitat, either ‘‘deni-
trification’’ or ‘‘nitrogen fixation’’ (raw data presented in
Table S2). Regions of high denitrification included the
ETP and the Bering Sea (NE Pacific), while regions of
high N2-fixation included the North Atlantic and the
western Pacific (off Japan; S. China Sea) (Wada and
Hattori 1976; Saino and Hattori 1987; Gruber and
Sarmiento 1997; Takai et al. 2000; Berman-Frank et al.
2001; Karl et al. 2002; Montoya et al. 2002). We placed
the leatherback and sperm whale d15N values in separate
categories because those were the only data for con-
specific populations within the eastern Pacific and North
Atlantic, the particular basins of interest. We calculated
the overall mean with and without them because they
were for single species, not multiple taxa or entire tro-
phic level groupings.

Categorically, d15N values of consumer tissues from
regions of high denitrification were higher than those
from areas of high N2-fixation with an overall average
difference of 3.4& (range: 1.9& for squid and 4.1& for
TL 3–4; Table 1). Including the leatherback and sperm
whale data increased the average difference to 4.6&. It is
important to point out that stepwise trophic enrichment
values cannot be inferred from these results because the
values for each trophic level represent several geo-
graphically distinct ocean regions. Stepwise d15N
enrichment values within trophic systems must be cal-
culated within their known geographic location (Min-
agawa and Wada 1984; Peterson and Fry 1987; Hobson
1999). Instead, these analyses indicate that the global
effects of distinct nitrogen cycling processes on baseline
d15N signatures are conserved through several trophic
levels, which had been suggested previously by only a
few studies (Minami and Ogi 1997; Takai et al. 2000;
Hatase et al. 2002).

The disparate d15N values linked Costa Rica (EP)
and St. Croix (NA) leatherbacks to distinct oceano-
graphic processes on their geographically separate for-
aging grounds. The d15N values of Costa Rica
leatherback tissues reflect denitrification as the pre-
dominant source of nitrogen utilized at the base of the
food web on their foraging grounds. Thus, we can infer
that these turtles were foraging in the highly denitrified
eastern equatorial Pacific, which is a high-nutrient/low-
chlorophyll area subject to low and stochastic produc-
tivity (Behrenfeld et al. 1996). The ENSO has profound
effects on the productivity in this region because the
warm water anomaly associated with it depresses the
thermocline, thus preventing the upwelling of crucial



nutrients—including dissolved subsurface organic
nitrogen utilized in denitrification and primary produc-
tion—from reaching the euphotic zone (Glantz 2001).
Furthermore, ENSO episodes result in transient and
irregular foraging grounds in the EP, which cause
broad-scale movements of apex predators in the Pacific
Ocean in response to patchy prey distribution (Lehodey
et al. 1997), and declines in seabird (Schreiber and
Schreiber 1989; Hays 1986) and pinniped (Trillmich and
Limberger 1985) populations.

Conversely, the d15N values of St. Croix leatherback
tissues reflect N2-fixation as a primary source of nitrogen
utilized by primary producers in food webs on their
foraging grounds. Primary production using nitrogen
derived originally from N2-fixing organisms (e.g.,
Trichodesmium spp.) occurs in the North Atlantic Ocean
on a broad and relatively consistent scale, owing to high
iron input via aeolian flux (Gruber and Sarmiento 1997).
In contrast to ENSO, which occurs roughly every 3–
7 years, the North Atlantic Oscillation (NAO) is the
predominant oceanographic cycle that affects NA
leatherback foraging grounds, but fluctuates on a dec-
adal scale (Stenseth et al. 2002). Because all Costa Rica
leatherback samples collected in 2003–2004 were RBCs
and all samples collected in 2004–2005 were yolk, we did
not examine inter-annual variation in d13C or d15N sig-
natures. Further analyses of inter-annual variation of
consumer stable isotope signatures in relation to
oceanographic variability (i.e., ENSO or NAO) would
provide important insight into effects of environmental
fluctuations on food webs in different basins.

Wallace et al. (2006) hypothesized that ENSO-related
environmental stochasticity in the EP likely results in
differential resource availability between EP and NA
leatherback foraging grounds, which could account for
observed morphological, reproductive, and population
differences between Costa Rica and St. Croix leather-
backs (Boulon et al. 1996; Reina et al. 2002; Dutton
et al. 2005). The results of stable isotope analyses of
Costa Rica and St. Croix leatherback tissues linked these
populations to distinct oceanographic processes sub-
jected to fluctuating climate conditions, ENSO in the
eastern Pacific and NAO in the North Atlantic, that
characterize their respective foraging grounds. Thus,

combination of short-term, high-resolution oceano-
graphic sampling with movements, habitat preferences,
and long-term and broad-scale dietary integration of
stable isotope analyses of high-order consumers can
elucidate interactions between oceanographic processes
and marine food webs.
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