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ABSTRACT: Denitrification and nitrogen-fixation processes in the marine environment have been
intensively studied, particularly how these processes affect the nitrogen stable-isotope signature
(8*°N) of inorganic nutrients and organisms at the base of the food web. However, the assumption that
these 85N differences at the base of food webs are reflected in higher trophic-level organisms has not
been widely investigated. In the present study, we evaluated whether an ocean-basin 8!°N variation
was evident in oceanic juvenile loggerhead turtles Caretta caretta by analyzing their stable-isotope
signatures in the Pacific and Atlantic oceans. Skin samples from oceanic juvenile loggerheads were
collected from Peruvian waters in the southeast Pacific and from waters around the Azores Archipel-
ago in the northeast Atlantic and analyzed for §'°N and carbon stable-isotope signature (8'3C). Our
results showed that turtles in the 2 ocean regions have mean 8'°C signatures of —16.3 and —16.7 %o,
which reflects the oceanic feeding behavior of these loggerhead populations. However, the §°N sig-
natures in Pacific loggerheads are significantly higher (mean + SD = 17.1 + 0.9%.) than those of
Atlantic loggerheads (7.6 = 0.5%0). This inter-ocean difference in §'°N values was also observed in
organisms at the base of the food web in the 2 study areas. The §!°N at the base of the food web,
which is determined by the predominant process of the nitrogen cycle in each ocean region, is sub-
sequently transferred to higher trophic levels. Stable isotope signatures in high trophic-level organ-
isms, such as oceanic-stage sea turtles, can reveal differences in oceanographic processes.
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INTRODUCTION

Nitrogen fixation and denitrification are the 2 main
processes by which nitrogen flows into and out of the
ocean, respectively (our Fig. 1; Gruber & Sarmiento
1997, Codispoti et al. 2001, Deutsch et al. 2007). Geo-
graphic variation in the abundance ratio N:*N
(expressed as 8!°N) in marine environments has been
explained by distinctive characteristics of the nitrogen
cycling in those areas. Low 8°N values in food-web
baseline signatures and nitrogen pools provide evi-

*Email: mpajuelo@ufl.edu

dence for nitrogen fixation (our Fig. la; Minagawa &
Wada 1986, Liu et al. 1996, Carpenter et al. 1997, Mon-
toya et al. 2002), which has been observed in the East
China, Sargasso, and Arabian seas, and the western
North Atlantic (Minagawa & Wada 1986, Gruber &
Sarmiento 1997). On the other hand, denitrification
evidenced by high 8'°N values in inorganic nitrogen,
particulate organic matter (POM), and zooplankton
(Wada & Hattori 1976, Saino & Hattori 1987, Wu et al.
1997, Vos et al. 2001) has been observed in oxygen-
depleted areas in the eastern tropical North and South
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Fig. 1. Schematic 8'°N signatures in the upper water column in the presence of (a) N, fixation and (b) denitrification. Other pro-

cesses controlling the isotopic signature are also shown. Heavy solid arrows represent inputs of nitrogen at the water surface

through nitrogen fixation or upwelled nitrates (NO37). Medium solid arrows represent trophic transfer of nitrogen up the trophic

web, and light solid arrows represent losses of ingested nitrogen through solid (sinking particles) and dissolved excreta. Uptake
of inorganic nitrogen by primary producers is shown by dashed lines (modified from Montoya 2007)

Pacific, and the Arabian Sea (Gruber & Sarmiento
1997, Deutsch et al. 2007). Even though these differ-
ences in §!°N at the base of the food web in marine sys-
tems have been addressed, few have suggested that
these baseline differences in §!°N are conserved up the
food web (Minami & Ogi 1997, Takai et al. 2000,
Hatase et al. 2002, Wallace et al. 2006).

Stable-isotope analysis is an increasingly wide-
spread approach to elucidate diet, trophic status, for-
aging habitat, and migration patterns in marine ani-
mals (Hobson et al. 1994, Rubenstein & Hobson 2004).
Stable isotopes can be used to address these questions
because the tissues of consumers exhibit an enrich-
ment over their diet of about 3 to 5%. for §'°N and 0 to
1%o for 8'3C (DeNiro & Epstein 1978, 1981, Minagawa
& Wada 1984). However, these commonly used values
can be quite variable (reviewed by Martinez del Rio et
al. 2009). Within a biological community, enrichment
in 8'N with increasing trophic level is useful for infer-
ring the trophic status of an animal (Hobson et al. 1994,
Post 2002). In marine ecosystems, §3C is useful for
determining habitat use along 3 gradients: lower ver-
sus higher latitude, inshore (neritic) versus offshore
(oceanic), or pelagic versus benthic (Rau et al. 1982,
Hobson et al. 1994).

Endangered loggerhead turtles Caretta caretta are
considered generalist carnivores among sea-turtle
species (Bjorndal 1997). Recent analysis of diet in
oceanic juvenile loggerheads in the central North

Pacific and the northeast Atlantic revealed that these
turtles are pelagic feeders, foraging opportunistically
on pelagic gastropods and barnacles, and cnidarians
(Parker et al. 2005, Frick et al. 2009). These studies uti-
lized stomach contents, which provided valuable spe-
cies information on what turtles were ingesting at a
particular point of time. Stable-isotope analysis pro-
vides a complementary tool to address dietary ques-
tions because it quantifies diet over extended periods
of time (Hobson et al. 1994, Vander Zanden et al.
2010). The trophic status of a generalist carnivore in
known areas of nitrogen fixation or denitrification can
provide a broader insight on how these oceanographic
processes affect higher trophic levels.

Wallace et al. (2006) showed that leatherback turtles
Dermochelys coriacea from the Pacific and Atlantic
oceans had significantly different nitrogen isotopic sig-
natures. Those authors (op.cit.) suggested that nitro-
gen isotopic differences reflected denitrification and
nitrogen-fixation processes affecting higher trophic
levels. Other studies have reported similar isotopic
results on conspecific species inhabiting different
oceanographic areas (Minami & Ogi 1997, Ishibashi et
al. 2000, Takai et al. 2000), but none of these included
any food-web sampling or at least sufficient food-web
sampling to corroborate this observation.

Building on the study of Wallace et al. (2006), we
evaluated whether the previously described trophic
dichotomy in Pacific and Atlantic Ocean basins was
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evident among other higher-trophic organisms and
sought to validate the assumption that differences in
the baseline 8'°N signatures are preserved throughout
the food web. We analyzed the stable isotope ratios
(813C and 8'°N) of juvenile loggerhead turtles, the base
of the food web, and other food-web components in 1
area of the Pacific and Atlantic oceans with evidence of
prevalence of denitrification and nitrogen-fixation
processes, respectively. We also provide insights on
the trophic status of juvenile loggerhead turtles as
revealed by stable-isotope analysis.

MATERIALS AND METHODS

Data and sample collection. Loggerhead turtle data
were collected off southern Peru in the southeast
Pacific (SEP; Fig. 2a) from December 2003 to May 2007
by the Peruvian non-governmental organization Pro
Delphinus (Alfaro Shigueto et al. 2008). Turtle data in
the northeast Atlantic (NEA; Fig. 2b) were collected
from September to October 2002 and August to
November 2003 during an experimental fishery project
in the Azores (Bolten et al. 2004). Skin samples of 26
and 53 turtles from the SEP and NEA, respectively,
were collected from the dorsal surface of the neck
using a razor blade (SEP) or 6 mm biopsy punch (NEA).
We used skin tissues because they reflect dietary sig-
natures over an intermediate time frame of approxi-
mately 46 d in juvenile loggerheads (Reich et al. 2008).
Samples were preserved in dry NaCl (SEP) or 70 %
EtOH (NEA); neither preservative affects isotope sig-
natures (Barrow et al. 2008, J. A. Seminoff & L. E. Hess
unpubl. data). For each loggerhead, we recorded geo-
graphic location (latitude and longitude), date of
capture, and curved carapace length (CCL) from
the nuchal notch to the posterior-most tip (SEP) or to
the posterior marginal notch (NEA) (Bolten 1999). All
turtles were released with Inconel identification tags
applied to the trailing edge of each fore flipper.

In the SEP, tissue samples from other food-web
organisms (3 species of fish and 1 species of squid; see
Table 1 for scientific names) were collected for analysis
during December 2008 with 6 mm biopsy punches. To
characterize isotopically the base of the food web in
the SEP, POM samples were also collected off southern
Peru in December 2008 by filtration of 4 to 8 1 of surface
seawater through pre-combusted (500°C, 5 h) Milli-
pore quartz fiber filters. Food-web organisms and
POM were stored frozen until dried at 60°C prior to
sample preparation and analysis. In the NEA, red
algae, crabs, and barnacles (see Table 1 for scientific
names) were gently removed from the carapace of the
turtles sampled and preserved in 70% ethanol as
examples from the region of different trophic-level
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Fig. 2. Caretta caretta. Collection sites of loggerhead turtle
skin samples off southern Peru in the southeast Pacific (a; O)
and in Azorean waters in the northeast Atlantic (b; A). Partic-
ulate organic matter (a; W), red algae (b; #), and other food-
web organisms (a and b; +) collected are also shown

organisms. Zooplankton samples were collected dur-
ing September 2008 by oblique hauling bongo-nets
(mesh size 200 pm) at 50 m depth, frozen, and then
dried at 60°C before analysis.

Sample preparation and analysis. Turtle skin sam-
ples were washed with deionized water and alcohol
swabs to remove epibionts and extraneous particles.
The outermost layer of the turtle epidermis was sepa-
rated from the underlying tissue and finely diced with
a scalpel blade. Muscle tissue from fish and squid was
washed in deionized water and homogenized. For
crabs, muscle tissue was obtained from abdominal seg-
ments, and for barnacles, whole organisms (not includ-
ing the shells) were analyzed. Barnacle tissues were
soaked in 1 N HCI to remove carbonates. Red algae
samples were rinsed with deionized water and small
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invertebrates were removed. All turtle skin, fish, squid,
crab, barnacle, algae, and zooplankton samples were
dried at 60°C for 24 h. Lipids were extracted from tur-
tle, fish, squid, crab, and zooplankton samples using
petroleum ether in a Dionex accelerated solvent
extractor. All samples, except the finely diced turtle
samples, were then ground to a fine powder using a
mortar and pestle. POM filter samples were dried at
60°C for 24 h, washed with 1 N HCI to remove carbon-
ates and dried again for analysis.

For stable-isotope analysis, approximately 500 to
600 pg of each sample (1200 to 1500 pg for red algae)
was weighed and sealed in a tin capsule. POM filters
were cut into halves that were also loaded in tin
capsules. Samples were analyzed for §'°C and §'°N by
combustion in a COSTECH ECS 4010 elemental ana-
lyzer interfaced via a Finnigan-MAT ConFlow III
device to a Finnigan-MAT DeltaPlus XL isotope ratio
mass spectrometer in the Stable Isotope Geochemistry
Lab at the University of Florida, Gainesville.

Stable-isotope ratios, which compare the ratios of
heavy and light isotopes of an element in the sample to
an international standard, are reported in the conven-
tional & notation:

8X = [(Rsample/Rstandard) - 1] x 1000

where 8X is the relative abundance of *C or N in the
sample expressed in parts per thousand (%o); Rsample
and Rgandarq @re the ratios of heavy to light isotope
(13C/'2C and N/¥N) in the sample and international
standard, respectively. The standard used for *C was
Vienna Pee Dee Belemnite and for N was atmos-
pheric N,. Working standards L-glutamic acid USGS40
(8%C = -26.23 and 8N = -4.52) were calibrated
monthly against international standards and were
inserted in all runs at regular intervals to calibrate the
system. The analytical accuracy of our measurements,
measured as the SD of replicates of standards, was
0.20%o for 8'*C and 0.14%. for 8N (n = 28 and 28,
respectively).

Statistical analysis. Sea turtle data were tested for
normality using the Shapiro-Wilk test. §!3C and 8°N in
turtle skin samples were compared between ocean
basins with Student's t-tests. The relationships be-
tween stable isotope values and body size were evalu-
ated with linear regressions. The software program R
(www.r-project.org) was used for all analyses with an o
level of 0.05.

RESULTS

Values of §'°C from SEP loggerheads ranged from
—14.6 to —17.4%o (mean + SD: -16.3 + 0.7%.), and for
NEA loggerheads ranged from -15.7 to —17.8%o

(mean = SD: -16.7 = 0.5%). Values of 8N ranged
from 15.2 to 18.7 %0 (mean + SD: 17.1 + 0.9%o.) in SEP
loggerheads and from 6.4 to 8.7%. (mean + SD: 7.6 +
0.5%o) in NEA loggerheads. The §'*C and §'°N values
for loggerheads were normally distributed (Shapiro-
Wilk test, p > 0.05). Although the NEA §'3C values
were almost completely encompassed by the SEP val-
ues (86 % overlap of the data), NEA 8'°C values were
significantly lower than those from the SEP (¢t = 3.7,
p < 0.001; Fig. 3). Also, SEP samples showed signifi-
cantly higher 8'°N values than those from the NEA
(t=59.3, p < 0.001; Fig. 3).

In the SEP, POM samples had the lowest §'°N and
313C values, while the other organisms ranged above
these values (Table 1). Similarly, in the NEA, red algae
had the lowest §'°N and §'°C values, while the other
food-web components had higher values of §'°N and
813C (Table 1). Almost all values of §'°N in the NEA fell
below those in the SEP.

Turtles sampled in the SEP were all immature, with
CCL ranging from 35.9 to 81.4 cm, which is consistent
with the size range previously reported for the region
(Alfaro Shigueto et al. 2008). Body size had a signifi-
cant positive relationship with 8'°N (R? = 0.26, df = 24,
p = 0.008; Fig. 4), but not with §'3C (p = 0.354). Turtles
in the NEA were also all immature and ranged in size
from 33.1 to 80.3 cm CCL. Similar to loggerheads in the
SEP, there was a significant positive relationship
between body size and 8N (R? = 0.10, df = 51, p =
0.023; Fig. 4), but not between body size and §3C (p =
0.110).
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Fig. 3. Caretta caretta. Stable-isotope ratios of nitrogen (5!°N)
and carbon (8'3C) of skin samples from juvenile loggerheads
off southern Peru in the southeast Pacific (O) and in Azorean
waters in the northeast Atlantic (A). Particulate organic mat-
ter (POM) values off southern Peru and red algae and
zooplankton samples from Azorean waters are also shown
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Table 1. Stable-isotope ratios of marine organisms in the southeast Pacific and the northeast Atlantic. Values are mean + SD. na:
not applicable; POM: particulate organic matter

Species n 815N (%o) 813C (%o) Source
Southeast Pacific
POM na 12.1+1.2 -224+1.7 Present study
Mollusca
Jumbo squid Dosidicus gigas 3 18.6 + 0.4 -17.6 +0.4 Present study
Chondrychthyes
Blue shark Prionace glauca 1 18.2 -16.4 Present study
Osteichthyes
Anchovy Engraulis ringens 2 142 +0.9 -16.7 £ 0.1 Catenazzi & Donnelly (2008)
Mahi mahi Coryphaena hippurus 2 149+1.6 -16.5+0.1 Present study
Flying fish Exocoetus sp. 3 169+0.9 -18.0 +£0.2 Present study
Chub mackerel Scomber japonicus 2 158+1.4 -17.0+£0.8 Present study
Reptilia
Loggerhead turtle Caretta caretta 26 17.1+0.9 -16.3+0.7 Present study
Leatherback turtle Dermochelys coriacea 37 154 +£1.8 -19.1+0.7 Wallace et al. (2006)
Mammalia
Sea lion Otaria flavescens 6 174 +£0.9 -15.1+04 Catenazzi & Donnelly (2008)
Sperm whale Physeter macrocephalus 12 18.6t0 20.3 -16.0to-14.7 Marcoux et al. (2007)
Northeast Atlantic
Red algae Polysiphonia sp. 5 3.7+0.7 -20.6 £ 0.7 Present study
Zooplankton 3 44+0.6 -204+0.2 Present study
Crustacea
Acorn barnacle Chelonibia sp. 3 7.6+0.1 -19.0 £ 0.6 Present study
Gooseneck barnacle Lepas anatifera 4 57+1.6 -20.0+0.5 Present study
Pedunculate barnacle Conchoderma virgatum 3 57+0.7 -19.1+ 0.6 Present study
Columbus crab Planes minutus 5 9.0+ 0.6 -18.4+0.5 Present study
Reptilia
Loggerhead turtle Caretta caretta 53 7.6+0.5 -16.7 £ 0.5 Present study
Leatherback turtle Dermochelys coriacea 67 9.8 +1.5°% -19.4 +1.0° Wallace et al. (2006)
4 10.4 +0.1° -22.6 + 0.6° Maros et al. (2006)
63 9.5+0.2° -18.8 £ 0.1° Caut et al. (2008)
Aves
Cory's shearwater Calonectris diomedea borealis 35 13.2 -16.2 Ramos et al. (2009)
Mammalia
Sperm whale Physeter macrocephalus 1 13.2 -11.8 Mendes et al. (2007)
*Nesting females in St. Croix, Virgin Islands; bnesting females in French Guiana in the Atlantic

DISCUSSION
Differences between ocean basins

We would expect similar §'*C in both SEP and NEA
loggerhead populations, reflecting their oceanic feed-
ing behavior. Based on satellite telemetry studies,
juvenile loggerheads in the NEA feed in oceanic,
epipelagic zones (Santos et al. 2008), and all logger-
heads, both in the NEA and SEP, in the present study
were captured in the oceanic zone (Bolten et al. 2004,
Alfaro Shigueto et al. 2008). However, NEA §'3C val-
ues were significantly lower than in SEP loggerheads,
although carbon value ranges for both populations
greatly overlapped (86 %), confirming their oceanic
and pelagic feeding strategy (Fig. 3). The lower §'3C in

NEA loggerheads is unlikely to result from the latitudi-
nal gradient in marine-phytoplankton &%C, which
decreases from the equatorial zones toward the polar
regions (Rau et al. 1982). Because this decline is more
pronounced in the southern hemisphere (-0.14 and
—0.015%0 per degree in the southern and northern
hemispheres, respectively, Rau et al. 1982), SEP log-
gerheads should have lower §°C than NEA logger-
heads, the opposite of the pattern we found.

Visual inspection of Fig. 5 reveals a general trend for
NEA organisms to have lower 8'3C than SEP organ-
isms. Thus, NEA POM may well have lower §3C val-
ues than SEP POM, which would be transferred up the
trophic levels to loggerheads. We used red algae in the
NEA as a proxy for a baseline isotopic signature in
Azorean waters for 8'°N, but red algae should have
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Fig. 4. Caretta caretta. Skin 8'°N vs. curved carapace length

in loggerhead sea turtles off (a) southern Peru in the southeast

Pacific and (b) the Azores in the northeast Atlantic. Both
relationships are significant (see ‘Results’)

higher 8'*C than phytoplankton or POM. The thinner
diffusive boundary layers adjacent to the external
environment in phytoplankton compared to those in
macroalgae facilitate the discrimination of heavy iso-
topes (13C), resulting in more depleted 8'3C signatures
for phytoplankton (France 1995).

The mean §'°N value in SEP loggerheads was 9.4 %o
higher than in NEA loggerheads (Fig. 3). Large differ-
ences in the nitrogen signature of organisms suggest
differences in trophic levels, but the relative trophic
positions of loggerhead populations in the SEP and
NEA appear to be similar. The difference in mean §'°N
values between primary producers (POM and red
algae) and loggerheads was 4.9 and 4.0%. in the SEP
and NEA, respectively. The slightly smaller difference
in the NEA probably reflects the fact that, unlike POM,
red algae are not the base of the food web in the open
ocean. We expected that NEA POM values of §°N
would be lower than those of red algae, yielding a
value >4.0%o and more similar to 4.9 %o. This is because
phytoplankton discriminate against the heavy nitrogen
isotope (*N) more strongly than macrophytes (Mon-
toya & McCarthy 1995, De Brabandere et al. 2007).
Hence, we attribute the §'°N difference between log-
gerhead populations to different 8°N values at the
base of the food chain. These results emphasize the
need for knowledge of community 8'°N baseline signa-
tures when identifying trophic levels or when compar-
ing organisms between communities.

Recently, Bourbonnais et al. (2009) found support for
N, fixation in the Azores Front region, reporting low
values of 8'°N for dissolved organic nitrogen. Because
discrimination against N during N, fixation is small,
newly fixed nitrogen has a 8°N signature similar to

that of atmospheric N, near 0%, (Minagawa & Wada
1986). Ultimately, food-web base organisms whose
nitrogen input comes from N, fixation will show
depleted 8'°N values (Montoya et al. 2002). The low
85N values reported in the present study for red algae
and zooplankton (Fig. 3) are thus consistent with the
presence of N, fixation in our study area.

On the other hand, the SEP is characterized by a shal-
low oxygen-depleted water layer off Peru where high
rates of denitrification occur (Codispoti et al. 2001), in-
cluding autotrophic denitrification (Ward et al. 2009). As
nitrate is consumed during denitrification, lighter iso-
topes of nitrogen are preferentially utilized, leaving
residual nitrate pools heavily enriched in *N. The resul-
tant high 8'°N in the subsurface denitrification layer is
transmitted to surface waters through upwelling (Saino
& Hattori 1987). The constant supply of *N-enriched
nitrates in the surface ocean are later assimilated by
phytoplankton (Fig. 1b), which in turn show high §°N
signatures, as reflected in our POM samples (Fig. 3).

A novel analysis by Deutsch et al. (2007) reports that
the highest rates of N, fixation are geographically cou-
pled with that of denitrification, suggesting that the
highest rates of N, fixation could be found proximal to
the eastern tropical Pacific (ETP; where highest rates
of denitrification occur) and not in the tropical North
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Fig. 5. Comparison of stable-isotope ratios (8'°C and 8!°N) of
the food-web components in the southeast Pacific (SEP; O)
and the northeast Atlantic (NEA; A). All SEP values are from
waters off Peru except for those of leatherback sea turtles. In
the NEA, all values are from waters off the Azores except for
those of leatherback sea turtles. Leatherback isotopic values
are from Wallace et al. (2006). All values are mean + range. 1:
POM (SEP) or red algae (NEA); 2: zooplankton; 3: gooseneck
barnacle; 4: pedunculate barnacle; 5: acorn barnacle; 6: log-
gerhead turtle; 7: Columbus crab; 8: leatherback turtle; 9:
Cory's shearwater; 10: sperm whale; 11: anchovy; 12: mahi
mahi; 13: chub mackerel; 14: flying fish; 15: sea lion; 16: blue
shark; 17: jumbo squid. For scientific names, sample sizes,
and references see Table 1
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Atlantic as previously thought. It is not certain if, at a
much finer scale, areas of nitrogen fixation overlap
with those of denitrification. However, N, fixation low-
ers 8'°N values of nitrates by about 2 %o, while denitri-
fication increases values by about 10%. (Montoya
2007). The high values of 8N in our POM samples
reflect the high rates of denitrification in the ETP even
if N, fixation were occurring because of the over-
whelming effect of denitrification on the §'°N.

Environmental forces acting on resource availability
drive variations in the life history of conspecifics as sug-
gested by data compiled on species across a wide range
of trophic levels in several oceanic regions (Suryan et al.
2009). Adult leatherback turtles exhibit variation in size
and reproductive output as a response of different re-
gional environmental forcing (as reviewed by Suryan et
al. 2009). To what extent the differences in energy flow
in our study areas (through prevalence of N, fixation in
one and denitrification in the other), along with other
climatic factors affecting nutrient availability (e.g. El
Nino events), may shape the biology of the juvenile log-
gerhead populations is still poorly understood.

Food-web isotopic structure

Isotopic signatures in the food web of the SEP show
that high nitrogen baseline values—driven by denitri-
fication—are conserved through several trophic lev-
els. A similar pattern is observed in the NEA, where
low 8N in red algae and especially zooplankton—
due to N, fixation—give the food web overall low §"°N
values when compared to the isotopic values in the
SEP food web (Fig. 5).

Organisms analyzed in the present study, as well as
the collection of published signatures of organisms off
southern Peru and the Azores, allow for a first insight
into the isotopic composition of the food-web structure
off the SEP and the NEA. In the SEP, the average §'°N
signature of the anchovy Engraulis ringens is low,
reflecting its diet preference for large zooplankton
(Espinoza & Bertrand 2008). The 8!°N increases in
larger fishes such as mackerel Scomber japonicus and
flying fish Exocoetus spp. Also as expected, higher
trophic-level species such as sea lion Otaria flavescens,
sperm whale Physeter macrocephalus, blue shark Pri-
onace glauca, and jumbo squid Dosidicus gigas show
much higher §'°N signatures (Fig. 5). A similar pattern
is observed in the Azores, where nitrogen signatures in
filter-feeding organisms such as pedunculate barna-
cles (Conchoderma virgatum and Lepas anatifera)
show higher values than those from zooplankton but
lower than those from crabs or loggerhead turtles.
Highest 8!°N values are reported from sperm whale
and Cory's shearwater Calonectris diomedea borealis,

which reflect their diet preference for mainly
cephalopods and fish, respectively (Clarke et al. 1993,
Granadeiro et al. 1998).

The difference in 8N signatures between Pacific
and Atlantic loggerheads found in the present study
was higher than that reported by Wallace et al. (2006)
between leatherbacks in the same ocean basins (9.5 %o
and 5.6 %o for loggerheads and leatherbacks, respec-
tively; Fig. 5). The specialist feeding behavior of
leatherbacks on jellyfish and the generalist feeding
strategy of loggerheads, with known intermediate and
higher trophic status respectively, allows the compari-
son of nitrogen signatures between these 2 species.
However, we cannot make direct comparisons be-
tween leatherbacks and loggerheads because leather-
backs were sampled on tropical nesting beaches and
the foraging areas of the sampled leatherbacks are not
known.

Relationship between 8'°N and turtle size

The increase of loggerhead 8'°N with size may result
from (1) growth rate, (2) gape size, and/or (3) meso-
pelagic prey. Rapidly growing smaller juveniles may
show a lower nitrogen discrimination value than larger
juveniles with slower growth rates (Martinez del Rio &
Wolf 2005, Reich et al. 2008). This translates to lower
85N values in smaller juveniles even if they are feed-
ing on the same diet as larger juveniles. Larger gape
size in larger turtles could allow them to ingest larger
prey in higher trophic levels, resulting in higher §°N
in larger turtles.

The third possible explanation for the higher §!°N in
larger turtles is that larger turtles may consume more
mesopelagic organisms with enriched §°N values.
Because POM 8N increases with depth (Saino & Hat-
tori 1987, Montoya et al. 2002), feeding on mesopelagic
prey would increase the §!°N in turtles compared to
those with an epipelagic feeding behavior. Increasing
diving capacity (dive duration and depth) with body
size is well known in many air-breathing organisms
(Schreer & Kovacs 1997) and has also been observed in
juvenile sea turtles (Salmon et al. 2004 and references
therein). Mesopelagic prey items have been found in
stomach contents in oceanic loggerheads in the central
North Pacific (Parker et al. 2005), and satellite teleme-
try has shown that oceanic loggerheads can dive and
probably forage in up to 100 m depth (Polovina et al.
2003). Compound-specific nitrogen isotope analysis of
loggerhead tissues could help elucidate whether the
differences in 8!°N are due to metabolic and trophic-
level relationships or changes in isotopic composition
at the base of the food web without the necessity of
food-web base sampling (Popp et al. 2007).
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CONCLUSIONS

In the present study, loggerhead turtles revealed the
ocean basin differences in §'°N that were also found in
leatherback turtles. The variation in the §'°N at the base
of the food web and other organisms within the SEP and
NEA demonstrates that this difference in the baseline ni-
trogen signature is conserved through higher trophic
levels, thus reflecting characteristics of the nitrogen cy-
cling regime in each ocean basin. The §'*C and §'°N val-
ues in higher trophic-level organisms, such as sea turtles,
may help elucidate changing oceanographic conditions,
but systematic and long-term sampling is needed. Addi-
tional compound-specific isotopic analyses may explain
variations in nitrogen source and hence help reveal
changing oceanographic conditions.
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