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Abstract

Juvenile Kemp’s ridley (Lepidochelys kempii), loggerhead (Caretta caretta) and green (Chelonia mydas) sea turtles regu-
larly strand following seasonal cold-stunning events in southern New England, but much of their pre-stranding ecology
is poorly understood. To determine general trends in foraging preferences, habitat usage, and trophic position we used a
combination of bulk (BSIA) and compound-specific (CSIA) stable isotope analyses. Carbon (6'*C) and nitrogen (5'°N)
BSIA were performed on whole blood and muscle samples collected from stranded individuals of all three species. Sulfur
(6°*S) BSIA and 6"°N CSIA were applied to a subset of samples to further infer habitat use and trophic information. Stable
isotopic niche overlap and muscle isotope-based trophic position (TP) estimates were similar for the three species, with
green (TPggia= 2.4, TPgra= 2.9-3.2) and loggerhead turtles (TPggp = 3.5, TPgr4= 3.3-3.7) having the lowest overlap
and greatest TP separation. Kemp’s ridleys had intermediate estimated TP (TPggp = 2.9, TPgia = 3.1-3.4) and a high
degree of overlap with the two other species. Turtle straight carapace length (SCL) was the main predictor of intraspe-
cific stable isotope variation, and ¢'°N values increased with SCL for all species and both tissue types. These patterns are
consistent with ontogenetic TP increases as well as transition from oceanic to nearshore isoscapes. Higher intraspecific
variation in BSIA-based TP estimates relative to CSIA-based estimates as well as variable inter-tissue stable isotope offsets
provide evidence of individual variability in residency in nearshore waters prior to stranding.
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Introduction

Juvenile Kemp’s ridley (Lepidochelys kempii), loggerhead
(Caretta caretta), and green (Chelonia mydas) sea turtles
consistently cold-stun and strand in autumn in Cape Cod
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Bay, Massachusetts USA (Still et al. 2005; Griffin et al.
2019; Page et al. 2023), but their pre-stranding ecology in the
Northwest Atlantic is poorly understood. Stranding events
mainly occur when low water temperatures (<10.5 °C)
combine with strong winds to aggregate cold-stunned
individuals on coastal beaches (Griffin et al. 2019; Liu et
al. 2019). In this region, Kemp’s ridleys generally strand
starting in November whereas loggerheads strand later in
December (Still et al. 2005). Kemp’s ridleys are smaller
and account for a higher percentage of stranded individuals
than loggerheads (Page et al. 2023). Green turtles are a less
common component of the stranding population (Still et al.
2005). Individuals of all three species have been observed
infrequently in nearshore New England waters for over a
century (Babcock 1919; Bleakney 1965; Carr 1967; Lazell
Jr 1980; Kenney and Vigness-Raposa 2010; Kraus et al.
2016). Analysis of tissue stable isotope values from stranded
Kemp’s ridleys supported recruitment to local neritic forag-
ing grounds prior to stranding rather than recent emigration
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from oceanic habitats (Bean and Logan 2019). Additional
information on pre-stranding trophic ecology and habitat
use is currently lacking for these species in New England
waters. Overall, distribution and abundance estimates for
hard-shelled species north of Cape Cod have a high degree
of uncertainty relative to more southerly nearshore waters
(DiMatteo et al. 2024).

In recent decades, the annual number of cold-stunned
individuals has increased, and numbers are projected to fur-
ther increase in future years as ranges shift northward with
rising temperatures and overall population sizes increase
(Griffin et al. 2019). Accelerated warming in the Gulf of
Maine (Pershing et al. 2015) and anticipated poleward
expansion of the range of these turtle species (Poloczanska
et al. 2009) may make these nearshore New England waters
increasingly important as foraging habitat in future decades
(Griffin et al. 2019; Patel et al. 2021). Understanding hab-
itat use and trophic ecology of juveniles in this region is
important for anticipating their role in the food webs of this
rapidly changing ecosystem (Staudinger et al. 2019; Scully
et al. 2022). This information can help managers to protect
sea turtles and underlying resources from anthropogenic
impacts. If positive population trends (Hays et al. 2024,
2025) continue for these species, understanding trophic
preferences and the potential for interspecific competition
will also aid in assessing potential resource limitations to
population growth.

In the western North Atlantic Ocean, juveniles of these
three species share a common early life history consisting
of a primarily carnivorous, epipelagic diet during an initial,
oceanic dispersal phase (Witherington et al. 2012; Phillips
et al. 2025) followed by recruitment to neritic habitats and
transition to more omnivorous, benthic diets (Jones and
Seminoftf 2013). Size at which recruitment to nearshore
neritic habitats occurs has inter- and intraspecific variabil-
ity but generally starts at lengths of ~20-25 cm straight
carapace length (SCL) for Kemp’s ridley and green turtles
(Avens et al. 2012, 2020; Lenz et al. 2017) and a wider
range of ~40-70 cm SCL for loggerheads (Avens et al.
2013; Ramirez et al. 2015). Kemp’s ridley and loggerhead
turtles in nearshore neritic habitats in the western Atlantic
mainly consume crustaceans and other benthic invertebrates
(Burke et al. 1993, 1994; Seney and Musick 2005, 2007,
Wallace et al. 2009; Donaton et al. 2019). Juvenile green
turtles are omnivorous in the initial neritic phase with a diet
including seagrass, algae, and benthic invertebrates (Jones
and Seminoff 2013; Williams et al. 2013; Vélez-Rubio et
al. 2016). Understanding whether juveniles in New England
waters adhere to these same trophic and habitat use patterns
has been restricted to date.

Stable isotope analysis (SIA) has been used extensively
in the field of sea turtle ecology to quantify diet, trophic
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position, habitat use, and movements (Pearson et al. 2017;
Figgener et al. 2019; Haywood et al. 2019). Carbon stable
isotopes reflect primary production sources (Peterson and
Fry 1987) as well as distinguish benthic and nearshore for-
aging habitats from more oligotrophic pelagic and oceanic
habitats (France 1995; Rubenstein and Hobson 2004). Sea
turtle trophic position has been quantified using both bulk
and compound-specific nitrogen SIA (e.g., Seminoff et al.
2021) based on stable isotope differences between turtle
tissues and lower trophic level baseline species (bulk; Post
2002) or between “source” and “trophic” amino acids (com-
pound-specific; Popp et al. 2007) in turtle tissues. Bulk sul-
fur stable isotope (5°*S) values have been less commonly
used as tracers relative to carbon and nitrogen in the field
of aquatic ecology (Raoult et al. 2024), but can distinguish
nearshore and benthic from pelagic and oceanic habitats
(Thomas and Cahoon 1993; Szpak and Buckley 2020).
Pelagic **S baseline values tend to be higher than near-
shore and benthic habitats due to seawater sulfates being
generally enriched in **S relative to sedimentary sulfides,
resulting in lower 6°*S values in benthic consumers (Peter-
son and Fry 1987; Thomas and Cahoon 1993; Connolly et
al. 2004). Bulk (e.g., Vander Zanden et al. 2015) and com-
pound-specific (e.g., Seminoff et al. 2012) SIA have both
also been used to track sea turtle movements across foraging
habitats with different stable isotope baselines (isoscapes
sensu West et al. (2010)). Sea turtle residency and relative
arrival times to local foraging habitats have been inferred
through comparisons of stable isotope offsets between tis-
sues with different turnover rates where inter-individual
variability in tissue offsets suggests plasticity in residency
and/or migratory histories or diet (Bean and Logan 2019).
Isotopic niche space has also been used to assess potential
competition among co-occurring sea turtles (Arends et al.
2024). Trophic and migratory histories of juvenile sea tur-
tles that strand in Northwest Atlantic waters can be inferred
through STA of tissues obtained from cold-stun mortalities
(Bean and Logan 2019).

Carbon and nitrogen isoscapes in the western North
Atlantic can potentially reveal sea turtle habitat use. Carbon
isoscapes based on sea turtle tissues were fairly homogenous
for nearshore waters in the western North Atlantic (Ceriani
et al. 2014). Carbon stable isotope baselines are often higher
in nearshore and benthic environments relative to pelagic
habitats (France 1995; McMahon et al. 2013), but the oppo-
site trend has been observed in relation to Gulf Stream
pelagic habitats (Dodge et al. 2011; Logan and Lutcavage
2013). In the western North Atlantic, nitrogen isoscapes
generally have larger gradients than carbon (McMahon et
al. 2013). Nearshore nitrogen isoscapes tend to have higher
0N values than more oligotrophic oceanic waters due to
anthropogenic nitrogen sources in coastal areas and the
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prevalence of nitrogen fixation in the offshore environment
(McMahon et al. 2013; Ceriani et al. 2014).

Bulk and compound-specific SIA were applied to tissues
from cold-stunned Kemp’s ridley, loggerhead, and green sea
turtles that stranded in the Cape Cod and Islands region of
Massachusetts USA to characterize the foraging habitat and
trophic ecology of these co-occurring species prior to strand-
ing. Whole blood and muscle were sampled to reflect more
recent and longer-term dietary histories, respectively (Semi-
noff et al. 2007; Reich et al. 2008; Thomas and Crowther
2015; Pearson et al. 2017). Bulk and compound-specific
stable isotope data were used to estimate trophic position,
isotopic overlap, and habitat use for the three species.

Methods
Sample collection

Sea turtles were collected from beaches on Cape Cod and the
islands of Martha’s Vineyard and Nantucket (Fig. 1) by Mass
Audubon’s Wellfleet Bay Wildlife Sanctuary (WBWS) staff
and volunteers during late autumn and early winter (Octo-
ber-January) as part of its rescue and recovery operation
in response to annual cold-stun sea turtle stranding events.

Fig. 1 Map of stranding locations
of sea turtles and baseline indica-
tors sampled for stable isotope
analyses. Symbols represent
individual stranding locations of
green (Chelonia mydas (green
circle)), Kemp’s ridley (Lepi-
dochelys kempii (lavender tri-
angle)), and loggerhead (Caretta
caretta (magenta square)) sea
turtles. Black crosses indicate
sites where blue mussel (Mytilus
edulis), quahog (Mercenaria
mercenaria), American oyster
(Crassostrea virginica), and
eelgrass (Zostera marina) base-
line samples were also collected
along the southeastern shoreline
of Cape Cod Bay

Latitude ("N)

Dead turtles recovered during these patrols were stored fro-
zen for later necropsy. Most sea turtles were collected from
strandings on the coastline of Cape Cod Bay, primarily in
the eastern and southeastern regions in the towns of Well-
fleet, Eastham, Orleans, and Brewster. Smaller sub-sets of
green sea turtles were from strandings on Nantucket (n=4),
from a single Kemp’s ridley stranded on Martha’s Vineyard,
and two green turtles and a single loggerhead stranded on
the eastern shoreline of Buzzards Bay (Fig. 1).

Whole blood and muscle tissue were collected from a
sub-sample of these frozen archived sea turtles that died
during stranding events in the 2012 through the 2023 cold-
stun seasons (Table 1). Kemp’s ridleys were subsampled so
that the total number of turtles that we sampled were dis-
tributed across the available size classes. Loggerhead, green
turtles, and potential hybrid individuals which were not in
advanced decomposition states were also sampled. After
thawing, we collected whole blood with a syringe from the
pericardium, and a muscle sample from the pectoralis major
using a steel scalpel. All samples were transferred to plastic
or glass vials and stored frozen until preparation for SIA.
During necropsies, all individual turtles were also sexed and
measured (SCL+0.1 cm).

Samples of blue mussel (Mytilus edulis) (n=4; 44+ 6 mm
total length) and eelgrass (Zostera marina) (n=9) were

-
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Table 1 Summary of sample sizes of whole blood and muscle tissue for bulk stable isotope analyses. Sample sizes are reported for bulk tissue
carbon and nitrogen stable isotopic analysis, with sulfur included in parentheses. Stranding year refers to the calendar year at the start of each

autumn-winter (October—January) stranding season

Year Loggerhead Green Kemp’s ridley Hybrid
Whole Blood Muscle Whole Blood Muscle Whole Blood Muscle Whole Blood Muscle

2012 0 1 0 0 0 0 0
2013 0 0 0 0 0 1 0 0
2014 1 4 1 0 22 1 1 1
2015 3 13 0 2 0 23 0 1
2016 2 16 (1) 1 3 0 24 0 0
2017 8 7 4 2 2 22 1 1
2018 13 (6) 8(7) 11 (6) 9(5 71 (12) 75 (9) 0 0
2019 3 1 0 3(3) 13 34 (6) 0 0
2022 11 11 8 8 21 21 0 0
2023 6 7 9 10 25 26 1 1
NA 2 3 0 0 0 1 0 0
Total 49 (6) 71 (8) 34 (6) 37 (8) 154 (12) 228 (15) 3 4

collected from Cape Cod Bay shorelines (Fig. 1) in August
2020 as representative baselines of planktonic and seagrass-
based food webs, respectively. Blue mussels were removed
from hard substrate in the intertidal zone at Saint’s Land-
ing Beach in Brewster, Massachusetts, immediately placed
on ice, then stored frozen until further preparation for SIA.
Whole eelgrass plants that had washed ashore were col-
lected from Saint’s Landing Beach as well as Corporation
Beach in Dennis and Duck Harbor Beach in Wellfleet, Mas-
sachusetts (Fig. 1). Three eelgrass samples consisting of
one to four shoots were collected from each location and
stored immediately on ice. Prior to freezing, rhizomes and
epiphytes were separated from live leaves and discarded.
Leaves were then rinsed with deionized water and frozen.

Sample preparation

All samples were dried in a drying oven at 60 °C for >48 h.
Prior to drying, muscle and eelgrass samples were thawed,
lightly rinsed with deionized water, and transferred to glass
scintillation vials. Thawed blue mussels were measured
(total shell length+1 mm), opened, and all soft tissue con-
tents were rinsed with deionized water prior to transfer to
glass scintillation vials for drying in a drying oven. Dried
samples were then homogenized using a Mixer/Mill with
steel vials and balls (turtle muscle, blood) or mortar and
pestle (blue mussels and eelgrass), and the dried homog-
enate from each sample was returned to a glass scintillation
vial and sealed.

An aliquot of homogenate (6'°C, 0'°N: 0.8—-1.2 mg for
turtle and blue mussel tissues, 3.8-4.2 mg for eelgrass;
5%S: 3.6-4.8 mg) was weighed to the nearest 0.001 mg
on a Mettler Toledo balance and packed into a tin capsule
in preparation for SIA. Samples were analyzed for ¢'°C,
0N, % carbon, and % nitrogen by continuous flow using
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a PDZ Europa ANCA-GSL elemental analyzer interfaced
to a PDZ Europa 20-20 isotope ratio mass spectrometer
(IRMS) (Sercon Ltd., Cheshire, UK) and for 6>*S and total
sulfur using an Elementar vario ISOTOPE cube interfaced
to an Isoprime PrecislON IRMS (Cheade Hume, Stockport,
UK) at the University of California Davis Stable Isotope
Facility. All C: N values are reported as %C/%N. All iso-
tope data are reported relative to Vienna Pee Dee belemnite
(VPDB), atmospheric N, and Vienna Canyon Diablo Troi-
lite (VCDT) for carbon, nitrogen, and sulfur, respectively,
in J notation as:

Rsample

0X |: < Rstandard ) :|

where Xis 13C, °N, or *S and R is the ratio '*C/'2C, I>N/!N,
or 348/32S (Peterson and Fry 1987). All 6'°C and 6'°N values
were normalized on the VPDB and AIR scales with JAEA-
600, USGS-40, USGS-41, USGS-42, USGS-43, USGS-61,
USGS-64, and USGS-65 while 6°*S values were calibrated
with TAEA S-1 and S-3 as well as NBS-127, SO-5, and
SO-6. Each eleventh sample was analyzed in duplicate.
Accuracy and precision were +0.1%o for bulk carbon and
nitrogen stable isotope values. For bulk sulfur stable iso-
tope values, accuracy and precision were 0.2%o and 0.3%o,
respectively. Although Bergamo et al. (2016) recommended
lipid extraction for sea turtle muscle (but not skin) tissue, we
did not remove lipids prior to analysis, because our samples
had low C: N ratios. Most (82%) of our turtle samples had
C: N values<3.5, a threshold below which lipid correction
is often deemed unnecessary for aquatic animals (Post et
al. 2007), and all but one turtle tissue sample had C: N val-
ues<4.0. A mathematical correction was applied to all sea
turtle tissue ¢'°C values a posteriori to account for minor
lipid bias using parameters based on fish muscle tissue
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(Eq. la; Logan et al. 2008). Samples run in duplicate had
an average SD of 0.1%o for 6°C and 6"°N values (n=52)
as well as 0°*S values (n=7). Reference materials had an
average SD of 0.2%o for §'*C and ¢'°N values and 0.3%o for
5°*S values.

A subset of turtle whole blood (»=7) and muscle (n=25)
samples representative of the range of bulk 6'°N values for
each species were selected for amino acid 6'°N analysis
(Table 2). Dried, homogenized samples were analyzed at
the University of California Davis Stable Isotope Facility
following acid hydrolysis using gas chromatography com-
bustion isotope ratio mass spectrometry (GC-C-IRMS) on
a Thermo Trace GC 1310 gas chromatograph coupled to a
Thermo Scientific Delta V Advantage isotope-ratio mass
spectrometer via a GC IsoLink II combustion interface.
Detailed methods are provided in Walsh et al. (2014) and
Yarnes and Herszage (2017). Compound-specific analyses
produced 6'°N values for 15 individual amino acids: ala-
nine (Ala), aspartic acid (Asx), glutamic acid (Glx), glycine
(Gly), histidine (His), isoleucine (Ile), leucine (Leu), lysine
(Lys), methionine (Met), phenylalanine (Phe), proline (Pro),
serine (Ser), threonine (Thr), tyrosine (Tyr), and valine
(Val). Accuracy and precision across all runs were 0.5%o and
0.4%o, respectively.

Data analysis
Trophic position (TP) was estimated using both bulk and
compound-specific '°N values. Bulk TP calculations were

made using the equation:

15 15
TP — )\ + d Nsecondary coAnsuIner -4 Nbase
n

(Post 2002), where secondary consumer is an individual sea
turtle, base is a lower trophic level reference organism, A is
the TP of the reference organism, and An is the diet-tissue
discrimination factor (DTDF) for 6'°N values. Bivalve filter
feeders from Cape Cod Bay were used as the baseline and

assigned a A (TP) value of 2.0 as known phytoplanktivores
(Stanley and DeWitt 1983; Sellers and Stanley 1984; New-
ell 1989). In addition to the blue mussels collected in this
study, data from wild quahogs (Mercenaria mercenaria;
n=4; Barnstable Harbor; 54+7 mm length) and Ameri-
can oysters (Crassostrea virginica; n=4; Wellfleet Harbor;
94+8 mm length) collected in 2012 (Reitsma et al. 2017)
were combined for the baseline value. The combined base-
line 6'°N value was 8.0+0.7%o. The An value was 2.7%o
(muscle) and 0.6%o (whole blood) based on estimated §'°N
DTDFs for freshwater turtle pectoral muscle (Seminoff et
al. 2007) and sea turtle whole blood (Seminoff et al. 2006).
While other DTDF's have been reported for sea turtle blood,
DTDF estimates vary with size and growth rate (Reich et
al. 2008; Vander Zanden et al. 2012). The DTDF selected
for our whole blood TP estimates was based on juvenile
green sea turtles of a similar size (mean SCL: 45.2+1.2 cm)
to individuals from our dataset (31.9+£12.5 cm). We per-
formed a sensitivity analysis in which estimated DTDFs
were adjusted+0.5%o to account for the fact that species
and tissue-specific DTDFs were not available for most of
our datasets and associated uncertainty in true diet-tissue
stable isotope discrimination for each tissue and species.
Calculations were made for each individual sample, then
average and SD estimates were generated for each species.
Estimates of TP using compound-specific data were com-
pleted using both single source and trophic amino acids and
also using a combination of representative amino acids for
each group. Of the 15 available amino acids, eleven were
excluded a priori based on identified characteristics that
limit their utility in trophic position estimates. Nine were
excluded from use in TP calculations a priori due to ana-
lytical uncertainty or unpredictable responses to trophic
transfer. Specifically, Met, Tyr, and His were excluded due
to low concentrations and associated analytical uncertainty
(Nielsen et al. 2015; Lemons et al. 2020). Both Asx and Ser
show a high degree of variability in trophic enrichment pat-
terns across fauna with the latter presenting as both a trophic
and source amino acid across studied species (Bradley et al.

Table 2 Trophic position (TP) estimates (mean + 1SD) for sea turtle whole blood and muscle tissue based on bulk §'°N, and amino acid 5'°N values
using either a suite of trophic and source amino acids (TP Suite) or the canonical trophic (glutamic acid) and source (phenylalanine) amino acid

Species N Straight carapace length (cm)  3'>N Bulk (%o) TP Bulk TP Suite! TP Suite> TP Canonical'! TP Canonical®
Whole blood

Green 2 274+48 8.9+0.2 (8.7,9.0) 34+35 32+04 32+04 32+0.2 3.0+£0.3
Kemp’sridley 2 25.5+8.2 9.9+4.0(7.1,12.8) 53+8.6 3.1+03 3.1+0.2 3.2+0.2 2.9+03
Loggerhead 3 46.0+11.3 9.4+1.1(8.6,10.7) 4.5+49 3.1+£02 3.1+02 3.1+02 2.9+0.3
Muscle

Green 8 28.1+£4.0 9.0+£1.4(6.9,104) 2.6+0.6 29+03 3.2+04 2.9+03 2.9+03
Kemp’sridley 9 26.4+6.8 104+1.7(8.1,13.3) 3.1+0.7 3.1+03 34+03 3.1+03 3.1+£03
Loggerhead 8 57.8+14.6 11.942.1(9.9,16.2) 3.7+0.8 3.3+0.3 3.7+0.3 3.3+0.3 33+03

ITP estimates using teleost muscle trophic discrimination factors (TDFs)

TP estimates using green turtle tissue TDFs. The range of bulk 5N values is reported in parentheses for each turtle species
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2015; Nielsen et al. 2015; Lemons et al. 2020). Both Pro
and Val previously showed poor agreement with validated
TPs for fishes (Bradley et al. 2015). Unlike other amino
acids, Thr often shows depletion rather than '°N enrichment
during trophic transfers and consequently does not fit either
the trophic or source designation (McMahon and McCar-
thy 2016). Microbial degradation can affect Gly 6'°N values
(McMahon and McCarthy 2016), and Gly sometimes has a
large '*N enrichment with trophic transfers (Nielsen et al.
2015). The single amino acid approach used Glx and Phe,
the canonical trophic and source amino acids, respectively
(McMahon and McCarthy 2016). The combination approach
used the weighted averages of a suite of two representative
source (Lys and Phe) and four representative trophic (Ala,
Glx, Leu, and Ile) amino acids. Combining multiple amino
acids increases the precision of trophic position estimates
(Nielsen et al. 2015). Estimates of TP are calculated based
on these weighted average source and trophic 0'°N values,
estimates of the difference in the weighted 6'°N value aver-
ages of these source and trophic amino acids at the base of
the marine food web (B) as well as the trophic enrichment
factor (TEF) separating these two classes of amino acids
with each trophic transfer:

15 15
4] NT'r‘ophic -0 NSource - ﬁ

TP =1+ TEE

Two data sources were used to estimate TP using both the
single and combination amino acid approaches. First, TP
was estimated with values for B (3.6%0) and TEF (5.7%o)
based on published data for marine teleosts (Bradley et al.
2015) that have been used previously for sea turtle TP esti-
mates (Peavey et al. 2017). A second set of TP estimates was
generated using P values of 3.0%o and 3.4%o for the com-
bined and single amino acid approaches, respectively, based
on calculated differences between trophic amino acids and
Phe for cyanobacteria and algae (Chikaraishi et al. 2010).
For TEFs, separate values were calculated for single amino
acid (whole blood: 6.6%0, muscle: 4.0%o) as well as com-
bined amino acid (whole blood: 6.1%o, muscle: 5.2%o) esti-
mates based on values calculated using green turtle plasma
and skin tissues for whole blood and muscle TP estimates,
respectively (Lemons et al. 2020).

For CSIA and BSIA estimates of TP, propagation of
error was used in SD calculations as follows. Analytical
and methodological error (a+m) were estimated using the
“propagate” package (Spiess 2014) in R (R Core Team
2022). The error associated with individual sample variabil-
ity (i) was then combined with analytical and methodologi-
cal error using the equation:

SD = \/average(SDa.;_m)z +(SD;)>.
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For CSIA, analytical error was estimated as 0.5%o based on

laboratory mean SD of reference materials across runs. Ref-
erence materials included mixtures of pure powdered amino
acids from a variety of chemical vendors that were cali-
brated and mixed in-house at the University of California
Davis Stable Isotope Facility as well as a suite of biological
working standards (shark muscle and whale baleen). Error
for PBr._g,. and TEF|, .. was estimated as 0.5 and 0.3%o,
respectively, following Choy et al. (2015) for the first TP
calculation approach using teleost fish muscle parameters.
For the second TP estimate using green turtle tissue TEFs,
Brr_sre error was estimated as 0.9 and 0.6%o (Chikaraishi et
al. 2010) for the single and combined amino acid approach,
respectively. For TEFs, standard deviations for the single
amino acid approach were 0.5%o (muscle) and 0.7%o (whole
blood), while 0.2%o was applied for both tissue types for the
combined amino acid approach following propagation of
error calculations. For BSIA, analytical error was estimated
as 0.2%o based on laboratory mean SD of reference materi-
als across runs, while error for §'°Ny, .. was 0.7%o, the SD
of baseline filter feeder 6'°N values. The error for An was
0.3%o0 and 0.1%eo, the reported SD for the turtle pectoral mus-
cle and whole blood samples used to estimate the DTDFs
for the respective tissues (Seminoff et al. 2006, 2007).

Isotopic niche space was compared among sea turtle spe-
cies for each tissue type. Isotopic niche space and overlap
were calculated using the NicheROVER package (Swan-
son et al. 2015) in R (R Core Team 2022). This approach
estimates the niche region in bivariate isotope space within
which individuals of a given group have a 95% probability
of occurring based on 10,000 Markov chain Monte Carlo
(MCMC) draws. Each of the three sea turtle species con-
stituted an individual group. Overlap was assessed for bulk
lipid-corrected 0'*C and 6'°N values as well as §'°Ny,,, and
0N, values. The bulk isotope comparison incorporates
the isotopic niche space encompassing both dietary and
migratory contributions for both isotope values whereas the
compound-specific comparison considers baseline (Phe)
and trophic (GIx) influences for each separate isotope value.
Isotopic niche overlap was estimated using a Bayesian
framework to generate median and 95% credibility intervals
for paired comparisons among all three turtle species.

The Stable Isotope Bayesian Ellipses in R (SIBER)
package (Jackson et al. 2011) was used to further quan-
tify isotopic differences between species groups. Standard
ellipse areas for lipid-corrected 0'°C and bulk 0'°N values
were calculated for each group. Total area (TA) and Bayes-
ian standard ellipse area corrected for small sample sizes
(SEA,) were calculated as a measure of isotopic niche width
reported as %o” values. TA can be used to infer the total iso-
topic diversity while SEA  reflects isotopic niche breadth of
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the turtles sampled from each region (Layman et al. 2007;
Jackson et al. 2011).

Tissue bulk stable isotope values were compared to avail-
able biological (straight carapace length (SCL, cm), tissue
C: N, sex) and temporal (stranding season, stranding day)
variables for Kemp’s ridley and loggerhead turtles using
generalized additive models (GAMs) with the “mgcv”
package (Wood 2011) in R (R Core Team 2022). Green
turtles were not included in GAM analyses due to low
sample sizes (Table 1), but turtle SCL was also examined
using ordinary least square (OLS) regression for all three
turtle species. Stranding season was defined as the calendar
year at the start (i.e., October) of a stranding season that
could also include winter strandings at the start of the fol-
lowing calendar year (e.g., January 2020 samples would be
part of stranding season 2019). Stranding day was defined
as the number of days since the start of the corresponding
stranding season. A correlation matrix was generated for
the suite of predictor variables to test for strong correla-
tions using the cor function in the “stats” package in R. A
gaussian distribution with an identity link was selected for
all 6'3C value models while a gamma distribution with a log
link was selected for all 6'°N value models based on visual
examination of Q-Q plots and residual variation vs. fitted
values. The “select=TRUE” function in “mgcv”’ was used
to select parameters for inclusion in the best model. This
function allows effect values to be set to zero if unrelated to
the response variable and provides a means of evaluating all
predictor variables considered as a single model rather than
compared to a variety of iterations of variable combinations
(Marra and Wood 2011). Restricted maximum likelihood
(“method=REML” in “mgcv”) was used to estimate model
coefficients.

Muscle-blood 6'3C and 6"°N separation values (A'*C
and A'>N) were calculated for individual turtles from which
both tissues were analyzed. Based on available DTDF data
for these tissues, AN for individuals at isotopic steady
state for both tissues was assumed to be >2%o for J'°N val-
ues (Seminoff et al. 2006, 2007; Reich et al. 2008). DTDFs
for 6'2C values have not been reported for turtle muscle and
whole blood estimates are variable (— 0.9 and + 1.1%o; Sem-
inoff et al. 2006; Reich et al. 2008). Isotope offsets for 6'°C
values were assessed only in terms of variability rather than
in relation to a presumed offset indicative of steady state.

Muscle and blood 5**S values were assessed visually
in relation to 0'*C and 0'°N values for each turtle species.
Mean+SD values were plotted for each species and tissue

type.

Results
General

Baseline indicator species had similar average ¢'°N values
(blue mussel: 7.5£0.6%o, quahog: 8.8+0.4%o (Reitsma et
al. 2017), oyster: 7.7£0.4%o (Reitsma et al. 2017), and eel-
grass: 6.2+0.9%o), but eelgrass (— 10.4+1.1%o) was highly
3C-enriched relative to blue mussel (— 18.6+0.4%o). Sea
turtle 9'°C values for all species followed the phytoplankton
baseline with average values among tissues for all three spe-
cies of approximately—18.0%o (Fig. 2). Sea turtle muscle
0N values were lowest for green turtles for both whole
blood and muscle, intermediate for Kemp’s ridleys, and
highest for loggerheads (Fig. 2). Sea turtle 6'°N values were
+0.5-1.0%o0 higher relative to the filter feeder baseline for
whole blood and +1.1-2.4%o higher for muscle (Sea turtle
tissue 0'°N value — mean baseline 6'°N value).

Trophic position

Trophic position estimates for bulk muscle were similar
among species but highest for loggerhead, intermediate for
Kemp’s ridley, and lowest for green sea turtles (Table 3).
Potential hybrid turtles (n=4) had a TP estimate slightly
higher than Kemp’s ridleys based on muscle. For whole
blood, TP estimates for the three species were higher than
muscle-based estimates but followed the same pattern with
green lowest, Kemp’s ridley intermediate, and loggerhead
sea turtles highest. Potential hybrid TP estimates (n=3)
were similar to estimates for green turtles (Table 3).

For the subset of samples analyzed for AA-CSIA, all TP
estimates based on bulk muscle 0'°N values followed the
same pattern as shown in the full sample set but with a high
degree of intraspecific variability (Table 2). Relative to bulk
estimates, the AA-CSIA-based TP estimates had lower intra
and interspecies variation but the same TP ranking among
species (Table 2).

The sensitivity analysis demonstrated moderate changes
in TP estimates for muscle samples (ATP=~0.2) whereas
whole blood estimates were highly unstable (Table S1). A
0.5%o increase in the DTDF for whole blood decreased the
estimated TP by ~1 full level (e.g., loggerhead whole blood
TP estimate decrease from 3.8 to 2.9). A 0.5%o decrease,
which reduced the estimated DTDF to only 0.1%o, resulted
in biologically implausible estimates (e.g., TP=22.5 for log-
gerhead whole blood). This reduced DTDF closely matches
estimates for juvenile loggerhead whole blood (Reich et al.
2008), but also falls within analytical error of bulk stable
isotope value estimates.

For the AA-CSIA subset of whole blood samples, AA-
CSIA-based TP estimates were similar among species
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Table 3 Trophic position estimates (mean = 1SD) for sea turtle muscle and whole blood tissue based on bulk 3'>N values
Species Muscle Whole Blood

N Straight carapace length (cm) 8'°N (%) TP N Straight carapace length (cm)  8'°N (%0) TP

Green 37  28.0+3.5 9.1£09 24+04 34 278+34 85+£07 29+1.7
Kemp’sridley 228 25.9+4.4 97409 26+04 154 255+44 87+£09 32+19
Loggerhead 71 54.0+8.9 104+09 29+05 49 529+8.1 9.0+0.7 3.8+1.8
Hybrid 4 322+5.0 10006 2.7+03 3 329+5.38 86+1.0 3.0+2.1

(~3.1) whereas bulk 0'°N value-based estimates had both
high inter- and intraspecific variability (Table 2). Bulk 6'°N
value-based TP estimates ranged from 4.3 to 6.1 across
species with corresponding propagated errors of 1.2 to 6.9
(Table 2).

Isotopic niche overlap

Isotopic niche overlap for bulk stable isotope data was
higher overall for whole blood tissue than for muscle
(Table 4; Fig. 3). Median overlap for whole blood was 73.8
and 82.8% between green and loggerhead sea turtles, 75.5
and 90.2% between Kemp’s ridley and loggerheads, and
85.2 and 94.3% between Kemp’s ridley and green turtles.
For muscle tissue, overlap decreased to 45.6 and 47.2% for
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green and loggerhead turtles, 69.6 and 70.6% for Kemp’s
ridley and loggerhead turtles, and 76.3 and 86.9% for
Kemp’s ridley and green turtles (Table 4). For whole blood,
standard ellipse areas (SEA_) were similar among species
while total area (TA) was greater for Kemp’s ridleys (Table
S2). For muscle, loggerheads had the highest SEA_ and TA
values while green were lowest (Table S2).

Loggerhead isotopic niche overlap with green (31.5%)
and Kemp’s ridley (46.4%) for canonical amino acid mus-
cle stable isotope data was relatively low (Table 5) due to
several loggerheads with higher Phe and Glx 0'°N values
(Fig. 4) whereas green and Kemp’s ridleys were more simi-
lar (Table 5). Kemp’s ridley values largely fell within the
ellipses of loggerhead (84.6%) and green (73.4%) turtles
whereas green turtles included lower Phe and Glx values
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Table 4 Median bulk carbon and nitrogen stable isotope niche overlap based on ellipses encompassing 95% of the data (95% credibility intervals

are included in parentheses)

Loggerhead Green Kemp’s ridley
Whole Blood
Loggerhead NA 82.8 (65.8, 94.6) 90.2 (80.1, 96.5)
Green 73.8 (56.2, 88.9) NA 94.3 (85.0, 98.6)
Kemp’s ridley 75.5 (62.0, 87.5) 85.2(73.8, 94.4) NA
Muscle
Loggerhead NA 47.2 (30.0, 64.6) 70.6 (59.2, 81.0)
Green 45.6 (30.0, 62.9) NA 86.9 (75.3, 94.5)

Kemp’s ridley

69.6 (56.7, 82.5)

76.3 (64.0, 88.1)

NA

Fig. 3 Bulk tissue 6'3C and 6'°N
value niche overlap of green
(Chelonia mydas), Kemp’s ridley
(Lepidochelys kempii), and log-
gerhead (Caretta caretta) sea
turtle (a) whole blood and (b)
muscle tissues. Ellipses reflect
95% of the data for each region
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Table 5 Median muscle phenylalanine and glutamic acid nitrogen stable isotope niche overlap based on ellipses encompassing 95% of the data
(95% credibility intervals are included in parentheses)

Loggerhead Green Kemp’s ridley
Loggerhead NA 31.5(6.2,74.7) 46.4 (19.0, 83.0)
Green 51.9 (10.5, 95.4) NA 56.8 (23.4,91.2)

Kemp’s ridley

84.6 (44.8, 99.5)

73.4(32.9, 97.5)

NA
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Fig. 4 Phenylalanine (Phe) and glutamic acid (Glx) 6'°N value niche
overlap of green (Chelonia mydas), Kemp’s ridley (Lepidochelys kem-
pii), and loggerhead (Caretta caretta) sea turtle muscle tissue. Ellipses
reflect 95% of the data for each region

(Fig. 4) that reduced overlap to <60% for the other species
(Table 5).

Biological and temporal variable effects

All best GAM models included turtle SCL as an explanatory
variable while sex and stranding date were not part of any
best model (Figs. 5, 6, 7 and 8). Tissue C: N and strand-
ing season were also included for a subset of best models
(Figs. 5, 6 and 8).

The best models for Kemp’s ridley whole blood 6'3C and
0N values both included SCL and stranding season with
0'13C value models also including tissue C: N (Fig. 5). Mod-
els for 6'3C and §'°N values explained 29.5% and 49.3%
of deviance, respectively. The relationship with SCL was
positive for both §'°C and 6'°N values whereas relation-
ships with stranding season were negative for the later (6'°C
value) and earlier ('°N value) periods of the time series
(Fig. 5). Whole blood ¢'*C values increased with tissue C:
N (Fig. 5).

The best models for Kemp’s ridley muscle 5'3C and 6'°N
values explained 19.3% and 40.2% of deviance, respec-
tively, and both included SCL, stranding season, and tissue
C: N (Fig. 6). Both tissue 6'°C and §'°N values increased
linearly with SCL but generally declined over the time
series. The relationship with C: N was positive for both 6'3C
and 6"°N values, but 6'°N values were mainly influenced
by a single outlier sample with a high C: N of 6.4 (Fig. 6).
When re-analyzed with this outlier excluded, muscle 6'°N
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values were generally constant across the remaining range
of C: N values (Fig. S1).

Loggerhead whole blood ¢'*C and ¢'°N value-based best
models both included SCL and tissue C: N (Fig. 7). Both
models had a positive linear relationship with SCL. Whole
blood values increased with C: N for both §°C and 6N,
but the latter relationship was largely driven by a single
outlier sample with a high C: N value (Fig. 7). This posi-
tive trend was no longer observed following re-analysis
with the outlier C: N value excluded (Fig. S2). Best models
explained 46.3% and 31.4% of deviance for 6'°C and 6'°N
values, respectively.

Loggerhead muscle 6'3C and 6'>N value-based best mod-
els both included non-linear increases with SCL (Fig. 8).
The best model for §'*C values included a positive relation-
ship with tissue C: N while the best model for 6'°N values
included a declining trend with stranding season (Fig. 8).
Models for §'3C and 6"°N values explained 62.6% and
63.1% of deviance, respectively.

Muscle (Kemp’s ridley: R*=021, F,,,, = 60.68,
P<0.001; loggerhead: R?=0.24, Fi s = 21.83, P<0.001;
green: R?=0.18, Fi35 = 9.11, P<0.01), and whole blood
(Kemp’s ridley: R?=0.21, Fi 15 = 41.11, P<0.001; log-
gerhead: R?=0.12, Fia= 7.24, P<0.01; green: R?=0.12,
F3, = 5.33, P=0.03) 0N values significantly increased
with SCL for all three species (Fig. 9). For 6'3C values, sig-
nificant increases were observed for both tissues for Kemp’s
ridleys (muscle: R2=0.07, F 5, = 18.67, P<0.001; whole
blood: R?=0.19, Fs5; = 38.62, P<0.001) and loggerheads
(muscle: R?=0.33, Fy 65 = 33.34, P<0.001; whole blood:
R?=0.09, F 46 =545, P=0.02), but were not significant for
either tissue for green sea turtles (P>0.05; Fig. 9).

Sulfur isotopes

Average whole blood and muscle 6**S values were high-
est for green sea turtles, intermediate for Kemp’s ridleys,
and lowest for loggerheads, while 6'°N values for the same
samples followed the opposite trend (Fig. 10). Tissue 6'°C
values were similar (~ — 18%o) among species despite differ-
ing 0°*S and ¢'°N values for both whole blood and muscle.
Tissue 6°*S values ranged from 15.4 to 20.6%o across spe-
cies and were generally higher in blood than muscle tissue
(Fig. 10).

Muscle-whole blood separation

Median muscle-whole blood 6'3C value separation was
about 0%o for all three species while the 6'°N value was
highest for loggerheads (1.4%o), intermediate for Kemp’s
ridleys (1.1%o) and lowest for green turtles (0.7%o) (Fig. 11).
Muscle-whole blood 6'°N value separation was positive
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Fig. 5 Partial response plots of the best model for Kemp’s ridley (Lep-
idochelys kempii) whole blood 5'3C and 0'°N values (%o). The best
model for 6'3C values included (a) straight carapace length (SCL; cm),
(b) stranding year, and (c) tissue C: N. The best model for §'°N values

for most individuals with a single green turtle and seven
Kemp’s ridleys having negative values. Four loggerheads,
seven Kemp’s ridleys, and zero green turtles had ASN>2%o,
the estimated steady state isotope offset between these tissue
types based on available sea turtle tissue DTDF data (Semi-
noff et al. 2006, 2007).

Stranding year

included d) stranding year and (e) tissue C: N. Shaded areas represent
95% confidence intervals, and tick marks on the x-axis are rug plots
showing sampling density

Discussion

The ecology of juvenile hardshell sea turtles prior to sea-
sonal stranding events in New England has largely been
unknown in recent decades, but SIA has offered a chemi-
cal insight into this pre-stranding period. While conclusions
should be interpreted with caution due to small sample sizes
(AA-CSIA) and limited understanding of stable isotope
dynamics for the study species (e.g., DTDFs, turnover rates),
our study includes over a decade of data and represents the
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Fig.6 Partial response plots of the best model for Kemp’s ridley (Lepi-
dochelys kempii) muscle §'*C and §'°N values (%o). The best model
included straight carapace length (SCL; cm), stranding year, and tissue

largest soft tissue stable isotope dataset for Kemp’s ridley,
green, and loggerhead sea turtles in the New England region
to date. Overall, these three species appear to share a similar
TP, with a moderate separation among the larger juvenile
loggerheads (highest TP) and smaller Kemp’s ridley (inter-
mediate TP) and green (lowest TP) sea turtles sampled in
our study. Evidence of inter and intra-species variation in
past migrations and/or residency in nearshore waters was
inferred through a combination of bulk carbon, nitrogen,
and sulfur SIA as well as AA-CSIA of 6'°N values.
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Trophic position

Mean trophic position (TP) estimates based on bulk and
compound-specific muscle J'°N values were generally
consistent with reported omnivorous diets for juveniles
of these three species in the western Atlantic (Burke et al.
1993; Seney and Musick 2005, 2007; Jones and Seminoff
2013; Vélez-Rubio et al. 2016). Absolute trophic position
estimates for the three turtle species varied by method,
but relative TPs consistently reflected an elevated status
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Fig.7 Partial response plots of the best model for loggerhead (Caretta
caretta) whole blood 6'3C and ¢'°N values (%o). The best model
included straight carapace length (SCL; cm) and tissue C: N for both

for loggerheads, which were also the largest of the three
sampled species. The greater TP separation based on bulk
0N values could be a result of differences in arrival and
residency times among species and associated mismatch
between sea turtle muscle 0'°N values and the 0'°N values
of the local baseline used in TP estimates. Sea turtle muscle
DTDFs have not been validated to date, and the greater dif-
ference in TP estimates based on bulk J'°N values could be
aresult of inaccurate DTDF estimates. All four TP estimates
based on compound-specific data generated TP values that
were similar among species but with green and loggerhead
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L, L
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813C (a-b) and 5N values (c—d). Shaded areas represent 95% con-
fidence intervals, and tick marks on the x-axis are rug plots showing
sampling density

turtles consistently having lowest and highest TP estimates,
respectively. Previous diet studies in the western North
Atlantic documented benthic invertebrates, primarily horse-
shoe crabs (Limulus polyphemus) and blue crabs (Calli-
nectes sapidus), as the main natural prey base off Virginia
(Seney and Musick 2007). Larger crustacean prey, primar-
ily rock crabs (Cancer irroratus) and spider crabs (Libinia
emarginata), historically dominated juvenile loggerhead
diet in more proximal waters off New York, but diet tran-
sitioned more recently to smaller crustaceans like hermit
crabs Pagurus spp. (Burke et al. 1993; Donaton et al. 2019).
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Fig. 8 Partial response plots of the best model for loggerhead (Caretta
caretta) muscle 6'*C and 6'°N values (%o). The best model included
(a) straight carapace length (SCL; cm) and (b) tissue C: N whereas
the best model for 6'°N included (c) straight carapace length (SCL;

In offshore Mid-Atlantic waters, loggerheads were observed
eating benthic prey (hermit crabs (Paguroidea), rock crabs,
and Atlantic sea scallops (Placopecten magellanicus)) as
well as pelagic prey (Lion’s mane jellies (Cyanea capillata),
comb jellies (Ctenophora) and salps (Salpidae)) (Smolowitz
et al. 2015). Kemp’s ridleys, assigned an intermediate tro-
phic level in our study, historically had high dietary overlap
with co-occurring loggerheads in New York waters (Burke
et al. 1993), with a crustacean-dominated diet throughout
the western North Atlantic (Burke et al. 1994; Creech and
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Stranding year

cm) and (d) stranding year. Shaded areas represent 95% confidence
intervals, and tick marks on the x-axis are rug plots showing sampling
density

Allman 1998; Seney and Musick 2005). Like loggerheads,
Kemp’s ridleys in western North Atlantic neritic waters also
consumed bivalves, gastropods, and macroalgae (Burke et
al. 1993, 1994). Juvenile green sea turtle diet is not well
characterized in the western North Atlantic, but stomach
contents in New York waters from a small (r=11) collec-
tion of cold-stunned individuals primarily consisted of mac-
roalgae and eelgrass with mollusc and crustacean contents
only observed in a few samples (Burke et al. 1992). The
estimated TP for green turtles in our study combined with
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Fig. 9 Green (Chelonia mydas), Kemp’s ridley (Lepidochelys kempii),
and loggerhead (Caretta caretta) sea turtle (a) whole blood 6'°N, (b)
muscle 0"°N, (¢) whole blood §'*C, and (d) muscle 6'°C values rela-
tive to straight carapace length (SCL; cm). Dashed lines represent best

tissue dissimilarity from local eelgrass §'>C values suggest
that seagrass is either only a minor or a relatively short-term
component of diet in Massachusetts coastal waters. Relative
to lower latitude nearshore foraging grounds (Guebert-Bar-
tholo et al. 2011; Williams et al. 2013; Howell et al. 2016;
Vélez-Rubio et al. 2016), juvenile green turtles in Cape
Cod waters appear to have a higher amount of carnivory
overall. Green turtles in our study had a smaller mean size

Loggerhead
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fit linear regressions for each species. All regression lines represent
significant positive correlations except green turtle whole blood and
muscle 6"3C (%o) values

(28.0+3.5 cm SCL) than those sampled in these previous
studies (mean straight carapace length (SCL)~30 to 50 cm),
so observed differences in TP may be related to size rather
than geographic location.

Estimates of turtle TP were higher and more variable
for bulk whole blood relative to muscle while compound-
specific estimates were more uniform. While the rapid turn-
over of whole blood should minimize the effect of previous
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foraging location on 0'°N values (Seminoff et al. 2007;
Reich et al. 2008), the low presumed trophic enrichment of
turtle blood relative to diet makes TP estimates based on
this tissue type highly sensitive to small amounts of 6N
value variation. The DTDF used in our whole blood-based
TP estimates, 0.6%o, is only three times the typical precision
of bulk 0'°N value estimates and so highly sensitive to vari-
ation created by analytical uncertainty and factors like dif-
ferences in biochemical composition and nutritional status
as well as uncertainty in baseline J'°N values. Low DTDF
estimates for sea turtle whole blood (<1%o; Seminoff et al.
2006; Reich et al. 2008) are less than values estimated for
many aquatic fauna, including some crustaceans (Vanderk-
lift and Ponsard 2003). Assuming a constant DTDF between
our bivalve shellfish baseline and sea turtles would impart
additional error for cases where sea turtles were foraging
on mid-trophic level organisms with DTDFs>1%o. The
sensitivity analysis demonstrated the uncertainty in whole
blood-based TP estimates as a moderate (0.5%0) decrease
in the DTDF produced TP values ranging from ~12 to 23
(Table S1). This extreme response to a subtle decrease in
estimated DTDF provides further support for using muscle
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or other tissue types with greater trophic enrichment for TP
calculations. The lower whole blood TP estimates derived
from amino acid-based estimates are consistent with some
degree of omnivory for juvenile turtles, although small sam-
ple sizes (n=2 or 3 per species) warrant caution in broader
interpretation. Whole blood 5'°N values could also be sen-
sitive to effects of nutritional stress since samples were
derived from cold-stunned animals (Bean and Logan 2019;
also see broader discussion in Biological and Temporal
Variables section).

While average bulk and compound-specific TP estimates
based on muscle tissue were relatively similar, the higher
degree of variability in bulk §'°N value-based estimates
suggests contributions of baseline effects from past foraging
across different isoscapes for some individuals. The overall
range of TP estimates based on BSIA includes low individ-
ual values (e.g., TPs<2 for green turtles) and high intraspe-
cific variability (>1-2.5 TPs) that may not be biologically
realistic (Jones and Seminoff 2013); whereas the observed
variation in bulk J'°N values is within the range of observed
spatial variation in nitrogen isoscapes in the western North
Atlantic Ocean (McMahon et al. 2013; Ceriani et al. 2014);
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hence migratory rather than trophic influences are more
likely the source of the wide range of bulk stable isotope
values. The lowest bulk TP estimates are likely from indi-
viduals that recently arrived to nearshore waters from oli-
gotrophic offshore Gulf Stream waters with low 6'°N value
baselines (McMahon et al. 2013). The highest TP estimates
could be a result of recent inhabitation of nearshore waters
with even higher J'°N value baselines than the waters near
the stranding sites. Because CSIA provides individual val-
ues for trophic amino acids (those that undergo significant
trophic fractionation) and source amino acids (those that
remain largely the same as they move through different tro-
phic levels), CSIA-based estimates of trophic position can
be more reliable than BSIA-based estimates (Ramirez et al.
2021). For example, an 82.2 cm SCL loggerhead had outlier
O13C (— 15.1%o0) and 6"°N (15.8%o) values and a TP based on
bulk muscle 6'°N values of 5.1, but the TP based on muscle
0N AA-CSIA values (3.3) fell within the range (3.1-3.5)
of other loggerheads with lower bulk muscle '°N values.
Previous western North Atlantic '°N value isoscapes based
on sea turtle skin identified a region of elevated baseline
0N values in nearshore Mid-Atlantic Bight waters in and
near Chesapeake Bay as well as both elevated 6'°C and

05N values off the Atlantic coast of Florida (Ceriani et al.
2014). Past foraging in these or other areas with high iso-
tope baselines prior to migration to Cape Cod waters would
have imparted elevated tissue 0'°N values and correspond-
ing high TP estimates relative to individuals foraging at a
similar TP in New England waters.

Isotopic niche overlap

Bulk isotope niche overlap was greater for whole blood
relative to muscle among the three turtle species. This dif-
ference could be driven by the larger trophic enrichment for
muscle relative to whole blood (Seminoff et al. 2007; Reich
et al. 2008), which would create a larger isotopic separation
for muscle relative to blood for a given trophic difference.
Lower isotopic overlap among species for muscle stable
isotope values could also relate to the slower turnover rate
for this tissue (Seminoff et al. 2007; Reich et al. 2008) and
increased isotopic separation created by different isotope
baselines incorporated in tissue values from past foraging
habitats. Green and loggerhead turtle muscle overlap was
particularly low, which could be a result of muscle isotope
values carrying low (oceanic — green) and high (neritic
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— loggerhead) 6'°N value baselines from previous forag-
ing. High interspecies overlap of whole blood stable iso-
tope values is consistent with similar recent trophic level
and primary production sources among species in nearshore
foraging habitats near the stranding sites.

Muscle amino acid isotopic niche overlap was low rela-
tive to the larger bulk muscle J'°N value dataset. Samples
analyzed for muscle 6"°N AA-CSIA values were purposely
selected across a wide bulk 6'°N value gradient, so the
lower degree of overlap is partly an artefact of sample selec-
tion. This smaller dataset nonetheless shows a segregation
in baseline isotope values among species with green and
Kemp’s ridleys more clustered among the lower end of the
observed Phe 4'°N value (canonical source AA) range and
loggerheads instead with intermediate to high Phe §'°N val-
ues more reflective of productive nearshore habitats.

Biological and temporal variables

Observed relationships between tissue C: N and stable iso-
tope values could be indicative of biases related to nutri-
tional stress prior to stranding or tissue decomposition
during the time between death and biological sampling.
Starvation can induce increases in tissue stable isotope val-
ues due to catabolic breakdown of protein (Hobson et al.
1993; Gannes et al. 1997), which is a potential confounding
factor for samples derived from cold-stunned individuals
(Bean and Logan 2019) given reported incidences of nutri-
tional stress prior to stranding (Stacy et al. 2018). Since C:
N generally has a positive correlation with lipid content in
marine fauna (Post et al. 2007), C: N would be expected to
have a negative correlation with tissue stable isotope val-
ues if starvation was the main driver, which was observed
previously for liver tissue in cold-stunned Kemp’s ridleys
(Bean and Logan 2019). The positive relationship between
tissue C: N and 5'°N values for both tissue types for Kemp’s
ridleys and loggerheads is not consistent with starvation
effects but could instead reflect microbial decomposition.
Increases in 6'°N values following tissue decomposition
have been reported previously for marine fauna, likely due
to microbial activity (Yurkowski et al. 2017). Decomposi-
tion can also cause increases in tissue C: N through greater
decreases in nitrogen content relative to carbon (Perkins et
al. 2018), which could explain observed positive relation-
ships between tissue C: N and tissue stable isotope values in
our dataset. Previous assessment of decomposition effects
on loggerhead muscle stable isotope values did not detect
any alteration overall (Payo-Payo et al. 2013) but did not
look specifically at the relationship with tissue C: N to test
for any inter-individual variability in stable isotope effects.
Muscle samples of marine mammals with similar C: N val-
ues to the majority of sea turtles from our study (i.e., C:
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N<4.0) did not have either C: N or stable isotope altera-
tion in response to decomposition and samples derived from
stranded individuals were considered representative of the
corresponding live population (Cloyed et al. 2023). Rela-
tionships between tissue stable isotope values and C: N
were driven by a limited number of samples with elevated
C: N (See rug plots in Figs. 5, 6, 7 and 8), so potential bias
associated with microbial decomposition is limited to a rela-
tively small subset of our overall dataset.

Variability in stable isotope values related to strand-
ing season could reflect temporal variability in diet and/
or migration schedules. Loggerhead diet varied annually
in New York waters in the decades leading up to our sam-
pling period with a switch from larger to smaller crustacean
prey (Donaton et al. 2019). Kemp’s ridley (both tissues) and
loggerhead (muscle) §'°N values declined across sampling
years in our study in a manner consistent with a transition
to lower trophic level prey. Inter-annual variability could
also be due to differences in migration schedules and indi-
vidual arrival times to nearshore Massachusetts waters prior
to stranding and related variable influence of more distal
isoscapes to bulk tissue stable isotope values. Temporal
variation could also be independent of trophic and migra-
tory variation if it was instead driven by annual variation in
0N baseline values in nearshore foraging habitats.

The absence of sex as an explanatory variable in any of
the selected GAMs suggests a lack of variability in stable
isotope values between juvenile male and female turtles
stranding in New England. For loggerheads, similar diets
in other western North Atlantic foraging areas (Seney and
Musick 2007; Donaton et al. 2019) and bulk stable isotope
values in other parts of the species’ geographic range (e.g.,
Thomson et al. 2012; Haywood et al. 2020) have been docu-
mented between sexes.

Tissue 0'°N values increased with SCL for all three spe-
cies and 0'°C values increased for both loggerheads and
Kemp’s ridleys. Turtle SCL was also included in best mod-
els for all GAM analyses. Observed increases in both §'*C
and 0'°N values are consistent with ontogenetic increases
in TP given the stepwise enrichment in both isotopes with
trophic transfers (Fry 2006) as discussed previously in the
Trophic Position section. While not statistically significant,
the moderate decline in 6'3C values with SCL and cor-
responding significant 6'°N value increase for green sea
turtles could reflect a longer nearshore residency for larger
individuals of this species prior to stranding.

The observed ontogenetic increase in loggerhead 0'°N
values in our dataset generally agrees with previous SIA
studies from the western North Atlantic (Goodman Hall et
al. 2015; Ramirez et al. 2015) and other regions (Godley et
al. 1998; Hatase et al. 2002; Pajuelo et al. 2010; Eder et al.
2012; Blasi et al. 2018). A non-significant 6'°N value-SCL
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relationship was reported over a similar size range of log-
gerheads from the western North Atlantic based on blood
plasma (Wallace et al. 2009), but a later study using plasma
from the same geographic region did detect a 6'°N value
increase with size (Goodman Hall et al. 2015). For logger-
heads, the non-linear §'°N value increase with SCL could be
driven by both trophic and habitat shifts since 6'°N values
could increase with a size-based shift in average TP and/
or recruitment to nearshore waters with higher 6'"°N value
baselines. The estimated average size at which logger-
heads in the western North Atlantic transition from oceanic
to neritic foraging habitats is 54.2 cm SCL based on bone
growth increment 5'°N values (Ramirez et al. 2015), which
closely matches the SCL at which loggerhead muscle §'°N
values increased in our dataset (Fig. 8). While based on a
small sample size (n=8), TP estimates based on muscle
amino acid 0'°N values from loggerheads ranging in size
from 37.2 to 80.1 cm SCL were all close to 3.3. This TP
consistency is more suggestive of a migratory influence on
loggerhead tissue J'°N value increases with SCL.

Increases in 0'°C and §'°N values with SCL for both tis-
sues are consistent with size-based TP increases for Kemp’s
ridleys in nearshore foraging habitats. Like loggerheads,
Kemp’s ridley diet in Northwest Atlantic shelf waters is
mainly characterized as crustacean-dominated (Burke et
al. 1993, 1994; Seney and Musick 2005). The observed
increase in tissue stable isotope values with SCL could cor-
respond to a higher prevalence of carnivory with size and/
or expansion in dietary breadth to include larger, higher tro-
phic level crustacean prey.

While the observed increase in 6'°N values with SCL for
green sea turtles may seem surprising in the context of the
early documentation of an abrupt transition from omnivory
to herbivory following recruitment to neritic waters (Jones
and Seminoft 2013), this weak positive relationship between
0N values and size is consistent with juvenile green turtle
feeding ecology in other regions. In eastern Australia, green
turtles up to 64 cm curved carapace length (CCL) were
feeding two to three trophic levels above primary producers,
with almost a third of their diet coming from animal mate-
rial (Glen et al. 2024). After recruitment to South Atlantic
neritic waters, green turtles had high levels of omnivory
(including consumption of macro zooplankton) and a posi-
tive relationship between 0'°N skin values and CCL after
recruitment (Vélez-Rubio et al. 2016).

The relationship between green sea turtle bulk stable
isotope values and SCL could also be influenced by size-
based variation in nearshore residency. In the western North
Atlantic, pelagic Gulf Stream foraging habitats have lower
0N value baselines relative to neritic waters (McMahon
et al. 2013; Bean and Logan 2019). Baseline 6'3C value
differences between offshore pelagic food webs and the

benthic food webs of the neritic zone would be expected
to be minimal given observed §'°C value variability within
these two regions (Bean and Logan 2019) and similar *C
enrichment for benthic nearshore (France 1995) and pelagic
Gulf Stream food webs (McClellan et al. 2010; Magozzi et
al. 2017). The lack of a corresponding detectable increase
in 6'3C values with CCL for green sea turtles suggests that
the observed increase in J'°N values could reflect more pro-
longed residency in nearshore foraging habitats by larger
individuals. Longer residency would translate to tissue '°N
values increasing to reflect the higher 6'°N value baseline
of neritic habitats (McMahon et al. 2013). Increased sample
sizes or complementary monitoring methods (e.g., tagging,
eDNA) would be needed to better understand green sea tur-
tle residency in New England waters.

Sulfur isotopes

The opposing patterns of bulk 5'°N and 5**S values observed
for the three turtle species could be explained by differing
contributions of previous oceanic foraging habitats to turtle
bulk stable isotope values or opposing patterns in trophic
isotope discrimination between these two elements. Oligo-
trophic oceanic habitats have lower 0'°N but higher 6°*S
baseline values relative to nearshore neritic habitats (McMa-
hon et al. 2013; Raoult et al. 2024). Benthic foragers have
been shown to have lower §°*S values than pelagic species
(e.g., Thomas and Cahoon 1993; Szpak and Buckley 2020),
so more recent arrival to nearshore foraging habitats and,
by association, higher contributions from oceanic foraging
history to tissue isotope values, would be expected to result
in higher 6**S values and lower 6'°N values. The observed
higher 6**S values for whole blood relative to muscle do
not agree with a migratory explanation for interspecies
variation given that the more rapid turnover rate of whole
blood should result in a higher degree of incorporation of
the lower nearshore 6**S value baseline. However, interpre-
tation of 9°*S value differences between whole blood and
muscle is limited by uncertainty in discrimination factors for
each tissue. Estimates of sulfur isotope discrimination fac-
tors for mice (Mus musculus) were similar for whole blood
and muscle (Aneson and MacAvoy 2005), but validation
data are needed from sea turtles or other reptile model spe-
cies given documented variation among taxa (McCutchan
et al. 2003; Raoult et al. 2024). While data for reptiles are
currently lacking, a recent meta-analysis of sulfur stable
isotope discrimination factors reported negative values
for some taxa and a negative mean value (— 0.4%o) overall
(Raoult et al. 2024). If turtle blood and muscle 6°*S values
decrease with trophic transfers, a negative relationship with
0N values would be expected independent of migratory
influences. Recent stable isotope data from the west coast of
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Florida found that 6>*S and 0'°N value relationships among
these same three turtle species showed generally similar
patterns for both elements, with loggerhead and green tur-
tles having highest and lowest median values, respectively,
for both 9°*S and 0'°N values (Weber et al. 2023). These
differences between studies are more consistent with base-
line influences rather than negative sulfur discrimination
factors, but validation of 6°*S value discrimination factors
in sea turtles is needed to disentangle trophic and migratory
sources of stable isotope variation in these species. Relat-
edly, baseline 5**S values from nearshore Cape Cod waters
as well as oceanic (e.g., Gulf Stream) waters are needed to
properly distinguish potential trophic and migratory effects
on inter and intra-species variation in sea turtle tissue 9°*S
values. Sulfur SIA has not been applied to sea turtle ecology
to the same degree as carbon and nitrogen STA (Haywood et
al. 2019); future studies validating sulfur isotope dynamics
in sea turtles would improve interpretability of this under-
used chemical tracer.

Muscle-blood discrimination

Muscle-whole blood stable isotope discrimination was fairly
homogenous for 6'3C values while §'°N values followed
estimates of TP among species. Western North Atlantic car-
bon isoscape gradients and tissue *C trophic enrichment are
both small relative to 6'°N values (McCutchan et al. 2003;
McMabhon et al. 2013; Ceriani et al. 2014), so the lack of
any clear pattern in §'>C value separation between tissues is
not surprising. Nitrogen stable isotopes, which present both
greater variation with trophic transfers and across isoscapes
(McCutchan et al. 2003; McMahon et al. 2013; Ceriani et
al. 2014), showed inter-tissue separation that could reflect
species-specific differences in residency in nearshore for-
aging habitats. We expect that more recent migration from
oceanic waters with low 6'°N value baselines would result
in smaller muscle-whole blood 6'°N value separation. With
the higher turnover rate, whole blood 6'°N values would be
closer to an isotopic steady state with the higher 6'°N value
nearshore food web baseline than muscle and so reflect a
higher proportion of the '"N-enriched local baseline. This
logic suggests that the order of migration into the neritic
waters is loggerhead, then Kemp’s, then green, but this
pattern should be viewed with caution because the higher
015N values associated with the higher TP loggerheads may
conflate the issue. This interpretation is consistent with the
previously described interspecies 0°*S value differences
that could also be explained by differential residency in
nearshore waters but similarly could be the result of other
stable isotope dynamics. For example, differing offsets in
bulk stable isotope values could also be caused by trophic
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shifts or inter-species differences in whole blood and muscle
DTDFs.

Caveats

While SIA of tissues from cold-stunned sea turtles can
provide insight into past foraging and migratory histo-
ries, inferred ecological information should be interpreted
with some caution in the absence of robust sample sizes,
validated stable isotope dynamics, and complementary
methods. For BSIA-derived results, TP estimates based
on muscle 6"°N values lack validated DTDFs for any sea
turtle species for this tissue type. While whole blood DTDFs
have been reported for a subset of the species included in
our study, existing data do not fully reflect the size classes,
physiological states, or environmental conditions associ-
ated with our sea turtle dataset. A simple sensitivity analysis
showed that TP estimates based on whole blood bulk §'°N
values varied widely in response to small changes in DTDF
estimates. Muscle bulk 6'°N value-based TP estimates were
more robust in response to DTDF assumptions, but absolute
TP estimates still should be interpreted with caution given
the absence of any validated DTDF data for sea turtles. Esti-
mates of sea turtle TP based on BSIA are further limited by
uncertainty in the duration of sea turtle residency in New
England waters and by the associated potential for tissue
values to partly reflect previous foraging in other regions.
The complementary TP estimates based on amino acid '°N
values address some of these limitations, but sample sizes
were relatively small and may not fully reflect the trophic
ecology of the larger assemblages of these hard-shelled spe-
cies in New England waters.

Conclusions and next steps

Telemetry data from juveniles of these three species in the
western North Atlantic revealed both aspects of overlap and
segregation in seasonal habitat use (Robinson et al. 2020;
Phillips et al. 2025). All three species display intraspecific
variability in habitat location following departure from
nearshore Northwest Atlantic waters with some individuals
remaining in shelf waters in the Mid- and South Atlantic
Bight and others instead heading east to oceanic waters of
the Gulf Stream. Green turtles (25.3 to 58.9 cm SCL) tend
to spend most time in shallow, warmer waters with Kemp’s
ridleys (18.2 to 58.3 cm SCL) occupying intermediate
depths and temperatures and loggerheads (25.5 to 69.9 cm
SCL) found in the coolest, deepest waters (Robinson et al.
2020). These temperature preferences could also reflect tim-
ing of arrival to more northerly shelf foraging habitats off
Cape Cod and observed inter-individual and interspecific
stable isotope patterns consistent with green, Kemp’s ridley,
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and loggerhead turtles having short, intermediate, and lon-
ger relative residency prior to stranding. These species also
display inter and intraspecific variability in movements and
habitat use in earlier life history (12.3 to 29.9 cm SCL) prior
to arrival in northwest Atlantic shelf waters including both
oceanic and neritic waters (Phillips et al. 2025). This col-
lective variability in juvenile movements will contribute to
both inter and intraspecific variability in bulk stable isotope
values of slower turnover tissues like muscle and influence
overall bulk stable isotope dynamics among stranded indi-
viduals. Inclusion of compound-specific and more rapid
turnover tissue (i.e., whole blood) helped to at least partly
disentangle migratory and trophic contributions to bulk sta-
ble isotope results, while bulk muscle stable isotope data
provided some insights into prior habitat use.

Juvenile hard-shelled sea turtles use nearshore waters in
southern New England as seasonal foraging habitat with all
three species displaying omnivory in this geographic region.
Inshore feeding in New England waters is consistent with
previously documented seasonal foraging in nearby near-
shore waters of the Northwest Atlantic (e.g., Burke et al.
1993; Donaton et al. 2019), but previously largely unknown
for New England waters due to the general lack of obser-
vations of these species prior to stranding. TP varied mod-
erately among species with the larger loggerhead juveniles
occupying the highest TP and all species showing size-based
increases in TP. Stable isotope-based estimates of sea turtle
TP agree with past diet studies from the northwest Atlantic
shelf (Burke et al. 1992, 1993, 1994; Donaton et al. 2019)
and help to place these species in the broader ecological
context of nearshore food webs in this region. Future stud-
ies incorporating bulk or compound-specific stable isotope
mixing models could expand beyond TP characterization
to further quantify sea turtle dietary sources in nearshore
waters (e.g., Dodge et al. 2011; Garcia-Seoane et al. 2023).
Complementary traditional stomach content analyses (e.g.,
Donaton et al. 2019) or DNA metabarcoding of cloacal
swabs (e.g., Diaz-Abad et al. 2022) would also allow for
more detailed, species-specific diet characterization.

Stable isotope data also offered insight into potential
inter and intraspecific variability in past migrations and
habitat use. Stable isotope results in general suggest indi-
vidual variability in local residency rather than a consistent
migratory schedule. Corresponding high 6°*S and low 6'°N
values as well as lower inter-tissue isotope spacing in green
turtles is consistent with past residency in offshore waters
and more recent arrival to nearshore foraging habitats prior
to stranding relative to the other co-occurring turtle species.
Stable isotope analyses of additional tissues that can be sub-
sampled across layers reflecting a chronology (e.g., bones,
scutes) would offer longer-term records of pre-stranding
diet and migratory history (e.g., Ramirez et al. 2015; Bean

and Logan 2019). Understanding of local habitat use and
residency could be further refined through the incorporation
of satellite tagging (e.g., Robinson et al. 2020) and environ-
mental DNA (eDNA) surveys (e.g., Harper et al. 2020).

Nearshore waters of southern New England are likely to
provide seasonal foraging habitat for increasing numbers of
juvenile Kemp’s ridley, loggerhead, and green sea turtles
with ocean warming and population expansion (Griffin et
al. 2019; Patel et al. 2021). Continued ecological monitor-
ing will improve our understanding of sea turtle habitat use
in these northern juvenile foraging grounds.
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