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Abstract Diamondback terrapins (Malaclemys ter-
rapin) are sexually dimorphic generalist turtles that
inhabit salt marshes and estuaries along the Atlan-
tic and Gulf coasts of the United States. On October
29th, 2012, Hurricane Sandy made landfall in New
Jersey, USA, directly impacting terrapin populations
inhabiting central and southern Barnegat Bay. To
examine potential food web mediated impacts to the
terrapin population and their foraging dynamics we
examined carbon and nitrogen stable isotope values

Handling Editor: Daniele Nizzoli

M. J. Denton (P)

Wetland and Aquatic Research Center, U.S. Geological
Survey, 7920 NW 71st St., Gainesville, FL 32653, USA
e-mail: mdenton @usgs.gov

K. M. Hart

Wetland and Aquatic Research Center, U.S. Geological
Survey, 3321 College Avenue, Davie, FL. 33314, USA
e-mail: kristen_hart@usgs.gov

J. Wnek

Project Terrapin, Marine Academy of Technology
and Environmental Science, 195 Cedar Bridge Road,
Manahawkin, NJ 08050, USA

e-mail: projectterrapin@gmail.com

S. A. Moss - H. W. Avery

The Leatherback Trust, New Jersey Field Office, 1309
Heartwood Drive, Cherry Hill, NJ 08003, USA
e-mail: sarah.albero.moss@gmail.com

H. W. Avery
e-mail: hal@leatherback.org

collected from terrapin tissues (2011, 2015, 2019)
and resource taxa (2015, 2019) within Barnegat Bay.
Isotopic analysis revealed that mature females had
lower carbon and higher nitrogen values than imma-
ture females and males with almost no isotopic niche
overlap, whereas males and immature females had
statistically similar values with overlapping niches.
Terrapins and resources collected from island habi-
tats contained higher carbon and nitrogen values
than those from mainland habitats, with little overlap
in niche between habitats. There were no significant
temporal variations detected in either carbon or nitro-
gen values from terrapins between years, or within
each habitat pre- and post-Hurricane Sandy. These
findings suggest long-term terrapin foraging dynam-
ics have remained relatively stable, signifying resil-
ience to disturbance events within the study site.

Keywords Carbon - Estuary - Food web -
Malaclemys terrapin terrapin - Nitrogen

Introduction

Coastal salt marshes and estuaries are critically
important biological habitats that serve to maintain
biodiversity in aquatic systems. Tidal marshes seques-
ter excess nutrients, provide vital nursery habitat for
several recreational and commercial fishery species,
and absorb hurricane energy (MacKenzie & Dionne,
2008; Day Jr. et al., 2012; Velinsky et al., 2017).
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However, environmental stressors directly threaten
these coastal ecosystems and the critical services they
provide. Urbanization of coastlines impacts eutrophi-
cation of nearshore waters through increases in waste-
water and stormwater inputs (McClelland et al., 1997;
Ulseth & Hershey, 2005), and systems can become
highly eutrophic if there is relatively low freshwater
inflow and poor tidal flushing (Kennish et al., 2007;
Velinsky et al., 2017). In addition to the steady pres-
sure of human influence on the coast, hurricanes can
cause sudden and extensive changes to coastal eco-
systems. Hurricanes can be significant community-
structuring events, altering benthic communities
through the physical effects of the storm (Mallin &
Corbett, 2006; Engle et al., 2009; Longenecker et al.,
2018). The increased rainfall typical of hurricanes
can lower salinity levels below the threshold toler-
ance of benthic communities or cause stratification
in the water column resulting in hypoxia in bottom
waters (Boesch et al., 1976; Mallin et al., 1999; Cho
et al., 2012). Thus, it is reasonable to hypothesize that
storm driven changes in community structure may
have the potential to create shifts in the estuarine food
webs.

Stable isotope analysis is commonly used to inves-
tigate trophic interactions between species and habi-
tats, as carbon and nitrogen isotope tracers can inte-
grate both consumer habitat and dietary resources
(Deegan & Garritt, 1997; Sanzone et al., 2003; Fry,
2006; Michener & Kaufman, 2008). Carbon isotope
values can discriminate between marine versus ter-
restrial habitats, while nitrogen isotopes inform on
the trophic position. Because animal tissues reflect
the isotopic composition of their diet in a predictable
manner, simultaneous analysis of carbon and nitro-
gen isotope tracers (i.e., isotopic niche) can describe
the trophic ecology of organisms over space and time
(Layman et al., 2007; Newsome et al., 2007). Con-
sumers that feed on the same prey have similar §'°C
values with only a slight enrichment < 1%o (DeNiro
& Epstein, 1978), whereas nitrogen undergoes an
increase of ~(2—4%o) with each trophic level, but
these discrimination factors can vary between species
and tissue type (Hobson & Wassenaar, 2008). Isotopic
analysis has also been used to study the response of
species to habitat change and environmental stressors.
For example, habitat conversion and fragmentation
led to shifts in isotopic niche resulting from shifts in
both carbon and nitrogen values of skinks (Resasco
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et al., 2018), and there were contrasting food web
responses of the Seaside Sparrow, Ammodramus mar-
itimus (Wilson, 1811), following impacts to the com-
position of terrestrial and saltmarsh communities in
Louisiana following the Deepwater Horizon oil spill
(Olin et al., 2017).

Diamondback terrapins, Malaclemys terrapin
(Schoepff, 1793), occur exclusively in estuaries and
salt marshes along the Atlantic and Gulf coasts. They
are long-lived turtles that exhibit high site fidelity and
are sexually dimorphic generalist predators that for-
age on benthic invertebrates including crabs, snails,
bivalves, and barnacles with species varying by loca-
tion [Tucker et al., 1995; Erickson et al., 2011; Den-
ton et al., 2016; Kays et al., 2019; Weimer and Wnek
(MATES Project Terrapin), oral communication,
(August 18th, 2020)]. Resource partitioning between
sexes was identified by Petrochic (2009) and Tucker
et al. (2018) and Alleman and Guillen (2017), while
Denton et al. (2019) identified partitioning between
size classes with the diets of larger mature females
likely different from males and immature females due
to larger head and stronger bite force.

Barnegat Bay is the largest body of water in
New Jersey, along the coast of Ocean County. It is
a lagoonal-type estuary that encompasses a unique
estuary ecosystem with a mosaic of coastal habitats
including barrier islands, eelgrass beds, salt marshes,
and tidal flats. On October 29th, 2012, Barnegat
Bay was directly impacted by Hurricane Sandy, an
extraordinarily large storm that affected most of the
eastern coast of the USA. Hurricane Sandy’s path
tracked over the Edwin B. Forsythe National Wild-
life Refuge with winds> 160 km/h but the strongest
impacts were caused by storm surge and tides (Hall &
Sobel, 2013). Subsequent research examining impacts
of Hurricane Sandy suggested no widespread long-
term impact on the salt marshes (Elsey-Quirk, 2016;
Longenecker et al., 2018), and the benthic inverte-
brate species composition were still diverse and abun-
dant with minimal changes across 45 years (Taghon
et al., 2017a, b; Watson & Gannon, 2020). Northern
Diamondback terrapin, M. terrapin terrapin (Schoe-
pff, 1793), populations within central and southern
Barnegat Bay have been studied since 2005, during
which biological samples were collected (i.e., 2011,
2015, and 2019).

We aimed to characterize the isotopic niche of ter-
rapins within southern Barnegat Bay to investigate
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potential food web mediated impacts to the local ter-
rapin population after Hurricane Sandy. We assessed
temporal and spatial variance in terrapins’ isotopic
niche within mainland and island habitats. We also
sampled potential resource taxa to establish base-
line values to assess if terrapin isotopic values were
reflective of those within the capture locations. The
objectives were to (1) examine intraspecific niche
partitioning between turtles of different sexes, size
classes, and those occupying different habitats and (2)
determine if there were long-term temporal variations
in terrapin isotopic niche within this study site.

Methods
Study sites
We selected sampling sites within the central and

southern portions of Barnegat Bay, NJ, based on
known terrapin nesting and foraging areas (Sheridan

74°24'W 74°17'W
1 1

et al., 2010; Wnek, 2010; Basile et al., 2011; Win-
ters et al.,, 2015). We categorized sites as either
“mainland” (Conklin, Double Trouble, Osprey
Cove, Cedar Run) or “island” (Sedge Islands, Sloop
Sedge Minor) habitats (Fig. 1, created in QGIS
Desktop 3.16.0 with GRASS 7.8.4). Mainland study
sites were within the Edwin B. Forsythe National
Wildlife Refuge (EBFNWR), located in southern
NJ on the inland side of Barnegat Bay and Cedar
Run, located on the mainland side of the Bay, in
Stafford Township just south of the EBFNWR
Barnegat Division (Fig. 1). Island sites were within
EBFNWR and north in the Sedge Island Wildlife
Management area, managed by the NJ Division of
Fish and Wildlife within the Sedge Island Marine
Conservation Zone (SIMCZ). Both the mainland
and island sites are primarily comprised of salt
marsh habitat with open bay access. The northern
portion of Barnegat Bay is more developed, has a
greater salinity gradient and more shoreline struc-
tures than the southern Bay, which has a higher
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Fig. 1 Sampling locations within central and southern Barnegat Bay, New Jersey, USA
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percentage of salt marsh habitat along the mainland
site (Lathrop et al., 2001; Kennish et al., 2007).

Isotope sampling
Terrapins

During 2015 and 2019 we captured terrapins using
hoop nets, fyke nets, dip nets, and by hand as part
of ongoing long-term population studies (Sheri-
dan et al., 2010; Wnek, 2010; Lester et al., 2013).
Female terrapins reach sexual maturity at approxi-
mately 13.2-17.6 cm straight plastron lengths
(SPL), and males around 9 cm (Lovich & Gib-
bons, 1990; Wnek, 2010), thus, we considered all
females > 13.5 cm mature and all females < 13.5 cm
immature. In 2015, we sampled 49 terrapins (17
mature and 11 immature female, and 21 mature
male) from two mainland sites (Double Trouble,
Osprey Cove) and 10 (1 immature and 2 mature
females, and 7 mature males) from an island site
(Sloop Sedge Minor). During 2019, we sam-
pled an additional 23 (3 immature and 16 mature
females, and 4 mature males) terrapins at a main-
land site (Cedar Run) and 4 (3 mature females, 1
mature male) from an island site (Sedge Islands).
We recorded standard morphometric measurements
and capture information for each terrapin and col-
lected whole blood samples (2 ml) through either
dorsal coccygeal or subcarapacial venipuncture, and
immediately stored on ice until frozen in labora-
tory at —20 °C. After all measurements and samples
were collected, terrapins were released back at their
capture location within 24 h. To enable comparison
of terrapins’ isotopic values from southern Barnegat
Bay prior to Hurricane Sandy we utilized red-blood
cell (RBC) fractions from nesting females sampled
in 2011. For this study all whole blood and RBC
fractions were dried in the laboratory at 60 °C for
up to 48 h and ground into a homogeneous pow-
der. As part of an endocrine study, Winters et al.
(2016) sampled nesting female terrapins from island
(Sedge Islands; 12) and mainland (Conklin; 18)
sites during which they collected heparinized blood
samples (2 ml) stored on ice 3—6 h prior to cen-
trifugation, with the resulting RBC fractions hav-
ing been stored frozen since collection (see Winters
et al. 2016 for details on terrapin capture and blood
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handling/storage). The use of heparinized anticoag-
ulants did not show a significant difference in §'*C
or 8N values from non-heparinized samples of red
blood cells from green sea turtles, Chelonia mydas
(Linnaeus, 1758), or leopard sharks, Triakis semi-
fasciata, Girard, 1855, (Kim & Koch, 2012; Lem-
ons et al., 2012), and only marginal differences with
minimal effects (<0.2019%o) on the nitrogen values
in blacktip reef shark, Carcharhinus melanopterus
(Quoy and Gaimard, 1824), tissues (Weideli et al.,
2019). Therefore, it is reasonable to assume there
was little to no influence of the preservation method
on the terrapins’ RBC isotopic values.

It is also important to note the possibility that
any observed differences in isotopic values and
niche prior to Hurricane Sandy (2011) to those col-
lected after (2015, 2019) could be attributed to the
different tissue types used. Animal tissues assimi-
late the diet-derived stable isotopic signatures into
consumer body tissues at varying rates (discrimi-
nation factors) based primarily on tissue-specific
metabolism (Gannes et al., 1997), which results in
dietary information integrated over different time
scales due to the varying turnover rates (Seminoff
et al., 2007). For example, discrimination factors for
nitrogen (A,4,'°N) are slightly larger for whole blood
than RBC for green (C. mydas) and leatherback
sea turtles, Dermochelys coriacea (Vandeli, 1761),
(Seminoff et al., 2006, 2009), and pond sliders,
Trachemys scripta (Thunberg in Schoepff, 1792),
(Seminoff et al., 2007), while carbon (4,'°C) in
RBC was slightly more depleted than whole blood
of green sea turtles (Seminoff et al., 2006). How-
ever, the values were similar with whole blood hav-
ing only slightly higher carbon and nitrogen values.
Seminoff et al. (2006, 2007, 2009) also determined
turnover rates for turtle tissues were of the long-
term nature reflecting diet histories of 5-7 months.
Because RBC integrates diet over a longer time span
than whole blood, our data may reflect foraging and
diet assimilation across different time scales that
could affect niche size. For example, the 2011 sam-
ples could be reflective of foraging over 7 months or
longer, while the whole blood samples may only be
reflective of 5 months, potentially spanning differ-
ent seasons. However, for our purposes we consider
the 4 years between each of our sample collections
reflective of three individual time steps.
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Resource taxa

To determine if terrapin values were reflective of the
basal resources within each site, during 2015 ter-
rapin sampling we opportunistically sampled prey
species that we knew were part of terrapin diets at
Cedar Run and Sedge Island (MATES Project Terra-
pin), oral communication (August 18th, 2020); Cal-
linectes sapidus Rathbun, 1896, Palaemonetes pugio,
Holthuis, 1949, Ilyanassa obsoleta (Say, 1822),
Geukensia demissa (Dillwyn, 1817) which were col-
lected within the hoop traps or within close proxim-
ity of terrapin capture site. We stored samples on
ice in labeled plastic bags or 50 ml centrifuge tubes
until freezing. We also collected estuarine vegeta-
tion within close proximity to terrapin capture sites,
Codium fragile (Suringar) Hariot, 1889, Ulva lactuca,
Linnaeus, 1753, Ulva intestinalis, Linnaeus, 1753,
Zostera marina, Linnaeus, 1753, Spartina alterni-
flora, Loisel, Spartina patens, (Aiton) Muhl., 1813,
Salicornia virginica L., 1753. During the 2019 sea-
son, logistic constraints limited our resource samples
to opportunistically collected 1. obsoleta, and C. sapi-
dus from close proximity of terrapin captures. In the
laboratory, we thawed and rinsed vegetation samples
with distilled water after which a dissecting scope
was used to remove all non-plant material before a
final rinse and placing in a sterile labeled vial to be
dried. We then rinsed all prey specimens using dis-
tilled water, and muscle tissue was dissected. The tis-
sue was again rinsed using distilled water and placed
in individually labeled vials to be dried. All vegeta-
tive and prey samples were dried at 60 °C for up to
48 h and ground into a homogenous powder.

Once homogenized, we weighed samples (tur-
tles/prey: 0.4-0.8 mg; vegetation: 1.4-1.6 mg) into
5% 9 mm pressed tin capsules, then sealed them and
sent for analysis; 2019 samples were sent to the UC
Davis Stable Isotope Facility to be analyzed for 1*C
and N isotopes using a PDZ Europa ANCA-GSL
elemental analyzer interfaced to a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon Ltd., Chesh-
ire, UK). Delta values are expressed relative to inter-
national standards VPDB (Vienna Pee Dee Belem-
nite) and Air for carbon and nitrogen, respectively.
All prior samples were sent to Washington State Uni-
versity’s Bioanalytical Laboratory and analyzed using
an elemental analyzer interfaced to a Finnegan MAT
Delta-S stable isotope ratio mass spectrometer via a

Finnigan MAT ConFlo II interface. Results are pre-
sented in & notation (where 8°C or 8N =[{R ;e
IR andara — 111X 1,000, with R="3C/">)C or SN/"N).
The SD of internal reference materials from Wash-
ington State were (bovine liver, §"°C= +0.43%o,
8 N=+0.30%0; apple leaves, 8"C= +0.12%o,
8""N=+0.08%c), and (£0.04% for &"“C
and +0.04%o for 8'°N) from UC Davis. We compared
8'3C and 8"°N values of internal references of bovine
liver from both labs and detected no statistical dif-
ference between labs (P> 0.05). Duplicates of every
10th sample were run to test efficiency of homogeni-
zation. In aquatic animals with low C:N ratios (<3.5),
lipid removal has little effect on 8'°C signatures (Post
et al., 2007). Mean C:N ratios for animal tissues in
this study were 3.6+0.3 SD, and there was a signifi-
cant correlation between C:N and '>C among turtles
(P<0.0001, r=—5.5399, df =114) and potential prey
items (P<0.0001, r=7.363, df=75). Additionally,
some of the vegetation samples contained more than
40% carbon, therefore, we accounted for lipids math-
ematically using the equations described by Post et al.
(2007) to normalize the effect of lipid concentration
on the 8'°C values. Aquatic animals: 8'3C, . .=
813C ynireated — 3-32+0.99 * C:N; Vegetation samples
with carbon>40%: §"C 8'C -5.83
+0.14 * % Carbon.

normalized — untreated

Statistical analyses

We ran a 3-way MANOVA design using Type IV
sum of squares to adjust for missing treatment
combinations. The bivariate response was &'°C
and 1og(8'""N+1), and the three predictors were
year=(2011, 2015, 2019), sex (Female-immature,
Female-mature, Male) and habitat (Island, Mainland).
However, to obtain bivariate normality on the residu-
als, we dropped year=2011 from the MANOVA and
analyzed year=2011 separately. Note that year=2011
had only one sex, hence a 1-way ANOVA was run on
the 8'°C and an Kruskal-Wallis test (nonparametric)
was run on 8'°N to compare the habitats. All models
except for the nonparametric model were tested for
homogeneity and normality of the residuals, (a¢=0.05
for all tests). PROC GLM and PROC NPARIWAY
using SAS 9.4 (SAS Institute, Inc., 2018) was used
for the analyses. Tukey’s test was used to compare
means. To investigate temporal variation, we assumed
normality so we could include year 2011 in the
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MANOVA (8"3C was normal and 8'°N is somewhat
unimodal and symmetric) with a somewhat linear y*
plot for the bi-variate normal assumption (Johnson &
Wichern, 2007).

We used R Statistical Software (v.4.1.2; R Core
Team, 2021) via the R packages: SIBER (v2.1.6;
Jackson et al., 2011), ggplot2 (v3.3.5; Wickham,
2016) and ggpubr (v0.4.0; Kassambara, 2020).
Isotopic diversity indices were calculated using
SIBER—Stable Isotope Bayesian Ellipses in R
(Jackson et al., 2011). All samples prior to the hur-
ricane were from nesting females (2011), thus we
only included samples collected from mature females
sampled in 2015 and 2019 when comparing niches
between years. We calculated the standard ellipse
area (SEA) using the variance and covariance of
bivariate isotope data to contain approximately 40%
of data to represent a core isotopic niche for each
population. Values were then corrected (SEA() to
minimize bias due to small sample size by using an
(n—2) correction on the denominator (Jackson et al.,
2011, 2012). The SEA_- was then used to calculate the
degree of isotopic niche overlap, representing a quan-
titative measure of dietary similarity between popula-
tions. We then used a Bayesian approach (SEAp) as
described in Jackson et al. (2011) to obtain highest
density intervals for isotopic niche areas. These inter-
vals allow for statistical comparisons of the sizes of
isotope niche among populations. All data analyzed
during this study are included as a U.S. Geological
Survey data release (Denton et al., 2022).

Results
Terrapins

Mean SPLs were greater for females captured at the
island sites (16.9 cm) than for those captured at the
mainland sites (14.4 cm; t = 2.4473, df = 50, P <
0.0085) while there was no difference in the SPLs of
males between habitats (island: 9.7 cm, mainland: 9.6
cm; t = 0.2273, df = 31, P = 0.8217). Terrapins (both
sexes) captured within island habitats had higher
mean 8'°C (P < 0.0042) and 8"°N (P < 0.0001) val-
ues compared to those captured within mainland
habitats (island: 8'°C = —16.03%0, 8'°N = 11.59%0;
mainland: 83C = —16.75%0, 8"°N = 9.96%). Within
each habitat isotopic values differed between sexes/
size classes (Table 1). Terrapin 8'3C values from
2015 and 2019 were negatively correlated with SPL
for females within the mainland habitats (R= —0.56,
P < 0.0001), while there was no correlation within
the island habitat nor for males within either habitat
(P > 0.5, Fig. 2). Female terrapin 8'°N values from
2015 and 2019 were positively correlated with SPL
within both habitats (island: R = 0.89, P = 0.033;
mainland: R = 0.65, P < 0.0001), however there was
no correlation between nitrogen values and SPL for
males in either habitat (Fig. 2).

Using AIC, comparisons we found that the best
MANOVA model kept only the main effects of sex
and habitat. The MANOVA model had sex (Wilks’
A=12.76, ndf=4, ddf=162, P-value<0.0001)
and habitat (Wilks’ 1=26.62, ndf=2, ddf=28I1,
P-value <0.0001) significant. The mean comparisons
showed that for 8'3C, Female _m < Female_i, Male
and Mainland <Island. Likewise for log(8"°N+1),

Table 1 Northern diamondback terrapins (Malaclemys terrapin terrapin) mean (+SD) 8'3C and 8'°N by tissue type within each

habitat
Terrapins Tissue type Island Mainland

n 8'3C mean+SD 8N mean£SD n 8'3C mean +SD 8N mean +SD
Female (mature), RBC 12 —16.04+1.01 11.75+1.26 18 —-17.44+1.10 11.27+0.87
Female (mature), Whole blood 5 —16.58+0.78 12.22+0.31 32 —17.16+0.87 10.73+0.94
Female (immature), = Whole blood 1 —16.95 10.29 15 —16.16+1.01 8.91+1.42
Male, Whole blood 8 —15.55+1.03 11.12+0.73 25 —-16.09+1.05 8.66+1.18

Female samples have been subset by maturity and tissue type. Terrapin groups sharing the same lowercase are not significantly dif-
ferent from each other. Carbon values have been normalized to account for lipids mathematically using the equations described by

Post et al. (2007): 8'°C,matized = 8" Cuntreated — 3-32 +0.99 * C:N

Italics were used to distinguish between maturity/size of terrapins
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For year=2011, the ANOVA for 8'3C was signifi-
cant [P-value=0.0015, F(1, 28)=12.45], and mean
comparison showed that for 8'3C, Mainland < Island.
The nonparametric ANOVA for "N was significant
(P-value=0.0081, 1, ){2:7.0036) and mean compari-
son showed that Mainland < Island. When normality
was assumed and year 2011 was included, MANOVA
results were similar. Sex * Habitat was significant
(Wilks’ A=3.15, ndf =4, ddf =214, P-value=0.0152)
but Year was not significant (Wilks’ 1=0.9, ndf=4,
ddf=214, P-value=0.4662). Mean comparisons
showed that for 8'3C means comparisons using
a Bonferroni correction (a=0.05/9), Mainland:
Female_m <Female_i, Male, Female i and Male:

For 8N means comparisons Mainland: Male,
Female_i < Female_m, Island: not significant, Male:
Mainland <Island, Female_i and Female_m: not
significant.

SIBER analyses indicate the niche of mature
females was smaller than both immature females and
males, with little overlap between female size classes
(mature, 18%; immature, 14%) or mature females
and males (m-F, 9%; M, 5%), while there was sig-
nificantly more overlap between immature females
and males (i-F, 81%; M, 61%, Fig. 3a). The SEA_ of
mainland terrapins were larger than those from the
island for both sexes and female size classes. Terra-
pins within the mainland habitat followed a similar
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(m-F, 0.9%; M, 0.5%, Fig. 4a). There was significant and years (F: 2011 <2019 <2015, Figs. 3b, 4b, 5b).

Island Mainland

>

%
"o § |
HE - X X
8 - b X ‘ | .
TR . X
—=— Female (immature)-mainland - 2 ‘ . E—
—— Female (mature)-mainland A .
6 4—  Male-mainland
-#- Female (mature)-island
#-  Male-island §
—1‘9 —1‘8 —1‘7 —1‘6 -15 —1‘4 .
- Females (mature) Males Females (immature) Females (mature) Males
8"°C %o
Fig. 4 Intraspecific isotopic niches of M. terrapin terrapin immature) within each habitat, solid line ellipses represent
within island and mainland habitats in central and southern mainland niches, dashed line ellipses represent island niches.
Barnegat Bay, NJ (a), and their associated Bayesian stand- Bayesian estimates show 50% (light), 75% (middle), and 95%
ard ellipse area (SEAp) estimated posterior distributions (b). (dark grey) credible intervals. The black dots indicate mode,
Red circles represent mature females, green squares represent with the red x indicating estimated mean from SEA for males
immature females, and blue triangles represent male terrapins. and females (both mature and immature) within each habitat

Isotopic niches of male and female terrapins (both mature and
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Fig. 5 Isotopic niches of mature female M. terrapin terrapin
within Barnegat Bay, NJ during each of the three sampling
years (a), and their associated Bayesian standard ellipse area
(SEAjp) estimated posterior distributions (b). The orange open
triangles and solid line ellipse represent 2011, gray plus signs

[Tt}

and dashed line ellipse represent 2015, and purple “x”s and

Resource taxa

Resource Taxa sampled from the island habitats had
higher 8'3C and 8'°N values compared to those sam-
pled from the mainland (Table 2; Fig. 6). Within the
mainland sites, terrapin carbon values were more

2011 2015 2019

2
= o=

dotted line ellipse represent 2019 samples; ellipses represent
40% core niche area within each year. Bayesian estimated pos-
terior distributions show 50% (light), 75% (middle), and 95%
(dark grey) credible intervals. The black dots indicate mode,
with the red x indicating estimated mean from SEA

similar to marine vegetation than the relatively
BC-depleted S. virginica or slightly '’C-enriched
Spartina sp. Nitrogen values for marine vegetation
were more than twice that of S. virginica and Spar-
tina sp. which were similar to each other (Fig. 6).
Snails and crabs sampled from the mainland habitats

Table 2 Vegetation and potential prey species’ mean (+SD) §'3C and 8'°N values within each habitat during 2015 and 2019

Species Island Mainland

Prey n 8"3C mean + SD 5"N mean +SD n 8"3C mean + SD 5'N mean +SD
Callinectes sapidus 7 —-16.71+2.06 10.62+0.45 14 —-16.57+1.87 9.32+1.43
Geukensia demissa 8 —19.14+0.15 8.32+0.32 - - -
Palaemonetes pugio 8 —-14.50+1. 31 9.65+1.25 13 —-14.25+1.07 8.76+0.92
llyanassa obsoleta 8 —-12.76 +2.36 11.5+0.55 19 —13.62+1.61 9.86+1.71
Vegetation

Codium fragile 7 —15.56+1.97 8.76 +0.60 - - -
Salicornia virginica - - - 4 —26.18+0.24 3.79+0.31
Spartina alterniflora - - - 8 —13.34+0.63 4.03+0.55
Spartina patens - - - 5 —13.42+0.18 4.06+0.16
Ulva intestinalis - - - 7 —-19.32+1.50 6.96 +0.62
Ulva lactuca 6 —11.52+0.56 10.78 +0.31 - - -

Zostera marina 5 —-10.70+1.19 6.47+0.58 5 -10.85+1.69 7.15+0.46

Carbon values have been normalized to account for lipids mathematically using the equations described by Post et al. (2007): aquatic
animals: 8°C,_,atized = 0" Conrented — 3-32+0.99 * C:N; vegetation samples with carbon > 40%: 8°C, ., atized = 0" Contreated — 3-83 +0

.14 * % carbon

Italics were used for the scientific names of prey and vegetative species
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Fig. 6 Bivariate isotope plots of the lipid corrected isotopic
niches of M. terrapin terrapin and mean (x1 SD) 8'3C and
8">N values for primary producers and potential prey collected
in each habitat during 2015 and 2019. Open triangles and dot-
ted line ellipse represent males, open square and dashed ellipse

exhibited a wider range in nitrogen values (snails: 6.8
to 12.1%o; crabs: 5.9 to 11.7%o0) than those from the
islands (snails: 10.8 to 12.1%o; crabs: 8.2 to 11.7%o),
whereas the range in carbon values were similar in
both habitats (Fig. 6).

Discussion
Terrapin niche among habitats

Within both habitats the terrapins’ niche was
13C_enriched relative to terrestrial C3 vegetation, with
values more similar to those of marine vegetation
(Fig. 6) and slightly *C-depleted relative to terrestrial
C4 vegetation within the mainland habitat. There is
a greater density of submerged aquatic vegetation,
Z. marina, and macroalgae along the Barnegat Bay’s
barrier island shoreline than along the mainland

@ Springer

-25

-20 -15 -10

represent immature females, and open circles and solid ellipse
represent mature female terrapins. Small solid circles represent
mean isotopic values for potential resource species, and large
solid circles indicate mean values by resource taxa

shoreline. This is especially true within the Sedge
Island Marine Conservation Zone where Z. marina is
the predominant benthic vegetation along with sub-
merged macroalgae including Ulva sp., C. fragile,
and Desmarestia aculeata, (Linnaeus) J.V. Lamour-
oux, 1813. Within the Sedge Island Marine Conser-
vation Zone, this mixed vegetation provides critical
habitat for blue crabs and other invertebrate species
(Wilson et al., 1990; Jivoff et al., 2017). The carbon
results of our study were similar to those from Wat-
son & Gannon (2020), with mud snails having car-
bon values reflecting C4 grasses, blue crabs and grass
shrimp reflected a mix of macroalgae and Spartina,
and ribbed muscles reflecting Ulva sp., all of which
are key prey items for terrapins.

The higher nitrogen values of terrapins from island
habitats could be due to differences in proportions of
food resource use, terrapin movements, or differences
in baseline values that correspond to differences
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in the dominant pathways of primary production,
hydrology, and nutrient cycling (Post, 2002). Thus,
we compared inferences drawn from the resources
to determine whether isotopic variations in the prey
items themselves were driving isotopic variations
in the terrapins. Our results indicated that carbon
and nitrogen isotopic values varied at each site with
the resources available in the island habitats hav-
ing higher nitrogen values than those in the main-
land (Table 2; Fig. 6). Conversely, in the mainland
sites, there are likely many other terrestrial resources
available, generally, with lower nitrogen values than
marine resources. One possible cause could be the
closer proximity of Sedge Island, our northernmost
site, to the northern Barnegat Bay watershed where
there is higher nutrient concentration and loading
occurring. This is attributed to greater land area, as
well as the greater density development in the north-
ern part of the watershed (Pang et al., 2017). Because
Barnegat Inlet serves as the greatest exchange in
tidal flow for northern Barnegat Bay, the proximity
of North Sedge Island to the Inlet could account for
the higher nitrogen values from Sedge Islands sam-
ples. Also contributing to the higher nitrogen values
around North Sedge Island is the lack of flow within
the SIMCZ (Baker et al., 2014). A study by Dem-
etriades (2020) found higher nitrogen values in 7ri-
tia obsoleta (I. obsoleta) at IBSP (Sedge) which had
poorer sediment and water quality than further south
at Long Beach Island. Because the terrapins’ isotopic
values mirrored these differences between sites, it is
reasonable to conclude that the spatial variation in
terrapins’ isotopic values are reflective of the different
baselines at each site.

Niche partitioning

Unlike male terrapins whose body size was not corre-
lated with either isotopic value, female terrapin body
size was negatively correlated with carbon within
mainland habitats, and positively correlated with
nitrogen in both habitats. This indicates as females
mature, they may begin foraging in different loca-
tions and or undergo a shift in prey species, or the
proportions of prey consumed not experienced by the
males. The larger mature female terrapins had higher
85N values relative to smaller immature females and
males, possibly due to the ability to ingest a wider
diversity of prey from higher trophic levels due to

their larger jaw size (Tucker et al., 1995; Petrochic,
2009; Butler et al., 2012; Tulipani, 2013). Our results
suggest that male terrapins have a larger niche than
females and mature female terrapins’ core isotopic
niche has little to no overlap with those of immature
females or males. This further suggests that mature
females may be exploiting a different proportion of
resources or foraging in different habitats. Our results
are similar to Denton et al. (2019) who found body
size (mature female versus male) was correlated with
both carbon and nitrogen in mainland mangrove for-
ests, while only nitrogen values differed between
sexes within an island habitat. In that study the
authors suggested mature females within mainland
mangrove forests increased consumption of relatively
5N-depleted mangrove periwinkle, Littorina angu-
lifera (Lamarck, 1822), while male diets consisted
more of relatively '°C and '“N-enriched barnacles
and crabs which resulted in a reduced niche overlap
between the sexes. Those results were consistent with
fecal analysis which indicated consumption of simi-
lar prey species but in varying proportions (Denton
et al., 2016). Species exhibiting sexual size dimor-
phism may utilize different resources due to differ-
ence in nutritional requirements (Wearmouth & Sims,
2008). In addition, the increase in body size, mouth
gape, and crushing force throughout the ontogenetic
development is also important in allowing the exploi-
tation of new resources or foraging microhabitats
(Werner & Gilliam, 1984) and reduces competition
for resources once sexually mature. The shift in car-
bon and nitrogen values indicate an ontogenetic shift
as females get larger and begin to consume different
prey, or ratios of prey with varying isotopic values.
When accounting for sex/size class, estimated
niche areas were larger for terrapins sampled from the
mainland than the island sites. However, this could be
an artifact of the number of sampling sites, and thus
potentially a wider range of isotopic values of the
available resources included in mainland (four) than
island (two) sites. Consistent species collection of
potential resources at all sampling sites in future stud-
ies could help to provide a more robust analysis of the
potential available niches. Mature females sampled
on the mainland had the smallest niche with males
and immature females having larger niches more sim-
ilar in size, while on the island it was reversed with
the mature females having the larger niche than males
(no immature females were sampled). The smaller
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niche of mature females on the mainland with almost
no overlap with immature females or males may
reflect their ability to focus on preferred resources
potentially unavailable to smaller terrapins, with the
larger overlapping niche of immature females and
males suggesting generalist strategies incorporating
less favorable resources to meet metabolic demands.
However, the larger niche for mature females from
the island sites compared to males may simply be
attributed to variation in capture numbers and sam-
pling sites. Females were sampled from Sedge Islands
(2011, 2019) and Sloop Sedge Minor (2015), while
all but one male (Sedge 2019) was sampled from
Sloop Sedge Minor in 2015. With the limited capture
events of male terrapins within the islands compared
to mature females it is not surprising to find less vari-
ation and thus a smaller niche. There was no overlap
in core isotopic niche between mature females and
males on the mainland suggesting that while they
consumed similar resources, their core resource use
consisted of dissimilar diets, while those from the
islands were more similar with~35% overlap in niche
between sexes (Fig. 4a). The overlap between sexes
within the islands (Fig. 4a) may be due to less vari-
ation in their prey’s isotopic values or less available
resources relative to those sampled from the mainland
sites.

Similar to Denton et al. (2019), our results sug-
gest an ontogenetic shift in female terrapin foraging
locations or strategies, while male terrapins do not
exhibit the same shift, thus potentially competing for
food resources with smaller or similar sized imma-
ture females. Tucker et al. (1995) detected resource
partitioning related to ontogenetic niche of terrapins,
similarly the relatively low niche overlap between
sexes/size class overall (Fig. 3a) and amongst habitats
(Fig. 4a) suggests little overlap in resource use com-
pared high overlap and thus similarity of resource use
between males and immature females. Yet in recent
years, Kayes et al. (2019) found no dietary partition-
ing between terrapin size classes in two New Jer-
sey populations using fecal and stomach contents.
This illustrates the importance of using multiple
approaches to investigate diets. In the Kays et al.
(2019) study the authors used Schoener’s formula
to determine overlap using frequency of occurrence,
a method that does not account for partitioning of
resources by prey size or foraging location. For exam-
ple, Denton et al. (2016) only detected operculum
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from large adult tree snails in the fecal remains of
mature females, and Tucker et al. (1995) also found
larger terrapins ingested significantly larger peri-
winkles with the males only consuming smaller lit-
torinids as their small head size and subsequent bite
force likely prevented them from consuming the
larger mature snails. Additionally, the same prey may
inhabit multiple microhabitats within a study site
each with its own distinct isotopic baselines which
would not be revealed through fecal analysis.

Temporal variation

Analogous to previous studies on Barnegat Bay’s
benthic community, we did not detect a significant
temporal difference in either carbon or nitrogen val-
ues from terrapin tissues between years or pre—post-
hurricane. If the hurricane had caused a major impact,
we would have expected to see shifts in the carbon
and or nitrogen values due to changes in the available
resources, with a subsequent shift in niche size and/
or position in whichever habitat was more impacted.
Given we found relatively consistent niches and over-
lap between years and amongst habitats, we propose
that a relatively stable food web exists not only within
the Bay, but within each habitat. While a slightly
larger niche was measured for terrapins before Hur-
ricane Sandy compared to after the event (Fig. 5), it
was not significantly different, and this variation may
be a result of a difference in the season or tissue sam-
ple collected. Pre-hurricane tissue samples were RBC
which have longer turnover rates and were collected
from nesting females which exhibit natal philopa-
try and often travel from foraging grounds to nest-
ing beaches (Burger & Garber, 1995; Sheridan et al.,
2010) and thus may be reflective of multiple resource
pools. In contrast, post-hurricane tissue samples were
whole blood with a relatively faster turnover rate and
sampled from terrapins in late summer after females
completed nesting and have returned to their home
foraging grounds.

Hurricane Sandy’s impacts on Barnegat Bay’s ben-
thic community were undetectable within 30-60 days
after the storm event, possibly because the passage
of the hurricane had no detectable effects on salin-
ity or dissolved oxygen concentrations throughout
the bay, and the dissipation of storm surge and wave
energy prevented substantial sediment disturbance
(Elsey-Quirk, 2016; Taghon et al., 2017a). Thus,
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our observation of consistency in the terrapins’ iso-
topic niche may be due to the sampling time frame
post-hurricane. Given the short duration the benthic
community was impacted, it is possible we were not
able to sample soon enough post-hurricane to detect
any potential changes. Future work sampling terra-
pins and resources immediately after the storm and
every three to four months thereafter may allow for
detection of short-lived variations in isotopic signa-
tures due to disruptions of the benthic food web that
are directly due to hurricane impacts. Future studies
investigating impacts from disturbance events may
also benefit from analyzing blood plasma instead
of whole blood, due to the more rapid turnover of
plasma than whole blood.

Conclusion

Terrapins’ core isotopic niche remained relatively sta-
ble exhibiting little overlap between habitats or size
class between years. Our results indicate that despite
the direct passage of a major hurricane over our study
sites, there were no temporal changes to the terrapins’
foraging dynamics or isotopic values. These findings
are consistent with previous research that detected
few long-term impacts from Hurricane Sandy on
the salt marsh and benthic community (Elsey-Quirk,
2016; Taghon et al., 2017b; Watson & Gannon,
2020). This may further suggest terrapin resilience
to short-term disruptions in their food web, or poten-
tial shifts in diet were not sufficient to affect stable
isotope levels, potentially due to overlap in isotopic
signatures among potential prey. These findings shed
light on the foraging dynamics of this long-lived rep-
tile, and how potential impacts could affect this popu-
lation. The lessons learned from this study can help
to improve study design of future projects interested
in investigating impacts from disturbance events, and
help managers understand the complex dynamics of
estuarine food webs.
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