
Stable Isotope Analysis Enhances Our Understanding of Diamondback
Terrapin (Malaclemys terrapin) Foraging Ecology

Mathew J. Denton1,2
& Amanda W. J. Demopoulos1 & John D. Baldwin2

& Brian J. Smith3
& Kristen M. Hart1

Received: 29 November 2017 /Revised: 15 October 2018 /Accepted: 15 October 2018 /Published online: 30 October 2018
# The Author(s) 2018

Abstract
Dietary studies on generalist predators may provide valuable information on spatial or temporal changes in the structure of
ecological communities. We initiated this study to provide baseline data and determine the utility of stable isotope analysis (SIA)
to evaluate the foraging strategies of an opportunistic reptilian predator, the diamondback terrapin (Malaclemys terrapin), which
specializes in salt marshes and mangrove estuaries along the Atlantic and Gulf coasts. We evaluated stable carbon (δ13C) and
nitrogen (δ15N) isotope values of multiple tissues from terrapins inhabiting mainland and island mangrove habitats in south
Florida and potential food sources to examine spatial and temporal variations in terrapin resource use. We fit linear regression
models to determine the best predictors of isotopic values for both terrapins and their prey, and Stable Isotope Bayesian Ellipses in
R (SIBER) analysis to examine terrapin isotopic niche space and overlap between groups. We identified differences in terrapin
isotopic δ13C and δ15N values among all sites. Blood and scute tissues revealed different isotopic compositions and niche overlap
between sites, suggesting diets or foraging locations may change over time, and amount of variation is site specific. Niche overlap
between size classes was larger for blood (short term) versus scute (long term), suggesting greater variability in food habits or
resource isotopes over the long term versus short term. These results demonstrate the usefulness of SIA in examining the spatial
and temporal variability in diamondback terrapin resource use within estuary systems and further define their niche within these
dynamic food webs.
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Introduction

Spatial and temporal variation in a species’ use of prey re-
sources has the potential to influence ecological community
structure and function. Individuals within a population may
utilize diverse resources because they are of different sexes

(McCullough et al. 1989), ages, or size classes (Reich et al.
2007) or inhabit different microhabitats (Durbec et al. 2010).
Thus, investigations examining diet variation in natural pop-
ulations are necessary to understand the plasticity of food
webs. Dietary habits of reptile taxa have often been investi-
gated by examining stomach or fecal contents (Erazmus 2012;
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Rosenblatt et al. 2015; Denton et al. 2016; Nifong 2016). An
important underlying question in these studies is if using these
“snap-shot” techniques represents long-term diet trends. If
prey distributions and abundances are patchy and vary over
time, the individuals’ stomach or fecal contents would only
reflect their recent encounters, which may differ from their
long-term food resource preferences (Araújo et al. 2007).
Additionally, there are logistical difficulties that are both tem-
poral (i.e., obtaining adequate data may require years of field
investigation to recapture and sample the same individuals
over time) and financial (i.e., many field surveys are relatively
expensive) (Rugiero et al. 2012).

Stable isotope analysis (SIA) is commonly used by ecolo-
gists to evaluate spatial and temporal variation in dietary inter-
actions and food web structure (Fry 2006; Layman et al. 2012).
Stable isotope ratios of carbon (δ13C) and nitrogen (δ15N) are
commonly used in ecological studies to identify carbon sources
in food web studies (δ13C values) and trophic position (δ15N
values) (Fry 2006). Stable isotope analysis represents a comple-
mentary method to traditional methods used in ecology (i.e.,
stomach and fecal content analyses), providing a robust evalu-
ation of diet and trophic niche (Newsome et al. 2012), and SIA
can help account for diet items that fecal analysis may under-
estimate or fail to detect. Additionally, investigating stable iso-
tope composition of multiple tissues with differing turnover
times can provide temporal dietary information from a single
sampling event. Animal tissues metabolize at different rates,
and the isotopic composition generally reflects the diet of an
animal at the time the consumer tissues were synthesized
(Haramis et al. 2001; Rubenstein and Hobson 2004). As a re-
sult, each tissue records the consumer’s diet over different time
scales (Fry 2006), and turnover rates can vary considerably
among species and tissue types (Gannes et al. 1998; Post
2002). Isotope ratios in metabolically active tissues (e.g., blood,
liver, or muscle) may represent dietary information spanning
several days, weeks, or months.Metabolically inert tissues such
as keratin (e.g., hair, hooves, scutes, scales) reflect food web
conditions from the time and location the tissue was synthe-
sized, locked into the keratin structure during synthesis
(Hobson 1999). Analyzing these different tissues can help iden-
tify temporal variation in a species’ diet that may be due to
inter-habitat movement patterns or inter-annual or climate-
driven changes in resource availability (Ben-David et al.
1997; Rubenstein and Hobson 2004; Herzka 2005; Vander
Zanden et al. 2010; Zbinden et al. 2011). Thus, stable isotope
analysis represents an effective and minimally invasive ap-
proach to monitor changes in animal diets over time.

Diamondback terrapins (Malaclemys terrapin) are the only
exclusively estuarine turtle species in the USA. They inhabit
coastal salt marshes and mangrove estuaries along the Atlantic
and Gulf coasts from Massachusetts to Texas. Terrapins are an
important component of salt marsh systems helping to regulate
the abundance of the dominant marsh grazer (the periwinkle,

Littorina irrota), which when associated with drought-induced
stress, can lead to cascading vegetation loss of ecologically im-
portant cordgrass (Spartina alterniflora) (Silliman and Bertness
2002; Silliman et al. 2005; Pfau and Roosenburg 2010).
Terrapins may also serve as a major source of eelgrass (Zostera
marina) inter-bed seed dispersal and genetic diversity (Sumoski
and Orth 2012; Tulipani and Lipcius 2014). Furthermore, they
are prey for many estuarine species, including bald eagles
(Haliaeetus leucocephalus), herons and egrets (Ardeidae), river
otters (Lontra canadensis), sharks (Elasmobranchii), American
crocodiles (Crocodylus acutus), and crabs (Seigel 1980; Butler
et al. 2006; Hart andMcIvor 2008; Pfau and Roosenburg 2010).
Additionally, terrapins represent important biomonitors of estu-
arine contamination (Blanvillain et al. 2007; Basile et al. 2011)
because of their predatory foraging behavior, occurrence in a
variety of estuarine habitats, long life-span (> 20 years, R.
Wood, unpubl. data; Seigel 1984), and high site fidelity
(Roosenburg et al. 1999; Gibbons et al. 2001; Butler 2002;
Harden et al. 2007; Sheridan et al. 2010). Similarly, studies of
terrapin diet could identify fluctuations in available resources
within estuarine habitats over time.

Previous terrapin diet studies utilized fecal analysis, stomach
flushing, or dissection (Tucker et al. 1995; Spivey 1998; Butler
et al. 2012; Tulipani 2013; Denton et al. 2015, 2016; Alleman
and Guillen 2017). Several of these studies have shown that
both males and immature females of a similar size had similar
diets, but both groups had diets that differed from larger mature
females. These differences may be because adult females have
more powerful jaws, enabling them to consume a wider diver-
sity of prey (Tucker et al. 1995; Petrochic 2009; Butler et al.
2012; Tulipani 2013; Alleman and Guillen 2017). A seasonal
shift in diet was also reported in female terrapins, coincident
with movements between habitats (Butler et al. 2012; Alleman
and Guillen 2017). Although these analyses provided evidence
of terrapin resource use, they may be biased towards food items
that are less easily digested such as crab carapaces (McGaw
2006), while simultaneously underestimating contributions of
soft-bodied prey. Additionally, these studies provide only a
snap-shot of an individual’s diet at any given time. For example,
gut retention time for eelgrass seeds ingested by terrapins varied
between 24 and 144 h (Ernst and Lovich 2009; Sumoski and
Orth 2012). The previous examples of seed retention illustrate
the passage time of indigestible materials through the terrapin
digestion system; thus, fecal remains may represent what an
individual has eaten only within a few days. Previous investi-
gations into the diets of south Florida terrapin populations
(Baldwin et al. 2005; Denton et al. 2015, 2016) have been
limited to these methods, thus only providing a record of
short-term diet. Currently, we lack the information required to
distinguish between natural temporal diet shifts and changes
due to shifts in available resources.

Concurrent with a diet study in which we examined fecal
remains to determine the diets of south Florida terrapins
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(Denton et al. 2015, 2016), we initiated the first stable isotope
investigation of diamondback terrapins in south Florida. We
sampled terrapins inhabiting creeks within a densely forested
mangrove complex and from island habitats with fringing, less
dense mangrove forests. We collected blood and scute sam-
ples to answer several questions concerning the spatial and
temporal foraging strategies of this exclusively estuarine rep-
tile. Using SIA and subsequent comparisons of isotopic niche
space, our study aimed to address the following questions on
aspects of terrapin trophic ecology: (1) Are terrapins from the
mainland creek complex isotopically distinct from those col-
lected in the island habitats? (2) Does the overall isotopic
niche of terrapins vary temporally? (3) Is there overlap in the
isotopic niches between the different size classes of terrapins,
and does it vary spatially or temporally? Results from these
analyses will help us understand the foraging ecology of a
proposed indicator species.

Methods

Study Sites

We sampled terrapins and their potential food resources in a
forested mangrove creek system (Big Sable Creek [BSC]) in
the western portion of Everglades National Park (ENP) and
island habitats within Florida Bay (FB) in eastern ENP
(Fig. 1). The BSC site is dominated by red and black man-
groves (Rhizophora mangle and Avicennia germinans, respec-
tively) with significant tidal fluctuations of 1.3 m, exposing
large mudflats during low tide. The FB site consisted of two
islands, both containing red and black mangrove swamps,
fringed with mangrove forests. These islands have vast open
spaces devoid of vegetation, often becoming inundated during
the wet season (Enos 1989; Ross et al. 1992).We also sampled
terrapins from an island in the Key West National Wildlife
Refuge (KW) at the southernmost extent of the terrapins’
range (Fig. 1). The KW site is located 7 miles west of Key
West, FL, on one of the mangrove dominated Mule Keys,
which were formed from fossilized coral reef materials
(Ross et al. 1992; McCarter 2012).

Sample Collection and Processing

South Florida has a sub-tropical climate with a distinct annual
pattern of wet (June–November) and dry (December–May) sea-
sons. We captured and sampled terrapins from January 2012
through June 2013; during each sampling trip, we collected
blood and scute tissues and subsequentlymarked, photographed,
and catalogued each individual following Hart and McIvor
(2008). In the southeast USA, female terrapins reach maturity
at straight plastron lengths (SPL) between 135 and 143 mm,
whereas males reach maturity between 90 and 100 mm SPL

(Seigel 1984; Lovich and Gibbons 1990; Roosenburg 1991;
Butler 2002). Based on these size ranges, we categorized all
male and immature female terrapins with an (SPL < 135 mm)
as small and adult females with an (SPL ≥ 135 mm) as large.

Terrapins were sampled for isotopes in the field except for
those from the KW site, which were kept overnight and sam-
pled at our field housing in Key West. All terrapins were
released at their original capture location within 24 h. We
collected approximately 1 ml of whole blood from each terra-
pin and kept sample vials on ice to be stored until freezing (−
20 °C). Due to constraints from sampling in the field, we were
unable to centrifuge the blood into red blood and plasma frac-
tions; thus, we performed our analysis on whole blood. We
collected paired scute samples from the center of the left and
right posterior costal scutes (Online Resource 1) using 6 mm
biopsy punches and stored them in cryovials. Scutes are inert
tissue for which no preservation method was necessary; thus,
samples were collected and stored in cryovial boxes at ambi-
ent temperature until later processing in the lab. During each
terrapin sampling event, we opportunistically collected poten-
tial prey (gastropods, crabs, barnacles, and fish), mangrove
vegetation (detrital R. mangle and A. germinans), and seagrass
(turtle grass, Thalassia testudinum) near terrapin capture sites
(Table 2). These resource items were also kept on ice until
freezing. In the lab, we thawed the blood samples and rinsed
the scute samples with distilled water before drying. We dis-
sected the muscle tissue from the potential prey items and
rinsed the tissue with distilled water before drying.
Vegetation samples were also cleaned with distilled water pri-
or to drying. All samples were dried at 60 °C then ground into
a homogenous powder. We pooled multiple (5–10) individ-
uals ofBalanus sp. from the FB site to meet minimum aliquots
of 5 μg C and 10 μg N per sample.

Isotope Analysis

We sent samples to the Bioanalytical Laboratory at
Washington State University to be analyzed for isotopic
values of carbon (referenced to Vienna PeeDee Belemnite)
and nitrogen (referenced to atmospheric N2; Peterson and
Fry 1987). Analyses were run using an elemental analyzer
connected to a Finnegan MAT Delta-S stable isotope ratio
mass spectrometer via a Finnigan MAT ConFlo II interface.
Reproducibility was monitored using organic reference stan-
dards, bovine liver (animal tissues) and apple leaves (primary
producers). Typically, the influence of lipids on carbon’s iso-
topic value is consistent with absolute molar mass carbon and
nitrogen, or C/N ratio > 3.5 for aquatic animals (Post et al.
2007). Several terrapin and prey samples had a C/N ratio >
3.5 (Tables 1 and 2); therefore, we lipid corrected the δ13C
data for those samples following the method of Post et al.
(2007). All data presented in the tables and figures represents
the lipid-corrected δ13C values.
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Discrimination factors between tissues have only been in-
vestigated for a few turtle species (Seminoff et al. 2006, 2007,
2009; Murray and Wolf 2012; Aresco et al. 2015), and those
studies found them to be tissue and species specific. While
discrimination factors have not been determined for terrapin
tissues, if terrapin diets exhibited stable foraging patterns over
time represented by the two tissues, we would expect the δ13C
values of blood and scute tissue to be highly correlated. We
followed similar methodology to Rosenblatt et al. (2015) to
see if the correlation coefficient (r) and the coefficient of de-
termination (R2) for each site were close to 1. If individual
terrapins exhibited stable foraging patterns over the time pe-
riods represented by each tissue, we would expect the δ13C
values of blood and scutes to be highly correlated, with linear
regression best-fit lines characterized by high R2 values and
slopes close to 1. Our data are available online from USGS
ScienceBase (Denton et al. 2018).

Linear Modeling

We used linear regression to evaluate predictors of two isotope
ratios (δ13C, δ15N) for both terrapins and their resources. We
built a priori model sets consisting of all relevant single-

covariate models (plus a null model) for each of the four
response variables. We assessed eight covariates for terrapin
δ13C and δ15N ratios: (1) season (wet vs. dry), (2) site (BSC,
FB, or KW), (3) location (specific island or creek), (4) tissue
type (blood vs. scute), (5) terrapin mass (g), (6) length (SPL,
cm), (7) size class (small vs. large), and (8) sex. For δ13C and
δ15N ratio resource models, in addition to (1) season, (2) site,
and (3) location, we also evaluated (4) resource type (four
animal classes [Actinopterygii, Gastropoda, Malacostraca,
Maxillopoda], two plants [seagrass, mangrove]).

We fit all models using the lm() function in the base
package of program R (v.3.2.4; R Development Core
Team 2013). We compared models using corrected
Akaike’s information criteria (AICC) values with the
Multi-Model Inference package MuMIn (Barton 2016).
We retained covariates from all models with more support
than the null model, then built models with increasing
complexity using those covariates. We ranked all new
and retained models using AICC, assessed model fit using
adjusted R2 values, and drew our final inferences from the
best model in each set. We used AICC for model selection,
and when the top models were < 2 ΔAICC, we chose the
one with fewer parameters.

Fig. 1 Location of the Big Sable Creek (BSC), Florida Bay (FB;
comprised from FB1 and FB2), and Key West (KW) study sites in
south Florida (source: Esri, DigitalGlobe, GeoEye, Earthstar

Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,
Aerogrid, IGN, IGP, swisstopo, and the GIS User Community). All
images are oriented north
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Isotope Niche Analysis

Isotopic diversity indices were calculated using SIBER—
Stable Isotope Bayesian Ellipses in R (Jackson et al. 2011).
We calculated the standard ellipse area (SEA), SEAC

(corrected for small sample size), and the Bayesian estimation
(SEAB). Overlap of SEAC among groups in isotopic niche
space was calculated for each combination.

Results

We analyzed blood and scute samples from 99 terrapins across
all study sites (BSC [52]; FB [24]; KW [23]; Table 1).
Terrapins at all study sites exhibited high site fidelity (Wood
1981; Hart and McIvor 2008, B. Mealey personal comm,
personal observation). We found that terrapins from BSC
had the lowest δ13C values (overall mean = − 23.6‰ ± 1.1

SD), whereas KW terrapins had the highest (overall mean =
− 17.1‰ ± 1.2 SD; Table 1). We found the lowest δ15N values
in KW terrapins (overall mean = 4.6‰ ± 0.7 SD) and highest
in FB terrapins (overall mean = 7.0‰ ± 0.8 SD; Table 1).
Within the two islands comprising the FB site, there was no
difference in the terrapin δ13C values (F4,43 = 2.67, p = 0.11),
and while a difference was detected for δ15N values (F3,44 =
7.29, p < 0.01), the difference was < 1‰; thus, both islands
remained pooled for comparisons against BSC (creek) and
KW (island) sites. Within each site, correlation coefficients
(r) of the terrapins’ blood and scute δ13C values were 0.65
(BSC), 0.42 (FB), and 0.51 (KW), with linear regression (R2)
values of 0.38 (BSC), 0.13 (FB), and 0.23 (KW).

Resources from the BSC site had low δ13C values com-
pared to those from FB or KW, which were similar in carbon
isotope values (Table 2). The δ15N values varied by site, with
similar resources being the highest at the FB site and lowest at
the KW site (Table 2). Bivariate plots of terrapin and resource

Table 1 Diamondback terrapins (Malaclemys terrapin) mean (± SD) δ13C and δ15N, range, and C/N ratio by tissue type and size class within each site

Big Sable Creek (BSC) Florida Bay (FB)

n δ13C δ15N C/N n δ13C

Tissue type

Whole blood 52 − 24.0 ± 0.9 (− 25.9 to − 22.3) 6.2 ± 1.0 (3.9 to 7.7) 2.97 ± 0.3 (1) 24 − 20.6 ± 1.7 (− 24.6 to − 18.2)
Scutes 47 − 23.2 ± 1.1 (− 26.6 to − 20.8) 5.6 ± 1.0 (3.6 to 7.8) 2.71 ± 0.6 (2) 24 − 19.3 ± 1.6 (− 23.2 to − 17.1)
Size class

Small
Whole blood

31 − 24.1 ± 1.0 (− 26.0 to − 22.3) 6.3 ± 1.4 (4.0 to 7.7) 2.95 ± 0.3 (0) 6 − 20.7 ± 2.1 (− 24.6 to − 18.7)

Large
Whole blood

21 − 23.7 ± 0.7 (− 24.9 to − 22.4) 6.1 ± 1.0 (3.9 to 7.6) 3.01 ± 0.3 (1) 18 − 20.5 ± 1.6 (− 23.4 to − 18.2)

Small
Scute

31 − 23.5 ± 1.0 (− 26.6 to − 21.7) 5.8 ± 0.9 (3.6 to 7.8) 2.51 ± 0.5 (1) 6 − 20.7 ± 2.0 (− 23.2 to − 17.6)

Large
Scute

16 − 22.5 ± 1.0 (− 24.2 to − 20.8) 5.3 ± 1.1 (3.8 to 7.0) 3.1 ± 0.4 (1) 18 − 18.8 ± 1.1 (− 20.9 to − 17.1)

Florida Bay (FB) Key West (KW)

δ15N C/N n δ13C δ15N C/N

Tissue type

Whole blood 7.2 ± 0.9 (5.5 to 8.7) 3.36 ± 0.5 (6) 23 − 17.2 ± 0.7 (− 18.8 to − 15.7) 4.7 ± 0.7 (2.8 to 5.9) 2.95 ± 0.4 (0)

Scutes 6.8 ± 0.7 (5.2 to 8.4) 2.51 ± 0.7 (3) 27 − 17.1 ± 1.5 (− 20.5 to − 15.0) 4.6 ± 0.7 (2.9 to 6.0) 3.39 ± 0.2 (13)

Size class

Small
Whole blood

6.8 ± 0.7 (5.7 to 7.7) 3.3 ± 0.1 (0) – – –

Large
Whole blood

7.4 ± 0.9 (5.5 to 8.7) 3.4 ± 0.6 (6) 23 − 17.2 ± 0.7 (− 18.8 to − 15.7) 4.7 ± 0.7 (2.8 to 5.9) 3.0 ± 0.4 (0)

Small
Scute

6.4 ± 0.7 (5.2 to 7.2) 2.6 ± 0.9 (0) 1 − 15.92 5.75 1.7

Large
Scute

6.9 ± 0. 7 (5.6 to 8.4) 2.5 ± 0.7 (3) 27 − 17.1 ± 1.5 (− 20.5 to − 15.0) 4.6 ± 0.7 (2.9 to 6.0) 3.4 ± 0.2 (13)

Six females had an SPL < 135 mm and were placed in the small size class; Big Sable Creek 5 (2 whole blood, 4 scute) and Florida Bay 1 (1 whole blood
and 1 scute). Only 1 small terrapinwas sampled at KeyWest (hatchling) so excluded frommodel analyses. δ13 Cmean, SD, and range values shown have
been calculated after correcting for lipids for samples with a C/N ratio > 3.5 following the method of Post et al. (2007). Italic values in parentheses
indicate number of samples within each category with a C/N ratio > 3.5
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isotopic means (± SD) revealed variations in isotopic space at
each site (Fig. 2), with wide ranges in δ13C values within prey
classes. The mean δ13C values for potential prey (− 23.7 ±

1.3‰) were lower at the creek site (BSC), than either island
site (δ13C FB, − 17.3 ± 3.3‰; KW, − 18.1 ± 1.5‰). The mean
δ15N values for the two prey classes sampled at each site

Table 2 Vegetation and potential prey species’ mean (± SD) δ13C and δ15N values, range, and C/N ratio at each site

Big Sable Creek (BSC) Florida Bay (FB)

n δ13C δ15N C/N n δ13C

Vegetation
Detrital Rhizophora mangle and
Avicennia germinans (red and
brown mangrove leaves)

24 − 27.3 ± 0.9 (− 29.2 to − 25.7) 0.8 ± 1.9 (− 3.3 to 4.2) 26.3 ± 6.0 30 − 26.2 ± 1.0 (− 28.8 to − 24.2)

Thalassia testudinum (seagrass) – – – 10 − 10.6 ± 1.1 (− 12.3 to − 8.0)
Potential prey
Actinopterygii Gambusia sp. 4 − 22.9 ± 2.3 (− 24.6 to − 19.5) 8.4 ± 0.5 (7.7 to 9.0) 3.4 ± 0.2 (1) –
Gastropoda 34 − 24.1 ± 0.8 − 0.4 ± 1.8 4.0 ± 0.6 30 − 17.3 ± 3.7
Batillaria minimum (false cerith) – – – 12 − 13.5 ± 1.3 (− 16.9 to − 12.3)
Cerithidea scalariformis (ladder
horn snail)

– – – 1 − 19.1

Littoraria angulifera (mangrove
periwinkle)

34 − 24.1 ± 0.8 (− 26.4 to − 22.5) − 0.4 ± 1.8 (− 3.6 to 3.5) 4.0 ± 0.6 (31) –

Melongena corona (Florida
crown conch)

1 − 24.5 4.3 3.3 18 − 19.9 ± 2.2 (− 22.3 to − 14.4)

Malacostraca 56 − 23.9 ± 0.8 4.9 ± 1.4 3.3 ± 0.3 4 − 17.7 ± 1.2
Aratus pisoni (mangrove tree
crab)

16 − 23.7 ± 1.0 (− 26.0 to − 21.6) 5.0 ± 1.0 (3.2 to 6.5) 3.4 ± 0.2 (2) –

Callinectes sapidus (blue crab) 1 − 21.90 6.8 3.3 4 − 17.7 ± 1.2 (− 18.8 to − 16.4)
Panopeus herbstii (mud crab) 15 − 23.7 ± 0.7 (− 24.8 to − 22.8) 6.2 ± 1.2 (4.7 to 8.8) 3.3 ± 0.2 (3) –
Uca sp. (fiddler crab) 25 − 24.2 ± 0.8 (− 25.8 to − 22.3) 4.1 ± 1.2 (2.0 to 7.6) 3.2 ± 0.3 (3) –
Maxillopoda Balanus sp.
(barnacle)

16 − 22.2 ± 2.0 (− 23.9 to − 16.0) 7.2 ± 1.7 (3.4 to 9.0) 4.0 ± 0.7 (14) 5 − 16.6 ± 0.4 (− 17.1 to − 16.2)

Bivalvia Marsh clam 1 – – – 1 − 20.0

Florida Bay (FB) Key West (KW)

δ15N C/N n δ13C δ15N C/N

Vegetation
Detrital Rhizophora mangle and
Avicennia germinans (red and
brown mangrove leaves)

1.6 ± 2.1 (− 1.6 to 7.8) 30.5 ± 11.5 11 − 26.0 ± 1.7 (− 29.4 to − 23.7) 0.6 ± 3.7 (− 3.7 to 6.3) 38.3 ± 18.1

Thalassia testudinum (seagrass) 4.1 ± 2.5 (0.8 to 7.6) 13.7 ± 3.0 4 − 8.1 ± 0.4 (− 8.5 to − 7.6) 2.8 ± 0.6 (1.9 to 3.2) 6.1 ± 2.2
Potential prey
Actinopterygii Gambusia sp. – – – – –
Gastropoda 7.0 ± 1.5 3.59 ± 0.4 4 − 17.2 ± 0.7 1.5 ± 1.0 2.7 ± 0.4
Batillaria minimum (false cerith) 5.8 ± 1.6 (3.0 to 8.4) 3.4 ± 0.5 (8) – –
Cerithidea scalariformis (ladder
horn snail)

7.6 4.1 4 − 17.2 ± 0.7 (− 18.0 to − 16.4) 1.5 ± 1.0 (0.0 to 2.3) 2.7 ± 0.4 (0)

Littoraria angulifera (mangrove
periwinkle)

– – – –

Melongena corona (Florida
crown conch)

7.8 ± 0.9 (6.7 to 9.4) 3.7 ± 0.2 (15) – – –

Malacostraca 7.7 ± 1.1 3.2 ± 0.2 (0) 4 − 19.0 ± 1.8 3.3 ± 1.3 3.4 ± 0.1
Aratus pisoni (mangrove tree
crab)

– – – –

Callinectes sapidus (blue crab) 7.7 ± 1.1 (6.4 to 9.1) 3.2 ± 0.2 (0) – – –
Panopeus herbstii (mud crab) – – – –
Uca sp. (fiddler crab) – 4 − 19.0 ± 1.8 (− 21.0 to − 17.2) 3.3 ± 1.3 (2.3 to 5.0) 3.4 ± 0.1 (0)
Maxillopoda Balanus sp.
(barnacle)

4.9 ± 2.47 (2.5 to 8.3) 3.7 ± 1.2 (2) – – –

Bivalvia Marsh clam 6.0 4.8 – – –

δ13 C mean, SD, and range values of potential prey have been calculated after correcting for lipids for those samples with a C/N ratio > 3.5 following the
method of Post et al. (2007). Italic values in parentheses indicate number of samples within each category with a C/N ratio > 3.5. Samples with an (n) of 1
are shown, but were excluded from all analyses including class means
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(gastropods and crabs) were highest in FB (7.1 ± 1.5‰)
followed by BSC (2.9 ± 3.0‰) and KW (2.4 ± 1.5‰).

Linear Modeling Terrapins

The top performing model from our terrapin δ13C model set
had an interaction of type, site, and size variables (Table 3),
with an adjusted R2 = 0.85. This model received 74% of the
model weight and Δ AICC > 3.61 over the next model, indi-
cating clear separation (Burnham and Anderson 2002). The
predictions from this model indicated that blood samples had
consistently lower δ13C values compared to scutes and that
small terrapins had consistently lower δ13C values compared
to large terrapins, but that the magnitude of those variances
among the sites differed (Fig. 3, Online Resource 2). Scute
samples from large terrapins drove the size differences ob-
served in δ13C values at both the BSC and FB sites.

The top model from our terrapin δ15N model set includ-
ed type, plus an interaction of site and size variables
(Table 4). It had an adjusted R2 = 0.49, indicating moderate
model fit, and received 39% of the model weight. The next
closest model in the set contained type plus an interaction
between location and size and was competitive with the top
model (Δ AICC = 0.34), receiving about 33% of the model
weight and an adjusted R2 = 0.53. Both models indicated
that blood samples were consistently higher in δ15N values
relative to scutes (i.e., in both models, the blood parameter
was larger than the scute parameter) and that this pattern
was most parsimoniously explained by a single parameter
across all sites (i.e., neither model contained an interaction
between site and type, but rather an additive effect).
Though not significantly different (i.e., 95% confidence
intervals overlap, see Fig. 3, Online Resource 2), within
FB large terrapins had higher δ15N values relative to small
terrapins, while within BSC large terrapins had lower δ15N

Fig. 2 Bivariate isotope plots of
the lipid corrected δ13C and δ15N
values for terrapin tissues (blood,
circle; scute, triangle) and mean
(± SD) δ13C and δ15N values for
primary producers and potential
prey collected at each site
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values relative to small terrapins. We were unable to sam-
ple small terrapins from KW; thus, no size comparisons
could be made.

Linear Modeling Resources

The top model from our resource δ13C model set has an
interaction of class and site variables (Online Resource 3).
It has an adjusted R2 = 0.88, indicating good model fit, and
it received 100% of the model weight, indicating it is the
strongest model of the set. The top model indicates that
prey items from creek site typically had more negative
δ13C values, but that the magnitude of differences varies
by prey type. The top model from our resource δ15N model
set has an interaction of class and location variables
(Online Resource 4). It has an adjusted R2 = 0.73, indicat-
ing moderate model fit, and it received 56% of the model
weight, indicating it is the strongest model of the set. The
next closest model was again competitive with the top
model (ΔAICc = 0.52) which received 44% of the model
weight with an adjusted R2 = 0.68 and included an interac-
tion between class and site.

Table 3 Model selection table for all candidate linear models describing
variation in terrapin δ13C values. Models were ranked byΔ AICC values
(the difference between each model’s AICC and AICC min, that of the
“best” model)

Model parametersa,b df AICC Δ AICC Weight Adjusted R2

Type * site * size 11 631.4 0.00 0.74 0.85

Type + site + size 6 635.4 3.61 0.12 0.84

Type + site + season 6 636.5 5.09 0.06 0.84

Type + site * size 7 636.7 5.29 0.05 0.84

Type + site * season 7 638.6 7.20 0.02 0.84

Type * site 7 643.7 12.32 0.00 0.84

Type + site 5 646.6 15.21 0.00 0.84

Type * location + size 22 648.2 16.81 0.00 0.85

Type + location * size 20 648.7 17.27 0.00 0.85

Type + location 12 650.2 18.80 0.00 0.84

Type * location 21 661.6 30.19 0.00 0.84

Type * location * size 36 671.0 39.55 0.00 0.85

Type + size 4 909.7 278.28 0.00 0.36

Type * size 5 910.6 279.16 0.00 0.36

Type + mass 4 911.5 280.04 0.00 0.36

Type + SPL 4 916.2 284.78 0.00 0.34

Type + season 4 964.5 333.05 0.00 0.16

Type * season 5 966.5 335.12 0.00 0.16

Type 3 992.6 361.17 0.00 0.02

Null 2 996.1 364.67 0.00 NA

AICc AIC corrected for small sample sizes
aModel parameters included type (blood or scute), size (large or small),
SPL (straight plastron length in cm), mass (g), season (wet or dry), site
(BSC, FB, KW), and location includes individual sampling locations
within the sites when available (BSC-7 creeks, FB-2 islands, KW-1
island)
b Under model parameters, the “+” represents additive vs “*” interaction
terms

Table 4 Model selection table for all candidate linear models describing
variation in terrapin δ15N values. Models were ranked byΔ AICC values

Model parametersa,b df AICC Δ AICC Weight Adjusted R2

Type + site * size 7 526.2 0.00 0.39 0.49

Type + location * size 20 526.6 0.34 0.33 0.53

Type + site 5 529.0 2.79 0.10 0.47

Type + site * size 7 530.6 4.40 0.04 0.47

Type + site + size 6 530.7 4.42 0.04 0.47

Type + site + season 6 530.7 4.51 0.04 0.47

Type * site * size 11 531.4 5.13 0.03 0.47

Type + location 12 532.0 5.74 0.02 0.48

Type + site * season 7 532.9 6.63 0.01 0.47

Type * site * season 11 538.8 12.55 0.00 0.46

Type + size * season 6 628.0 101.75 0.00 0.13

Type + site + season 5 631.2 104.98 0.00 0.11

Type + season 4 633.8 107.59 0.00 0.10

Type * site * season 9 634.4 108.22 0.00 0.12

Type * season 5 635.9 109.70 0.00 0.09

Type + SPL 4 641.4 115.20 0.00 0.06

Type + size 4 641.7 115.52 0.00 0.06

Type + size 5 643.9 117.63 0.00 0.05

Type + mass 4 645.8 119.62 0.00 0.04

Type 3 646.4 120.20 0.00 0.03

Null 2 651.5 125.30 0.00 NA

AICc AIC corrected for small sample sizes
aModel parameters included type (blood or scute), size (large or small),
SPL (straight plastron length in cm), mass (g), season (wet or dry), site
(BSC, FB, KW), and location includes individual sampling locations
within the sites when available (BSC-7 creeks, FB-2 islands, KW-1
island)
b Under model parameters, the “+” represents additive vs. “*” interaction
terms

Fig. 3 Terrapin mean predicted δ13C and δ15N values and their 95%
confidence intervals for both size classes (small and large) and tissue
types (blood and scute) for each site. Values were lipid corrected for
samples with C/N > 3.5
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Isotope Niche Analysis

Niche overlap between tissue types was greater at KW than
BSC and FB, while niche overlap between size classes at BSC
and FB was greater for blood samples than scute samples
(Table 5, Fig. 4). Small terrapin niche widths using SEABwere
larger at the FB site than BSC but were similar between tissue
types within each site (Fig. 5). Large terrapin niche widths
(SEAB) showed greater variability between sites and tissue
types, as does the niche widths (SEAB) between sites and
tissue types for both size classes combined (Fig. 5).

Discussion

In this study, we answered several questions on the isotopic
ecology of diamondback terrapins. Specifically, we deter-
mined (1) terrapins from the mainland creek complex are iso-
topically distinct from those in the island habitats; (2) through
analysis of multiple tissues, we determined the isotopic niche
of terrapins vary temporally; and (3) there is overlap in the
isotopic niches between the two size classes of terrapins and
the amount of overlap varies both spatially and temporally.We
identified spatial differences in terrapin isotopic values for
both δ13C and δ15N among all three sites for both blood and
scute tissues, and these values followed isotopic trends in
resources (i.e., prey) that corresponded to differences in the

dominate pathways of primary production at each site
(Table 1, Fig. 2). This was one of the first stable isotope stud-
ies performed on terrapins and first to estimate isotopic niche,
with the only other known isotopic investigation on terrapin
foraging being performed along the Georgia coast (Erickson
et al. 2011). Both studies found stable isotope data to extend
the interpretation of foraging strategies beyond the limits of
more traditional diet studies.

The spatial differences identified in the isotopic values of
terrapins among the sites (BSC, KW, FB) could be due to
proportional contributions of isotopically distinct food re-
source use by terrapins among the three sites. Alternatively,
baseline isotopic values for each site could differ, which
would correspond to differences in the dominant pathways
of primary production, hydrology, and nutrient cycling (Post
2002). If a single baseline for carbon was assumed, source
studies of δ13C could be significantly biased (Barnes et al.
2009). Thus, we compared inferences drawn from the terrapin
δ15N and δ13C models to the inferences drawn from the re-
source δ15N and δ13C models to determine whether isotopic
variations in the prey items themselves were driving isotopic
variations in the terrapins. Both δ13C and δ15N from the pri-
mary producers and associated prey (Table 2) indicated that
prey baselines differed at each site. For example, gastropods
are a primary consumer and their δ13C values varied between
creek and island habitats (BSC < FB < KW), and we deter-
mined crabs’ δ15N values varied among all sites with FB >
BSC > KW. Because the terrapins’ isotopic values mirrored
these differences between sites, it is reasonable to conclude
that the spatial variations in terrapins’ values are reflective of
the different baselines at each site.

This isotopic pattern in δ13C baselines among sites follows
a well-known pattern in primary producer isotope values (i.e.,
Mangrove δ13C < seagrass δ13C); thus, sites with less man-
grove (FB and KW) and more seagrass (KW) were more
positive. Grouping the two islands for the FB site contributed
to the wider range in both δ13C and δ15N values for both
terrestrial and marine vegetation, and prey isotope values
followed patterns of dominant producers at each site
(Table 2, Fig. 2). These prey have limited dispersal abilities
as adults since a majority of dispersal occurs during the plank-
tonic larval stages of these benthic prey communities
(Grantham et al. 2003; Armitage and Fong 2004; Lundquist
et al. 2004; Smith and Ruiz 2004; Kappes and Haase 2012).
Thus, observed differences in the δ13C and δ15N values were
likely driven by the environment in which they were sampled.

Spatial differences in δ15N values may be linked to 15N-
enriched anthropogenic inputs derived from human sources
(McClelland et al. 1997; Vizzini and Mazzola 2006), rather
than being linked to variations in trophic structure and feeding
habits of terrapins between sites. The FB site had the highest
δ15N values, which could be due to closer proximity to runoff
and nutrient loading (particularly nitrogen) from the

Table 5 Standard ellipse area corrected for small sample size (SEAC)
and proportional niche overlap among tissue types and size classes of
M. terrapin within each site

Number SEAC (‰2) Proportional
overlap of SEAC

Tissue type

BSC Blood 52 2.57 0.41

Scute 47 3.59 0.30

FB Blood 24 4.44 0.33

Scute 24 3.71 0.39

KW Blood 23 1.63 0.98

Scute 27 3.50 0.46

Size class

Blood

BSC Small 31 2.78 0.42

Large 21 1.96 0.59

FB Small 6 5.32 0.46

Large 18 4.31 0.56

Scute

BSC Small 31 3.04 0.37

Large 16 3.42 0.33

FB Small 6 5.63 0.11

Large 18 2.30 0.28
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Everglades and canals along the southeastern peninsula
(Lapointe and Clark 1992; Rudnick et al. 1999). For example,
Lapointe et al. (2004) found macroalgae in nearshore waters
around Big Pine Key in southern FB had elevated δ15N values
(~ + 4‰) which is characteristic of nitrogen enrichment from
sewage inputs, with lower values (~ + 2‰) reported for
macroalgae in upstream waters of western Florida Bay influ-
enced by nitrogen rich Everglades runoff. Tracing sources of
both natural and anthropogenic nitrogen within the system is
necessary for mitigating contributions and maintaining
healthy environmental conditions. Terrapin SIA can contrib-
ute to this understanding.

Terrapin tissues revealed a broad pattern where δ13C values
of blood were more negative and δ15N values more positive
relative to scutes, which agrees with our predicted parameter
estimates (Table 1 and Online Resource 2); however, for KW,
those differences are insignificant (within the analytical error).
These differences could be due to variations in the isotopic

discrimination between the tissues, variations in terrapin food
resource or habitat use through the time recorded in the two
tissues, or changes in resource isotopic values over time. Our
results showed moderate correlation between blood and scute
δ13C values from each site; however, lower R2 values from our
linear regression suggest that tissue alone is not a strong pre-
dictor of δ13C values. Lastly, we compared the standard ellip-
ses between blood and scute tissue, and we did not find a
consistent, directional shift between sites (Fig. 4a). Thus, it
is likely that the differences in δ13C values observed at each
site represent variable foraging patterns over the time periods
represented by the two tissues. During this study, we were
unable to determine if there were temporal variations in the
resources among sites in this study, and we recommend fur-
ther investigation.

Within each of our sites, blood samples from both large
and small terrapins had similar δ13C values indicating both
were foraging in similar habitats in the weeks to months prior

Fig. 4 Isotopic niches of
M. terrapin at each site by a tissue
type, b size class from blood
samples, and c size class from
scute samples; represented by
standard ellipse areas (SEAC;
40%). Big Sable Creek (BSC,
circle), Florida Bay (FB, triangle),
and Key West (KW, square)
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to capture. For large terrapins, however, δ13C values of scutes
differed from blood (Figs. 3 and 4), potentially integrating
δ13C values from nesting habitats. Stable isotopes of inert
tissues (i.e., turtle scutes, mammal hair, feathers) retain a sta-
ble isotope record and have been a powerful tool providing
insights on inaccessible life stages of a variety of fauna
(Hobson and Stirling 1997; Hobson and Bairlein 2003;
Cerling et al. 2006; Reich et al. 2007). Seminoff et al.
(2007) determined nitrogen turnover in freshwater pond
sliders (Trachemys scripta) to be 142 days (blood plasma)
and 155 days (whole blood). Vander Zanden et al. (2010)
microsampled loggerhead sea turtle (Caretta caretta) scutes

into layers, determining each 50 μm layer represents 0.6 years
of diet assimilation. Sea turtle scute samples ranged from 400
to 1100 μm, corresponding to (4) to (12) years of dietary
information. If terrapin scutes represented a similar range, this
could mean that scutes are recording the diet when the terrapin
was smaller; possibly feeding at a lower trophic level, or po-
tentially living and feeding in a different habitat, or both.
Juveniles are rarely encountered at these sites, making it
difficult to determine their diet and habitat use; thus, scutes
can provide valuable dietary information during this cryptic
life stage. Alternatively, isotope values of scute samples from
large terrapins could represent mature females foraging in

Fig. 5 Estimates of Bayesian
standard ellipse areas (SEAB) for
blood and scute samples at each
site for only small terrapins (a),
only large terrapins (b), and both
size classes combined (c). Black
dots correspond to the mean
SEAB for each group, and shaded
boxes represent the 50%, 75%,
and 95% credible intervals from
dark to light gray
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different habitats such as when traveling to nesting beaches.
This was detected by Butler et al. (2012) when diets of mature
females collected at the nesting beach in northeastern Florida
differed significantly from both mature and immature females
and males sampled within tidal creeks. Except for seven indi-
viduals from FB, our sampling occurred during the non-
nesting season, and within BSC’s tidal creeks, there is little
to no suitable nesting habitat; thus, females may experience a
shift in prey’s availability or isotopic composition during sim-
ilar forays to nesting beaches.

There are some limitations to the interpretation of our scute
results due to the way they were processed. The layering of
scutes is a very time-consuming, labor-intensive process and
requires precise machinery which can be cost prohibitive.
Thus, for this initial study, we homogenized the entire
sample, which was composed of multiple layers. If terrapins
lay down their scutes in a similar process to what Vander
Zanden et al. (2010) determined for loggerhead sea turtles
(Caretta caretta), each 50 μm layer could be representative
of approximately 0.6 years. Since our homogenized scute
samples had differing thicknesses between 100 and 450 μm,
they could represent the terrapin assimilated diet between 1.2
and 5.4 years, depending on the thickness of each sample.
Because our homogenized scutes included several growth
layers, potentially representing multiple seasons or years, we
were unable to test for temporal variations in isotopic values
within the scutes. Even with these limitations, by examining
the isotopic composition of multiple tissues, our results ap-
proximate the dietary niche of terrapins from months to ≥
1 year in a single sampling, providing unprecedented infor-
mation on their resource use over time.

Previous research has detected resource partitioning be-
tween large and small terrapins (Tucker et al. 1995;
Petrochic 2009; Butler et al. 2012; Tulipani 2013; Alleman
and Guillen 2017). In our study, the inclusion of size class in
the top model helped to explain the variation in the magnitude
of differences between isotope values from the tissue types
and sites. The larger females were different from the smaller
terrapins in their isotopic composition and niche space for
both tissues, suggesting they may be feeding on a more vari-
able diet over time (Figs. 4 and 5). Both size classes show a
shift in niche space between tissues (Fig. 4), but there is a
greater shift with less overlap between tissues for large terra-
pins than small. Bayesian ellipse areas SEAB also predict sim-
ilar niche widths between tissues for small terrapins, while
there is more variability in large terrapins’ estimated niche
widths at each site (Fig. 5).

Blood δ13C values for both large and small at FB overlap
(Fig. 4), but FB scute δ13C values from large > small. In the
FB site, higher δ13C values of scutes from large terrapins
could suggest they are not necessarily restricted to the man-
groves as is suggested by the lower δ13C values of small
terrapins. This could mean large terrapins foraged around

the islands or on more marine prey while the smaller terrapins
were more restricted to the interior or fringe of the islands.
Additionally, terrapins from the BSC site did not fit our ex-
pected results based on previous literature. We expected larger
mature female terrapins to have higher 15N values relative to
smaller immature females or males since they could ingest a
wider diversity of prey due to their larger jaw size (Tucker
et al. 1995; Petrochic 2009; Butler et al. 2012; Tulipani
2013), yet we found the opposite to be true with small terra-
pins having higher δ15N values (Δ δ15N small − δ15N large =
0.36‰, Fig. 2). Denton et al. (2016) determined crabs were
consumed by small terrapins more frequently than by large
terrapins, which consumed a more diverse mixture of gastro-
pod taxa including the larger mangrove periwinkle (Littoraria
angulifera). While we were not able to determine the isotopic
composition of several gastropod species due to the opportu-
nistic sampling of potential prey during terrapin captures, per-
iwinkles within these creeks were found to have much lower
δ15N values than those of crabs. If the large females consume
both low δ15N (gastropods) and high δ15N (crabs) prey, and
since isotope values represent a mixture of assimilated food
resources integrated over time, that could explain their lower
δ15N values compared to small terrapins that selected less
gastropods and more of the nitrogen-enriched crabs at the
BSC site.

For each tissue type, the standard ellipse areas corrected for
small sample size (SEAC) showed no overlap of isotopic
niches between sites indicating that terrapin trophic niche is
site specific within the time the tissues were synthesized.
Within each site, there is overlap between the two tissues
indicating that terrapins assimilate similar food resources over
time. However, the shift in scute δ13C values that occurred at
all three sites may represent a seasonal shift in terrapin diet
corresponding to availability of prey species. A similar shift in
terrapin diet was previously detected by Alleman and Guillen
(2017), who suggested shifts corresponded to an increase in
availability of fiddler crabs in the summer and juvenile blue
crabs during fall seasons. Alternatively, the variation between
tissues could suggest terrapins may be foraging in a different
habitat throughout the time the tissues were synthesized.
Further support for this comes from the size class comparisons
for each of the tissues. Niche overlap is higher in the blood
samples (Table 5, Fig. 4), which have a shorter turnover rate,
while niche overlap is lower for scute samples, which repre-
sent diet assimilated over longer time scales. This indicates
that both size classes utilize similar isotopic niches part of the
time. The SEAB estimates between tissues for each size class
indicate the large (female) terrapins are driving the separation
by shifting their isotopic niche (Fig. 5), possibly reflecting
their movements during nesting periods or changing food re-
source selection.

Mixing models are often used to analyze biological tracer
data, such as stable isotopes, to characterize trophic links, and

Estuaries and Coasts (2019) 42:596–611 607



to estimate proportional contribution of resources in a con-
sumer’s diet (Post 2002; Phillips 2012; Parnell et al. 2013).
While based on simple concepts, they rely on several assump-
tions and can be misinterpreted. Mixing models may not be
suitable for novel study systems where little is known about
dietary preferences, there is little or too much isotopic varia-
tion among food sources, isotopic values of endmembers are
not identified, turnover rates and discrimination factors are
unknown, or any combination of the above (Parnell et al.
2010; Bond and Diamond 2011; Phillips et al. 2014). Based
on Denton et al. (2016), there are additional gastropod and
bivalve species known to be large contributors to their diet
that during our opportunistic sampling we were unable to
locate; therefore, we could not include them in our analysis.
It was also evident that we were missing endmembers when
we plotted the isotopic values of the terrapins and their prey
(Fig. 2); thus, performing mixing models was determined to
be premature. Additional sampling of terrapins and prey, in-
cluding some of those “missing” food resources (e.g.,
Melampus coffeus, Polymesoda floridana; Denton et al.
2016) is recommended to allow mixing models to yield addi-
tional insight into specific resource selection and proportional
contributions of differing prey. Additional sampling targeting
small terrapins within FB would also increase the confidence
of their calculated isotopic niche width which was limited due
to the small sample size.

Conclusion

This study has provided the framework for future studies to
investigate stable isotope values and foraging strategies
throughout the range of this exclusively estuarine turtle.
We detected differences in the isotopic values and niche
space for terrapins by site, size class, and tissue types.
Our results demonstrate how isotopic analysis from multi-
ple tissues can be a powerful tool for understanding terra-
pins’ foraging ecology over hard to catch time periods. As
ectotherms, terrapin tissue turnover rates span months to
years, representing a history of the isotopic values from
their local environment during the time the tissues were
synthesized. Thus, this species could also be used as a bio-
monitor for assessing shifts in available resources in previ-
ously unstudied estuarine systems following disturbance
events, such as hurricanes, sea level rise, or habitat degra-
dation. Monitoring of terrapin isotopic values is recom-
mended for ongoing conservation and management of
M. terrapin throughout its range and to help managers un-
derstand the complex dynamics of estuarine food webs.
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