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Abstract

Diamondback terrapins, hereafter referred to as terrapins, are the only estuarine turtle species native to North America.
However, terrapins are also occasionally found in marine habitats, such as seagrass beds, and yet little is known about
how they use those marine habitats. We sampled epidermis from terrapins (Malaclemys terrapin macrospilota) inhabiting
a seagrass-dominated coastal bay in Northwest Florida and compared resource use among terrapin sexes and life-history
stages using the isotopic niche and mixing models. Terrapins were generalist foragers, and their diets varied by sex and life
stage, as has been reported elsewhere. Basal resource mixing models indicated the terrapin food web was based primarily
on Thalassia testudinum for adult females (50.0%) and Spartina alterniflora for adult males (49.7%) and juvenile females
(42.2%). Dietary mixing models indicated the adult female diet included a relatively high proportion of Thalassia testudi-
num (31.3%), suggesting a strong reliance on seagrass dominated prey and not necessarily large consumption of seagrass,
followed by lower proportions of gastropods (26.6%) and crustaceans (19.1%). Primary diet items for juvenile females and
adult males included relatively equal proportions of echinoderms, gastropods, crustaceans, ascidians, and porifera. Body
and head size of terrapins may drive differences in diet, as interpreted from mixing model results. Although mangroves are
expanding their range northward along the Gulf of America coast and have become established at our study site, it does not
appear that terrapins are foraging within these newly established mangrove forests. Finally, the terrapin niche, particularly
for adult females, may overlap with the sea turtle niche in seagrass-dominated bays. Whether sea turtles impact terrapin
populations, including through direct predation, is unknown.
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Introduction changes affect key taxa that are both sensitive to perturba-

tions and occupy important network positions in the food

Coastal wetlands provide foraging resources for a wide vari-
ety of species including birds (Beerens et al., 2011), fish
(Cintra-Buenrostro & Fierro-Cabo, 2022), dolphins (Sievers
et al., 2019), and turtles (Lamont et al., 2021). As wetlands
change (Osland et al., 2022), variability in these resources
could alter trophic interactions and food webs (Johnson
et al., 2019; Labrousse et al., 2019), particularly if those
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web (Loesser et al., 2024; McCann et al., 2017). Adding
to this complexity, resource use of many species, including
those that inhabit wetlands, is affected by life stage (Duffy
et al., 2010; Rothman et al., 2008; Sanchez-Hernandez et al.,
2019) and body size, with larger bodied individuals typically
eating larger prey (Cohen et al., 1993; Scharf et al., 2000;
Owen-Smith & Mills, 2008). Only through examination of
these dynamics can we fully understand the ecological niche
of important wetland species and how these ecosystems will
respond to stressors such as climate change (Johnson et al.,
2019).

Diamondback terrapins (Malaclemys terrapin) are the
only exclusively estuarine turtle native to North America
(Ernst & Lovich, 2009). Their populations are believed to be
declining throughout their range and are listed as Vulnerable
on the I[UCN Red List of Threatened Species (IUCN, 2018).
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Terrapins inhabit salt marshes, tidal creeks, mangroves,
shellfish beds, estuaries, and bays from Massachusetts to
Texas, U.S. (Ernst & Lovich, 2009). Terrapins help maintain
wetland habitats by foraging heavily on marsh periwinkles
(Littoraria irrorata), which can overgraze saltmarsh vegeta-
tion (Ernst & Lovich, 2009; McCann et al., 2017). Previ-
ous studies in salt marshes along the U.S. Atlantic coast
(Roosenburg, 1994; Spivey, 1998; Tucker et al., 1995) or
in mangrove habitats in South Florida (Denton et al., 2016)
indicated that terrapins in those habitats were secondary
consumers foraging primarily on benthic invertebrates such
as crustaceans, mollusks, and small fish. Terrapins exhibit
sexual dimorphism with adult females having wider heads
and larger body sizes than adult males (Lovich et al., 2018),
which likely influences diet variation in terrapins (Butler
et al., 2012; Denton et al., 2016).Although terrapins are con-
sidered area-sensitive species because of their strong ties to
saltmarsh habitat (Hager, 1998; Isdell et al., 2015), they use
a wide array of coastal habitats throughout the southeastern
U.S., and little information is available on foraging ecology
in those habitats. For example, terrapins in the Chesapeake
Bay, Virginia use salt marsh (Spartina alterniflora; hereaf-
ter Spartina), eelgrass (Zostera marina), and widgeon grass
(Ruppia martima) habitats, and were documented foraging
on eelgrass and attached epibiota, potentially serving as seed
dispersers for eelgrass in that area. On the other hand, inges-
tion of eelgrass may have been incidental while terrapins
were foraging on barnacles and snails (Tulipani, 2013).

Most of the U.S. Gulf of America coast is included in
the terrapins’ range, yet there are large spatial gaps in our
knowledge of terrapins in this region. For example, until
recent studies (Catizone et al., 2024; Lamont et al., 2023a,
2023b; Suarez et al., 2021) highlighted the presence of ter-
rapins in Northwest Florida, most of that area was not even
considered part of the species’ range by the IUCN (IUCN,
2018). While expansive salt marches are found across the
Gulf of America (Borchert et al., 2018) and are utilized by
terrapins (Selman et al., 2014; Thomas et al., 2022), the
northwest Florida coast is comprised of several coastal bays
that are dominated by seagrass habitat (Blaustein, 2008;
Conmy et al., 2017). Home ranges of terrapins in several
of these bays include a large proportion of seagrass habitat,
predominately turtle grass (Thalassia testudinium; hereafter
Thalassia) (Lamont et al., 2021, 2023a, 2023b). Although
terrapins appear to traverse these seagrass meadows (Lamont
et al., 2023a, 2023b), it is not known if they are foraging
within the seagrass habitat.

Diets can be assessed through a variety of methods, each
with its own limitations. Traditional diet analyses (i.e., stom-
ach contents, fecal analysis) provide a snapshot of an indi-
vidual’s diet and may underestimate soft-bodied organisms
(e.g., ctenophores; Newsome et al., 2007). More recently,
stable isotope analysis (SIA) has been used to provide a
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broader view of the assimilated diet (Arends et al., 2024,
McClellan et al., 2010). Stable isotope ratios of carbon
(13C/"2C) can be used to infer basal resource reliance and
nitrogen ('’N/!*N) can reflect trophic position (Craig, 1953;
Minagawa & Wada, 1984; Wada et al., 1987). Although sta-
ble isotope ratios cannot be used to identify exact diet items,
SIA reflects what an animal assimilated over a longer period
(from days to years, depending on tissue type analyzed) than
stomach contents or fecal analysis. The time period reflected
in a tissue depends on isotopic turnover rates that can be
influenced by many factors including species, body mass,
age, and season. The time period represented in terrapin
tissues has not been established. However, in sea turtles,
blood—and specifically plasma—represents what the turtle
assimilated over a period of weeks (Reich et al., 2008; Van-
der Zanden et al., 2015). Scute turnover is much slower and
inert after synthesis, so sub-sampled layers represent what
was assimilated from a turtle’s diet over a matter of several
months, with multiple years represented across the multi-
ple layers that can be obtained in a sample (Vander Zanden
et al., 2013). Epidermis tissues are an intermediate between
scute and plasma with turnover rates on the order of several
months (Reich et al., 2008).

Stable isotope mixing models can be used to assess die-
tary proportions when potential food items are isotopically
dissimilar. Beyond a visual comparison of consumer and
prey isotope values, Bayesian mixing models can provide
quantitative estimates of dietary contributions when poten-
tial sources are limited, but a large number of possible diet
items can lead to uncertain model outputs (Phillips et al.,
2014). The use of prior observations through stomach and
fecal samples as a guide for diet item collection can reduce
uncertainty when choosing to include more diet items.
Additionally, the isotopic niche is often used to compare
the similarity and degree of specialization among popula-
tions or species through metrics such as niche overlap and
niche area, based on the assumption that isotopic values
reflect the ecological niche (Jackson et al., 2011; Newsome
et al., 2007). Stable isotopes can vary among life stages and
sexes (Dixon et al., 2012; Phillips et al., 2014; Shen et al.,
2021), by migratory strategy (Kernaleguen et al., 2012),
and by other intrinsic factors (Jones et al., 2023; McIn-
turf et al., 2025). Extrinsic factors can also affect isotopic
results including rainfall, windspeed, humidity (Vystavna
et al., 2021), water temperature (Canseco et al., 2022), and
contaminants (Hobson, 2023). These factors could be con-
sidered when interpreting results of isotopic studies.

The present study examined resource use, with a spe-
cific focus on Thalassia, by diamondback terrapins inhabit-
ing a seagrass-dominated coastal bay in northwest Florida.
We compared resource use among terrapin sexes and life-
history stages using isotopic mixing models and niche met-
rics. Because adult female terrapins are larger and typically
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undertake longer-distance movements than adult males and
juvenile terrapins (Roosenburg et al., 1999), thereby exposing
them to more seagrass, we hypothesized that (1) Thalassia
would represent a larger proportion of the foraging niche of
adult female terrapins than adult males or juveniles and would
represent a diet item for those adult females, (2) dietary pro-
portions would differ among adult females and adult males
and juveniles at our study site, and (3) Spartina would rep-
resent the primary basal resource for all terrapin life stages.

Methods
Data Collection

Because terrapins are frequently collected for the pet trade,
we do not provide specific capture methods or locations.
St. Joseph Bay, located in northwest Florida in the north-
ern Gulf of America, comprises approximately 260 km?
of marine and estuarine habitats (Fig. 1). The bay includes

about 43 km? of Thalassia-dominated seagrass beds and 3
km? of salt marshes that are comprised primarily of black
needlerush (Juncus roemerianus) and Spartina (Florida
Department of Environmental Protection, 2022).

We conducted surveys across multiple seasons for ter-
rapins in St. Joseph Bay from 2018-2021 as part of a long-
term mark-recapture program (see Catizone et al., 2024
for additional survey details). Each captured terrapin was
measured, weighed, sexed, and aged following previously
published protocols (Dorcas et al., 2007; Hart & Mclvor,
2008; Roosenburg & Kennedy, 2018). To allow individual
identification, we gave all captured terrapins a unique code
that was notched into their marginal scutes (Cagle, 1952;
Sexton, 1959). We also inserted a passive integrated tran-
sponder (PIT) tag behind the left bridge of each terrapin
after first cleaning the application site with isopropyl alcohol
(Buhlmann & Tuberville, 1998). Two 4 mm epidermis biop-
sies were collected from the soft tissue of the webbing on the
rear foot of each captured terrapin, preserved in 95% ethanol,
and refrigerated at 5 °C to reduce ethanol evaporation.
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Fig. 1 Foraging ecology of adult male, adult female, and juvenile female diamondback terrapins was examined in St. Joseph Bay, Florida, using

stable isotope analyses and mixing models
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We used body size, tail size, and position of the cloaca
(posterior to the carapace in males; Lovich & Gibbons,
1990) to group terrapins into age and sex classes (i.e., adult
male, adult female, juvenile female) based on plastron length
classifications (PL) reported by Suarez et al. (2021). Male
terrapins reach sexual maturity earlier than females and at
a smaller size (Lovich & Gibbons, 1990). In the Northwest
Florida region, males begin to develop sex characteristics.

at around 65 mm PL, and females at approximately 111
mm PL (Suarez et al., 2021). Between 65 and 110 mm PL,
terrapins were categorized as either adult males (discern-
able by a longer tail and location of the cloaca) or juvenile
females (those without adult male characteristics). All ter-
rapins > 111 mm PL were adult females. Because all terra-
pins <65 mm PL exhibited no external sex characteristics,
we categorized them as unknown juveniles, and as such, we
have no juvenile male category in our analyses.

Basal Resource and Prey Item Sampling

Samples of basal resources and potential prey items were
collected throughout St. Joseph.

Bay from June through September to inform Bayesian
mixing models (Arends et al., 2025). Although prey sam-
pling may not have captured seasonal foraging by terrapins,
most (79%) of the terrapins sampled in this study were cap-
tured during the same months as the prey sampling, and
both satellite telemetry (Lamont et al., 2023a, 2023b) and
mark-recapture studies (Catizone et al., 2024) suggest this
time period represents peak foraging for terrapins at this site.
Prey items were grouped into categories: Ascidian, Crusta-
cean, Echinoderm, Gastropod, Bivalve, Porifera, and Sea-
grass (Supplementary Table 1). Three basal resources and 16
potential prey items were previously collected (2019-2020)
as part of a study to investigate the foraging niches of sea
turtles using St. Joseph Bay (see Arends et al., 2024), and
because terrapins may forage on those same species, we used
their isotopic values from Arends et al. (2024) in our mixing
models. Potential basal resource species not previously col-
lected by Arends et al. (2024) plus additional terrapin prey
items were collected while snorkeling throughout St. Joseph
Bay from 2019-2022 near terrapin capture locations. Col-
lected items were placed into polyethylene sample bags and
frozen for transport to the laboratory before dissection. Basal
resources and prey items were selected based on previous
terrapin diet studies and what was available for collection at
our site, however it is possible that terrapins are consuming
something that was not collected (Butler et al., 2012; Eraz-
mus et al., 2019). Collection of diet items were focused on
a smaller section of the bay associated with sea turtle and
terrapin captures to reduce temporal variability and increase
likelihood of consumption.
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Sample Preparation

All terrapin epidermis tissue samples were rinsed with
deionized water and wiped with a 70% isopropyl alcohol
swab. Dermis tissue was removed with a scalpel to leave
only the thin top layer of epidermis, as connective tissue or
dermis tissue has been shown to produce significantly more
variable 6 °C and 8'°N values than epidermis tissue (Vander
Zanden et al., 2012).

Once dry, plant material and sponges were homogenized
using a Wiley Mini Cutting Mill (Thomas Scientific) with
a 1 mm screen. Invertebrate samples were dissected, and
muscle tissue was isolated from similar body parts for con-
sistency. Samples that had possible inorganic carbon con-
tent, including tunicates, small sea stars, sponge, and small
shrimp, were separated into two samples. One sample was
treated with 1 M HCI until bubbling stopped (< 10 mL)
and then rinsed with deionized water to be used for car-
bon isotope analysis. The nonacidified sample was used for
nitrogen isotope analysis. All isotope samples for this study
were processed at the Light Stable Isotope Mass Spec Lab
in the Department of Geological Sciences, University of
Florida, Gainesville, Florida, U.S., using a Carlo Erba NA
1500 CNS elemental analyzer (Thermo Scientific, Waltham,
Massachusetts, USA) interfaced via a ConFlo II to a DeltaV
Advantage isotope ratio mass spectrometer (Thermo Elec-
tron, Waltham, Massachusetts, USA). Stable isotope ratios
of the sample relative to an isotope standard were expressed
in delta (6) notation: 6= (Ryympie/Rytandara — 1) With units per
mil (%0) where Rg,1c and Rgi,q,q are the corresponding
ratios of heavy to light isotopes ('*C/!>C and N/'*N) in
the sample and an international standard, respectively. The
standard for '3C was Vienna Pee Dee Belemnite (PDB) and
the standard for '°N was atmospheric N,. Precision of refer-
ence material is reported in Supplemental Table 2.

Mixing Models

To determine the relative proportion of diet for terrapins,
we used the R package ‘simmr’ (Parnell et al., 2013) to
perform a Bayesian stable isotope mixing model. Terrapin
mixing models were separated into three categories: adult
male, adult female, and juvenile female. There was no juve-
nile male category (see the Data Collection section for an
explanation). Additionally, we used the method developed
by Smith et al. (2013) to test assumptions associated with
the models, identify the most appropriate trophic discrimina-
tion factor (TDF), and determine if the mixing model could
reasonably define the diets. Because there are no published
TDFs for diamondback terrapins, we tested three sea turtle
epidermis TDFs (Reich et al., 2008; Seminoff et al., 2006;
Vander Zanden et al., 2012) to find the best fit, which we
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determined by documenting the number of terrapin values
encompassed by the potential prey values. We ran separate
mixing models for each terrapin life stage and sex. Among
the three TDFs that we tested, we found the values measured
in juvenile loggerhead sea turtles (Caretta caretta) (Reich
et al., 2008) resulted in most (92%) of the terrapin isotope
values being encompassed by the potential prey, so these
TDF values were applied in our analysis (Supplementary
Table 2).

To determine the general reliance on diet source and
potential habitat type for terrapin sex and age categories, we
performed separate mixing models with only potential basal
resources instead of the prey categories. The TDF used for
the basal resource model was multiplied by two to account
for two trophic level changes, meaning we do not believe
that the terrapins were directly eating these sources, but that
these are the primary producers at the base of their food
chain (Supplemental Table 3).

Niche Metrics

To quantify the isotopic niche metrics among terrapin sex
and age classes we fit bivariate ellipses using Bayesian infer-
ence (Stable Isotope Bayesian Ellipses in R SIBER; Jackson
et al., 2011). Before calculating the niche metrics of adult
males, juvenile females, and adult females, ‘siberMVN’
was used to fit the data to a Bayesian multivariate normal
distribution. We calculated Bayesian standard ellipse areas
(SEAg; C.I. =95% and C.I. =40%) and percent overlap
among terrapin groups. All metrics were calculated using
the functions implemented in the R package ‘siber’ (Jackson
etal., 2011).

Results

From 2018 to 2021, we collected 301 terrapin epidermis
samples from St. Joseph Bay from 252 adult males, 33 adult
females, and 16 juvenile females (Table 1), which reflects
the estimated sex ratio of 8.8 males to 1 female reported by
Catizone et al. (2024) for this population.

Mixing Models

The results of basal resource mixing models were used to
investigate basal resource contributions to the dietary niche
for each terrapin age/size class (Table 2; Fig. 2A). The great-
est basal resource contribution for adult males (49.7%) and
juvenile females (42.2%) was Spartina, whereas the great-
est basal resource for adult females was Thalassia (50.0%).
Dietary mixing models indicated terrapins are diet gen-
eralists with some diet preference based on size class for
females. Male terrapins were generalists with the largest diet

Table 1 Straight plastron length (SPL, in mm) and stable isotope values (6 '>C and & '’N) for adult male, adult female, and juvenile 555 female diamondback terrapins captured in St. Joseph

Bay, Florida, from 2018 to 2021

s BCsSD & PN min 5 PN max 5 PN mean 5 PN SD

5 13C mean

SPL max SPL mean 5 3C min 5 BC max

SPL min

N

0.5

7.6
7.6
7.6
6.9

9.3

5.2
5.7
5.6
5.7

1.3
1.3

-132
-13.2
-11.7
—-13.8

-89
-89
-99

- 189
-169
-15

- 155

98

164

67

301
252

33

All terrapins
Adult males

0.6
0.7

9.3

99

120

67

9.2
8.4

112 164 123
92

67

Adult females

0.81

0.91

-122

104

16

Juvenile females
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Table 2 Basal resources mixing model results (%) for adult male,
adult female, and juvenile females diamondback terrapins sampled
from 2018-2021 in St. Joseph Bay, Florida (% mean reliance +SD)
using the Reich et al. (2008) TDFs multiplied by two to represent two
trophic levels

Adult male Adult female Juvenile female
Thalassia 26.3 £16.5 50.0 £14.2 232 +16.3
Spartina 49.7 £21.6 26.3 £19.7 4224229
Algae 4.7 +£2.8 89+6.4 10.4 £8.7
POM 39+2.1 6.8 +4.5 8.6 +6.1
Mangroves 15.3 +6.1 79 +4.5 15.6 +7.1

contribution at 19.9% (echinoderms), the second largest at
15.7% (gastropods), and the third largest at 15.5%

(crustaceans), leaving the remaining diet items to make
up similar proportions of their diet (Table 3; Fig. 3). The top
three diet items for adult females were Thalassia (31.3%),
gastropods (26.6%), and crustaceans (19.1%), while the top
three diet items for juvenile females were ascidians (26.9%),
porifera (19.8%), and echinoderms (17.8%) (Fig. 2B). Yearly
pairwise comparisons of terrapin epidermis values indicated
no significant difference in epidermis values (p >0.05 for
all years and all categories) indicating no significant yearly
fluctuations among turtles, therefore, justifying our ability
to incorporate diet items collected after some of the terrapin
samples.

Niche Metrics

Adult male terrapins had the largest isotopic niche area in
regard to the Bayesian standard ellipse area (SEAg; 2.4),
followed by adult females (2.2 SEAy) and then juvenile
females (2.2 SEAg; Fig. 2C). The Bayesian standard ellipse
pairwise comparison between groups revealed that there was
> 60% overlap between adult males and both adult females
and juvenile females, but less overlap (31%) between adult
females and juvenile females (Supplemental Table 4). We
used a 95% C.I. to evaluate the total overlap of their diet,
however a 40% C.I. is included as Supplemental Table 5 to
understand the overlap of core diet items.

Discussion

Terrapins in St. Joseph Bay were generalist foragers that
exhibited variations in diet among life stages and sexes. Con-
sistent with other studies, dietary mixing models suggested
male and juvenile terrapins foraged on smaller and/or softer
prey, whereas adult females foraged on larger and/or harder
prey (Butler et al., 2012; Denton et al., 2016; Tucker et al.,
1995, 2018). Additionally, basal energy pathways differed
among the terrapin groups with adult females foraging in
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both a Spartina-derived and a Thalassia-derived environ-
ment, and adult males and juveniles foraging primarily in a
Spartina-derived environment. Home ranges of adult female
terrapins in St. Joseph Bay encompass a significant amount
of Thalassia habitat (Lamont et al., 2023a, 2023b), and our
basal resource and diet mixing model results suggest adult
females may be foraging in that habitat, not just passing
through it as they move among salt marsh patches. Finally,
although both red and black mangroves have become estab-
lished in St. Joseph Bay (Bardou et al., 2023; Snyder et al.,
2022), terrapin food webs do not appear to be supported by
mangroves.

Basal Mixing Models

The basal resources for saltmarsh food webs in the Gulf of
America typically consist of.

Spartina, algae species, and increasingly red (Rhizophora
mangle) and black mangroves (Avicennia germinans; Wine-
miller et al., 2007; Loesser et al., 2024). Few studies incor-
porate seagrasses into saltmarsh food webs; however, ter-
rapin space use at our study site includes Thalassia habitat
(Lamont et al., 2023a, 2023b). The basal mixing models we
conducted here suggested that while Spartina still provides
the foundation for adult male (49.7%) and juvenile female
(42.2%) diets and contributes to the diet of adult female ter-
rapins (26.3%), Thalassia represented the primary (50%)
foundation of adult female diets (Table 2). Whether adult
females are directly foraging upon Thalassia or indirectly
ingesting it while foraging on invertebrates in Thalassia
habitat is unknown. Direct ingestion of Thalassia could be
possible, although it is most likely ingested incidentally as
terrapins forage on prey within seagrass habitat (Butler et al.,
2012; Denton et al., 2016; Tulipani, 2013). At our study site,
salt marshes are typically bordered by seagrass beds that are
primarily comprised of Thalassia, thereby making Thalassia
highly accessible to terrapins, particularly to adult females
as they move during the summer nesting season (Lamont
et al., 2021, 2023a, 2023b). Shifts in habitat use by adult
females during the nesting season are often reflected in their
diets assessed via gut and fecal contents (Butler et al., 2012;
Denton et al., 2016, 2023) and may also help explain the
higher proportion of Thalassia in mixing model results for
adult females than for adult males and juveniles in our study.
Once juvenile females mature and initiate nesting move-
ments, their use of Thalassia habitat appears to increase.
Although both red and black mangroves have become estab-
lished in St. Joseph Bay (Snyder et al., 2022), according to
the mixing models, the terrapins in the bay do not appear to
be foraging in or on those mangroves. Our results suggest
that Spartina still represents the primary basal resource used
by juvenile female and male terrapins in St. Joseph Bay,
even as mangroves have expanded into this habitat (Bardou
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Fig.2 Mean 513 C and §15 N a.

values of basal resources (a) 10
and potential prey items (b)
with their standard error bars,
along with Bayesian standard
ellipses depicting the isotopic
niche space and overlap of adult
male (blue), juvenile female
(orange), and adult female (red)
diamondback terrapin diets.
Isotopic values for terrapin
individuals (¢) were calcu- 6
lated using 613 C and 615 N

epidermis values collected from

terrapins captured in St. Joseph

8"°N (%o)

Terrapin sex and age class

l:' Adult male

Juvenile female

D Adult female

Sources

‘ Algae
Mangroves
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‘ Seagrass

Bay, Florida, from 2018 to 2021 70 @ spartina
and adjusted using Reich et al. -
TDF
b.
Sources
Ascidian
-®- Bivalve
Crustacean
-@®- Echinoderm
-®- Gastropod
E -@- Porifera
-®- Seagrass
4
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10
Terrapin sex and age class
8 @ Adult male
o\g Juvenile female
l"’Z Adult female
7o)
6
4
-17.5 -15.0 -12.5 -10.0
§'3C (%o)
et al., 2023; Snyder et al., 2022). Because mangroves cur- Diet Mixing Models

rently make up a small percentage of the habitat relative to
Thalassia and Spartina, there is potential for mangroves to
become incorporated into their diet in the future if mangrove
density increases in this habitat. Continued monitoring for
potential changes in basal resources used by terrapins as
mangroves expand across the northern Gulf of America may
signal ecosystem-level shifts in community structure as the
northward expansion continues (Osland et al., 2021).

Diets, as determined by mixing models, aligned with the
basal resource findings for each terrapin sex and life stage.
Head width and body size may drive the variation in diet
between the three terrapin groups. The smaller head-widths
and lower bite forces of juveniles and adult males (Bels
et al., 1995; Herrel et al., 2018) likely explain the greater
proportions of soft-bodied prey (e.g., ascidians) ingested by
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Table 3 Dietary mixing model results (%) for adult male, adult
female and juvenile female diamondback terrapins sampled from
2018-2021 in St. Joseph Bay, Florida (% mean reliance + SD) using
the Reich et al. (2008) TDFs

Adult male Adult female Juvenile female
Ascidian 11.1 +6.7 4.1+25 269 +12.3
Crustacean 15.5 +10.8 19.1 +15.1 93+72
Echinoderm 199 +13.1 7.1+52 17.8 +15.6
Gastropod 15.7 +10.3 26.6 +14.6 8.7+6.5
Bivalve 10.9 +8.2 6.3 +4.6 7.8 +6.0
Porifera 14.5 +10.1 5.5+38 19.8 +17.9
Thalassia 123 +5.1 31.3 +4.7 9.8 +5.1

those life stages than by adult females. Dietary differences
among terrapin life stages have been documented elsewhere
(Denton et al., 2019) and may also reflect the fact that these
smaller individuals most likely do not undertake long-dis-
tance movements such as those observed for nesting females
(Butler et al., 2012; Lamont et al., 2021), and as such are
not exposed to varying habitat types. However, because
adult male and juvenile terrapins are smaller than adult
females, they are too small to carry most satellite tracking

a

Adult male
m Spartina  ® Thalassia = Mangrove m Thalassia
b

Adult male

m echinoderm ® gastropod = crustacean

Adult female

u Thalassia w gastropod

tags, therefore, little movement information is available for
these life stages.

The terrapin population we studied is highly skewed
towards males (8.8:1; Catizone et al., 2024). Many Emydid
turtle populations, including terrapins, display male-biased
sex ratios (Bulte & Blouin-Demers, 2009; Butler, 2002;
Cagle, 1952; Hurd et al., 1979; Lovich & Gibbons, 1990).
Satellite tracking of adult female terrapins in St. Joseph Bay
indicated that at least some adult females made relatively
long-distance (> 5 km) movements and used relatively deep
(> 3 m) open water habitats (Lamont et al., 2023a, 2023b).
No tracking studies have been conducted with male terrapins
in St. Joseph Bay due to their small size but in other popula-
tions, males typically moved less and remained in shallower
habitats (Roosenburg et al., 1999).

Unlike sites in New Jersey (Denton et al., 2023) —where
adult female terrapins had higher & >N values than adult
males or juvenile females, thereby, resulting in partitioning
among the groups—at our site in northwest Florida, niches
for all three groups overlapped by at least 30% (Fig. 2C,
Supplementary Table 4). In fact, adult males overlapped
with adult and juvenile females by > 60%. For all terrapin
groups, 0 5N values were similar (~ 7.5%0). However, adult

Juvenile female

m Spartina = Algae m Spartina ® Thalassia = Mangrove
Adult female Juvenile female
i crustacean ascidian ® porifera m echinoderm

Fig.3 Visual representations of the top three a basal resource and b prey contributors to each terrapin life-stage based on mixing models. Note:
the top three items in each plot do not represent the entire diet (i.e., they do not total 100%; Tables 2 and 3)
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females had higher & '*C values than juvenile females, which
may reflect adults foraging on gastropods, which have higher
8 13C values, and suggests juvenile females undertake an
ontogenetic shift in diet. Additionally, adult and juvenile
females had a narrower range of  '*C values than adult
males, indicating more specialization in the female diets as
opposed to males (Fig. 2C).

Our results indicate potential for overlap both in space
use (Lamont & Iverson, 2018; Lamont et al., 2023a, 2023b)
and diet between adult female diamondback terrapins and
sea turtles in St. Joseph Bay. Thalassia habitat in the bay is
also used by three sea turtle species: loggerheads (Caretta
caretta), Kemp’s ridleys, (Lepidochelys kempii), and green
turtles (Chelonia mydas) (Lamont & Johnson, 2021). The
top two prey sources for loggerheads and Kemp’s ridleys in
St. Joseph Bay, as indicated by isotopic mixing models, were
gastropods and crustaceans (Arends et al., 2024), which were
the second and third most prevalent prey items identified for
adult female terrapins in our study, after Thalassia (Table 3,
Fig. 3). The top prey item for green turtles in the bay was
Thalassia (Arends et al., 2024). Examination of stomach
contents of juvenile green turtles in St. Joseph Bay showed
they also foraged on ascidians (Williams et al., 2014), which
represented one of the top diet items for juvenile terrapins
(Table 3, Fig. 3). As with terrapins, fine-scale partitioning
of prey items among the three sea turtle species most likely
occurs through prey species selection. Larger-headed logger-
heads forage on larger, harder prey items that require greater
bite force (Marshall et al., 2012), whereas smaller-headed
green turtles that have a lower bite-force (Marshall et al.,
2014) prey upon softer ascidians and vegetation (Williams
et al., 2014). Additionally, terrapins have been documented
as prey for sea turtles (Frick, 1997), which appears possible
in St. Joseph Bay. The extent to which predation by sea tur-
tles impacts terrapin populations is unknown.

Conclusions

Diamondback terrapins use a wide variety of coastal habitats
and in some of those systems, such as bays, that provide
both saltmarsh and seagrass habitats, the terrapin niche may
extend into the marine environment (Tulipani & Lipcius,
2014). Terrapins may utilize seagrasses to the extent that the
terrapin niche overlaps with those of marine species such as
sea turtles. As such, conservation and management actions,
particularly for adult female terrapins could benefit from
additional focus on marine habitats including seagrasses.
Given the Thalassia habitat use by adult female terrapins,
it is possible that they aid in dispersal of Thalassia, similar
to the seed dispersal terrapins provide for eelgrass (Tulipani
& Lipcius, 2014). Examination of stomach or fecal samples
from terrapins in St. Joseph Bay is necessary to identify

whether terrapins are in fact ingesting Thalassia seeds or
rhizomes. Loss of seagrass habitat in St. Joseph Bay has
become a primary management concern for this bay and
as such, confirming whether terrapins serve as a dispersal
mechanism for Thalassia and aid in overgrazing by herbivo-
rous invertebrates such as gastropods, would provide critical
information to managers attempting to maintain St. Joseph
Bay as one of the most pristine seagrass habitats in the state.

However, food webs differed among terrapin sexes and
life-history stages and were most likely regulated by body
size and head width. Juvenile females appear to undergo
an ontogenetic shift in diet as they mature shifting from an
algae-based diet that relies on ascidians and sponges to a
seagrass-based diet that targets higher-level prey such as gas-
tropods. Spartina continues to play an integral role in the
diets of terrapins, but this proportion may shift as mangroves
continue to expand northward and this possibility should be
monitored as alterations in life-history and diets of terrapins
may forecast ecosystem-level changes.
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