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Abstract: The diets and environments that individuals experience can vary greatly within and among
wildlife populations. These individual experiences can be compared using the chemical signatures of
animal tissues, which can differentiate animals into groups, including those raised in the wild versus
those held in captive facilities. In this study, we compared different combinations of four stable
isotope ratios and 15 trace elements derived from the claw tips of captive wood turtles throughout
the eastern U.S. and wild wood turtles (Glyptemys insculpta) from Maine to develop predictive models
used to determine their origins. The purpose of this work is to develop an objective statistical tool
that law enforcement can use to help prosecute poachers. We found that the chemical signatures of 14
(12 trace elements and 2 stable isotope ratios) of the 19 markers we explored were different between
wild and captive wood turtles, thus reflecting the differences in their diets and environments. We
found that our stable isotope ratio model had nearly perfect predictive accuracy in classifying wild
wood turtles as wild and captive wood turtles as captive, whereas our trace element and combined
model were 100% accurate, thus validating this statistical approach for determining the origins of
confiscated wood turtles from Maine.

Keywords: carbon; trace elements; δ13C; δ2H; δ15N; δ18O; hydrogen; stable isotopes; nitrogen; oxygen;
wildlife forensics; wood turtles

1. Introduction

Chemical analysis holds tremendous promise as a law enforcement tool for combating
the illegal wildlife trade. Stable isotope ratios and trace element concentrations derived
from animal tissues generally indicate the diets and environments that animals experienced
during tissue growth [1]. As such, these chemical signatures in tissues can be used to
classify confiscated animals objectively as captive-raised versus wild-caught, which is
useful evidence when prosecuting those involved in wildlife trafficking [2].

Claws and other keratinized tissue are particularly useful for chemical analysis
because, even though they grow and undergo wear, claws are resistant to chemical
change after collection and can be sampled from live specimens using minimally invasive
methods—an important consideration when handling species of conservation concern. In
addition, the collection, storage, and shipping of small samples (3–30 mg) involves minimal
effort, cost, and expertise, making the large-scale application of chemical analysis feasible.
To date, stable isotope ratios derived from keratinized tissue have been used to distinguish
between captive and wild-caught specimens, including bird feathers [3,4], lizard skins [5],
rhino horns [6], and turtle claws [7], and trace elements in scutes have been used to discern
between captive and wild sea turtles [8].

Turtles are among the most heavily trafficked vertebrate groups in the world [9].
Recent confiscations indicate that wood turtles (Glyptemys insculpta), which are found in
the midwestern and northeastern U.S. and southeastern Canada, are poached and sold
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illegally both within the U.S. and abroad, making them a species of particular concern
for conservation law enforcement [10,11]. The annual migration of wood turtles from a
terrestrial to an aquatic environment makes them an ideal candidate for accumulating
a unique combination of stable isotopes from food, water, and sediment sources. For
instance, earlier work found that the claw tips of wild wood turtles (n = 35) had lower
δ13C and δ15N values compared to captive turtles (n = 36), likely due to captive turtles
consuming higher proportions of corn and animal protein, respectively [7]. In addition,
wood turtles are omnivorous generalists—eating a variety of soft-bodied invertebrates,
insects, tadpoles, leafy vegetation, fruits, fungi, and carrion in wild environments (reviewed
in [12])—further contributing to differences in chemical profiles between turtles with wild
versus captive diets.

Similar to earlier work with wild and captive-bred pythons in [2], we explored the use
of both stable isotope ratios and trace element concentrations to predict the origin of wood
turtles in Maine. In this study, we extend [7] by including two additional stable isotope
ratios (δ2H and δ18O) and 15 trace elements to discriminate between wild wood turtles
from Maine and captive wood turtles from facilities throughout the eastern U.S. The goal of
the study is to develop a statistical model that correctly classifies all wild wood turtles from
Maine as wild and all captive wood turtles as captive. To achieve our goal, we compared
predictive models that relied on a combination of either four stable isotope ratios, 15 trace
elements, or a combination of both.

2. Materials and Methods
2.1. Study Area and Sampling

In 2020 and 2021, as part of an ongoing research and monitoring study in central Maine,
we sampled 35 wild, adult wood turtles during regular stream surveys using minimally
invasive methods described in [7,13]. With the aid of our partners, we collected claw tips
from 12 additional wild, adult wood turtles from three areas in Maine during the same
years as the previous study [7]. We assumed that claw tips reflect the diets of turtles at least
6 months prior to collection [7,14]. Due to concerns about illegal collection, the locations of
wild wood turtles from both studies (n = 47) are not included here.

We also analyzed the claw tips of 2 additional captive wood turtles that were sampled
during the same years as [7] (n = 36), totaling 38 different captive wood turtles in this study.
All captive turtles used in this study were held for at least one year to allow for any dietary
changes from a wild to captive environment to be catalogued in their claw tips [7,14].

2.2. Stable Isotope Analyses

2.2.1. δ13C and δ15N Analysis

We conducted stable isotope analysis at the University of Arkansas Stable Isotope Lab
(UASIL). Staff at UASIL wrapped ~0.3 mg of claw material in tin capsules; analyzed these
samples using an EA-isolink elemental analyzer interfaced via ConFlo IV to a Delta V plus
isotope ratio mass spectrometer (IRMS) (Thermo Electron Bermen, Bermen, Germany); and
normalized delta values to international scale values (per mil, ‰) using standards USGS
41a (n = 19) and USGS 8573 (n = 19) with δ13C = 36.55‰, −26.39‰ and δ15N = 47.55‰,
−4.52‰, respectively. The maximum standard deviations for all runs were 0.07‰ for
carbon and 0.09‰ for nitrogen.

2.2.2. δ2H and δ18O

We conducted hydrogen and oxygen isotope ratio analyses at UASIL. Staff at UASIL
weighed and wrapped ~0.3 mg of claw material in high purity silver capsules; analyzed
these samples using a TCEA (high temperature reduction unit) interfaced via ConFlo
IV to a Delta V Advantage isotope ratio mass spectrometer (Thermo Electron Bermen,
Bermen, Germany); and normalized delta values (per mil, ‰) to international scale values
using standards USGS KHS (n = 38) and CBS (n = 38) with δ2H = −35.3‰, −157‰ and
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δ18O = 21.21‰, −2.39‰, respectively. The maximum standard deviations for all runs were
1.7‰ for hydrogen and 0.8‰ for oxygen.

2.3. Trace Element Analyses

We conducted inductively coupled plasma mass spectrometry (ICP-MS) at UASIL.
Staff at UASIL weighed 2.6–12 mg of sample into polypropylene centrifuge tubes using a
Sartorius SC2 microbalance and dissolved these samples in high concentration, high purity
nitric acid (Alistar Plus, VWR, Radnor, VA, USA), and digestion was performed at 70 ◦C
in a convection oven (all solutions were clear without remaining undissolved material),
followed by diluting the resulting solutions to 2% HNO3 and then conducting ICP-MS
analysis using a Thermo ICapQ mass spectrometer. The system was operated in KED
(kinetic energy discrimination) mode to facilitate the removal of polyatomic interferences.
External calibration used several multi-element standards across the concentration range
(68-A High Purity Standards, 71-B Inorganic Ventures). We used the following stable
isotopes to determine concentrations of each trace element: Magnesium-24, Aluminium-27,
Potassium-39, Calcium-43, Calcium-44, Titanium-48, Chromium-52, Manganese-55, Iron-57,
Nickel-60, Copper-63, Zinc-66, Strontium-88, Tin-118, and Barium-137. Staff at the UASIL
corrected solution concentrations for mass and dilution, and we reported trace element
concentrations as mg/kg (ppm) of dry weight.

2.4. Statistical Analyses

For each of the 19 chemical markers, we tested for statistical differences (α = 0.05)
between wild and captive turtles using the same procedures in [7]. We then used the R
(v4.2.2 [15]) package glmnet (v4.1.4 [16]) to fit generalized logistic regression models (codes:
wild = 1, captive = 0) via penalized maximum likelihood to three sets of standardized data
and performed K-fold cross-validation on each candidate set, yielding the best model from
all combinations of models. We used the following 3-step approach to determine the top
stable isotope model, trace element model, and combined model. First, we determined
the top stable isotope model using all four stable isotope ratios for wood turtles sampled
in [7] (35 wild and 36 captive) and 2 additional wild wood turtles (n = 73). We included
all four stable isotopes because we assume the additional data (δ2H and δ18O) will yield a
better model than our top model in [7] and believe these additional data will be valuable to
include in future models when we attempt to predict the geographical origins of confiscated
turtles. Next, we conducted the same procedure to produce the top trace element model
using trace elements for wild and captive wood turtles (n = 71:33 wild and 24 captives
in [7] + 12 additional wild turtles and 2 captive) that were statistically different. Lastly, we
used all four stable isotope ratios and trace elements from our top trace element model to
determine the top combined model (n = 59:33 wild and 24 captives in [7] + 2 additional wild
turtles). To ensure quality control of future data collected by law enforcement officers who
may not be trained in aging and sexing turtles, we did not include sex (male, female, or
juvenile) as a covariate in our models. In the end, we reported the sensitivity (true positive
rate), specificity (true negative rate), and accuracy (success rate) of each model’s ability to
predict turtle origin. We also provided a direct measure of the effect size and direction of
the relationship between our response and predictor variables in our top regression models
(Table 1) by listing the unstandardized coefficients.
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Table 1. Unstandardized coefficients for the predictors associated with the three top models compared
in this study. Gray fields indicate the predictor was not included in the modeling activity, and blank
fields denote that the predictor was not significant and was not included in the model.

Model
Predictors SI Ratio (n = 73) Trace Element (n = 71) Combined (n = 59)

Intercept −39.939 −6.125 −69.656
δ13C −2.320 −3.140
δ15N −0.896 −1.585
δ2H 0.087 0.003
δ18O −0.227 −0.768

Magnesium-24 0.006 0.001
Aluminium-27
Potassium-39 −0.001
Calcium-43
Calcium-44
Titanium-48

Manganese-55 0.019
Iron-57 0.041 0.027

Nickel-60
Zinc-66 0.002 0.035

Strontium-88
Barium-137 −0.727 −0.791

3. Results

Similar to [7], we found that captive turtles had higher δ13C and δ5N values than wild
wood turtles (Figure 1). Conversely, we discovered that all trace element concentrations,
except for Chromium, Copper, and Tin, were lower in captive wood turtles than wild wood
turtles (Figure 2). We removed Chromium, Copper, and Tin from our list of predictors used
in subsequent analyses.

Diversity 2023, 15, 1056 4 of 9 
 

 

Table 1. Unstandardized coefficients for the predictors associated with the three top models com-
pared in this study. Gray fields indicate the predictor was not included in the modeling activity, and 
blank fields denote that the predictor was not significant and was not included in the model. 

 Model 
Predictors SI Ratio (n = 73) Trace Element (n = 71) Combined (n = 59) 
Intercept −39.939 −6.125 −69.656 
δ13C −2.320  −3.140 
δ15N −0.896  −1.585 
δ2H 0.087  0.003 
δ18O −0.227  −0.768 

Magnesium-24  0.006 0.001 
Aluminium-27    
Potassium-39  −0.001  
Calcium-43    
Calcium-44    
Titanium-48    

Manganese-55  0.019  
Iron-57  0.041 0.027 

Nickel-60    
Zinc-66  0.002 0.035 

Strontium-88    
Barium-137  −0.727 −0.791 

3. Results 
Similar to [7], we found that captive turtles had higher δ13C and δ5N values than wild 

wood turtles (Figure 1). Conversely, we discovered that all trace element concentrations, 
except for Chromium, Copper, and Tin, were lower in captive wood turtles than wild 
wood turtles (Figure 2). We removed Chromium, Copper, and Tin from our list of predic-
tors used in subsequent analyses. 

 
Figure 1. Carbon (δ13C), nitrogen (δ15N), oxygen (δ18O), and hydrogen (δ2H) stable isotope values 
(per mil, ‰, measured by IRMS) derived from the claw tips of captive wood turtles (dark boxes and 
circles; n = 36) sampled at various animal care facilities throughout the eastern U.S. and wild wood 
turtles (light boxes and circles; n = 37) captured in Maine, 2021–2022. The box in each plot denotes 
the interquartile range, which is the difference between the 75th and 25th percentiles (50% of the 
data). The upper and lower whiskers are the maximum and minimum values of the data that are 
within 1.5 times the interquartile range over the 75th and 25th percentiles, respectively. An asterisk 
(*) denotes a significant difference between wild and captive wood turtles. 

Figure 1. Carbon (δ13C), nitrogen (δ15N), oxygen (δ18O), and hydrogen (δ2H) stable isotope values
(per mil, ‰, measured by IRMS) derived from the claw tips of captive wood turtles (dark boxes and
circles; n = 36) sampled at various animal care facilities throughout the eastern U.S. and wild wood
turtles (light boxes and circles; n = 37) captured in Maine, 2021–2022. The box in each plot denotes
the interquartile range, which is the difference between the 75th and 25th percentiles (50% of the
data). The upper and lower whiskers are the maximum and minimum values of the data that are
within 1.5 times the interquartile range over the 75th and 25th percentiles, respectively. An asterisk
(*) denotes a significant difference between wild and captive wood turtles.
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Figure 2. Trace element concentrations (ppm, measured by ICP-MS) derived from the claw tips of
captive wood turtles (dark; n = 26) sampled at various animal care facilities throughout the eastern
U.S. and wild wood turtles (light; n = 45) captured in Maine, 2021–2022. The box in each plot denotes
the interquartile range, which is the difference between the 75th and 25th percentiles (50% of the
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within 1.5 times the interquartile range over the 75th and 25th percentiles, respectively. An asterisk
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We found that the top stable isotope ratio model in this study predicted all but
one captive wood turtle as wild (sensitivity = 100%; specificity = 97%; accuracy = 99%),
whereas the top trace element model and combined model correctly classified all wild wood
turtles as wild and all captive wood turtles as captive (i.e., 100% sensitivity, specificity,
and accuracy) (Figure 3). Our combined model was the best overall. Captive turtles
had the average probability of being <0.1% wild, and wild turtles had the probability of
being >99.9% wild (Figure 3). We found that δ13C and δ15N were important for correctly
classifying wood turtles as wild or captive (like [7]), as were different combinations of trace
elements, depending on the model (Table 1).
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4. Discussion

Our combined model discriminated perfectly between wild wood turtles from Maine
and captive wood turtles from a variety of locations throughout the eastern U.S. When
compared to [7], which only used two stable isotope ratios, model accuracy improved from
97% to 100% (Table 1).

We found that δ13C and δ15N values were among the most useful covariates for
predicting wild and captive wood turtles in both models that included stable isotope ratios
(Figure 1, Table 1). Captive turtles had higher δ13C and δ15N values than wild turtles, likely
because their formulated diets contained more animal protein (elevating δ15N) and corn
(elevating δ13C) than wild turtles [7] (Figure 1).

δ2H and δ18O values were not as useful in classifying wild and captive turtles as δ13C
and δ15N values. δ2H and δ18O may, however, be important covariates for predicting the ge-
ographic origin of wild turtles, as these isotope systems are known to vary systematically in
meteoric water around the world and are transferred from plants to animal tissues [17–19].
δ2H is particularly useful because it varies in animals along a latitudinal gradient, making
it an ideal isotopic system for studying the origins of migratory species [18,20,21] or poten-
tially detecting where a confiscated animal originated geographically. δ18O may also be
useful for pinpointing the geographic origins of turtles, as this isotopic system varies in
animals among marine, freshwater, and terrestrial systems [22].

Just as δ13C and δ15N values vary between animals that forage in the wild versus
those that feed on a formulated diet in captivity [7], other chemical markers may also differ
due to these animals having different diets. For instance, commercially produced pelleted
feeds often contain high mineral content stemming from raw ingredients, supplementation,
and trace amounts from milling equipment [23]. Previous studies found that commercially
sourced macroinvertebrates fed to hellbenders (Cryptobranchus alleganiensis) contained less
than one third as much ash, reflecting total minerals within a food, than wild macroinverte-
brates [24]; gut microbiomes indicated a higher plant-based diet and a deficiency in fruits in
captive versus wild Beal’s eyed turtles (Sacalia bealei) [25]; and unlike the nine elements that
were higher in wild green sea turtles (Chelonia mydas), copper and selenium were higher in
captive sea turtles due to an enrichment in their pelleted diet [8].

Similar to measuring δ13C and δ15N values in animal tissues to understand their
dietary habits, trace elements can be used to understand the environments in which
animals live. For example, municipal water sources and natural water bodies or ground
water have different levels of anthropogenic inputs and treatments, which subsequently
influence their elemental concentrations [26]. Turtles housed in captive facilities in urban
areas are therefore expected to have elemental signatures of municipal water. Municipal
water systems often have treatments that focus on the removal of iron and manganese
due to taste, odor, and bacterial clogging [27]. In contrast, natural waters often increase in
acidity and reduce redox potential (eH) from precipitation through runoff and groundwater
movement in surface waters. Low pH and low eH commonly increase the solubility of
trace elements [27]. Municipal treatments, flocculation, aeration, and coagulation have
the opposite effect on pH and eH and provide a mechanism of trace element removal,
which is evident in this study with captive turtles having lower concentrations of trace
elements than their wild counterparts (Figure 2). Calcium, magnesium, and, to a lesser
extent, aluminum are hardness elements and are subject to removal from most municipal
waters, as they can result in scale and pipe clogging [28] (Figure 2). The process can also
reduce water hardness either as a primary objective or the secondary result of other desired
actions (i.e., organic carbon removal). The substitution of strontium for calcium ions is well
known, and the decrease is likely due to the removal of hardness elements (Figure 2).

Although our best combined model is capable of distinguishing between captive
and wild wood turtles with 100% certainty, we must extend its predictive capabilities
to other species and geographic regions for it to be widely useful to law enforcement.
Currently, law enforcement and resource management practitioners can contact the authors
to conduct both the lab and statistical analyses used to calculate the probability that a
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confiscated wood turtle in Maine is wild. Models with wider applicability than wood
turtles in Maine will be available in the future via a graphical user interface (GUI). Our user-
friendly GUI will also include other emydine turtle species that are a conservation concern
in the Northeast, including spotted (Clemmys guttata), Blanding’s (Emydoidea blandingii),
and box (Terrapene carolina) turtles. In addition, as stable isotopes are known to vary across
the landscape [29,30], the chemical profiles of turtles in other areas may also be different.
We will, therefore, expand the generalizability of the model beyond Maine to include wild
samples from across each species’ geographic range. Lastly, we recognize that some captive
animals are exposed to well water, as opposed to treated municipal water, and may be fed
diets containing wild foods, such as locally harvested plants and invertebrates. Future
work will address the likelihood of misclassifications (e.g., the same captive turtle in this
study was misclassified as wild by the isotope model and trace element model) and the
incorporation rates of elements catalogued in claw tips, which includes understanding
claw growth and wear rates, respectively.

5. Conclusions

The work we present contributes to a holistic approach in the global effort to com-
bat illegal wildlife trafficking [31]. For example, synergistic approaches utilizing stricter
policies, improved communication across agencies and between governments, and more
rigorous policing that includes advanced law enforcement tools will be required to curb
the illegal turtle trade. With the ability to distinguish unambiguously between captive
and wild Maine wood turtles, our findings are a major step toward the development of an
important conservation law enforcement tool to combat the illegal wildlife trade. The raw
data used to develop our models are available in Supplementary Materials.
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