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Abstract

The longevity, site fidelity, and trophic position of freshwater turtles have led to their
increasing recognition as useful bioindicators of environmental contamination. Mauremys
leprosa (n = 25) shells from a Northern African wetland system were examined for trace
element concentrations in order to assess shell composition as a non-invasive biomoni-
toring method. Micro x-ray fluorescence (LXRF) method was used to measure the shell
concentrations of 17 elements, including Ca, P, Fe, Zn, Mn, Sr, Pb, Sb, and Al. As would be
expected from the structural composition of bony tissues, calcium and phosphorus were the
predominant constituents. In addition to bulk concentrations, micro-XRF elemental map-
ping revealed heterogeneous spatial distributions of essential and toxic elements within
the shells, providing visual evidence of bioaccumulation patterns and supporting the use
of shells as non-invasive bioindicators. There were statistically significant sex-related dif-
ferences in the levels of trace elements, with males exhibiting higher concentrations of Mg,
Mn, Sb, Pb, and Al (p < 0.05). Spearman correlations revealed strong associations between
certain shell elements (e.g., Fe, Mn, Ti, Zn) and morphometric parameters. Comparisons
with environmental samples (water and sediment) showed moderate to strong correlations,
particularly with sediment metal concentrations, supporting the utility of shell chemistry as
an integrative exposure matrix. Nonetheless, there were significant percentages of censored
or missing values for certain metals (Cu, Ni, and As). This study emphasizes how viable
turtle shells are as non-lethal markers of bioaccumulation and stresses how crucial it is
to take environmental matrices, element-specific variability, and sex into account when
assessing contamination. Longitudinal monitoring, physiological biomarkers, and isotopic
analysis should all be used in future studies to bolster the causal relationships between
environmental exposure and turtle health.

Keywords: Mauremys leprosa; freshwater turtles; turtle shell; bioindicator; non-invasive
biomonitoring; heavy metals; trace elements
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1. Introduction

Aquatic ecosystems are vital habitats that support a diverse array of life forms. How-
ever, the continuous accumulation of pollutants has placed these ecosystems under signifi-
cant threat, leading to substantial biodiversity losses [1]. Among these pollutants, heavy
metals are of particular concern due to their persistence, toxicity, and detrimental ecological
impacts [2,3]. Heavy metals are considered hazardous to both human health and the envi-
ronment, even at low concentrations [4-6]. While some heavy metals are essential in trace
amounts, they become toxic when present in high concentrations [7], with their toxicity
depending largely on dosage and exposure duration. Heavy metals are commonly defined
as elements with a density greater than 5 g-cm ™! (i.e., specific gravity greater than 5) [8].
They are often categorized collectively due to their association with pollution and potential
toxicity or eco-toxicity [9]. A more recent refinement to this definition proposes that heavy
metals are “naturally occurring metals with an elemental density greater than 5 g-cm > and
an atomic number greater than 20” [10]. Heavy metals such as lead (Pb), cadmium (Cd),
chromium (Cr), copper (Cu), nickel (Ni), zinc (Zn), and manganese (Mn) are not readily
removed through natural biological processes and are not easily degraded in the environ-
ment [11]. Once introduced into aquatic environments, these metals tend to accumulate
in sediments and in the tissues of aquatic organisms [12,13]. Their persistence means they
can remain in ecosystems for extended periods. Even at low concentrations, heavy metals
may exert toxic effects on a wide range of aquatic organisms, including microorganisms,
invertebrates, fish, and aquatic plants [14,15]. Ultimately, heavy metal exposure can lead
to increased mortality and cause physiological, morphological, or genetic abnormalities,
such as reduced growth or developmental disruptions [16-19]. Such disruptions at the
organismal level can scale up to affect the stability of entire aquatic ecosystems, alter-
ing food web structures and reducing biodiversity [20]. To evaluate the extent of heavy
metal accumulation in aquatic biota, several quantitative indices are utilized, including the
bio-concentration factor (BCF), bio-accumulation factor (BAF), and bio-accumulation coeffi-
cient (BCC). Freshwater ecosystems such as wetlands and lakes are particularly vulnerable
because they often act as sinks for pollutants originating from industrial effluents, urban
runoff, agricultural activities, and atmospheric deposition [21]. In Algeria, Reghaia Lake, a
Ramsar site located in the northern region—plays a critical ecological role as a biodiversity
hotspot and refuge for numerous aquatic and semi-aquatic species. However, the lake’s
environmental quality is a concern due to increasing human pressures [22,23]. Reptiles are
particularly vulnerable to long-term exposure to contaminants because of their long lifes-
pans and position at the top of the food chain. However, reptiles receive much less attention
in ecotoxicological research than animals such as birds and mammals. The Mediterranean
pond turtle (Mauremys leprosa) is recognized as a species at risk in Algeria [24,25]. A native
species found in parts of southern Europe and North Africa, the Mediterranean pond turtle
(Mauremys leprosa) is an appropriate bioindicator because of its omnivorous diet and habitat
fidelity [26] and ability to accumulate contaminants in its tissues over time [27]. Long-term
exposure to heavy metals can be evaluated non-invasively using the turtle’s shell, which
is primarily made of keratin and bone [28]. Freshwater turtles are a unique group of
chelonian fauna [29]. Freshwater turtles are among the vertebrate species that have been
shown to serve as biomarkers of environmental contamination, particularly in studies on
element pollution [30]. Different turtle species can have different metal levels analyzed.
The toxicity level of heavy metals in various tissues of dead specimens can be estimated
in threatened and endangered wild species, such as turtles [31]. Given their potential to
serve as scavengers in aquatic environments, turtles are known for their many uses. Their
longer lifespan enables the tracking of long-term trends in environmental pollutants, and
they have enough muscle mass to handle several endpoint measurements [32].
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Despite Mauremys leprosa’s near threatened status [25], little is known about its ecology
and function in Algerian wetland ecosystems. This species can withstand pollution and
thrive in degraded habitats, according to numerous studies [27,33]. However, the Réghaia
Ramsar site faces strong anthropogenic pressures from industrial discharge and urban ac-
tivity, making it essential to evaluate potential metal accumulation in local fauna. However,
research conducted at the Ramsar site of Lake Réghaia has revealed that this species serves
as prey for various animal groups within the Réghaia game reserve [34].

This study offers a pilot non-invasive evaluation of elemental accumulation in M. lep-
rosa shells in order to close this knowledge gap. In this study, we aim to evaluate the
feasibility of using turtle shells as bioindicator matrices to assess heavy metal contam-
ination while avoiding lethal sampling. By analyzing shell fragments collected from
individuals that were naturally predated or scavenged, we also seek to highlight potential
trophic transfer risks within freshwater ecosystems.

Accordingly, the objective of this research was to investigate the accumulation of
selected heavy metals in the shells of Mauremys leprosa collected from Reghaia Lake. To
contextualize these findings, environmental samples of water and sediments were analyzed
during both winter and spring to determine spatial and seasonal variations in heavy metal
distribution. By comparing environmental concentrations with levels accumulated in the
turtle shells, this study enhances understanding of the ecological consequences of heavy
metal pollution in Algerian freshwater systems. Furthermore, it underscores the value of
non-lethal biomonitoring approaches in ecological assessment and conservation practices.

2. Methods and Materials

Mauremys leprosa is found in parts of Southern France, the Iberian Peninsula, and
North Africa. It is regarded as a “vulnerable” species even though the IUCN Red List
lists it as a least concern worldwide [35]. Mauremys leprosa is considered an important
species for ecotoxicological research due to its key ecological role and its position within
aquatic and terrestrial food webs. The species is frequently scavenged by predators such
as wolves and wild dogs, meaning that heavy metals accumulated in its tissues through
biomagnification can be transferred further up the food chain to terrestrial scavengers.
This trophic linkage underscores the potential for contaminants to move across ecosystem
boundaries, highlighting M. leprosa as a valuable bioindicator for assessing both environ-
mental contamination and its wider ecological implications. Dietary habits in this species
change with age; juveniles and subadults primarily consume insects, fish, and mollusks,
while adults increasingly shift toward a diet composed of aquatic vegetation and algae [36].

2.1. Study Area

The study was conducted at Reghaia Lake, located in Tipaza province, northern
Algeria, Figure 1. The Ramsar Convention recognizes this lake as a protected wetland
system, and it provides vital habitat for aquatic animals, such as the native pond turtle
(Mauremys leprosa), and migratory birds. Anthropogenic pressure on the region is rising as
a result of adjacent industrialization, agriculture, and urbanization.

Mauremys leprosa is of particular interest in ecotoxicological research due to its eco-
logical role and the fact that it is frequently scavenged by predators such as wolves and
wild dogs. When this species accumulates elevated concentrations of heavy metals through
biomagnification, these contaminants can subsequently be transferred to terrestrial scav-
engers, thereby extending the impact of aquatic pollution beyond the aquatic environment.
This trophic linkage highlights the species” ecological importance and demonstrates the
potential for cross-ecosystem contaminant movement. Consequently, M. leprosa serves as
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a valuable indicator for assessing environmental contamination and its broader ecologi-
cal implications.

Algiers
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Figure 1. Regional context of Lake Reghaia (36°45-36°48’ N, 3°19’-3°21’ E), a 75 ha freshwater
Ramsar wetland located 29 km east of Algiers in the Mitidja Plain [37]. The pink box highlights the
location of the lake, and the delineated wetland boundary indicates the sampling stations for water,
sediment, and turtle shells.

2.2. Sample Collection

Samples were gathered in the winter and spring between January and April 2020 at
Lake Reghaia, a Ramsar site that is under a lot of pollution pressure because it is close to
a popular tourist beach. Water samples (20 cm below the surface) and surface sediments
(~5 cm depth) were collected from different locations around the lake to evaluate seasonal
changes in heavy metal concentrations. In addition, about thirty Mauremys leprosa shell
samples were obtained primarily from individuals that had been scavenged or predated, as
well as from naturally shed scutes and remains found in proximity to the lake. All biological
sampling procedures were conducted in accordance with strict ethical guidelines. Given
the ecological importance of the lake and the increasing anthropogenic pressures in the
surrounding area, these turtle shells provide a valuable non-lethal bioindicator for assessing
contamination levels of both metallic and non-metallic elements within the ecosystem.

2.3. Environmental Sampling, Preservation, and Acid Digestion

Water samples were collected in pre-cleaned, acid-washed polyethylene bottles
(500 mL). Where total recoverable metals were targeted, samples were collected unfil-
tered and acidified in the field to pH < 2 with ultrapure concentrated HNOj (trace-metal
grade). The volume of acid added and the final pH were recorded for each bottle. Samples
were stored at 4 °C and transported to the laboratory within 12 h. Field blanks (bottles filled
with ultrapure water opened at the site and handled identically) were collected during
each campaign.

Surface sediments (0-5 cm) were collected using a stainless-steel grab/corer and
transferred to pre-cleaned polyethylene bags. Samples were kept cool in the field and
transported to the laboratory onice. In the laboratory, sediment samples were homogenized,
stones and coarse debris were removed, air-dried at <40 °C, sieved to <2 mm, and stored
in sealed containers prior to analysis. Dry mass and moisture content were determined for
each sample for concentration normalization to dry weight.

Aliquots of 50-100 mL of each acidified water sample were transferred to digestion
vessels and treated with 5 mL of concentrated HNOj3. Sediment aliquots (0.2-0.5 g dry
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weight) were digested following EPA 3051A (microwave-assisted HNO3; + HCI) or EPA
3050B (HNOj3 + HyO, followed by HCI) protocols. Briefly, weighed sediment aliquots were
placed in Teflon/microwave vessels and treated with concentrated HNO;3. In addition,
subjected to the microwave program recommended for the instrument (ramp and hold
temperatures per manufacturer and EPA 3051A protocol).

2.4. Turtle Shell Preparation and Analysis

Collected turtle shells were first cleaned of debris, rinsed with deionized water, and
air-dried.
2.4.1. Shell Morphometric Analysis

Morphometric measurements were conducted to assess the physical dimensions of the
turtle shells. Table 1 presents the morphometric data, including the straight-line carapace.
The samples were categorized by sex for analysis.

Table 1. Morphometric parameters of turtle shells.

n Sex LA (mm) Lp (mm) L

1 M 124.4 NA NA

2 M 110.1 NA NA

3 M 83 NA NA

4 F 96 NA NA

5 M 116.1 134 193

6 M 139.2 158.1 200

7 M 111 NA 189

8 M 127 131 195

9 M 116 132 199

10 F 126 NA NA

11 M 115 129 193

12 M 112 126 189

13 M 112 130 189

14 F 124 144 207

15 M 112 128 186

16 F NA 149 NA

17 F NA 121 NA

18 F 118 129 195.5
19 F 122.9 134.9 187

20 F 114.2 126 195.5
21 F 111 NA NA

22 F 110 128 184

23 F 111 124 179

24 F 122 144 216

25 F 118.9 140 207.5

NA = Not Available; measurements were not recorded for these individuals due to damage. LA: maximum shell
length; Lp: effective length; L: overall shell length.

2.4.2. Analytical Techniques

Micro-XRF mapping measurements were carried out using a Bruker M4 TORNADO
(Bruker, Billerica, MA, USA) instrument with an Rh-tube X-ray source without any filter at
50 kV accelerating voltage and 400 pA current. The mapping was performed in a 20 mbar
vacuum on an approximately 1 cm? area of the flat surface of each sample. The spot size of
the beam was focused to 20 um by the built-in polycapillary lens, and the step size of the
mapping was 40 um with 1 mm/s velocity. Characteristic X-ray lines were collected and
recorded by two energy dispersive detectors, each with a 30 mm? active area. X-ray lines of
hydrogen, carbon, nitrogen, and oxygen cannot be detected with the instrument, so the
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measurements are considered to be semi-quantitative. The evaluation was performed by the
M-Quant built-in software (version 1.6.621.0) of the M4 TORNADO with the fundamental
parameter (FP) approach. Spectrometer calibration was checked before measurements using
the certified Bruker standards plate (4110-7512-000; SN: 0262; Bruker, Billerica, MA, USA).
Additional certified standards were used as self-checks: FM007237 (RM PR24 FX 707—Gold
jewellery alloy for micro-XREF, Fluxana, Bedburg-Hau, Germany, 2016); FM007274 (RM
PR24 FX 744—Gold jewellery alloy for micro-XRF, Fluxana, Bedburg-Hau, Germany, 2016);
133X AGA3 A (Archaeological silver, ARMI MBH, Manchester, NH, USA, 2014); 133X
AGA2 A (Silver alloy, ARMI MBH, Manchester, NH, USA, 2020); IARM 90C (certificate
no. 90C-11302011-IARM-F, ARMI MBH, Manchester, NH, USA, 2011); MBH 31X78735.8 B
(Leaded brass, ARMI MBH, Manchester, NH, USA, 2016); and MBH 32X SN6 B (Bronze,
ARMI MBH, Manchester, NH, USA, 2018).

Atomic Absorption Spectrometry (AAS) performed metal determinations using a Varian
AA-240FS (Varian Australia Pty Ltd., Mulgrave, Victoria, Australia) equipped with Zeeman
background correction. Routine analyses were performed with flame AAS using an air-
acetylene flame. For low-level determination of Cd and Pb, a graphite furnace AAS (GF-AAS)
was used. Analytical wavelengths (nm) used were Cd 228.8; Cr 357.9; Cu 324.8; Mn 279.5;
Ni 232.0; Pb 217.0; and Zn 213.9. Instrument operational parameters (lamp currents, slit
widths, burner height, and flow rates) and the GF-AAS furnace temperature program (drying,
pyrolysis, atomization, and cleanout temperatures and hold times) were optimized according
to the instrument’s standard operating procedures. Each sample was measured in triplicate;
the reported value is the mean of replicate readings after passing QC checks.

2.5. Quality Assurance and Quality Control (QA/QC)

Strict quality assurance and control procedures were applied to all pXRF measurements
to guarantee accurate results. Calibration was confirmed using certified reference materials as
mentioned above. Relative standard deviation (RSD) was consistently less than 5%.

Element-specific limits of detection (LOD) were determined based on the publication
of Rousseau [38] and are reported in ppm (=mg-kg1!):

Mg 116; P 13;S 4; K 2; Ca 6; Ti 6; Mn 2; Fe 4; Zn 3; Sr 4; A1 41; Sb 67, Cu2; Pb 1; Ni 1;
Si14; As 1 ppm.

Adequate analytical sensitivity for the majority of trace and macro-elements is con-
firmed by the LOD values, which fall within the range usually obtained for energy-
dispersive uXRF analyses of biogenic calcified tissues like bone and shell. These QA /QC
procedures ensure data precision, reproducibility, and comparability with other ecotoxico-
logical studies of chelonian shell materials.

2.6. Data Analysis

All statistical analyses were conducted using Python v3.11. To determine the suitability
of statistical methods, data distributions were assessed for normality using Shapiro-Wilk,
D’Agostino-Pearson, Jarque-Bera, and Anderson—Darling tests. Variables meeting assump-
tions of normality (P, S, Ca, Sb) were analyzed using parametric tests (independent ¢-test for
two-group comparisons; one-way ANOVA for multiple groups). Non-normally distributed
variables (Mg, K, Ti, Mn, Fe, Zn, Sr, Al, Si) were evaluated with non-parametric alternatives
(Mann-Whitney U test and Kruskal-Wallis test). Metals with >30% missing values (Cu, Pb,
Ni, As) were excluded from inferential tests. Descriptive statistics (mean £ standard devia-
tion) were calculated for morphometric parameters and shell element concentrations, and
sex-based differences were tested. Correlation analyses between shell elements, morpho-
metrics, and sex were performed using Spearman rank correlation. To explore relationships
between turtle shell chemistry and environmental compartments (sediment and water),
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element-specific Spearman correlations were computed across seasonal datasets. All statisti-
cal tests were two-tailed, and significance was set at p < 0.05. Graphical outputs (heatmaps,
bar charts, and network diagrams) were generated.

2.7. Shell-Environment Correlations and Multiple Testing Correction

Correlations between average site-level shell concentrations and corresponding envi-
ronmental matrices (sediment and water, winter and spring) were assessed using Spear-
man’s rank correlation (p). Because four independent comparisons were performed.
p-values were corrected for multiple testing using the Benjamini-Hochberg false discovery
rate (FDR) procedure [39] to reduce the likelihood of false positives. Both raw and FDR-
adjusted p-values are presented and statistical significance was accepted at o« = 0.05 after cor-
rection. All calculations were performed using the p.adjust() function in R (method = “BH”).

3. Results
3.1. Morphometric Parameters

Table 2 presents descriptive statistics for morphometric measurements of Mauremys
leprosa. No significant differences were observed between males and females in maximum
shell length (LA), axial length, or effective length (Lp) (p > 0.05).

Table 2. Descriptive statistics (mean + SD) of morphometric parameters in Mauremys leprosa.

Variable Overall (mm) Male (mm) Female (mm)
LA 115+ 11 115+ 13 116.1 + 8.0
Axial length 134.14+9.3 1335+ 9.6 134.5 +£9.0
Lp 195.1 +9.4 192.6 4.5 198 £+ 12

3.2. Elemental Composition

Table 3 presents the elemental concentrations in turtle shells. Calcium and phosphorus
were the predominant components, reflecting the structural composition of bone and
keratin. Trace elements such as Fe, Zn, Mn, and Sr were also detected at lower but notable
levels. All reported elemental concentrations were above the instrument-specific limits of
detection, except where indicated as BDL (Below Detection Limit). The element-specific
LODs ranged from 1 ppm (Pb, Ni, As) to 116 ppm (Mg), confirming that the pXRF system
provided adequate sensitivity for detecting both major (Ca, P) and trace constituents in the
turtle shell matrix.

Table 3. Elemental concentrations (mg kgfl) in Mauremys leprosa shells.

Element Overall Male Female Test p-Value Sig.
Non-normally distributed elements

Mg 3622 (3184-4105) 4026 (3550—4460) 3275 (2900-3600) Mann-Whitney U 0.04 *
K 1096 (820-1370) 1268 (970-1600) 952 (700-1150) Mann-Whitney U 0.07 n.s.
Ti 346 (190-470) 389 (210-540) 307 (180—410) Mann-Whitney U 0.29 ns.

Mn 195 (85-310) 277 (130—420) 122 (55-210) Mann-Whitney U 0.05 *
Fe 2151 (950-3200) 2397 (1200-3650) 1942 (800-2800) Mann-Whitney U 0.31 ns.
Zn 598 (410-760) 632 (450-780) 569 (400-730) Mann-Whitney U 0.42 ns.
Sr 1622 (1200-2050) 1690 (1300-2200) 1560 (1100-1900) Mann-Whitney U 0.66 ns.

Al 3975 (2300-5200) 4813 (3100-6100) 3216 (1900-4100) Mann-Whitney U 0.03 *
Si 8943 (5100-12,400) 11,06 (6800-15,000) 6938 (4200-9400) Mann-Whitney U 0.06 n.s.
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Element Overall Male Female Test p-Value Sig.
Normally distributed elements

P 101,461 £ 11,594.13 100,015 + 11,916 102,700 £ 11,163 t-test 0.55 n.s.

S 3126 1160 3493 £+ 1230 2806 + 961 t-test 0.09 ns.

Ca 415,698 + 17,697 414,450 + 18,059 416,799 £ 17,607 t-test 0.48 n.s.
Sb 1491 £ 1082 2109 + 1156 904 + 704 t-test 0.02 *

Cu 46+97 73+£124 23+64 Mann-Whitney U 0.08 n.s.
Pb 9.6 204 14.3 +24.3 54 £158 Mann-Whitney U 0.04 *

Ni 0.23 £0.78 0.00 £ 0.00 0.42 £0.99 Mann-Whitney U 0.15 ns.
As Excluded . . . . .

(>30% missing)

Note: Data distributions were tested for normality using the Shapiro-Wilk test. Non-normally distributed
variables (Mg, K, Ti, Mn, Fe, Zn, Sr, Al, Si) are presented as median (interquartile range), while normally
distributed variables are expressed as mean =+ standard deviation (SD). All values are reported to two decimal
places. “n.s.” = not significant; “*” = p < 0.05; element-specific LODs (ppm): Mg 116, P 13,54, K 2,Ca 6, Ti 6, Mn 2,
Fe4,Zn3,Sr4,Al41,Sb 67,Cu2,Pb1,Nil,Si14, As 1.

3.3. Sex-Based Differences

Significant differences were observed between sexes; males accumulated higher con-
centrations of Mg, Mn, Sb, and Pb, whereas females showed elevated Al levels (p < 0.05).
Normality testing indicated that P, S, Ca, and Sb followed normal distributions, while the
remaining elements displayed skewed patterns. Accordingly, parametric tests were applied
to normally distributed elements, and non-parametric tests were used for the others.

3.4. Micro-XRF Elemental Mapping

The distributions of major and trace elements in the 25 turtle shell samples were
found to be heterogeneous by micro-XRF elemental mapping (Figure 2). In accordance
with the structural composition of keratinized bone tissue, calcium and phosphorus were
consistently the most prevalent elements, forming a homogeneous matrix. Trace elements
like Fe, Zn, Mn, and Sr showed up as localized hotspots, frequently centered along the
shell’s microstructural features and growth lines. Conversely, elements that could be
harmful, such as Pb, Sb, and Al, displayed unequal and irregular deposition, with higher
intensities in certain individuals, indicating varying exposure to the environment. These
maps show that the distribution of elemental accumulation is not uniform; rather, it reflects
the microstructure of the shell as well as the sources of external contamination.

3.5. Correlation Patterns Among Shell Elements

Correlations among morphometric parameters and elemental concentrations in Mau-
remys leprosa shells are presented in Table 4 and visualized in Figure 3. Overall, several
moderate to strong positive associations were observed among shell elements.Notably,
Ti showed very strong correlations with Fe (p = 0.986) and Al (p = 0.977), while K was
positively associated with S (p = 0.655), P (p = 0.699), and Zn (p = 0.754). Other notable rela-
tionships included Mg-5i (p = 0.591), Cu-Pb (p = 0.664), and Ti-Si (p = 0.977). In contrast,
most morphometric variables, including axial length (Axial), plastron length (Lp), and shell
length (L), exhibited weak or non-significant correlations with elemental concentrations.
Some exceptions were observed for sex, which correlated moderately with K (p = 0.500), Ca
(p=0.511), Mn (p = 0.489), Al (p = 0.455), Sb (p = —0.611), Cu (p = 0.563), and Si (p = 0.411).
All correlation coefficients were calculated using Spearman’s rank method on the final
validated dataset (n = 25), and p-values were corrected for multiple comparisons using
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the Benjamini-Hochberg false discovery rate (FDR) procedure. Following this adjustment,
only a few associations remained statistically significant, confirming that the observed
correlations reflect robust relationships rather than chance effects. The numerical results in
Table 4 are fully consistent with the graphical representation in Figure 3.

1l 12,00 13_all

24081

25 all 2.0

P

Figure 2. Elemental distribution maps obtained using uXRF. The white box contains the Video 1 title,
which means the camera image. Colorful boxes refer to the detected elements on the surface of a
fish scale. Micro-XRF elemental distribution maps of Mauremys leprosa shells. The distributions of
major and trace elements in the 25 turtle shell samples were heterogeneous, as revealed by micro-XRF
mapping. Calcium and phosphorus formed a homogeneous matrix consistent with the structure of
keratinized bone tissue. Trace elements such as Fe, Zn, Mn, and Sr appeared as localized hotspots
aligned with microstructural features and growth lines. Potentially harmful elements (Pb, Sb, Al)
showed irregular and uneven deposition patterns, with elevated intensities in certain individuals,
indicating variable environmental exposure.
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Table 4. Spearman’s rank correlation coefficients (p) among morphometric parameters and elemental concentrations in Mauremys leprosa shells. Correlation
coefficients were calculated using the final validated dataset (1 = 25). p-values were adjusted for multiple testing using the Benjamini-Hochberg false discovery rate
(FDR) procedure. Non-significant correlations (p > 0.05, FDR-adjusted) are indicated as “N.S.” Results are fully consistent with those shown in Figure 3.

Sex LA  Axial Lp L Mg P S K Ca Ti Mn Fe Zn Sr Al Sb Cu Pb Ni Si As

Sex 1.0000 NS. NS NS NS NS NS 0500 0511 NS NS 048 NS, 0422 —0611 0455 0311 0563 N.S. NS, 0411 NS
LA 1.000 0834 0707 NS. NS NS NS NS NS NS NS NS NS NS NS —0438 NS, NS NS NS NS
Axial 1.000 0704 NS. NS. NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Lp 1.000 NS. NS, NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
L 1.000 NS. NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
Mg 1000 NS. NS NS 0505 NS NS NS NS NS NS NS 0591 NS NS NS NS

1.000 —0.723 —0.438 0.699 N.S. —0440 N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.

S 1.000 0.602 N.S. NS. 0655 NS. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
K 1.000 NS. 0804 0754 0815 NS. NS. 0881 N.S. 0455 NS N.S. 0852 NS
Ca 1.000 N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S.
Ti 1.000 0.703 0986 N.S. NS. 0957 NS. N.S. N.S. NS. 0977 NS.
Mn 1.000 0.701 N.S. N.S. 0744 NS N.S. N.S. N.S. 0733 NS
Fe 1.000 N.S. N.S. 0951 NS N.S. N.S. N.S. 0961 NS
Zn 1.000 N.S. NS. 0364 NS. N.S. N.S. N.S. N.S.
Sr 1.000 N.S. N.S. N.S. N.S. N.S. N.S. N.S.
Al 1.000 N.S. N.S. N.S. NS, 0991 NS
Sb 1.000 N.S. N.S. N.S. N.S. N.S.
Cu 1.000 0.664 N.S. N.S. N.S.
Pb 1.000 N.S. N.S. N.S.
Ni 1.000 N.S. N.S.
Si 1.000 N.S.
As 1.000

Only significant correlations are shown (p < 0.05); non-significant values are indicated as N.S. Sex is coded as female = 0, male = 1. Morphometric parameters: LA—maximum shell
length (mm); Axial length—maximum straight-line carapace length (mm); Lp—effective length (mm); L—overall length (mm).
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Figure 3. Spearman’s rank correlation matrix of elemental concentrations and morphometric variables
in Mauremys leprosa shells (final dataset, n = 25). Color intensity indicates the strength and direction
of p. Non-significant correlations (p > 0.05, FDR-adjusted) are marked as “N.S.”. Correlation matrix
of morphometric parameters and elemental concentrations. Pairwise Spearman’s rank correlation
coefficients (n = 25) are shown for all morphometric and elemental variables. p-values were adjusted
for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) procedure. Only
correlations that remained statistically significant after FDR correction are marked. This figure
complements the numerical results presented in Table 4.
3.6. Seasonal Variation in Heavy Metals in Sediments and Water
The concentrations of selected metals in sediments and water are presented in Table 5.
Sediments contained higher levels of Cu, Mn, Ni, Pb, and Zn compared to water, where
most metals were detected at trace or non-detectable levels. Seasonal variation was evident,
with sediment Cu decreasing from winter (37.51 mg/kg) to spring (10.55 mg/kg), while Zn
increased from 12.14 to 25.58 mg/kg.
Table 5. Seasonal variation in heavy metal concentrations in sediments and water samples.
Cadmium  Chromium Copper Manganese Nickel Lead Zinc
Sediments (mg/kg) Winter 0 0 37.51 95.47 72.04 8.73 12.14
/%8 spring 0 0 10.55 83.79 12.33 626 2558
Winter 0 0 0.04 0.07 0.04 0 0
Water (mg/L .
(mg/L) spring 0 0 0 0.03 0.02 0.04 0




Environments 2025, 12, 445

12 of 20

600

500

400

Concentration

2001

3001

3.7. Bioindicator Relationships Between Shell and Environmental Concentrations

A comparison of average metal concentrations across shells, sediments, and water is
shown in Figure 4. Shells consistently reflected higher long-term accumulation of trace
metals (e.g., Zn, Mn, Pb) compared to water, with sediment values lying in between.

Comparison of Metal Concentrations in Shell, Sediments, and Water

Shell (mg/kg)

Sediment Winter (mg/kg)
M Sediment Spring (mg/kg)

Water Winter (mg/L)
Emm Water Spring (mg/L)

Cd

Cr Cu Mn Ni Pb Zn

Figure 4. Bar chart comparing average element concentrations in turtle shells, sediments (winter and
spring), and water (winter and spring).

While all other comparisons were weak (| p|). Spearman rank correlations showed
a moderately positive association between shell and sediment element concentrations
in spring (p = 0.50, p = 0.391; <0.30, p > 0.6; Table 6). Using the Benjamini-Hochberg
false discovery rate (FDR) procedure to account for multiple comparisons, none of the
relationships were still statistically significant (FDR-adjusted p > 0.05). The direction and
magnitude of the coefficients. Especially the moderate correlation with sediments implies
that turtle shells and sediments may record similar long-term exposure signals. while
water concentrations capture more short-term variability, even though these results were
not significant.

Table 6 summarizes the correlation coefficients (p), raw p-values, and FDR-adjusted
p-values for the four environmental comparisons.

Table 6. Spearman rank correlations (p) between shell element concentrations and environmental
matrices (sediment and water) for two sampling seasons. p-values were corrected for multiple
testing using the Benjamini-Hochberg false discovery rate (FDR) procedure; none of the correlations
remained significant after correction (FDR-adjusted p > 0.05).

Comparison Spearman’s Rho p-Value FDR-Adjusted p
Sediment Winter —0.20 0.747 1.00
Sediment Spring 0.50 0.391 1.00

Water Winter —0.26 0.668 1.00

Water Spring —0.05 0.935 0.94

4. Discussion
4.1. Elemental Composition of Turtle Shells

The predominance of calcium and phosphorus in Mauremys leprosa shells underscores
their essential structural role in the mineralized matrices of bone and keratin [40-42].
This finding aligns with previous studies on chelonians and other vertebrates, where
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skeletal integrity and shell rigidity are attributed to calcium-phosphorus (Ca-P) com-
plexes [43]. These macronutrients are vital for egg formation, skeletal maintenance, and
shell strength [44—46]. In addition to Ca and P, trace metals such as iron (Fe), zinc (Zn),
manganese (Mn), and strontium (Sr) were also detected, likely reflecting their physiological
functions in mineral substitution, enzymatic activity, and bone metabolism [43]. The pres-
ence of non-essential or potentially toxic elements, including aluminum (Al), antimony (Sb),
and lead (Pb), suggests environmental contamination, reinforcing the role of the shell
as a passive reservoir for exogenous pollutants. Similar patterns have been observed in
other keratinous structures such as fish scales, bird feathers, and reptilian skin, further
supporting the shell’s function as a sink for environmental contaminants [43,47].

4.2. Sex-Based Differences in Metal Accumulation

Sexual dimorphism in trace element accumulation was evident, with males exhibiting
higher Mg, Mn, Sb, and Pb, while females showed elevated Al levels. Such differences may
arise from a combination of behavioral and physiological factors [48,49]. Male tortoises
often display greater mobility and wider home ranges, increasing exposure to contaminated
microhabitats [50,51]. Additionally, differences in metabolic rate and calcium mobilization
for egg production in females could influence element partitioning, with excess metals
being sequestered differently between the sexes [52-54]. Elevated Pb and Sb in males are
particularly concerning, as both elements are strongly linked to anthropogenic sources such
as vehicular emissions, industrial discharge, and contaminated soils [43,55]. Comparable
patterns of lead enrichment have been reported in freshwater turtles inhabiting urban and
industrially impacted wetlands, where males accumulated higher concentrations due to
wider home ranges and increased environmental contact [43]. The presence of Sb, although
less frequently studied in reptiles, has also been associated with industrial activities and
may act synergistically with Pb to exacerbate toxic effects [47]. In contrast, higher Al
concentrations in females may reflect differences in dietary intake or sex-dependent detoxi-
fication pathways. Since the majority of pet aquatic and semi-aquatic turtles are omnivores,
fresh vegetable products and fresh animal protein sources should make up the majority
of their diet. Depending on the species of turtle, the amount and kind of protein sources
will change [56]. In contrast to males, females employ a variety of detoxifying strategies,
including ones that are energy-intensive, to preserve reproductive fitness and safeguard
their genetic material when exposed to higher levels of heavy metal and organic compound
pollution [57,58]. Similar sex-related differences in trace element burdens have been ob-
served in other chelonian species, where reproductive demands and calcium mobilization
influenced the partitioning of metals [55]. Taken together, our results are consistent with
previous evidence and reinforce the necessity of considering sex as a biological variable
when evaluating turtles as bioindicators of elemental contamination. More territorial mobil-
ity, higher metabolic activity, and dietary or foraging range differences from females, which
frequently decrease activity during reproductive periods, are some examples of sex-specific
physiological or behavioral differences that may influence exposure and accumulation, as
well as the higher aluminum (Al) concentrations seen in males [59].

4.3. Elemental Mapping

The micro-XRF elemental maps provide spatially resolved confirmation of the compo-
sitional trends observed in the bulk analyses. The relatively homogeneous distributions of
calcium and phosphorus are consistent with their established roles in the mineralization of
turtle shells, as widely documented in studies of chelonian hard tissues (e.g., blood, scutes,
and shell chemistry) [60,61]. In contrast, the distributions of environmentally derived
metals, including Fe, Zn, and Mn, exhibit localized hotspot-like patterns. These patterns
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resemble those reported in other keratinous and calcified tissues, where environmentally
sourced elements are deposited heterogeneously rather than structurally [61,62].

Notably, the patchy localization of Pb and Sb in certain individuals aligns with pre-
vious findings that documented spatially variable lead accumulation in the shells and
scutes of turtles inhabiting contaminated or urbanized areas. Such variability is indicative
of episodic or point-source contamination rather than uniform chronic exposure [55,62].
The sex-dependent differences observed in our dataset—higher Pb and Sb concentrations
in males and higher Al concentrations in females—may reflect distinctions in foraging
behavior, habitat use, or physiological processes such as maternal transfer during vitelloge-
nesis. These patterns are consistent with earlier research reporting sex-specific variation in
metal burdens in Mauremys species and other freshwater turtles [60,61]. Together, these
results demonstrate the complementary value of combining micro-XRF imaging with bulk
chemical assays. While bulk measurements provide quantitative concentration data suit-
able for statistical evaluation, micro-XRF adds spatial context, distinguishing structural
components of the shell from environmentally derived elemental deposition. Increasingly,
methodological reviews of X-ray fluorescence imaging in biological tissues recommend
such integrative analytical approaches [63].

Overall, the observed spatial heterogeneity and sex-linked variation support the
suitability of freshwater turtle shells, particularly Mauremys leprosa, as effective non-invasive
bioindicators of trace element contamination. However, the findings also underscore the
importance of accounting for biological factors such as sex, age, growth stage, and scute
deposition history when interpreting exposure signals.

4.4. Relationships with Morphometrics

Significant correlations between shell morphometric parameters and elemental concen-
trations indicate that growth influences bioaccumulation in Mauremys leprosa. Individuals
with larger or longer shells tended to exhibit higher concentrations of certain metals, which
is consistent with the cumulative nature of contaminant integration over time. These
findings support the use of shell chemistry as a non-invasive, long-term biomarker of
environmental exposure and habitat quality. However, not all morphometric traits were
strongly associated with elemental burdens, suggesting that metal incorporation is not
driven solely by growth. External factors such as diet, habitat conditions, trophic interac-
tions, and seasonal fluctuations likely also influence trace element uptake. This combined
influence highlights the importance of interpreting bioaccumulation patterns within a
framework that considers both organismal biology and environmental context.

4.5. Environmental Correlations and Bioindicator Potential

The positive correlations observed between metal concentrations in turtle shells and
those in surrounding sediments and water highlight the strong potential of shells as
reliable bioindicators of local contamination. In particular, elements such as Fe, Mn, and
Zn exhibited consistent relationships with environmental matrices, reflecting patterns
previously reported in other calcified bioindicator tissues such as fish scales and mollusk
shells [64,65]. Because turtles are long-lived, relatively sedentary, and exposed to both
aquatic and terrestrial inputs, their shells integrate contaminant exposure over extended
times. The correspondence between heavy metal levels in shell tissues and those measured
in water and sediments reinforces the value of Mauremys leprosa as a sentinel species for
monitoring ecosystem health and detecting chronic pollution [64,66].

Following FDR correction, the lack of statistically significant correlations is proba-
bly due to the small sample size (n = 25) and restricted temporal and spatial coverage,
which lower statistical power rather than ecological association. However, the moderate
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correlation (p = 0.50) between shell and sediment metal levels shows a consistent pattern
of co-variation consistent with biological expectations. Given their slow mineralization
and metabolic inertness, turtle shells accumulate trace elements over similar time scales
to sediments, which serve as long-term sinks for particulate-bound metals. Conversely,
water concentrations have weaker associations because they are frequently ephemeral and
affected by episodic inputs.

Stronger correlations are found under larger sampling designs, and shell and blood
metal levels reflect local sediment contamination, according to similar studies on Maure-
mys leprosa and other freshwater turtles (e.g., [60,67]). Future research integrating tissue
validation and expanded spatial-temporal coverage would therefore strengthen the causal
interpretation between environmental exposure and shell bioaccumulation.

4.6. Ecological and Conservation Implications

The accumulation of toxic metals such as lead (Pb) and antimony (Sb) carries significant
ecological implications for chelonians. Lead, in particular, is known to disrupt calcium
metabolism. impair immune function, and contribute to pathological conditions such
as shell disease in emydid turtles [55,68]. These effects are especially concerning given
the long lifespan and slow detoxification rates of turtles, which make them vulnerable to
chronic exposure and bioaccumulation. The presence of Pb and Sb in shell tissue not only
reflects environmental contamination but also signals potential health risks to individual
organisms and broader ecosystem integrity [55,69-71]).

While sequestration of Pb in the shell may reduce systemic toxicity. It signals persistent
environmental exposure with potential long-term consequences for health and reproduc-
tion [72,73]. Sb, although less studied in reptiles, is linked to industrial emissions and may
act synergistically with other metals to exacerbate oxidative stress [72,74,75].

The presence of heavy metals in the shells of the Mediterranean pond turtle (Mauremys
leprosa) serves as an early warning signal of ecosystem degradation. This species inhabits
Mediterranean wetlands that are increasingly threatened by pollution from agricultural
runoffs and industrial effluents, and urban expansion. M. leprosa bioaccumulates these
metals in its tissues, making it a reliable bioindicator of water quality and environmental
stress—even under conditions where individuals may appear physiologically healthy.
According to [27,60], elevated concentrations of metals such as lead (Pb), zinc (Zn), and
copper (Cu) in M. leprosa reflect contamination from surrounding aquatic environments,
reinforcing its value as a sentinel species for monitoring ecosystem health.

5. Conclusions

This study provides new insights into the elemental composition of Mauremys leprosa
shells and demonstrates their usefulness as non-invasive bioindicators of environmental
contamination. Calcium and phosphorus were the dominant elements in the shell matrix,
consistent with previous research on chelonian and other vertebrate hard tissues in which
Ca-P complexes contribute to structural stability [43]. Significant sex-related differences
were detected, with males exhibiting higher concentrations of Mg, Mn, Sb, and Pb, while
females showed elevated levels of Al. Such dimorphism aligns with earlier observations in
freshwater turtles, where sex, behavioral patterns, and reproductive physiology influenced
contaminant burdens [55,67,76].

Micro-XRF elemental mapping provided spatially resolved information that comple-
mented bulk chemical analyses. The observed patterns—uniform distribution of structural
mineral elements and heterogeneous hotspots of contaminant metals—highlight the value
of turtle shells as non-invasive and integrative bioindicator tissues. This approach strength-
ens ecological risk assessment by combining quantitative concentration data with spatial
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localization, offering a more nuanced perspective for conservation-oriented biomonitoring.
Correlations between shell metal concentrations and those in environmental compart-
ments, particularly sediments, confirmed that shells integrate long-term exposure, consis-
tent with patterns documented in other keratinous tissues such as fish scales and turtle
eggshells [66,77,78]. The presence and accumulation of toxic elements such as Pb and Sb un-
derscore potential ecological risks for turtle populations inhabiting polluted wetlands and
highlight the need for continued monitoring. Importantly, the use of shells as a sampling
matrix provides a practical and ethical alternative to invasive tissue collection, aligning with
conservation priorities. Collectively, these findings reinforce the growing recognition of
freshwater turtles as reliable sentinel species for assessing aquatic ecosystem health [43,55].
Future research that expands spatial and temporal sampling, incorporates biomarkers
of physiological stress, and examines trophic transfer pathways will further refine the
application of turtle shells in ecological risk assessment and conservation management.

Some metal concentrations in our study, including Cu, Ni, As, and Pb, were frequently
below detection limits, a common challenge in ecotoxicology that results in censored data
and reduces statistical power [79]. Although our sampling design captured broad patterns
of contamination, it may have overlooked fine-scale variation due to limited site coverage
and the underrepresentation of juveniles and egg-stage individuals. This limitation reflects
a broader trend in freshwater turtle ecotoxicology, as recent reviews have highlighted that
most studies lack life-stage diversity and sufficient resolution across habitat gradients [80].
In particular, these reviews emphasized a “significant lack of data” on young turtles and
called for non-invasive, life-stage-inclusive monitoring approaches.

Additionally, our study was restricted to a single time point, preventing the assessment
of seasonal or long-term trends in contaminant burdens. Without repeated measurements
across seasons or years, only a snapshot of exposure can be inferred, leaving episodic
events or gradual accumulation undetected. Systematic reviews underline the importance
of longitudinal monitoring to better understand temporal dynamics in metal exposure and
their impacts on turtle health [81]. Future studies should integrate dietary analyses, physio-
logical biomarkers, and non-invasive long-term sampling to improve our understanding
of metal exposure in turtles. For example, stable isotope analysis can clarify habitat use
and foraging pathways linked to contamination, while biomarkers such as catalase and
superoxide dismutase (SOD) can indicate physiological effects. Non-lethal sampling over
extended periods will further enable tracking of exposure trends and support informed
conservation management [80,81].
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