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A B S T R A C T

Mercury (Hg) is a worldwide contaminant that affects all ecosystems, yet most evidence of its biological impacts 
comes from fish, birds, and mammals, leaving reptiles comparatively understudied. Crocodylians may be 
particularly vulnerable to Hg due to their long lifespans, high trophic positions, and occurrence in tropical and 
subtropical regions affected by artisanal and small-scale gold mining. We investigated the effect of Hg 
contamination during embryonic development in the Smooth-fronted caiman (Paleosuchus trigonatus, n = 15), 
using claws, scutes and red blood cells (RBCs)as a non-invasive proxy for in-ovo exposure. We found a positive 
relationship between plasma corticosterone (CORT) concentration and claw (R2 = 0.65, p < 0.001), scute 
(R2 = 0.67, p < 0.001) and RBCs (R2 = 0.39, p = 0.018) Hg concentrations, suggesting that even low embryonic 
Hg exposures may alter the endocrine status of hatchlings. We further assessed body condition in relation to 
CORT concentration to explore potential phenotypic effects and found a negative relationship (R2 = 0.48, 
p = 0.004). Our findings support the use of keratinized tissues as a minimally invasive biomonitoring matrix for 
assessing in-ovo Hg exposure in crocodylians and also highlight the need to integrate contaminant dynamics into 
conservation strategies for species inhabiting Hg-impacted ecosystems.

1. Introduction

Environmental contamination is one of the main drivers of biodi
versity loss (Jaureguiberry et al., 2022), where mercury (Hg) is among 
the most concerning contaminants due to its widespread distribution, 
persistence, and toxicity to humans and wildlife (Driscoll et al., 2013; 
Eagles-Smith et al., 2018). Despite Hg being naturally present in the 
environment, with sometimes high background levels such as in the 
neotropics, Hg release is mainly increased by artisanal and small-scale 
gold mining (ASGM) and fossil fuel combustion, generating hotspots 
of exposure for wildlife in aquatic habitats (GMA, 2019; Qiu et al., 
2025).

Once released into aquatic ecosystems, microorganisms transform 
Hg into methylmercury (MeHg), the most bioavailable and toxic form, 
which biomagnifies through the trophic chain and accumulates in 
predators (Benoit et al., 2003; Podar et al., 2015). In vertebrates, MeHg 
has been linked to immunotoxicity (Zhang et al., 2016; Crowe et al., 
2017), neurobehavioral impairment (Bridges et al., 2016; Landler 

et al., 2017), and disruption of reproductive processes, with conse
quences for offspring quality and survival (Hopkins et al., 2013; Tartu 
et al., 2013; Lemaire et al., 2021a). While the impact of MeHg has 
been well studied in mammals, fish, and birds, reptiles have received 
comparatively little attention. Crocodylians are particularly vulnerable 
to Hg contamination due to their life history, being long-lived, high-
trophic predators with relatively low metabolic and high tissue con
version rates, favoring bioaccumulation over a lifetime of several 
decades (Lemaire, 2023).

To better understand the developmental and endocrine conse
quences of Hg exposure during egg formation in oviparous vertebrates, 
we need to evaluate maternal transfer of Hg. In crocodylians, Hg is 
transferred to eggs during vitellogenesis, linking maternal Hg burden to 
embryonic exposure in a closed developmental system, making causal 
inference easier to interpret than with viviparous taxa. Vertical transfer 
of Hg from the females to their eggs has been demonstrated in American 
alligators and inferred from hatchling Hg loads in other species (Nilsen 
et al., 2020; Lemaire et al., 2021a), emphasizing the need to quantify 
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in-ovo exposure and its physiological consequences.
Non-lethal sampling of keratinized tissues (e.g., claws, scutes) pro

vides valuable information on long-term exposure with minimal impact 
on individuals. The distal portion of hatchling claws represents Hg in
tegrated during embryonic development (i.e., incubation), while Hg 
incorporated through diet during the first days after hatching would be 
deposited in the proximal portion of the claw, which therefore can serve 
as an integrated proxy for embryonic Hg exposure (Lemaire et al., 
2021a), offering a practical alternative to destructive egg sampling for 
evaluating maternal transfer in wild populations, especially for assessing 
the impacts of early-life exposure to Hg.

Mercury is an endocrine-disrupting chemical capable of interfering 
with or mimicking steroid hormone signaling and disrupting endocrine 
axes that regulate reproduction, parental care, and stress physiology 
(Tan et al., 2009; Wada et al., 2009). In crocodylians, chronic exposure 
has been linked to alterations in corticosterone (CORT) plasma levels, 
Hypothalamic Pituitary Adrenal (HPA) axis responsiveness, and liver 
function, supporting broader inference of endocrine disruption in wild 
individuals (Lemaire et al., 2021b; Romero-Calderón et al., 2022). 
Endocrine-organizing effects during embryogenesis are of particular 
concern as early perturbations of glucocorticoids and sex steroids can 
shape the development of the HPA axis, with potential implications on 
growth, behavior, and survival (Groothuis et al., 2005; Dantzer et al., 
2013).

The smooth-fronted caiman, Paleosuchus trigonatus, is a small-bodied 
caiman living in the closed canopy rainforests of French Guiana, where 
ASGM activities are responsible for Hg elevation and bioavailability in 
the environment. The species is territorial and sedentary, making it a 
good model to study spatial variation in maternal exposure and transfer 
to eggs. Building on evidence that hatchling keratin tissues, especially 
claws, reflect in-ovo Hg exposure and that endocrine function is sensi
tive to Hg (Lemaire et al., 2021a), we want to evaluate whether 
maternally transferred Hg is associated with variation in hatchling 
CORT baseline levels and body condition, two integrative markers of 
early life stress physiology and energetic allocation.

2. Material and methods

2.1. Sample collection

We sampled 15 Paleosuchus trigonatus hatchlings from 4 different 
nests in 3 different areas in French Guiana between 2022 and 2025 
(Fig. 1). Individuals were found and captured near their respective nests 
and, based on the umbilical cicatrix, were estimated to be < 1 week old. 
For all individuals, claw and tail scute samples were collected using 
clean pliers and were placed in dry plastic containers. We drew blood 
from the occipital cranial vein within 3 min of capture to obtain baseline 
CORT levels. Blood samples were kept cool and, within 3 h, centrifuged 
for 5 min at 6500 rpm (1889 rcf) to separate plasma from red blood cells 
(RBCs). RBCs were then put in separate tubes containing 99% ethanol 
(HPLC grade) until Hg quantification in the laboratory. To quantify 
CORT, 50 μl of plasma were transferred to a tube containing 750 μl of 
99% ethanol (HPLC grade). Biometrics, including snout-vent length and 
weight, were recorded for each individual. Neonates were released at 
the location of capture after sampling.

Paleosuchus trigonatus is protected by the French law (Ministerial 
decree NOR: TREL1933710 A of October 08, 2018), and a permission to 
capture individuals, draw blood, and sample claws and scutes was 
granted by the French authorities (Direction Regionale des Territoires et 
de la Mer) after evaluation by the CSRPN, the regional scientific com
mittee (Permit: R03-2022-10-20-00004).

2.1.1. Mercury analysis
Before Hg analysis, claw and scute samples were cleaned in an ul

trasonic bath and dried according to the method described by Lemaire 
et al. (2021a). Ethanol from RBC samples was evaporated under a ni
trogen stream at room temperature, then the samples were freeze-dried 
for 48h, ground, and homogenized.

Total Hg (THg) was quantified in all samples by direct measurement 
of at least two replicas using a Direct Mercury Analyzer (DMA-80 evo III, 
atomic absorption spectrometer, Milestone®) at the University of 
Vienna, Austria. Inter-replicate reproducibility for each sample was 
validated against a relative standard deviation threshold of <10%. The 
mean concentration of duplicate measurements, was used in subsequent 

Fig. 1. Geographic locations for the sampled areas of Paleosuchus trigonatus hatchlings in French Guiana. Source map: ESRI Satellite.
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calculations for samples. The method was validated by analysis of 
certified reference material (CRM) of TORT-3 (Lobster hepatopancreas, 
National Research Council of Canada; certified reference Hg concen
tration: 0.292 ± 0.022 μg g− 1 dw). CRM was analyzed at the beginning 
and end of the analytical cycle, and between every ten samples. 
Measured TORT-3 values were 0.296 ± 0.006 μg g− 1 dw (n = 10), with a 
recovery rate of 101.4 ± 2.19%. The detection limit of the DMA-80 was 
0.01 ng. Hg concentrations are further expressed in μg.g− 1 dw (dry 
weight).

2.1.2. Corticosterone quantification
Samples were quantified following the method described in 

Goymann et al. (2007).
Samples (50 μl of plasma in 750 μl of ethanol) were brought to room 

temperature, briefly vortexed, and centrifuged at 3900 rpm (3292 rcf) 
for 10 min. The supernatant was carefully removed and pipetted into a 
glass tube. Next, 750 μl of absolute ethanol (96%) was added to the 
original sample tube, and centrifugation procedure was repeated. The 
supernatant was combined with the first liquid phase from the same 
sample, and was then dried under an N2 stream at 37◦C.

For liquid-liquid extraction (LLE), the samples were resuspended in 
800 μl of ultrapure water and 4 ml of dichloromethane (HPLC grade) and 
were then shaken for 4 h at room temperature. Then, samples were 
centrifuged for 10 min at 3900 rpm (3292 rcf) to separate the organic 
from the water phases. The organic phase was decanted into a new glass 
tube using a dry ice bath. After repetition of LLE, the organic phase was 
combined with the dichloromethane phase from the first LLE. The 
dichloromethane phase was dried entirely under an N2 stream at 37◦C.

The dry samples were resuspended in assay buffer provided by the 
ELISA manufacturer (Arbor Assays assay buffer X065). The samples 
were stored overnight at 4◦C until assayed the next day. Samples were 
quantified with Arbor Assays DetectX® Corticosterone Multi-Format 
ELISA Kits (Cat. No. K014-H) following the manufacturer's in
structions. Samples were corrected for dilution. All samples and stan
dards were measured in duplicate, and the coefficient of variation 
between duplicate measurements was below 3% for all. The mean 
concentration of duplicate measurements, corrected for the dilution 
factor, was used in subsequent calculations for samples. The intra-assay 
coefficient of variation was 7.1% and 5.9% and the inter-assay coeffi
cient of variation was 11.2% (samples were assayed in two assays using 
a control sample).

2.1.3. Statistical analysis
All statistical analyses were performed using the software R v.4.4.0 

(R core team). We analyzed the relationship between Hg concentrations 
and CORT levels using a linear regression. Both variables were log- 
transformed. Log-transformed Hg concentrations for either claws, 
scutes, or RBCs were included as independent variable and log- 
transformed CORT concentrations as the response variable. Model di
agnostics were visually inspected to verify normality and homoscedas
ticity of residuals.

To derive a size-dependent index of body condition, body mass and 
snout-vent length were log-transformed, and a linear regression was 
used to observe the relationship. The residuals from the model represent 
individual deviation from expected body mass for a given body size and 
were used as an index of relative body condition (RBCI). Positive re
siduals indicate individuals heavier than expected, and negative re
siduals indicate individuals lighter than expected for their size. This 
RBCI was used as the response variable in a linear regression with log- 
transformed CORT concentrations as the explanatory variable to test 
for an association between physiological stress and body condition. All 
analyses were performed using linear models. Body condition was 
quantified using residual body mass to control for allometric effects of 
body size.

3. Results

Hatchling snout-vent length was 14.5 ± 1.22 cm (Mean ± SD), and 
body mass was 76.8 ± 16.73 g. THg concentration in the blood (RBCs) 
was 0.185 ± 0.088 μg g− 1, ranging between 0.039 and 0.319 μg g− 1; 
THg concentration in scutes was 0.427 ± 0.261 μg g− 1 ranging between 
0.120 and 1.030 μg g− 1; and in claws 0.572 ± 0.171 μg g− 1 ranging from 
0.364 to 0.914 μg g− 1. Baseline CORT concentrations in plasma were 
5.91 ± 4.31 ng ml− 1, ranging from 1.01 to 16.16 ng ml− 1.

Results showed a significant positive relationship between baseline 
plasma CORT and Hg concentration in claws (linear regression; 
R2 = 0.65, p < 0.001; Fig. 2), scutes (linear regression; R2 = 0.67, 
p < 0.001) and RBCs (linear regression; R2 = 0.39, p = 0.018).

Mercury concentrations (log-transformed) between all matrices were 
correlated (linear regression: Claws-Scutes, R2 = 0.75, p < 0.001; 
Scutes-RBCs, R2 = 0.77, p < 0.001; Claws-RBCs, R2 = 0.75, p < 0.001)

Results showed a positive relationship between log-transformed 
body mass and log-transformed body size (R2 = 0.74, p < 0.001). The 
residuals from this model were therefore used as RBCI independent of 
body size. A negative relationship between RBCI and log-transformed 
CORT was observed (linear regression; R2 = 0.48, p = 0.004; Fig. 3), 
indicating that elevated baseline CORT concentrations were associated 
with reduced mass relative to body size. No significant relationships 
were observed between RBCI and log-transformed Hg concentrations for 
claws (linear regression; R2 = 0.10, p = 0.289), scutes (linear regression; 
R2 = 0.16, p = 0.161) or RBCs (linear regression; R2 = 0.11, p = 0.242).

4. Discussion

In the present study, Hg concentrations quantified in the claws 
(0.572 ± 0.171 μg g− 1) and scutes (0.427 ± 0.261 μg g− 1) of Paleosuchus 
trigonatus hatchlings are consistent with ranges previously described for 
hatchlings of the same species collected between 2017 and 2020 in 
French Guiana (Lemaire et al., 2021a). However, these concentrations 
are relatively low compared to those observed in hatchlings of the Dwarf 
caiman Paleosuchus palpebrosus and the Spectacled caiman Caiman 
crocodilus in French Guiana (up to 1.379 μg g− 1 at 14.4 cm SVL and up to 
1.165 μg g− 1 at 14.5 cm SVL in claws, respectively; unpublished data).

The positive relationship between keratinized tissue Hg concentra
tions and plasma CORT levels in hatchlings may indicate that prenatal 
Hg exposure is responsible for the alteration of CORT levels.

Hatchling claws are primarily composed of alpha-keratin, which is 
richer in cysteine and disulfide bonds compared to beta-keratin that 
composes the scutes. This composition facilitates the accumulation of Hg 
(mainly as MeHg) to the thiol residues of cysteines, where Hg binds to 
-SH groups (Alibardi et al., 2007; Toni et al., 2007). Due to this char
acteristic, hatchling claws and scutes slowly accumulate Hg during 
formation and can serve as a proxy of the overall embryonic exposure 
related to maternally transferred Hg (Lemaire et al., 2021a). Keratinized 
tissues can therefore help to evaluate embryonic exposure to Hg in 
oviparous species such as birds and reptiles. In birds and crocodylians, 
vitellogenesis is controlled by hepatic synthesis, which is fueled by di
etary intake, adipose tissue, and muscle protein (Price, 2017; Chacón 
et al., 2024). During vitellogenesis, MeHg is the primary transferred 
form of Hg due to thiol binding to vitellogenin and lipovitellins, which 
provide abundant binding sites. Additionally, studies quantifying MeHg 
in eggs support the finding that bird eggs contain more than 90% of their 
total Hg in the MeHg form (Ackerman et al., 2013). Nilsen et al. (2020)
showed that maternal transfer from the female to the eggs represents 
approximately 12.8% of the blood Hg burden of the female American 
alligator, Alligator mississippiensis, highlighting the direct link between 
female contamination and Hg being maternally transferred to the eggs.

Besides contaminants, other essential chemicals are maternally 
transferred during egg formation, such as steroids, including cortico
steroids (Groothuis et al., 2019). During vitellogenesis, the quantity of 
glucocorticoids transferred to the yolk varies depending on the 
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environmental conditions experienced by the female (Groothuis et al., 
2019). It is likely that poor environmental conditions act as a stressor, 
resulting in females having higher circulating levels of glucocorticoids 
which in turn causes the transfer of a greater quantity of glucocorticoids 
to the yolk. Elevations in circulating female glucocorticoids may not 
only lead to direct transfer of these hormones but could indirectly sup
press maternal nutrient provisioning (Henriksen et al., 2011). Previous 
work has shown that high maternal corticosteroid levels influence 
hatchling phenotypes and reduce hatchling size and weight in birds 
(Janczak et al., 2006; Henriksen et al., 2013; Ahmed et al., 2014).

Elevated CORT levels in the yolk influence the responsiveness of 
hatchlings to stressors (Hayward and Wingfield, 2004; Zimmer et al., 
2013) but do not necessarily lead to an increase in baseline CORT of 
hatchlings (Henriksen et al., 2013). Elevated baseline CORT concen
tration in certain conditions may be physiologically costly; this pattern, 

along with poor body condition, could significantly reduce overall 
survival.

Exposure to endocrine-disrupting chemicals, such as MeHg, during 
embryogenesis can have several deleterious effects for embryonic 
development and hatchling survival, especially in precocial animals 
(Heinz et al., 2009; Ottinger et al., 2008). Elevated CORT concentrations 
in relation to low RBCI (R2 = 0.48, p = 0.004) observed in our study in 
hatchlings exposed to higher in-ovo Hg concentrations may reflect 
alteration of embryonic energy allocation due to endocrine disruption. 
During embryonic development, the proper use of egg reserves - 
particularly the yolk in crocodylians - is essential for embryonic devel
opment (Nelson et al., 2010). Mercury can interfere with metabolic and 
endocrine pathways that regulate yolk allocation, thereby increasing the 
energetic costs for metabolic maintenance (Basu, 2023). The regulation 
of embryonic metabolism and reserve mobilization is highly controlled 
by CORT (Hayward and Wingfield, 2004). Consequently, an alteration 
in HPA axis sensitivity due to Hg contamination can promote catabolic 
processes at the expense of tissue formation via elevated CORT 
concentrations.

Additionally, Hg is known to disrupt thyroid hormone signaling 
(Wada et al., 2009; Hernandez-Gonzalez et al., 2025), which may 
further alter metabolic rate and the timing of reserve use during em
bryonic development, reducing the efficiency in yolk-to-tissue conver
sion. This could explain the observed pattern of reduced body condition 
and elevated CORT concentrations in hatchlings.

Furthermore, mercury's capacity to mimic estrogenic actions may 
explain the results observed in our study. Research has shown that Hg 
can modulate estrogen receptor signaling and steroidogenic pathways 
(Tan et al., 2009), which are key regulators of HPA axis activity. 
Enhanced estrogenic signaling during development can increase hypo
thalamic corticotropin-releasing hormone (CRH) expression and atten
uate glucocorticoid negative feedback, resulting in elevated baseline 
CORT levels.

The interaction between estrogen and glucocorticoids influences 
metabolic allocation, leading to the shift of energy use toward mainte
nance and catabolism rather than somatic tissue formation. Such alter
ation during embryonic development leads to reduced fitness and 
potentially lower hatchling survival (Dayananda et al., 2017). Elevated 

Fig. 2. Population-level relationship between plasma corticosterone concentration (log CORT in ng.ml− 1) and mercury concentrations in tail scutes, claws and red 
blood cells (RBCs) (log Total Hg in μg.g− 1 dw) of hatchling Smooth-fronted caimans (Paleosuchus trigonatus) in French Guiana (Linear regression: Scutes R2 = 0.67, 
p < 0.001; Claws R2 = 0.65, p < 0.001; RBCs R2 = 0.39, p = 0.018).

Fig. 3. Relationship between plasma corticosterone concentration (log CORT in 
ng.ml− 1) and index of relative body condition (RBCI) of hatchling Smooth- 
fronted caimans (Paleosuchus trigonatus) in French Guiana (linear regression: 
R2 = 0.48, p = 0.004).
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CORT may lead to a behavioral trade-off by increasing the flight 
response to predators or by altering the time budget for foraging or 
exploration (Wada and Breuner, 2008; Uller et al., 2009; Possenti et al., 
2018).

Furthermore, Elsey et al. (1990) showed that elevated CORT con
centrations reduced growth rates in Alligator mississippiensis. While some 
species can “catch up” by accelerating growth over several weeks, the 
physiological costs of these mechanisms can have long-term negative 
consequences (Metcalfe and Monaghan, 2001). Additionally, previous 
studies by Johnson et al. (2023a, 2023b) showed a potential con
founding influence of incubation temperature on hatchling blood Hg 
levels, body condition, and survival, which may have played an addi
tional role.

While our results demonstrate a clear transgenerational effect of Hg 
contamination, the potential long-term impacts on individuals require 
further investigation. Specifically, it is necessary to assess whether 
elevated glucocorticoid levels during development have lasting effects 
on reproductive strategies and brain development in caimans.

5. Conclusion

Results of this study highlight the significance of maternal transfer as 
a pathway for mercury contamination in Paleosuchus trigonatus hatch
lings. Although Hg concentrations in this species remain lower than 
those observed in sympatric caimans like Paleosuchus palpebrosus and 
Caiman crocodilus, the strong positive correlation between Hg in kera
tinized tissues and plasma CORT levels suggests that even low Hg levels 
can have effects during embryonic development. The accumulation of 
MeHg in keratinized tissues, such as claws and scutes, provides a reliable 
proxy for non-invasively assessing in-ovo hatchling exposure.

Furthermore, this exposure appears to alter the HPA-axis. Elevated 
CORT levels can redirect energy away from somatic growth and toward 
catabolic maintenance, resulting in hatchlings with reduced body con
dition. Ultimately, these transgenerational effects highlight the vulner
ability of crocodylian hatchlings to Hg exposure during embryonic 
development. While some individuals may exhibit compensatory 
growth, the long-term consequences for reproductive strategy, cognitive 
development, and overall survival probability remain critical areas for 
future investigation.
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