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2 - Abstract  

Mercury (Hg) is a global environmental contaminant that affects ecosystems. It has the 
particularity to biomagnify through the food web, and to bioaccumulate especially in tissues 
of top predators. Mercury has been identified to have detrimental effects on human and 
wildlife. Top predators from tropical ecosystems are particularly affected by Hg contamination 
due to artisanal small scale gold mining, which uses massive amounts of Hg in the gold 
extraction process.   
Crocodilians are top predators of tropical ecosystems and have been identified to accumulate 
high concentrations of Hg in their tissues. They are potentially good candidates to monitor Hg 
contamination, as they are long-living animals with low metabolic, and high tissue conversion 
rates, which favours the bioaccumulation of Hg. Additionally, they have a large repartition 
over tropical and sub-tropical ecosystems, which make large-scale Hg evaluation possible. 
My doctoral work focuses on the four caiman species that are present in French Guiana (the 
Black caiman Melanosuchus niger, the Dwarf caiman Paleosuchus palpebrosus, the Smooth-
fronted caiman Paleosuchus trigonatus and the Spectacled caiman Caiman crocodilus). First, I 
have worked on Hg variation across different tissues obtained by minimally invasive methods, 
and investigated the influence of morphology and feeding ecology (by using stable isotope 
method) on Hg contamination in caimans. Second, I have investigated the impact of Hg 
contamination on physiological mechanisms, and the maternal transfer and its effects on 
neonates.  
The quantification of Hg in blood and keratinized tissues of caimans is more reliable when 
using dry weight due to the variation of moisture content in different tissues. These tissues 
further inform on different time scales of Hg contamination: Relatively recent contamination 
in blood, and long-term contamination in keratinized tissues. Trophic ecology had been the 
main factor that influence Hg concentration; Body size of caimans was essential to be consider 
during Hg contamination assessment due to the bioaccumulation, and because caimans 
growth continuously. Results showed that Hg contamination was related to disruption of 
renal, hepatic and endocrine functions in young C. crocodilus at low Hg level, leading to 
potential toxic effects of Hg on caimans. Maternal transfer was evaluated in claws of freshly 
hatched P. trigonatus, which provides an effective method to quantify foetal Hg exposure, and 
additionally offers an alternative to evaluate maternal transfer in caimans, compared to egg 
destruction. In neonates, Hg exposure was related to a reduction of body size, which indicated 
a potential disruption during embryonic development.  
This doctoral work highlights that caimans are effective species to monitor Hg contamination, 
and stresses the need to thoroughly investigate the consequences of Hg contamination in 
crocodilians.  
 
Key words: Crocodilians, Tropical ecosystems, Neotropics, Keratinized tissues, Trophic 
ecology, Blood chemistry, Stable isotopes, Trace elements.  
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2 - Résumé 

Le mercure (Hg) est un contaminant environnemental qui affecte tous les écosystèmes. Il a la 
particularité de se biomagnifier le long de la chaîne trophique et de se bioaccumuler dans les 
tissus des prédateurs. Le Hg est connu pour avoir des effets néfastes chez les humains et la 
faune sauvage. Les prédateurs des écosystèmes tropicaux sont particulièrement affectés par 
la contamination en Hg du fait de l’exploitation aurifère artisanale qui utilise d’importantes 
quantités de Hg pour extraire l’or.  
Les crocodiliens sont des super-prédateurs des écosystèmes tropicaux et ils accumulent de 
fortes concentrations de Hg dans leurs tissus. Ils sont potentiellement de bons candidats pour 
suivre la contamination en Hg, ce sont des animaux vivant plusieurs décennies, ils ont un 
métabolisme lent et un taux de conversion de l’énergie important, ce qui favorise la 
bioaccumulation. De plus, ils ont une répartition importante dans les écosystèmes tropicaux 
et subtropicaux, ce qui rend la surveillance du Hg possible à large échelle.  
Mes travaux de doctorat s’intéressent aux quatre espèces de caïmans présents en Guyane (le 
caïman noir Melanosuchus niger, le caïman nain de Cuvier Paleosuchus palpebrosus, le caïman 
de Schneider Paleosuchus trigonatus et le caïman à lunettes Caiman crocodilus).  
J’ai travaillé sur les variations de Hg entre différents tissus obtenus par méthode de 
prélèvement peu invasif et, j’ai étudié l’influence de la morphologie et de l’écologie trophique 
(via les isotopes stables) des individus sur les concentrations en Hg. Ensuite, j’ai étudié l’impact 
d’une contamination en Hg sur les mécanismes physiologiques, le transfert maternel et ses 
effets sur les nouveau-nés.  
Les résultats ont mis en évidence qu’à cause de la variation du taux d’humidité des tissus, la 
quantification du Hg dans le sang et les tissus kératinisés est plus fiable lorsqu’elle est réalisée 
en poids sec. Ces tissus procurent également des informations à différentes échelles de 
temps : le sang informe sur une contamination relativement récente alors que les tissus 
kératinisés informent sur une contamination chronique.  
L’écologie trophique est le principal facteur influençant la concentration en Hg, toutefois il est 
essentiel de prendre en compte la taille de l’individu, car les caïmans ont une croissance 
continue, ce qui influence la période de bioaccumulation. Les résultats montrent qu’une faible 
concentration de mercure a des effets sur l’activité rénale, hépatique et endocrine de jeunes 
C. crocodilus. Par ailleurs, le transfert maternel a été évalué en utilisant les griffes de P. 
trigonatus nouveau-nés, cette méthode permet de quantifier l’exposition du fœtus au Hg et 
est une alternative à la destruction de l’œuf lorsque le transfert maternel est étudié. Une 
diminution de la taille des nouveau-nés a été observée en relation avec les concentrations de 
Hg, montrant un potentiel effet sur le développement embryonnaire. Cette étude a démontré 
que les caïmans peuvent être utilisés pour suivre la contamination en Hg et qu’il y a un besoin 
urgent d’étudier les conséquences de cette contamination chez les crocodiliens.  
 

Mots-clés : Crocodiliens, Écosystèmes tropicaux, Néotropiques, Tissues kératinisés, Écologie 
trophique, Chimie du sang, Isotopes stables, Éléments traces.   
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Chapter I. General introduction 

 I.1. Mercury contamination  

  I.1.1. Source and fate in ecosystems 

 

Mercury (Hg) is a non-essential trace element that can be found in the environment in mineral, 

ionic and gaseous form. Due to its toxicity, it qualifies as an environmental contaminant with 

both natural and anthropogenic origin. Natural sources can be divided in two categories, first 

the primary natural sources, and second, the reemission processes over land and water bodies 

(Pirrone et al., 2010). Among the primary natural sources, volcanic activity is a major 

contributor to Hg emission into the atmosphere (Fig I.1); however, contributions depend on 

the activity phase of the volcanic eruption (Nriagu and Becker, 2003; Pyle and Mather, 2003). 

Reemission of Hg into the atmosphere occurs via lake and ocean surfaces, which represent 

the major natural reemission sources (Mason and Sheu, 2002). Atmospheric Hg is globally 

transported and redistributed, predominantly in its chemical form, elementary Hg (Hg0), 

following the atmospheric pathway, and deposed on land either via dry or wet deposition 

(Hedgecock et al., 2006; Wright et al., 2018; Cooke et al., 2020). Biomass burning is recognised 

as another major source of Hg emission into the atmosphere: Terrestrial fires can originate 

from natural processes or be related to (anthropogenic) agricultural land use (Cordeiro et al., 

2002), with the recent example of the Amazon fire in 2019 which emitted enormous Hg 

quantities into the atmosphere (Crespo-Lopez et al., 2021) (Fig I.1). 

In addition to natural sources, a large variety of anthropogenic activities contribute to Hg 

release such as fossil fuel combustion, waste incineration, chemical production, metal 

manufacturing, deforestation, and artisanal and small-scale goldmining (ASGM) (Pfeiffer et al., 

1993; Lacerda, 1997; Roulet et al., 1998; Almeida et al., 2005; Quina et al., 2008; Pirrone et 
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al., 2010). These activities have altered the global Hg cycle, and have frequently overwhelmed 

its natural cycling (Mason et al., 1994, 2012). Between 2010 and 2015, anthropogenic mercury 

emissions increased by 20% (UNEP, 2019). The primary cause of this increase was related to 

artisanal and small-scale gold mining activities, which represent approximately 38% of total 

worldwide emissions (UNEP, 2019). In some regions, ASGM is responsible for most of the Hg 

emission, for example in South America, where 80% of Hg emission is directly related to gold 

mining activities (Galvis, 2020). 

Atmospheric deposition and direct input of inorganic Hg affect aquatic ecosystems, where 

they became a major issue of concern: In anoxic conditions, Hg is methylated via sulfate-

reducing microorganisms into methylmercury (MeHg/CH3Hg+), the most toxic and 

bioavailable form of Hg (Compeau and Barta, 1985; Benoit et al., 2003; Podar et al., 2015). 

MeHg represents the highest bioavailability of Hg, it accumulates within organisms over time 

and further biomagnifies through the trophic chain, making top predators particularly 

exposed to high levels of Hg contamination (Mason et al., 1995; Atwell et al., 1998; Power et 

al., 2002; Eagles-Smith et al., 2018). 

 

Figure I.1. Global Hg cycle from Zhou et al., 2021.  
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  I.1.2. Vertebrates as bioindicators of Hg contamination 

 

The evaluation of Hg presence and concentration in ecosystems is a major concern in regard 

of the contaminant’s capacity to accumulate in, and therefore affect, all living organisms. 

Many studies have evaluated the use of living organisms, particularly vertebrates, to monitor 

environmental Hg contamination (Gómez-Ramírez et al., 2014; Di Marzio et al., 2018; De Paula 

Gutiérrez et al., 2020; Haskins et al., 2021). Contaminant concentrations in tissues of 

bioindicator species should reflect the environmental contamination (Hodkinson and Jackson, 

2005). Using bioindicators offers several advantages over other standard methods, which 

analyse Hg in sediment, soil and water, and makes analytical detection easier, as these 

organisms concentrate the metal. Bioindicators inform on the bioavailable Hg that is present 

in the environment and ecologically more reliable than inert Hg, and further informs on 

different temporal and spatial scales. The choice of a “suitable bioindicator” depends on the 

aims, and the compartment of the ecosystem which is studied. Within vertebrates, fish, birds 

and mammals are well-established bioindicators for their habitats (Burger, 2006). 

Among vertebrates, fish have received considerable attention in monitoring programs due to 

their elevated position in the trophic chain, and their commercial value for human 

consumption. However, the mobility of many fish species makes identification of the exact 

source of contamination, time, and duration of Hg exposure complex. In birds, studies have 

primarily focused on seabirds, raptors and waterfowl, and demonstrated their value as 

bioindicators (Burger and Gochfeld, 2004; Zhang and Ma, 2011; Gómez-Ramírez et al., 2014). 

Due to the availability of information on their ecology and biology, they present a real 

advantage as bioindicator species. However, due to large-scale movements (e.g., migration) 

of many avian species, precise identification of Hg exposure remains sometimes difficult. 
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Mammals are relevant bioindicators of Hg contamination, in particular rodents, which 

represent forty percent of mammal species, and are present in all ecosystems (Wren, 1986; 

Talmage and Walton, 1991). Additionally, mammals are abundant in the marine environment, 

dolphins for instance have been used as bioindicators of Hg contamination due to their high 

position in the trophic chain, and their long lifespan (De Moura et al., 2012; Mosquera-Guerra 

et al., 2019). However, capture, sampling and age estimation remain the major limitations in 

mammals. 

In contrast to other vertebrates, reptiles were rarely considered in ecotoxicological studies. 

Recently, an increasing number of studies on snakes, turtles and crocodiles explored their 

capacities to be used as bioindicator species, though reptilian model species still remain 

underrepresented compared to other vertebrate taxa (Schneider et al., 2013; Haskins et al., 

2019). 

Besides the use of vertebrates as bioindicator species to provide a relevant tool to evaluate 

bioavailable Hg, most studies alarmed on the deleterious effects Hg can have on individuals, 

species, and populations of this group (Scheuhammer et al., 2007; Evers, 2018). 

  

  I.1.3. Toxic effects of Hg in vertebrates 

 

Biomagnification of Hg occurs in its MeHg form and results in an increase of concentration 

across the entire food web. As it is quickly assimilated, but slowly eliminated by organisms, 

MeHg concentrates at high levels in the tissues of top predators including fish, birds, 

mammals, and reptiles, which makes them particularly vulnerable to its deleterious effects 

(Wagemann et al., 1998; Scheuhammer et al., 2007; Gomes et al., 2020). Information on Hg 

effects on an individual`s physiology and behaviour is generally related to dose control studies 
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in experimental conditions. For wild animals, it is more difficult to directly assess the link 

between contamination and effects due to the irregularity of exposure, and the myriad of 

other environmental stressors to which individuals are exposed to in the field. Effects of a 

given contaminant such as Hg depend on the animal’s natural environment and other external 

parameters such as contamination by other pollutants. Although Hg toxicity seems particularly 

well-studied, repartition of the studies is clearly taxonomically biased (Fig I.2). 

 

Mercury toxicity in aquatic ecosystems is well-documented, particularly in fish, birds and 

mammals. The main pathway of Hg contamination in vertebrates is through their diet (Power 

et al., 2002; Schneider et al., 2013; Øverjordet et al., 2015; Sebastiano et al., 2017). Mercury 

Figure I.2. Number of published studies available on Scopus on July 07th, 2021. Black columns refer to 
the search parameters [mercury OR methylmercury AND effect AND “the group”]; grey columns refer 
to the search parameters [mercury OR methylmercury AND “the group”].  
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is known to disrupt blood and organ biochemistry, which affects physiological processes such 

as cellular transport and osmoregulation (Richter et al., 2011; Macirella and Brunelli, 2017). It 

is recognised as an endocrine disruptor that affects the Hypothalamic-Pituitary-Adrenal (HPA) 

axis and causes modification of hormonal levels (Tan et al., 2009; Tartu et al., 2013), which 

can, among other, result in growth inhibition and suppression of the immune system (Evers, 

2018). Mercury negatively affects DNA via chromosomal alteration (Zhang et al., 2016; Evers, 

2018), and additionally causes neuronal dysfunction, lethargy, convulsion, and alteration of 

behaviour (Scheuhammer et al., 2007; Evers, 2018). 

The most sensitive life stages for vertebrates are associated to embryonic development, larval 

stages in fish and juvenile stage in birds and mammals, with potential long-lasting effects 

(Wolfe et al., 1998; Zheng et al., 2019). Mercury has been identified to cause detrimental 

effects on tissue development and metabolic processes in fish (Huang et al., 2011). In birds, 

Hg causes abnormal embryonic development by reducing hatchling success, and finally 

negatively influences survival of juveniles (Heinz, 1979). In adults, mercury contamination 

affects reproduction by reducing fertility, disruption of sexual maturation, reduction of egg-

laying, alteration of parental care and transcription of hypothalamic-pituitary-gonadal axis 

genes (Scheuhammer et al., 2007; Hatef et al., 2011; Nowosad et al., 2018; Hartman et al., 

2019).  

 

Regarding Hg contamination and its impact, reptiles (e.g., snakes, lizards, turtles and 

crocodilians) are an understudied vertebrate group. In environmental contamination studies 

and ecological risk assessment, they are often excluded despite their crucial role in 

ecosystems (Campbell, 2003; Schneider et al., 2013; Haskins et al., 2019). Therefore, 

investigation on the effects of Hg in reptiles are limited to few studies, making comparison 
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and generalisation difficult. Among these studies, Hg has been shown to affect health 

parameters of the Loggerhead sea turtle Caretta caretta (Day et al., 2007), to reduce hatching 

success in the common Snapping turtle Chelydra serpentina (Hopkins et al., 2013) and to 

reduce reproductive success of female European pond turtles Emys orbicularis (Beau et al., 

2019). These studies highlighted that the effects of Hg on reptiles occur at low concentrations, 

showing the necessity of more information on these poorly documented taxa. 

 

 I.2. Crocodilians under Hg contamination  

 

  I.2.1. Contamination in crocodilians 

 

Crocodilians are known to accumulate several environmental contaminants at high 

concentrations (Guillette et al., 1994; Campbell, 2003; Siroski et al., 2016), including Hg (e.g., 

Delany et al., 1988; Jagoe et al., 1998; Burger et al., 2000; Almli et al., 2005; Vieira et al., 2011; 

Eggins et al., 2015; Nilsen et al., 2017a; Buenfil-Rojas et al., 2020). The American alligator, 

Alligator mississippiensis (North America) is the most studied crocodilian species in regard of 

Hg contamination, followed by the Morelet’s Crocodile, Crocodilus moreletii (Belize, 

Guatemala, Mexico) (reviewed in dos Santos et al., 2021). As known for other vertebrates, Hg 

concentration depends on the tissues which are studied; muscle is the historical, and 

commonly studied tissue due to the bushmeat status of crocodiles (Delany et al., 1988; Elsey 

et al., 1999; Rivera et al., 2016; Gomes et al., 2020; Salazar-Pammo et al., 2021). In Florida 

(USA), studies on muscle tissue of Alligator mississippiensis have reported Hg concentrations 

up to 5.50 µg.g-1 dw (Yanochko et al., 1997; Jagoe et al., 1998). In contrast, concentrations in 
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muscle tissue of the Black caiman Melanosuchus niger were 0.18 µg.g-1 dw in Brazil (Schneider 

et al., 2015). Such large variations suggest geographical and inter-species variation of Hg 

contamination. As for other vertebrates, the liver is generally the tissue that shows the highest 

Hg concentrations, with 42.15 ± 6.64 µg.g-1 dw in Alligator mississippiensis in Florida 

(Yanochko et al., 1997). High concentrations in the liver result from the Hg transfer to the 

organ via the hepatic portal vein system: Hg is further metabolised and stored, and the liver 

has a key role in the MeHg detoxification (Schneider et al., 2013).  

Due to a general population decline of many crocodilian species (Targarona et al., 2008; 

Ferreira and Pienaar, 2011; Bezuijen et al., 2012; Van Weerd et al., 2016; Balaguera-Reina et 

al., 2018; Ortiz et al., 2020), and ethical reasons, environmental contaminant monitoring is 

increasingly based on non-invasive sampling methods. In crocodilians, blood, tail scutes and 

claws are generally defined as tissues which can be sampled non-invasively (Lázarro et al., 

2015; Schneider et al., 2015; Marrugo-Negrete et al., 2019). Hg concentrations found in these 

tissues provide reliable data, and are a good alternative to invasive organ sampling such as 

from liver and kidneys (Eggins et al., 2015). Blood is a relevant matrix to study Hg 

concentrations as it is considered to reflect relatively short-time exposure related to the diet 

of individuals. Tail scutes are a commonly used matrix in crocodilians: Clipping tail scutes is an 

easy method to mark individuals and additionally, scute samples are used in genetic, isotope 

and contaminant studies (Jagoe et al., 1998; De Thoisy et al., 2006; Rainwater et al., 2007; 

Machkour-M’Rabet et al., 2009; Trillanes et al., 2014; Pacheco-Sierra et al., 2016; Santos et 

al., 2018). Scutes and claws are keratinized tissues in which Hg fixes on the sulfhydryl groups 

of cysteine residues due to the high affinity of Hg to SH-group; once it is fixed, Hg cannot be 

remobilised. Therefore, keratinized tissues provide information on an individuals’ long-term 

Hg exposure. 
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The combination of different tissues obtained by non-invasive sampling methods, such as 

blood and keratinized tissues, provides information on different time scales of Hg 

contamination in crocodilians. 

 

  I.2.2. Crocodilians as bioindicators of Hg contamination 

 

Previous studies have shown the accumulation of Hg in different tissues of crocodilians 

(Yanochko et al., 1997; Jagoe et al., 1998; Burger et al., 2000). Ecotoxicological studies have 

highlighted that crocodiles appear to be good bioindicator due to the following traits: 

 

- They are apex predators (Somaweera et al., 2020), which favours Hg contamination 

due to the biomagnification process. 

 

- They are living in aquatic ecosystems, where Hg in methylated in MeHg which makes 

them particularly exposed to the biomagnification process. 

 

- They are long-living animals (up to several decades), and display low metabolic, and 

high tissue conversion rates (Garnett, 1986; Webb et al., 1991), which favours 

bioaccumulation of significant level of Hg. 

 

- They have a large repartition over tropical and sub-tropical ecosystems (Martin, 

2008), what makes large-scale comparison possible. 
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-They are territorial and sedentary (e.g., Hutton, 1989; Fujisaki et al., 2014; Caut et al., 

2019), which informs on a relatively small and precise spatial scale. Additionally, 

multiple species occur in the same geographical zone, making interspecific comparison 

possible, depending on their habitat preferences and ecological specificities (e.g., diet, 

Magnusson et al., 1987; Villamarín et al., 2017). 

 

- They appear resistant to capture, what makes sample collection easy and due to their 

body size, sufficient tissue is available for sample collection, with relatively little 

physical impact on individuals during sampling.  

 

For those reasons, crocodilian (caimans, true crocodiles, alligators and gharials) life history 

traits make them potentially good bioindicators of environmental contamination such as Hg 

contamination. 

 

  I.2.3. Effects of Hg contamination on crocodilians 

 

While they appear to be resistant species, it has been established that crocodilians are 

affected by many environmental contaminants (reviewed in Campbell, 2003). The deleterious 

effects of Hg contamination are well documented in vertebrates, such as multiple effects on 

physiology and reproduction as commented in paragraph 1.2. However, specific investigations 

on the effects of Hg contamination on crocodilians are lacking and have only been investigated 

by few studies.  

To our knowledge, Nilsen et al. (2017b) have published the first study reporting that Hg 

contamination negatively affects the body condition of the American Alligator Alligator 
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mississippiensis in Florida. Marrugo-Negrete et al. (2019) have shown that DNA damages on 

erythrocytes of the Spectacled caiman Caiman crocodilus are related to Hg exposure 

originating from gold-mining activities in Colombia. Unfortunately, other aspects of Hg 

contamination on physiological mechanisms, reproduction or populational effects have not 

been explored yet.  

Furthermore, Hg concentrations that were found in these two studies and lead to toxic effects, 

are relatively low, which suggests that Hg can be hazardous for other species. Potential 

deleterious effects of Hg contamination need to be investigated to understand impact on wild 

individuals, different species and entire populations. 

 

 I.3. Objectives of the thesis  

 

Data on Hg contamination of caimans in French Guiana are non-existent in the open literature, 

and a methodology to investigate Hg in crocodilian tissues has not been standardised yet. 

Based on a descriptive approach, the present thesis provides the first data on Hg 

concentrations from different tissues of the four caiman species (the Black caiman 

Melanosuchus niger, the Dwarf caiman Paleosuchus palpebrosus, the Smooth-fronted caiman 

Paleosuchus trigonatus and the Spectacled caiman Caiman crocodilus) occurring in French 

Guiana. To implement comparison between species and studies, I have worked on Hg 

variation across different tissues which highlights the need for a standardisation of the 

methodologies used to date.  

Because Hg contamination is known to be variable between individuals and species in 

vertebrates, and because the diet of an individual is known to be the main Hg contamination 

pathway in vertebrates (Lavoie et al., 2013), this work investigates the influence of different 
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variables (morphology, trophic ecology) to give an overview of factors influencing Hg 

contamination in caimans.  

Due to the known impact of Hg on physiology and reproduction of vertebrates (Tan et al., 

2009), I used blood biochemistry to screen general physiological mechanisms potentially 

affected by Hg. I used a correlative approach to investigate the relationships between Hg 

contamination and disruption of physiological processes.  

Lastly, crocodilians are most vulnerable during early life (embryos and juveniles) due to their 

high susceptibility to predation (Somaweera et al., 2013), and effects of environmental 

contaminants (Guillette et al., 1994; Campbell, 2003). Consequently, I developed non-lethal 

methods to sample freshly hatched neonates (avoiding egg destruction) in order to assess the 

concentrations of Hg maternally transferred to the egg/neonate caiman, and their potential 

effects on this critical life stage.  

 

 I.4. General methodology 

 

French Guiana  

 

French Guiana is a large (84 000 km2) French territory situated in the North-East of South 

America in the Guiana Shield (Fig I.3). 97 % of the country is covered by equatorial forest with 

an average of 2 800 mm annual rainfall and an average temperature of 26°C. 

The major cities are Cayenne, Kourou and Saint-Laurent du Maroni, all situated on the coast 

(Fig I.3).  
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Soils in French Guiana contain relatively high natural levels of Hg with average concentrations 

of 0.30 µg.g-1 in forest soils and muddy soils, and 0.10 µg.g-1 in lateritic soils (Richard et al., 

2000). 

One of the major threats in the area is related to illegal gold mining activities which use large 

amounts of Hg in the gold extraction process. Because of its characteristic to amalgamate with 

gold, between 1.5 kg to 50 kg of Hg per kilogram of gold is used, with Hg being further directly 

discharged in aquatic ecosystems, or volatilized and redeposited from the atmosphere (WHO, 

2016). 

To give an overview of the Hg contamination in different species, and due to their occurrence 

in different habitats in French Guiana, we selected different sites along the coastline and in 

forests (Fig I.3). The study of multiple sites allows an approach on general Hg contamination 

in French Guiana through the use of multiple caiman populations. 

 

Figure I.3. Location map of the study sites in French Guiana 
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Caiman species  

 

The Spectacled caiman Caiman crocodilus (Linnaeus, 1758) is a medium-sized caiman with a 

maximum body size of 2.7 m for males (Ayarzagüena, 1984). Females reach sexual maturity 

on average at 1.2 m (TL) and lay between 28 and 32 eggs during the annual rainy season. C. 

crocodilus is one of the most widely distributed caimans in the New World. It naturally occurs 

in 16 countries across the Americas (and additional 4 countries where it was introduced), its 

distribution ranges from Mexico to Peru and Brazil (Fig I.4). The species occupies a wide range 

of habitats such as rivers, creeks, lagoons, lakes, swamps, wetlands and marshes (Medem, 

1981). While it is considered by the IUCN as “Least concern” on a global scale (Balaguera-Reina 

and Velasco, 2019), the population in French Guiana is considered to decrease (IUCN France, 

2017) and C. crocodilus is mostly found on the coastline. 

 

Figure I.4. Pictures of the Spectacled caiman Caiman crocodilus from French Guiana and map of the distribution 
range of the species. (Data provided by the IUCN Red List; Pictures from J. Lemaire).  
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The Black caiman Melanosuchus niger (Spix, 1825) is the biggest caiman species with adult 

individuals up to 4-5 m. Females reach sexual maturity at approximately 2.0 m, and the nesting 

period appears variable across the distribution range with 30 to 60 eggs being laid. M. niger 

has a geographic distribution across 7 countries, but the population is segmented due to past 

hunting pressure for skin (Fig I.5). The species occurs in habitats such as blackwater rivers, 

lagoons, and lakes. Adults are easily recognisable by their black dorsal side while juveniles 

have yellow bands on the back. In French Guiana, the population is exclusively found in the 

Nature Reserve “Kaw-Roura” in a blackwater swamp and the Kaw river. Data on the French 

Guiana population is not available (IUCN France, 2017). 

 

 

Figure I.5. Pictures of the Black caiman Melanosuchus niger from French Guiana and map of the distribution range 
of the species. (Data provided by the IUCN Red List; Picture from S. Caut).  
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The Dwarf caiman Paleosuchus palpebrosus (Cuvier, 1807) is the smallest crocodilian with a 

maximal size for adult males between 1.6 to 1.9 m (Medem, 1981; Ouboter, 1996). Sexual 

maturity of females is around 60 cm SVL (at approximately 8 years) and depending on body 

size, they lay between 6 and 21 eggs in mound nests (Campos et al., 2012). The geographic 

range of P. palpebrosus extends on 11 countries from Venezuela to Paraguay and Brazil (Fig 

I.6). The species inhabits flooded forests, large rivers, small streams, and swamps. In French 

Guiana, data on the species is extremely limited and the population trend is classified as 

decreasing (IUCN France, 2017).  

 

The Smooth-fronted Caiman Paleosuchus trigonatus (Schneider, 1801) is a small secretive 

caiman with a maximal body size of 2.3 m (Medem, 1952). Females reach sexual maturity at 

Figure I.6. Pictures of the Dwarf caiman Paleosuchus palpebrosus from French Guiana and map of the 
distribution range of the species. (Data provided by the IUCN Red List; Pictures from D. Oudjani).  
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approximately 60 cm SVL (estimated at 11 years) and build mound nests adjacent to termite 

mounds to maintain stable, elevated temperature of the eggs (10 to 25 eggs) during 

incubation period (Magnusson and Lima, 1991). Preferred habitats of P. trigonatus are forest 

streams with running water, with a particularity to use terrestrial burrows and wood debris 

for shelter during daytime (Lemaire et al., 2018a). The species occurs in 9 countries around 

the Amazon region from Venezuela to Bolivia and Brazil (Fig I.7). In French Guiana, populations 

are declining (IUCN France, 2017).  

 

 

 

 

Figure I.7. Pictures of the Smooth-fronted caiman Paleosuchus trigonatus from French Guiana and map of the 
distribution range of the species. (Data provided by the IUCN Red List; Pictures from A. Pasukonis).  
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Capture and sampling methods  

 

Caimans are discrete predators that are difficult to be detected in their environment despite 

their large adult size. However, they have a retina composed of a particular layer, the tapetum 

lucidum, which increases nocturnal vision. Due to this membrane, their eyes appear “orange” 

when shone on directly. During night-time and either on the ground or from a boat, lamps 

were used to detect and approach individuals, which were further captured directly by hand 

or with a capture pole. Several morphological measurements are recorded, including the 

snout-vent length (SVL), the total length (TL) and the weight of the individual; to avoid any 

bias, measurements were exclusively performed by J. Lemaire. Claw samples were taken 

randomly at the posterior legs, tail scute samples of < 1cm were taken using pliers for clipping 

the samples, and never exceeded 50 % of the total scute size. Scutes which were clipped to 

mark the captured individual were therefore not the same for all animals as they follow a 

consecutive identification code. Blood samples were drawn either through the occipital 

venous sinus or through the lateral tail vein, depending on the size of the animal. After 

sampling, each individual was released at its capture location.  
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CHAPTER II. 

Quantification of mercury and bioaccumulation 

patterns 

 

 

Smooth-fronted caiman (Paleosuchus trigonatus) feeding on an Emerald tree boa 
(Corallus caninus) in Nouragues reserve, French Guiana. Photo: A. Pasukonis 
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Mercury is known to biomagnify across the entire food web and to bioaccumulate in top 

predators (Eagles-Smith et al., 2018). In several taxa, a major pathway of Hg contamination is 

through their diet (Lavoie et al., 2013; Wiener, 2013). Despite extent available information on 

vertebrates, reptile taxa (excluding birds) are poorly studied regarding Hg contamination and 

pathways of bioaccumulation, therefore factors that influence Hg concentrations remain 

understudied (Schneider et al., 2013). This is particularly true for crocodilians, where data on 

Hg bioaccumulation and exposure pathways are not documented well. Additionally, methods 

to investigate Hg contamination are not standardised, and information on the applied 

procedures are generally lacking, which makes comparison between studies, species and 

tissues difficult.  

 

The present chapter focuses on the quantification of Hg across different tissues, which 

represent different integration time of Hg, and proposes standardisation across future studies 

to allow reliable comparison (paper 1). Further, the present chapter investigates the 

different factors that can influence patterns of Hg contamination and bioaccumulation across 

individuals and species (paper 2). Lastly, we applied methodology drawn from the two 

previous papers on the Black caiman Melanosuchus niger (paper 3).  

 

 II.1. Variation of Hg between different tissues 

 

State of the art:  

Mercury contamination has been found in all studied crocodilian species, and in several 

tissues (e.g., blood, muscles, internal organs, and keratinized tissues), depending on the study. 
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Additionally, the associated methodologies (e.g., sample preparation and choice of the 

studied tissue) are variable: Hg concentrations are either presented as the concentration 

relative to the wet or dry weight of the sample, which limits straightforward comparisons 

between studies. Further, many species are now classified by the IUCN as “In danger of 

extinction”, which supports the development of specific, non-lethal, and minimally invasive 

sampling methods in order to assess their Hg contamination level and its effects. 

In this context, I have selected different tissues (claws, scutes and total blood) that can be 

obtained by minimally invasive methods. The assessment of moisture content, and the 

influence of sample preparation on its Hg quantification lead to providing an recommendation 

on harmonising Hg assessment across multiple matrices. 

I also compared Hg concentrations between tissues (full scutes, scute keratin layers, claws, 

total blood and red blood cells) to evaluate the use of minimally invasive sampling methods. 

Paper 1 establishes the basis of Hg assessment across tissues and gives a first overview of Hg 

contamination in caimans from French Guiana.  

 

Results and discussion:  

 

Moisture content 

Moisture content showed a strong inter- and intraspecific variability between tissues. 

Between species, moisture content varied for claws (Kruskal-Wallis: X2 = 22.79, p < 0.001, n = 

57) and full scutes (Kruskal-Wallis: X2 = 10.66, p < 0.005, n = 58), but not for total blood 

(Kruskal-Wallis: X2 = 1.11, p = 0.57, n = 31). Claws contain both alpha- and beta-keratin and 

present the lowest moisture content, whereas scutes are mainly composed of beta-keratin in 

association with osteoscutes and connective tissues, which increases the water content 
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(Richardson et al., 2002). A relatively large variation of moisture content in fresh samples can 

induce variation in terms of Hg concentration. This seems particularly the case for keratinized 

tissues, whereas moisture content in blood samples was less variable. Our assessment of 

moisture content in various tissues suggests that the use of dry samples for Hg quantification 

should be favoured to facilitate future, large-scale comparison in crocodilians. Alternatively, 

moisture content of tissues should be specified when Hg concentrations are expressed in wet 

weight, in order to allow conversion between units. 

 

Hg concentration: Scute keratin layers versus full scutes  

Several studies have investigated Hg concentration in crocodilians scutes (Jagoe et al., 1998; 

Lázaro et al., 2015; Schneider et al., 2015; Buenfil-Rojas et al., 2018), but detailed information 

on which part of the scutes had been used for analysis is generally missing, which precludes 

further comparison (Schneider et al., 2015). Our results have shown that Hg concentrations 

significantly differ between full scutes (combination of keratin, bone and connective tissues), 

and keratin layers, in two of our studied species (Paired t-test: C. crocodilus, t = -5.44, p < 

0.001; P. trigonatus, t = -4.71, p = 0.02; P. palpebrosus, t = -2,18, p = 0.12, Fig II.1), with the 

highest concentrations in the keratin layer. To enable comparisons between studies, 

standardisation of the layers that are used for scute analysis is therefore preferred. In this 

respect, our results suggest that selecting the keratin layer should be favoured, to avoid 

including an unknown quantity of other matrices such as bone or connective tissues. Further, 

by providing a predictive equation (Hg (µg.g-1 dw) scute keratin layers = 0.525 x Hg (µg.g-1 dw) 

full scute + 0.321) of the relationship between Hg concentrations found in full scute and scute 

keratin layer of C. crocodilus, we offer a useful tool to compare studies which were using both 

tissues (both dry) of this species.  
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Relationship between tissues 

In all species, Hg concentrations were different between tissues, and always higher in scutes 

and claws than in the RBCs and total blood (Friedman ANOVA: P. trigonatus, X2 = 20, p < 0.001; 

C. crocodilus, X2 = 91.33, p < 0.001; P. palpebrosus, X2 = 19.04, p < 0.001, Fig II.2). 

Blood is involved in the transport of Hg to different organs and represents recent Hg exposure 

of the animal. In crocodilians, Hg concentrations in the blood are known to be related to Hg 

concentrations of internal tissues, which is explained due to the dynamic transfer in tissues 

involved in elimination (e.g., keratinized tissues), excretion (e.g., kidneys), detoxification (e.g., 

liver), and storage (e.g., muscle) (Eggins et al., 2015; Nilsen et al., 2017a). In contrast to blood, 

keratinized tissues reflect long-term exposure due to a non-reversible binding of Hg to the 

Figure II.1. THg concentrations measured in full scutes and scute keratin layers (µg.g-1 dw) of the Spectacled caiman 

C. crocodilus (A: n = 26, paired t-test: t = -5.44, p < 0.001), the Smooth-fronted caiman P. trigonatus (B: n = 4, paired 

t-test: t = -4.71, p = 0.02) and the Dwarf caiman P. palpebrosus (C: n = 4, paired t-test: t = -2.18, p = 0.12), in French 

Guiana. Each pair of connected dots corresponds to one individual. 
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sulfhydryl residues of keratin (Schneider et al., 2015; Lázaro et al., 2015; Marrugo-Negrete et 

al., 2019). Indeed, our results showed that the relationship between body size and Hg 

concentration in the blood of caimans were variable: They were related to short-term 

variation in the diet of the individual, while the relationship between body size and keratinized 

tissues were more stable, due to the bioaccumulation, and the extremely slow excretion 

process. 

This emphasises the complementary assessment of Hg concentrations related to both long-

term integration (i.e., keratinized tissues) and short-term exposure (i.e., blood) which can be 

beneficial in biomonitoring studies. 

 

 Figure II.2. THg concentrations measured in claws, scutes, red blood cells (RBCs) and total blood (µg.g-1 dw) of 

the Spectacled caiman C. crocodilus, the Dwarf caiman P. palpebrosus and the Smooth-fronted caiman P. 

trigonatus, in French Guiana.  
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Conclusion:  

These results emphasise standardised evaluation of Hg concentrations in crocodilians. The 

moisture content variation between tissues, and individual animals, increases the variation in 

reported Hg concentrations, and hence precludes reliable comparison between studies. In 

addition, these results emphasise analysis of scute keratin layers rather than full scutes in 

order to provide less variable, but more reliable values of long-term Hg contaminations in 

caimans. Finally, the simultaneous use of both blood and keratinized tissues offers 

quantification of Hg exposure on different time scales in crocodilians by minimally invasive 

sampling methods. 

 

 II.2. Factors influencing Hg concentrations 

 

State of the art: 

Mercury is naturally present in the environment, and its levels are drastically increasing due 

to human activities. In South America, Hg is naturally present in high concentrations due to 

geology and because in most countries, mining activities and industrial processes have 

strongly increased, resulting in massive Hg discharges into the environment (Guedron et al., 

2009). Top predators such as fish, birds, mammals and reptiles have successfully been used as 

bioindicator organisms to monitor Hg contamination in different habitats by using a variety of 

tissues that integrate exposure information, depending on their physiological role. 

Crocodilians can be used to monitor the environmental contamination by trace elements 

(Nilsen et al., 2019). Among trace elements, Hg is known to naturally contaminate neotropical 

caimans due to its natural occurrence in the region. Therefore, it is crucial to evaluate factors 
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influencing its levels to better assess the role of caimans as bioindicators of Hg contamination 

of the environment, and potential impacts of this trace element on the species. 

To evaluate factors that influence Hg contamination in caimans, I have used the four caiman 

species present in French Guiana, which allows to work at the population level and make 

generalisation more reliable. Paper 2 evaluates the influence of individual morphology and 

trophic ecology on Hg concentrations, in order to give a better understanding on Hg 

contamination when caimans are used as bioindicators. 

 

Results and discussion:  

Mercury was detected in all samples, which indicates that all caiman species in French Guiana 

are contaminated. This finding was not surprising, as forest soils in the area are known to 

contain high natural Hg concentrations, with an average of 0.30 µg.g-1 dw. (Richard et al., 

2000). In the present study, C. crocodilus presented higher blood Hg concentrations in French 

Guiana than individuals with a similar body size from Brazil and Colombia (Eggins et al., 2015; 

Marrugo-Negrete et al., 2019) and in addition, blood Hg concentrations in M. niger were also 

higher than values which have been found in Brazil (Eggins et al., 2015). We cannot make 

comparison regarding blood Hg concentrations in P. trigonatus and P. palpebrosus, as there is 

no published data. Mercury is well known for its ability to biomagnify through the food web 

and bioaccumulate in top predators due to the low excretion rate (Lavoie et al., 2013). We 

assume that concentrations found in caimans from French Guiana, which were higher 

compared to other studies, were caused by high environmental Hg concentrations in the 

associated food chain, or were the result of a long trophic chain that can increase the 

biomagnification process (De Almeida Rodrigues et al., 2019). In all species, mercury 

concentration increases with body size (Fig II.3), which highlights an accumulation over time. 
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Indeed, crocodilians being ectothermic vertebrates, display indeterminate growth, and as a 

consequence, age and size correlate in general. The positive relationship between Hg 

concentration in the blood and the body size, was in accordance with a previous study from 

Eggins et al. (2015) on M. niger in Brazil, but contrary to previous studies for C. crocodilus in 

Brazil and Colombia (Eggins et al., 2015; Marrugo-Negrete et al., 2019). Hg blood 

concentration is considered to represent a relatively recent contamination (Schneider et al., 

2015); a recent change in the environmental Hg contamination, a change in the origin of the 

prey (e.g., terrestrial versus aquatic, hunting ground), or a remobilisation of reserves which 

 Figure II.3. Relationships between the body size (total length in cm) and the Hg concentration (Log µg.g-1 dw) 

of the Spectacled caiman C. crocodilus (R2 = 0.112, p = 0.053), the Black caiman M. niger (R2 = 0.628, p < 

0.001), the Dwarf caiman P. palpebrosus (R2 = 0.768, p = 0.051) and the Smooth-fronted caiman P. trigonatus 

(R2 = 0.353, p = 0.006), in French Guiana.  
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contain Hg could explain the inconsistent relationship between body size and Hg 

contamination. 

 

Our results showed that variation of Hg concentrations was explained by a species` 𝛿15N, a 

proxy of the consumers’ trophic position. Additionally, the relationships between blood Hg 

concentrations and 𝛿15N for P. trigonatus, P. palpebrosus and M. niger supported these results 

(Fig II.4). Differences in 𝛿15N values between species can be explained by the diverse trophic 

M. niger 
 

P. palpebrosus 
 

P. trigonatus 
 

 Figure II.4. Relationships between the body size (total length in cm) and the 𝛿15N (‰) of the Dwarf caiman P. 

palpebrosus (R2 = 0.877, p = 0.019), the Smooth-fronted caiman P. trigonatus (R2 = 0.611, p < 0.001), and the 

Black caiman M. niger (R2 = 0.391, p < 0.001), in French Guiana.  
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ecology of the four caiman species, which avoids interspecific competition (Magnusson et al., 

1987; Moldowan et al., 2016; Villamarín et al., 2017). Our results highlighted that trophic 

levels, which were assessed via 𝛿15N levels, are an explanation for the source of variation in 

Hg contamination between caiman species. Results of Hg concentrations can be particularly 

concerning regarding their deleterious effects, which have already been reported in several 

other taxa, such as reproduction impairment and alteration of physiological functions (Day et 

al., 2007; Morcillo et al., 2017; Evers, 2018). Individual trophic levels are important factors 

that should be considered when crocodilian species are used to assess Hg contamination. 

 

Conclusion 

The trophic ecology and in particular, the trophic level were identified to be the principal 

factors influencing Hg contamination in the four caiman species. The trophic level explained 

interspecific Hg concentrations, which highlights the necessity to additionally evaluate an 

organism’s trophic ecology when caimans are used as bioindicators in environmental studies. 

Furthermore, body size is another major element to be taken in account when caimans are 

used as Hg bioindicators due to the Hg accumulation over time. 

 

 

 II.3. Case study: The Black caiman 

 

State of the art:  

In South America, gold mining activities are the major sources of Hg deposition into aquatic 

ecosystems (De Lacerda, 2003; Rocha et al., 2018; Ottenbros et al., 2019). Crocodilians are 

good candidates to monitor Hg contamination. They are long-lived predators, which results in 
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the accumulation of Hg over a lifespan of several decades. As ectothermic vertebrates, they 

display low metabolic rates, but high tissue conversion rates; two features that are expected 

to favour bioaccumulation of significant levels of Hg (Cook et al., 1991; Camus et al., 1998; 

Jagoe et al., 1998; Schneider et al., 2015; Nilsen et al., 2017a). Contrarily to highly mobile 

individuals such as migratory fish or birds, crocodilians are relatively sedentary (Magnusson 

and Lima, 1991; Fujisaki et al., 2014; Caut et al., 2019). Hg concentrations in their tissues 

reflect the contamination of their environment at a relatively small and precise spatial scale, 

and the use of different tissues provides information on different time scales. In addition, 

sample collection from crocodilians is rather uncomplicated as there is sufficient tissue that 

can be sampled, with comparatively little impact on the individual.  

Paper 3 serves as a case study which uses information from the two previous papers and 

investigates Hg concentrations in the only known M. niger population in French Guiana, and 

the potential capacities to use caimans to biomonitor their environment. 

 

Results and discussion: 

Our results have shown a positive relationship between Hg concentrations in the blood, and 

the body size (TL) of M. niger (Linear regression, F1-70 = 92.37, p < 0.001, R2 = 0.56, Fig II.5). 

Through the blood, mercury is transported to different tissues, and due to the dynamic 

transfer between them, blood Hg values reflect concentrations in the internal organs. Age and 

size are generally correlated (i.e., Eaton and Link, 2011), though in wild populations, detailed 

information on age is rarely available. As shown in several studies, the relationship between 

body size and Hg concentration indicates a Hg bioaccumulation across the life of an individual 

(Yanochko et al., 1997; Burger et al., 2000; Schneider et al., 2015). However, such results have 

not been found in other studies (Rainwater et al., 2007; Marrugo-Negrete et al., 2019). 
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Due to the close relation of blood Hg concentrations and the diet of an individual, recent 

changes in the diet could explain variable relationships with the body size of the animals, in 

addition remobilisation of reserves which contain Hg can influence the Hg concentration. In 

this respect, the diet of the animal is to be considered when Hg concentration is assessed in 

the blood. Our results have shown that Hg concentrations are linked to 𝛿15N values (Linear 

regression, F1,70 = 58,74, p < 0.001, R2 = 0.45; Fig II.6): Results indicated that Hg concentrations 

were dependent of the ontogenetic change in the trophic position of M. niger (Caut et al., 

2019). However, our results did not shown relationships between Hg concentration and 𝛿13C 

(Linear regression, F1,70 = 1,13, p = 0.27, R2 = -0.003), which showed that the ontogenetic 

Figure II.5. Relationship between the total length (in cm) and Hg concentration (µg.g-1 dw) measured 

in the blood of the Black caiman M. niger from French Guiana (Linear regression, F1,70 = 92.37, p < 

0.001, R² = 0.56). 
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change in M. niger’s foraging ecology did not include a change in foraging habitats in the 

studied population.  

We did not find any seasonal variation (Paired t-test, t = 0.38, p = 0.70) on Hg concentration, 

nor any variation between males and females (Paired t-test, t = 1.09, p = 0.28). While 

variations between males and females were expected due to maternal transfer of Hg to the 

eggs during vitellogenesis, which can lead to a lower Hg load in females, it appeared that this 

process was not significant enough to be detected. 

It is important to emphasise that relatively low turn-over rates of erythrocytes in crocodilians 

might have obscured putative influences of sex and season on Hg levels. Blood is known to 

reflect short-time exposure in birds and mammals, with an erythrocyte lifetime of up to two 

months in birds, and up to four months in mammals (reviewed in Rodnan et al., 1957; 

Monteiro and Furness, 2001). In crocodilians, the lifetime of erythrocytes is approximately 

300 days, but can last up to 3 years (Cline and Waldmann, 1962). 

Figure II.6. Relationship between Hg concentration in the blood (µg.g-1 dw) and stable isotope ratios of a.) 𝛿15N 

(‰) (linear regression, F1,70 = 58.74, p < 0.0001, r² = 0.45) and b.) 𝛿13C (‰) (linear regression, F1,70 = 1.13, p = 0.27, 

r² = -0.003) of the Black caiman M. niger from French Guiana. 
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Mercury concentrations in the blood of M. niger in French Guiana (1.284 ± 0.672 µg.g-1 dw) 

were higher than in other South American species, which displayed a maximum value of 0.234 

± 0.078 µg.g-1 dw (Marrugo-Negrete et al., 2019). Limited data is available from this 

geographic region, which makes comparison difficult. The levels of Hg concentration and their 

impact on the populations of other species need to be monitored. 

 

Conclusion 

Mercury concentrations in M. niger were high enough to raise concern. Our results showed 

that a change in the trophic position has a significant impact on the level of Hg contamination 

between juveniles (feeding on low trophic-level prey) and adults (feeding mostly on high 

trophic-level prey). It therefore appeared essential to take their diet into account when 

comparing levels of Hg contamination between different sites or populations. Results highlight 

the need of future studies to assess whether the Hg concentrations we have found in M. niger 

pose a threat to the species. In addition, the use of blood of M. niger is relevant to determine 

Hg concentrations within the population and suggests that the species can be used as a 

bioindicator of environmental contamination. 

 

 II.4. Summary 

 

• Hg quantification in scutes is more accurate when assessed in keratinized layers. 

• Comparison of Hg concentrations between tissues is more reliable when using dry 

weight. 

• Blood and keratinized tissues can inform on different time scales of Hg contamination. 



 

 
44 

 
 
 

Chapter II. Quantification of mercury and bioaccumulation patterns 
 

• Trophic ecology, particularly the trophic level, are main factors that influence Hg 

contamination in caimans. 

• It is essential to consider caiman body size during Hg contamination assessment. 

• Blood of M. niger is relevant to determine Hg concentrations in the population and 

further suggests that caimans can be used to monitor environmental Hg 

contamination. 
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CHAPTER III. 

Effects of mercury contamination on caimans 

 
 

Smooth-fronted caiman Paleosuchus trigonatus, French Guiana. Photo: T. Foch 
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While Hg has been found in all studied crocodilian species, little information is available in 

regard of its effects on crocodilians. To gain knowledge on potential physiological effects of 

Hg contamination, which is already known to affect multiple physiological processes in 

vertebrates (see chapter I), I have adopted a generalist approach by using blood of Caiman 

crocodilus and a panel of blood chemistry markers to identify the physiological parameters, 

and further mechanisms that are affected by Hg contamination. 

 In addition, as Hg has successfully been quantified in crocodilian eggs and was identified to 

be maternally transferred to them as in other vertebrates (Rainwater et al., 2002; Xu et al., 

2006; Du Preez et al., 2019; Nilsen et al., 2020), I used claws of recently hatched Paleosuchus 

trigonatus neonates to quantify the maternally transferred Hg and to avoid egg destruction. 

Body size of neonates was used as a parameter to assess a potential disruption during 

embryonic development due to Hg exposure.  

This chapter on the effects of Hg contamination on caimans encompasses the results and the 

discussion of the paper 4 and paper 5. 

 

 III.1. Physiological effects of Hg contamination 

 

State of the art:  

Providing information on Hg contamination levels and distribution is critical, nevertheless one 

of the current challenges is to quantify how Hg can affect physiological functions in 

crocodilians, and to further understand potential consequences. Mercury has detrimental 

effects on reproductive, renal, and hepatic functions and is recognised as an immune disruptor 

(Tan et al., 2009; Tartu et al., 2013; Whitney and Cristol, 2017). However, studies that 
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evaluated the effects of Hg in crocodilians are limited to negative effects on body condition in 

the American alligator Alligator mississippiensis (Nilsen et al., 2017b), and DNA damage 

related to Hg exposure in the Spectacled caiman Caiman crocodilus (Marrugo-Negrete et al., 

2019). To investigate potential effects of Hg on physiological processes, blood chemistry is a 

relevant tool which offers a generalised approach. Additionally, blood sampling is non-lethal 

and can be performed relatively easily (see chapter II). Relationships between Hg 

concentrations and blood chemistry parameters in Caiman crocodilus were expected, but no 

prediction on the affected physiological processes was emitted. Paper 4 constitutes the first 

approach on physiological processes which are impacted by Hg contamination in crocodilians. 

 

Results and discussion:  

Hg concentration ranged from 0.168 to 1.532 µg.g-1 dw in the blood of juvenile Caiman 

crocodilus (SVL: 35.9 ± 7.7 cm), which indicated an early contamination. These levels were in 

the range of average Hg levels which were reported in many crocodilian species, making the 

present findings potentially generalizable. Natremia (Na+: R2 = 0.345, p = 0.005, Fig III.1) and 

chloremia (Cl-: R2 = 0.437, p = 0.053) were negatively affected by Hg contamination, which 

indicated a disruption of osmoregulatory processes. Mercury is known to disrupt 

osmoregulation in taxa such as fish and crustaceans (Bianchini and Gilles, 1996; Handayani et 

al., 2020), and Hg can act as an inhibitor of the Na+/K+-ATPase (Kramer et al., 1986; Magour, 

1986; Chuu et al., 2007). In term of osmoregulation, crocodilians can be separated in two 

groups: Crocodiles which have salt glands, and alligatorids (which include the species involved 

in the present thesis), where osmoregulatory processes occur in the kidneys (Mazzotti and 

Dunson, 1989; Grigg et al., 1998). Therefore, disruption of osmoregulation suggests a negative 
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effect of Hg on renal functions, which could have serious impact on a caiman’s capacity to 

maintain its hydromineral balance, a crucial mechanism for survival (Schmidt-Nielsen, 1983). 

Liver functions were also impacted by Hg contamination; the alkaline phosphatase, a liver 

cytoplasmic enzyme involved in hepatocytic functions, was disrupted by Hg contamination (R2 

= 0.601, p = 0.024, Fig III.2). Such results are consistent throughout studies, as in fish and 

rodents (Sastry and Sharma, 1980; El-Shenawy and Hassan, 2008). Additionally, Hg is known 

to be an endocrine disruptor in vertebrates, and caimans are not the exception; 

Corticosterone (CORT) levels were affected by Hg contamination (R2 = 0.276, p = 0.021, Fig 

III.3), such effects on CORT eventually lead to alteration of behaviour and reproduction. 

Figure III.1. Relationship between Hg concentration (Log µg.g-1 dw) and sodium (mmol.L-1, R2 = 0.345, p = 

0.005) in the blood of the Spectacled Caiman C. crocodilus, from French Guiana 
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Figure III.3. Relation between Hg concentration (Log µg.g-1 dw) and corticosterone (ng.mL-1, R2 = 0.276, p = 

0.021) in the blood of the Spectacled Caiman C. crocodilus, from French Guiana.  

Figure III.2. Relation between Hg concentration (Log µg.g-1 dw) and alkaline phosphatase (U.L-1, R2 = 0.601, p 

= 0.024) in the blood of the Spectacled Caiman C. crocodilus, from French Guiana.  
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Conclusion:  

These results provided the first evidence that Hg exposure in caimans cause detrimental 

effects on renal (osmoregulation), and hepatic functions, and endocrine processes. Further, 

Hg concentrations were in the same range as previously reported in several caiman species, 

suggesting that low concentrations of Hg in the blood can negatively affect some physiological 

processes in caimans, and in crocodilians in general. As it is already known that environmental 

contaminants negatively affect crocodilians, Hg is particularly worrying because it is closely 

related to gold mining activities that occur in the habitat range of crocodilians (e.g., South 

America, Africa). Finally, we found that other trace elements (Pb, Se, see Paper 4) were also 

involved in disruption of other physiological processes, which raised additional concern about 

the potential effect of several trace elements contaminants in wild caimans. 

 

 III.2. Transgenerational effects of Hg contamination 

 

State of the art:  

Mercury contamination is mainly influenced by the trophic ecology of an individual (see 

chapter II), but in vertebrates it can also be maternally transferred to the progeny (Bergeron 

et al., 2010; Heinz et al., 2010; Ackerman et al., 2017). In mammals, Hg is transferred through 

the placenta and via lactation during nursing, while in reptiles sensu lato (i.e., including birds), 

it can be transferred to the eggs during vitellogenesis. Maternal transfer of Hg is directly 

related to the female Hg burden (Akearok et al., 2010; Nilsen et al., 2020). In crocodilians, the 

first study which reported vertical (maternal) transfer of Hg during vitellogenesis was 
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performed on the American alligator Alligator mississippiensis in Florida (Nilsen et al., 2020). 

The current method to evaluate Hg transferred to the egg required egg destruction; to 

promote the use of non-lethal methods and to avoid egg destruction, we quantified Hg in 

claws of freshly hatched caimans. 

This is primordial for crocodilians where the first life stage is the most critical: The survival rate 

of hatchling crocodilians is very low, which can be partly explained as they are easily preyed 

on (Somaweera et al., 2013). Mercury contamination at an early developmental stage can 

negatively affect embryonic development, increase embryonic mortality, and can further 

affect physiology and behaviour of neonates (Wolfe et al., 1998; Scheuhammer et al., 2007; 

Cusaac et al., 2016). Therefore, potential effects of maternally transferred Hg to the eggs and 

neonates are of interest. 

To combine non-lethal sampling methods and the investigation of potential effects of Hg 

during embryonic development, focus was put on the variation of Hg, and body size of 

neonates between nests. Paper 5 constitutes the first study that investigated maternally 

transferred Hg by using claws of neonates as an alternative to sampling via egg destruction. 

 

Results and discussion: 

Hg concentrations varied between nests for claws (ANOVA: F3-34 = 225.44, p < 0.001), scutes 

(ANOVA: F3-34 = 154.4, p < 0.001) and egg membranes (ANOVA: F3-29 = 42.3, p < 0.001) (Table 

III.1). Within all tissues, claws presented the highest average concentrations (0.171 to 0.663 

µg.g-1 dw, 2.1 times more than scutes), which was likely due to the high affinity of Hg to thiol 

residues of cysteines in beta-keratin, where Hg fixes on the SH groups; scutes are not only 

composed of keratin, but also the underlying connectives tissues, which reduced Hg 
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concentrations that we found (see Chapter II for more information). A relationship between 

keratinized tissues and blood (scutes: F1-5 = 30.44, R2 = 0.83, p = 0.003 and claws: F1-5 = 23.68, 

R2 = 0.79, p = 0.005) of neonates was determined, which confirmed the use of keratinized 

tissues in neonate caimans as an efficient sampling method to assess Hg exposure. 

In addition, inter-nest variation of Hg concentrations was consistent between the different 

tissues (N1 > N4 > N2 > N3, Fig III.4). In neonates, keratinized tissues reflect Hg contamination 

due to maternal transfer during vitellogenesis and the exposure during embryonic 

development. 

Therefore, the observed variation in Hg concentrations in neonates between nests was likely 

the result of mothers that were contaminated to different degrees, and presumably indicated 

that the most contaminated female produced the most contaminated eggs. These findings 

were supported by the maternal transfer of Hg into eggs, which was already documented in 

several species, where the female Hg burden had a direct influence (Heinz et al., 2010; 

Ackerman et al., 2017). In crocodilians, the only study that already investigated maternal 

transfer found a vertical transfer to the egg yolk corresponding at 12.5% of the female blood 
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keratinized tissues and could therefore provide an additional 
less-invasive sampling method. 

5.2. Hg concentration between nests 

In neonates, keratinized tissues reflect Hg contamination due to 
maternal transfer during vitellogenesis and the exposure during em-
bryonic development. Our results show a significant variation of Hg in 
claws, scutes and shell membranes of Paleosuchus trigonatus neonates 
between different nests. The Hg variations observed in neonates be-
tween different nests are likely the result of maternal transfer and pre-
sumably indicate that the most contaminated female produced the most 
contaminated eggs. Maternal transfer of Hg into eggs has already been 
documented in several species where the concentration found in the 
eggs is directly influenced by the female Hg burden, which depends on 
its habitat and diet (Heinz et al., 2010; Ackerman et al., 2017). 

Mercury concentrations differ between egg compartments, with 
higher concentration found in the protein-rich albumen compared to the 
lipid-rich yolk. In crocodilians, several studies reported Hg contamina-
tion in different egg compartments (Rainwater et al., 2002; Xu et al., 
2006; Du Preez et al., 2018), but the relationship with the female Hg 
burden was never investigated. The first confirmation of vertical Hg 
transfer from the female to the eggs was recently shown in crocodilians 
with a concentration of Hg in egg yolk corresponding at approximately 
12.5% of the Hg concentration in the blood of the alleged mother (Nilsen 
et al., 2020). So far, no variation in the Hg concentration of males and 
females was found, suggesting that the elimination of Hg by the female 
through egg laying could be marginal or non-detectable (e.g. Jagoe 
et al., 1998; Burger et al., 2000; Vieira et al., 2011; Rivera et al., 2016; 
Lemaire et al., 2021). 

5.3. Relation between Hg concentrations and body size of neonates 

Our results show a significant difference in Hg concentration in all 
tissues, and a significant difference in body size (SVL and TL) of neonates 
between the 4 nests. The most contaminated nests yielded the smallest 
neonates (Fig. 3). In several animal species, Hg has effects on repro-
duction such as hormonal disruption, low quality of semen and altered 
embryonic development (Hammerschmidt et al., 2002; Frederick et al., 
1997; Homma-Tekada et al., 2001; Goutte et al., 2014a). The reduction 
of body size we measured might be associated with impaired embryonic 
development. Mercury alters the endocrine system in vertebrates and 
acts as an endocrine disrupter (Colborn et al., 1993; Wada et al., 2009; 
Meyer et al., 2014). Hg accumulates in the thyroid, testes and pituitary 
gland, where its concentrations are generally higher than in keratinized 
tissues (Tan et al., 2009). Hormones have an important function during 
the embryonic development, and a disruption of their regular activity 
has major consequences. The survival rate of hatchling crocodilians is 
very low: in the first stage of their life, they are easy prey for birds, 
mammals and adult crocodiles due to their small size (Somaweera et al., 
2013). We emphasize that the relationship we found between Hg 

Table 1 
Biometric data (in cm, Mean ! SD) and Hg concentrations (in !g.g"1 dw; Mean ! SD) in the tissues of Smooth-fronted Caiman Paleosuchus trigonatus neonates, and the 
eggshells and shell membranes from 4 different nests in French Guiana, and the Hg concentration (in !g.g"1 dw; Mean ! SD) in total blood of the alleged mothers. TL: 
Total Length; SVL: Snout-Vent Length; n: Number of samples.  

Nest TL (n) SVL (n) Hg Claws (n) Hg Scutes (n) Hg Total blood 
(n) 

Hg shell membranes 
(n) 

Hg eggshells (n) Hg Total blood alleged 
mother 

N#1 23.5 ! 0.5 
(15) 

12.5 ! 0.03 
(15) 

0.663 ! 0.071 
(15) 

0.251 ! 0.020 
(15) 

0.056 ! 0.007 
(4) 

0.040 ! 0.005 (11) 0.001 ! 0.000 
(3) 

– 

N#2 24.9 ! 0.3 
(7) 

13.0 ! 0.3 (7) 0.316 ! 0.038 
(7) 

0.147 ! 0.017 
(7) 

0.054 (1) 0.026 ! 0.002 (5) 0.001 ! 0.000 
(2) 

– 

N#3 25.4 ! 1.1 
(7) 

13.1 ! 0.4 (7) 0.171 ! 0.023 
(7) 

0.092 ! 0.008 
(7) 

0.032 ! 0.001 
(2) 

0.020 ! 0.004 (11) 0.001 ! 0.000 
(2) 

0.296 

N#4 24.8 ! 0.4 
(9) 

13.0 ! 0.3 (9) 0.331 ! 0.048 
(9) 

0.177 ! 0.024 
(9) 

– 0.032 ! 0.002 (6) 0.001 ! 0.000 
(5) 

0.640  

Fig. 2. Log10 Hg concentrations measured in claws (n $ 38) and scutes (n $ 38) 
of neonate Smooth-fronted Caimans, Paleosuchus trigonatus, and shell mem-
branes (n $ 33) from 4 different nests (N1, N2, N3 and N4) in French Guiana. 
The top and bottom of the boxes represent the first and last quartiles, the line 
across the box represents the median, the whiskers represent the fifth and 
ninety-fifth percentiles, and the circles represent outliers. 

Fig. 3. Log10 Hg concentrations (in !g.g"1 dw) measured in claws and scutes 
and Total Length (cm) of neonate Smooth-fronted Caiman, Paleosuchus trig-
onatus, from French Guiana from 4 different nests. Values are Mean ! SD. 

J. Lemaire et al.                                                                                                                                                                                                                                 

 

Table III.1. Biometric data (in cm, Mean ± SD) and Hg concentrations (in µg.g-1 dw ; Mean ± SD) in the tissues of  

Smooth-Fronted Caiman P. trigonatus neonates, and the eggshells and shell membranes from 4 different nest in 

French Guiana, and Hg concentrations (in µg.g-1 ; Mean ± SD) in the total blood of the alleged mothers. TL: Total 

Length; SVL: Snout-Vent Length; n: number of samples. 
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Hg burden (Nilsen et al., 2020). A relationship between keratinized tissues (claws and scutes) 

and shell membranes was observed, which indicated the potential use of shell membranes as 

an additional, less-invasive sampling method to assess a variation of Hg contamination 

between nests. 

Body sizes of neonates (SVL and TL) were different between the 4 nests (ANOVAs: SVL, F3-34 = 

8.5, p < 0.001 and TL, F3-34 = 17.0, p < 0.001), where the most contaminated nests yielded the 

smallest neonates (Fig III.5). In several species, Hg contamination is known to affect 

reproduction through hormonal disruption, low quality of semen and altered embryonic 

development (Frederick et al., 1997; Hammerschmidt et al., 2002; Goutte et al., 2014). The 

reduction of body size that we measured might be associated to impaired embryonic 

development. A reduction of hatchling size may affect the neonate survival, as they are easy 

prey in their first life stage, and survival rate of hatchling crocodilians is very low. Additionally, 

Figure III.4. Log Hg concentrations (µg.g-1 dw) in claws (n = 38) and scutes (n = 38) of neonate Smooth-fronted 

Caimans P. trigonatus, and shell membranes (n = 33) from 4 different nests (N1, N2, N3, N4) in French Guiana.  
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an early, relatively high Hg exposure can have long-lasting effects into adulthood, in 

interaction with a possible, later on occurring chronic exposure. 

 

 

Figure III.5. Log Hg concentration (µg.g-1 dw) measured in claws and scutes, and total length (cm) of neonate 

Smooth-fronted Caiman P. trigonatus, from 4 different nests in French Guiana. Values are Mean ± SD.  
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Conclusion:  

These results identified a sampling method using keratinized tissues to quantify foetal Hg 

exposure, and to evaluate maternal transfer in crocodilians. It also reinforced the fact that Hg 

contamination of the reproductive female has a direct effect on Hg concentration in its eggs. 

 In addition, Hg exposure during embryonic development may influence hatchling 

morphology, thus reducing survival and increasing susceptibility to later chronic exposure. 

 

 

 III.3. Summary  

 

• Mercury contamination in C. crocodilus is associated to disruption of osmoregulatory 

processes associated to kidney failure, hepatic functions, and the endocrine system. 

• Effects of Hg contamination on physiological processes in juvenile C. crocodilus already 

appear at low levels. 

• Sampling keratinized tissues such as claws is an effective method to quantify foetal Hg 

exposure, and can be used as an alternative to egg destruction in order to evaluate 

maternal transfer in caimans. 

• Hg exposure during embryonic development may influence morphology by reducing 

the body size of hatchling P. trigonatus. 
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CHAPTER IV. 

General discussion and perspectives 

Nouragues river, in the Nature Reserve “Les Nouragues”, French Guiana. Photo: J. Lemaire 
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 IV.1. Hg contamination in the South America context  

This doctoral thesis provides first published data on Hg contamination in the four caiman 

species in French Guiana. Mercury in blood and keratinized tissues is almost exclusively 

present in its MeHg form (Evers et al., 2005; Eagles-Smith et al., 2008; Renedo et al., 2017), 

therefore direct quantification of total Hg can be used as a proxy of its MeHg concentration. 

MeHg is the form which enters the food web, biomagnifies and bioaccumulates in organisms; 

in addition, MeHg is the most toxic form for human and wildlife (Rumbold, 2019). Results of 

Hg concentrations show that all caiman species are under Hg contamination at different 

degrees (Table IV.1). Our data completes information available regarding Hg contamination 

in South America crocodilians. Concentrations of Hg in the four French Guiana species are 

relatively high, compared to other studies and species where data from South America is 

already available (Table IV.1). 

 

Species Country Size 

Mean ± SD 

Min-Max 

n Tissue Hg concentration 

Mean ± SD 

Min-Max 

References 

Caiman crocodilus French Guiana 32.70 ± 13.57 

14.5-103 SVL 

40 Blood 0.605 ± 0.380 

0.089-1.532 

Present thesis 

Caiman crocodilus Colombia 57.2 ± 3.5 TL 22 Blood 0.234 ± 0.078a Marrugo-Negrete et al., 2019 

Caiman crocodilus Colombia 57.5 ± 6.8 TL 23 Blood 0.050 ± 0.025a Marrugo-Negrete et al., 2019 

Caiman crocodilus Brazil 80 ± 14 

62-105 SVL 

11 Blood 0.216 ± 0.227a 

0.072-0.864 

Eggins et al., 2015 

Caiman crocodilus French Guiana 32.70 ± 13.57 

14.5-103 SVL 

48 Claws 2.692 ± 1.608 

0.321-8.807 

Present thesis 

Caiman crocodilus Colombia 57.2 ± 3.5 TL 22 Claws 1.485 ± 0.664b Marrugo-Negrete et al., 2019 

Table IV.1. Review of Hg concentrations (µg.g-1 dw) reported in blood, claws or scutes of crocodilians from South 
America. TL stands for total length, SVL for snout-vent-length (both in cm).  
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Caiman crocodilus Colombia 57.5 ± 6.8 TL 23 Claws 0.360 ± 0.158b Marrugo-Negrete et al., 2019 

Caiman crocodilus French Guiana 32.70 ± 13.57  

14.5-103 SVL 

47 Scutes 2.638 ± 1.497 

0.307-7.407 

Present thesis 

Caiman crocodilus Colombia 57.2 ± 3.5 TL 22 Scutes 0.813 ± 0.359c Marrugo-Negrete et al., 2019 

Caiman crocodilus Colombia 57.5 ± 6.8 TL 23 Scutes 0.410 ± 0.163c Marrugo-Negrete et al., 2019 

Caiman crocodilus Brazil 80 ± 14 

62-105 SVL 

8 Scutes 5.855 ± 5.137c 

0.956-16.886c 

Eggins et al., 2015 

Caiman crocodilus Brazil 75 ± 10 

66-94 SVL 

7 Scutes 3.350 + 2.143 

0.050-7.150 

Schneider et al., 2015 

Caiman yacare Brazil, Paraguay 

River 

144 ± 27 SVL 17 Claws 1.141± 0.840b Lázaro et al., 2015 

Caiman yacare Brazil, B. Gomes 

River 

158 ± 22 SVL 22 Claws 2.625 ± 0.950b Lázaro et al., 2015 

Caiman yacare Brazil, Paraguay 

River 

144 ± 27 SVL 17 Scutes 0.159 ± 0.153c Lázaro et al., 2015 

Caiman yacare Brazil, B. Gomes 

River 

158 ± 22 SVL 22 Scutes 0.438 ± 0.263c Lázaro et al., 2015 

Paleosuchus palpebrosus French Guiana 38.12 ± 15.29 

16.5-62 SVL 

7 Blood 1.376 ± 0.986 

0.540-3.415 

Present thesis 

Paleosuchus palpebrosus French Guiana 38.12 ± 15.29 

16.5-62 SVL 

13 Claws 8.351 ± 4.965 

2.028 - 20.042 

Present thesis 

Paleosuchus palpebrosus French Guiana 38.12 ± 15.29 

16.5-62 SVL 

13 Scutes 7.647 ± 4.742 

0.789-15.628 

Present thesis 

Paleosuchus trigonatus French Guiana 33.32 ± 19.81 

10.90-81 SVL 

11 Blood 0.300 ± 0.178 

0.032-0.738 

Present thesis 

Paleosuchus trigonatus French Guiana 33.32 ± 19.81 

10.90-81 SVL 

50 Claws 2.420 ± 1.905 

0.147-7.509 

Present thesis 

Paleosuchus trigonatus French Guiana 33.32 ± 19.81  48 Scutes 3.332 ± 3.066 Present thesis 
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10.90-81 SVL 0.087-9.859 

Melanosuchus niger French Guiana 143.2 ± 61.3 

46-236 TL 

72 Blood 1.284 ± 0.672 

0.572-3.408 

Present thesis 

Melanosuchus niger Brazil 102 ± 27 

75-191 SVL 

12 Blood 0.173 ± 0.115a 

0.058-0.482 

Eggins et al., 2015 

Melanosuchus niger Brazil 102 ± 27 

75-191 SVL 

13 Scutes 3.473 ± 1.746c 

0.347-6.688 

Eggins et al., 2015 

Melanosuchus niger Brazil 106 + 28 

87-191 SVL 

13 Scutes 3.846 ± 2.815 

1.10-10.40 

Schneider et al., 2015 

Crocodylus moreletii Belize - Gold 

Button Lagoon 

89.8 ± 6.7 

65.0-129.5 SVL 

9 Scutes 0.164 ± 0.036c Rainwater et al., 2007 

Crocodylus moreletii Belize - New 

River Watershed 

104.4 ± 9.6 

59.5-156.7 SVL 

10 Scutes 0.121 ± 0.034c  Rainwater et al., 2007 

Crocodylus acutus Costa Rica 155.7 ± 5.5 

134.0-172.0 SVL 

6 Scutes 0.155 ± 0.045c Rainwater et al., 2007 

a: 3.6 factor conversion ww to dw 

b: 1.35 factor conversion ww to dw  

c: 1.66 factor conversion ww to dw 

 

Mercury concentrations are known to be influenced by multiple factors in the environment. 

In the aquatic environment, Hg is methylated to MeHg by bacteria at different rates, 

depending on environmental conditions such as water temperature, pH, anaerobic conditions 

and dissolved organic carbon concentrations (Power et al., 2002). One of the main limiting 

factors of the methylation process is the level of inorganic Hg present in the environment. The 

high Hg concentrations found in different tissues of French Guiana caimans, in comparison to 

other studies, can be explained by the geological natural richness of Hg in the local soils, by 

intensive gold mining activities, and by the atmospheric deposition which occurs in this area. 
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French Guiana is part of the Guiana Shield, an area which comprises Surinam, Guyana, the 

South-west of Venezuela, Colombia, and the North of Brazil. The Guiana Shield is geologically 

rich in trace elements, particularly in gold, and its exploitation since decades results in 

intensive gold mining activities which use Hg to facilitate the extraction process (Voicu et al., 

2001; Rahm et al., 2015). The use of Hg in gold extraction processes releases tons of the metal 

into the habitat and atmosphere (1.5 to 50 kg of Hg per kg of gold, WHO, 2016). French Guiana 

is one of the countries where artisanal, small scale gold mining activities are most active (see 

Fig IV.1), which can explain the high Hg concentrations that are found in caimans.  

 

Atmospheric deposition is known to be an important source of Hg with a wide discrepancy of 

deposition between regions, depending on the atmospheric pathways (Howard et al., 2017; 

Koenig et al., 2021). In South America, the most prominent atmospheric deposition (dry and 

wet) takes place on the west coast of the Guiana shield (Fig IV.2, Costa et al., 2012; Zhou et 

   Adaptable text 

 12   

Figure 2: Spatial distribution of forest cleared for mining expansion in the Guiana Shield 
during the period 2000-2013 (red). Result based on semi-automated analysis of more than 
2,500 satellite images (MODIS, Landsat and ALOS PALSAR).  

 
Image processing: SarVision. Satelite imagery courtesy of USGS/NASA, JAXA/METI.   

4.1.4 Ecological effects 
The toxicity of mercury poses a serious threat to sensitive and diverse ecosystems. In the tropical rainforest of the 
Guiana Shield the effects may be even more profound because evidence suggests that the higher temperatures, higher 
organic matter and increased biological activity associated with rainforest habitats increases the rate of mercury 
conversion to its more toxic form: methylmercury.10 Mercury causes negative effects across the entire spectrum of the 
ecosystem. It induces root damage in plants, inhibiting their water and nutrient supply. It adversely affects breeding in 
many bird species resulting in fewer eggs being laid and higher embryo mortality.11 It is a potent neurotoxin to mammals 
causing, amongst other things, negative behavioural, hormonal and reproductive changes.12  
In the Guiana Shield elevated mercury levels have been discovered in every environmental compartment researched: 
soil, aquatic sediment, wildlife and people, showing how widespread the problem is. The contamination is highly 
correlated with ASGM activities, demonstrated by elevated levels of mercury in the direct vicinity of ASGM operations.13 
This has a direct, negative effect on the immediate surroundings. However, mercury pollution is not only a local problem. 
Pollution does not respect human boundaries, and mercury can be equally prevalent in designated areas of conservation 
as in the known contamination sites surrounding the mining operations.14  
The movement of mercury-contaminated water is an international concern. Gold mining activities in Brazil discharge 
nearly 40 tons of mercury annually, with significant pollution risks to the Amazon Basin, the largest drainage system in 
the world.15 Currents also transport mercury-polluted water from Brazil to the coasts of the Guianas and onwards into 

                                                                    
10 Lacerda, L.D., and Salomons, W. (1998). Mercury from gold and silver mining: a chemical time bomb? Springer-Verlag, Berlin (1998). 
11 Boening, D.W. (2000). Ecological effects, transport, and fate of mercury: a general review. Chemosphere 40.12 (2000): 1335-1351. 
12 Scheuhammer, A.M., et al. (2007). Effects of environmental methylmercury on the health of wild birds, mammals, and fish. AMBIO: A 

Journal of the Human Environment 36.1 (2007): 12-19. 
13 Gray, J.E., et al. (2002). Mercury and methylmercury contamination related to artisanal gold mining, Suriname. Geophysical Research Letters 

29.23 (2002): 20-1. 
14 Howard, J., et al. (2011). Total mercury loadings in sediment from gold mining and conservation areas in Guyana. Environmental monitoring 

and assessment 179.1-4 (2011): 555-573. 
15 Spiegel, S.J., and Veiga, M.M. (2005). Building capacity in small-scale mining communities: health, ecosystem sustainability, and the Global 

Mercury Project. EcoHealth 2.4 (2005): 361-369. 

Figure IV.1. Spatial distribution of forest cleared for mining expansion in the Guiana Shield between 2000 
and 2013 (in red) adapted from Veening et al., 2015.  

French Guiana  
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al., 2021). This important atmospheric deposition increases Hg loads in ecosystems, and when 

Hg is finally methylated in the aquatic environment, its bioaccumulates in organisms and 

biomagnifies through the food webs.  

The combination of geological natural Hg, gold mining activities and atmospheric deposition 

mainly explains the high Hg concentrations found in caimans from French Guiana. However, 

regarding French Guiana, the differences in Hg concentrations found between species are not 

exclusively related to these factors.  

 

 IV.2. Can caimans be used to monitor Hg contamination? 

 

Crocodilians are often considered as good candidates to monitor environmental Hg: They are 

top predators with an ectothermic metabolism, they inhabit aquatic ecosystems and display 

sedentary and territorial behaviour (see chapter I). However, the methodology to evaluate Hg 

Figure IV.2. Annual mercury deposition (wet plus dry, Hg(0) in µg.m-2.yr-1) over the world. From Zhou et al. 
2021.  

0123456789();: 

In the absence of Hg uptake by vegetation, atmos-
pheric Hg(0) concentrations increase and pronounced 
seasonal variations are lost (yellow lines, FIG.!6b and 
Supplementary Figs!4–7). In the Southern Hemisphere, 
more variable and less distinct seasonal cycles of Hg(0) 
are reported (FIG.!6c; Supplementary Fig.!9). These 
model results are consistent with a previous global 
analysis of atmospheric data that concluded that sea-
sonality in Hg(0) was strongly related to leaf area cover, 
and that summertime minima at remote sites in the 
Northern Hemisphere were best explained by seasonal 
vegetation uptake22.

Global Hg deposition is largest in areas of high 
atmospheric Hg concentrations associated with anthro-
pogenic emission regions (such as Southeast Asia) and 
areas of high biomass production (such as the Amazon 
region and the Congo Basin) (FIG.!5c). GEM- MACH- Hg 
estimates of annual (median) dry deposition Hg fluxes 
to major global biomes are as follows (see compari-
son with litterfall- inferred values in Supplementary 
Table!2)190: tropical moist broadleaf forests: 27.3 !g m"2 
per year; tropical dry broadleaf forests: 24.6 !g m"2 per 
year; temperate broadleaf/mixed forests: 18.3 !g m"2 
per year; tropical grasslands: 16.4 !g m"2 per year, tem-
perate conifers: 14.3 !g m"2 per year; temperate grass-
lands: 9.2 !g m"2 per year; boreal forests: 8.3 !g m"2 
per year; and Arctic tundra: 4.2 !g m"2 per year.  
Under estimation of model deposition to vegetation 
in tropical forests might be linked to the adsorption 
of wet deposition on foliage55,140, as partitioning of Hg  
wet deposition#between foliage and ground is currently  
not represented in models.

Moreover, there are uncertainties in the analyses 
here related to the representation of redox processes 
and heterogeneous Hg chemistry in terrestrial compo-
nents such as vegetation, soils and snow (reflected in the 
estimated range of fluxes), as well as legacy Hg cycling 
in soils (such as from past deposition), which was not 
examined. Overall, the impacts of vegetation on legacy 
Hg fluxes are complex and require further knowledge 
of terrestrial Hg accumulation, speciation and lifetime 
for formulations in three- dimensional atmosphere– 
land–ocean biogeochemical models238,239 (Supplementary 
Information).

Summary and future perspectives
Vegetation uptake of atmospheric Hg is the most 
important Hg deposition pathway to the terrestrial 
environment. Studies based on Hg stable isotopes, 
enriched isotope tracer experiments, laboratory and 
ecosystem- level flux measurements, and model simula-
tions consistently show that approximately 90% of Hg in 
foliage originates from the uptake of atmospheric Hg(0). 
Ultimately, atmospheric Hg taken up by vegetation and 
deposited to soils is transferred to downstream aquatic 
freshwater ecosystems and coastal seas, representing a 
major source of Hg for aquatic organisms.

A number of areas require further research in order 
to improve our understanding of the processes con-
trolling Hg uptake by vegetation and its implications to 
global Hg cycling. In particular, assessment of the impact 
of climate and land use changes on global Hg cycling 
are currently hampered by a series of shortcomings in 
process understanding, observational constraints and 
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Fig. 5 | Global surface air concentrations and annual deposition of Hg. a | Global annual average surface air gaseous 
elemental mercury (Hg(0)) concentrations simulated by the GEM- MACH- Hg model for the year 2015 with vegetation cover 
present. Available observations of Hg(0) concentrations are indicated in circles; nearby sites are combined and replaced 
with median values. b | Simulation with vegetation cover absent. c | Simulated annual mercury (Hg) deposition (total wet 
and dry deposition) for the year 2015 with vegetation cover present (hatched areas indicate regions of forested vegetation).  
d | Simulated annual Hg deposition with vegetation cover absent. Observations from: CAPMoN, ECCC241; AMNet242; 
EMEP243; GMOS244; Mace Head245; Cape Point and Amsterdam Island246; Cape Grim247; Gunn Point248; Mount Lulin249.
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contamination in crocodilians is not yet harmonised across studies, and factors which 

influence contamination are not well studied either. In the present thesis, we highlight 

harmonisation of sampling methods and analyses. Most studies on Hg contamination in 

crocodilians have worked on wet weight tissues (e.g., Vieira et al., 2011; Correia et al., 2014; 

Nilsen et al., 2017a), which avoids time-consuming sample preparation, such as the drying 

process. However, our results show that tissues have high variability regarding moisture 

content, as it was also demonstrated in A. mississippiensis (Yanochko et al., 1997), which 

induces variation in Hg values. Working in dry weight, or determining precise moisture content 

of tissues, is essential to reliably assess comparisons between studies, tissues and individuals. 

Additionally, comparison of Hg concentrations between different vertebrate taxa is feasible. 

 

The different studied tissues are important in regard of their role in the organism (e.g., 

detoxification, excretion, storage), and the impact of the sampling method is often a limitation 

regarding ethical issues. While muscles have been used for decades to study Hg contamination 

in regard of the bushmeat status of crocodilians (e.g., Delany et al., 1988; Rumbold et al., 

2002; Rivera et al., 2016), the recent decline of many species leads to the use of non-

destructive and non-invasive methods (Lázaro et al., 2015; Schneider et al., 2015). 

Blood samples are commonly used in many vertebrate species, including crocodilians, to study 

Hg contamination: It is a minimally invasive method to access contaminants and further, 

sampling can be repeated over time (Chételat et al., 2020). The usefulness of blood to evaluate 

Hg contamination in caimans is reinforced by the present thesis, where Hg contamination has 

been successfully quantified in the blood of all studied species in French Guiana. Mercury in 

the blood of vertebrates is predominately present in its MeHg form, where it is bound to the 

erythrocytes (Oliveira Ribeiro et al., 1999; Henny et al., 2002; Bridges and Zalups, 2017), but 
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the ratio between MeHg and inorganic Hg in crocodilian blood is not available yet in literature, 

which adds uncertainty. 

Blood Hg is considered to represent recent exposure (relative to the diet) equal to the lifetime 

of erythrocytes, which is up to two months in birds, up to four months in mammals and up to 

17 months in turtles (reviewed in Rodnan et al., 1957; Monteiro and Furness, 2001). 

Information on erythrocyte turn-over rate in crocodilians is difficult to generalise because it 

had so far only been studied in A. mississippiensis, with an erythrocyte lifetime of up to 3 

years, depending on body temperature (300 days at 31°C and 1320 days at 17°C, Cline and 

Waldmann, 1962), which raises questions regarding integration time of Hg in crocodilian 

blood. The variability of erythrocyte life span in crocodilians, depending on temperature, is an 

interesting aspect because the four caiman species that are present in French Guiana are 

known to have a quite different ecology. While the body temperature of crocodilians is 

generally > 30°C (e.g., Caiman crocodilus yacare 30°C, Campos et al., 2005, and Alligator 

mississippiensis 32°C, Johnson et al., 1978), Paleosuchus palpebrosus is known to have a body 

temperature of 21.6°C (Campos and Magnusson, 2013). For Paleosuchus trigonatus, which 

inhabits forest streams with closed canopy, and is rarely observed sun basking (Lemaire et al., 

2018a), body temperature is unknown but expected to be low. It seems that erythrocytes can 

represent different time scales of Hg integration, depending on the thermal niche of the 

species, an aspect which needs particular attention in caimans from French Guiana where 

comparison of blood Hg concentrations might depend on species` thermal preferences. 

While blood is a relevant tissue to monitor relatively recent Hg exposure in crocodilians, which 

relates to its diet, the lack of precision regarding exact integration time it represents makes 

interpretation on contamination and exposure still difficult (e.g., seasonal variations, annual 

variations). 
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Crocodilians have a skin composed of a thick, keratinized layer which has a role of protection 

(Alibardi, 2003). Sampling keratinized tissues, such as claws and scutes, is an easy and non-

destructive method and in addition, tail scutes are commonly clipped in crocodilian studies, 

particularly in population surveys, for individual identification. Metabolically inert, 

keratinaceous tissues such as feathers, hair, nails, scales, scutes and claws are frequently 

sampled to quantify Hg contamination in vertebrates, and qualified as non-invasive sampling 

methods (Carravieri et al., 2014; Guillot et al., 2018; Lemaire et al., 2018b; Treu et al., 2018; 

Lettoof et al., 2021). 

Keratinized tissues contain high concentrations of Hg due to its affinity to the SH-groups of 

the cysteine amino acids which are abundantly contained in keratin (Alibardi, 2003; Alibardi 

and Toni, 2007). They are considered to reflect the long-term accumulation of Hg due to its 

non-reversible binding to the sulfhydryl residues of keratin (Lázaro et al., 2015; Schneider et 

al., 2015; Marrugo-Negrete et al., 2019). Additionally, Hg in keratinized tissues is present in 

its methylated form (Evers et al., 2005; Eagles-Smith et al., 2008; Renedo et al., 2017), which 

facilitated a more cost-effective approach by conducting analyses on total Hg. In birds, 

feathers are commonly used to investigate Hg concentrations, and are known to represent 

relative long-term Hg accumulation in relation to the molting patterns of the species (Furness 

et al., 1986). In crocodilians, Hg concentrations quantified in keratinized tissues such as scutes 

have been evaluated, though information on the actual part of the scute that was analysed 

are lacking in most studies (Schneider et al., 2015). The present thesis highlights the need for 

standardisation of the actual part that is analysed. Scutes are composed of keratin layers, 

conjunctive tissues and bones; when Hg is assessed in the entire scute, an unknown quantity 

of conjunctive tissues and bones makes results less precise, especially as bones are known to 
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contain low concentrations of Hg. To avoid including an unknown quantity of other tissues 

such as bone and conjunctive tissues, the evaluation of Hg needs to be performed on the 

keratinized layer only, a tissue that contains information on Hg long-term contamination. 

Further, claws and scutes grow continuously and are homogeneous in their structure, what 

makes interpretation easier (Eggins et al., 2015). However, unlike in birds where feathers 

represent the integrated contamination between consecutive molts, information on growth 

and erosion speed of keratinized tissues in caimans is not available, what makes precise 

temporal evaluation impossible. 

 

While each tissue deserves future studies to precise the temporal scale of Hg contamination 

that it represents, combining blood and keratinized tissues offers the opportunity to access 

different time scales of Hg contamination in an individual through minimally invasive 

methods, making caimans and their tissues a useful tool to monitor the environmental Hg 

contamination. Via these tissues, monitoring Hg contamination in caimans can provide 

information on potential recent changes in bioavailable Hg. However, to perform large scale 

Hg evaluations using caimans, information on factors that are influencing Hg contamination is 

needed. 

 

Caimans in French Guiana are represented by 4 species. In order to use them to monitor Hg 

contamination at a larger scale (e.g., comparison between geographic area, species, …), we 

need to understand the factors that potentially influence Hg contamination. In vertebrates, 

Hg concentrations relate to the age of an individual as MeHg is efficiently assimilated, but 

slowly eliminated by organisms, leading to its accumulation over time. In wild caiman 

populations, detailed information on age is rarely available. Crocodilians have continuous 
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growth, therefore age and size generally correlate (i.e., Eaton and Link, 2011). The present 

thesis has shown that body size is tightly related to Hg concentrations in keratinized tissues 

(long-term accumulation), though this finding cannot be generalised for blood (recent 

exposure). 

Blood Hg represents the contamination related to the diet of an individual (Wiener, 2013), 

which explains the lack of relationship with body size, as it depends on Hg concentrations of 

its prey. In many vertebrate taxa, Hg concentrations have been identified to be linked to 

trophic levels (evaluated by the 𝛿15N) (Lavoie et al., 2013; Chételat et al., 2020). Results of this 

thesis have demonstrated that this also applies for caimans, where Hg contamination is 

dependent on the trophic level of the individual (biomagnification). In caimans, diet has to be 

considered when Hg contamination is assessed: During their life, caimans increase their body 

size up to 20 times, which results in an important dietary shift between juvenile and adult life 

stages (Caut et al., 2019). Prey preferences are modified, further the prey origin (aquatic / 

terrestrial), and finally their Hg contamination levels. Information on the trophic levels of 

caiman species in French Guiana is relevant as it is known that they have adopted strategies 

to avoid interspecific competition, even by inhabiting different areas (e.g., Paleosuchus 

trigonatus in forest streams with closed canopy) or in partitioning food resources (dominant 

in terrestrial prey or in aquatic prey, Magnusson et al., 1987; Villamarín et al., 2017). 

Both their body size and trophic level are relevant information when caimans are used to 

monitor Hg contamination, and this makes species and area comparison more reliable in 

regard of a Hg contamination assessment (biomagnification/bioaccumulation). 

 

The present thesis provides the first understanding that those caimans are pertinent species 

to monitor Hg contamination by using non-lethal sampling methods (Fig IV.3). The combined 
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use of blood and keratinized tissues in crocodilians allows to access different time scales of Hg 

contamination, which can further be performed at a large geographical scale, when trophic 

position and body size are assessed.  

 

 

 

 

 

 

 

Figure IV.3. Caimans as Hg monitoring species. Information contained by tissues.  

 

Hg contamination via diet 

Blood sample 
 
 * Principal form of Hg in blood: MeHg 
 
 * Informs on relative recent Hg contamination through the diet  
 
 * Integration time of Hg depends on the species thermal preferences 
 
 * Hg concentration is in relationship to trophic level (𝛿15N) 

Keratinized sample 
 
 * Principal form of Hg in keratinized tissues: MeHg 
 
 * Informs on long-term Hg contamination  
 
 * In scutes: use only keratinized layers for Hg quantification 
 
 * Hg concentration relates to body size (accumulation over time) 
   

Claw Scute 
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 IV.3. Effects of Hg on caimans 

 

Toxic effect?  

Deleterious effects of Hg contamination in vertebrates are well documented, but studies 

focusing on reptiles are lacking. In crocodilians, Hg has been identified to reduce the body 

condition of A. mississippiensis in Florida, and to further cause DNA damages in C. crocodilus 

in Colombia (Nilsen et al., 2017b; Marrugo-Negrete et al., 2019). The present thesis highlights 

that despite their robust appearance, several physiological mechanisms are affected by Hg 

contamination in caimans from French Guiana. Hepatic and renal functions are disrupted by 

Hg contamination in C. crocodilus, effects that are not surprising because the liver and kidneys 

are often negatively affected by Hg contamination in many vertebrates (reviewed in Wolfe et 

al., 1998). Additionally, disruption of CORT levels has been identified in C. crocodilus in relation 

to Hg contamination, as it had frequently been shown in vertebrates (Tan et al., 2009). 

Physiological effects in C. crocodilus already appear at low blood Hg concentrations (0.676 ± 

0.414 µg.g-1 dw) of juvenile individuals, showing an early contamination with potential higher 

effects in adulthood when chronically exposed to Hg.  

 

Kidneys and liver are target organs for Hg and usually constitute the tissues with the highest 

concentrations of Hg in vertebrates (Yanochko et al., 1997; Campbell et al., 2005; Maury-

Brachet et al., 2006; Dietz et al., 2013): For instance, in A. mississippiensis from Florida, 

reported Hg concentrations were up to 36 µg.g-1 dw in kidneys, and up to 41 µg.g-1 dw in the 

liver (Jagoe et al., 1998). In French Guiana, kidney Hg concentrations were up to 25 µg.g-1 dw 

in C. crocodilus and up to 52 µg.g-1 dw in the liver of P. palpebrosus (unpublish data). Alteration 

of kidney functions are of great concern since this organ has an endocrine function, serves as 
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a blood filter, maintains calcium and phosphorus homeostasis, water and electrolytes levels, 

and blood pressure (Ganong, 2005). In mammals, kidney alteration in relation to Hg 

contamination has been reported (Bergman et al., 2001; Sonne et al., 2007; Rosa et al., 2008), 

and in renal tissues of bird, necrosis of proximal tubular cells has been identified (Ware et al., 

1975). Bird kidneys are presented as being more vulnerable to Hg contamination than 

mammal kidneys, which might be explained by the fact that birds have a renal portal system. 

Therefore, nervous blood from the terminal portion of the digestive tract flows to the kidneys, 

where in mammals, it flows to the liver (Wolfe et al., 1998).  

 

The liver plays a key role in the organism as it supports metabolic processes, synthesises 

plasma proteins, serves as a lymphatic and intestinal drainage, and is an endocrine and 

immunological modulator and storage site of energy (Ganong, 2005). Mercury contamination 

has been linked to liver histopathological damages in experimental studies and further in wild 

vertebrates, such as the Arctic beluga whale, Delphinapterus leucas (Woshner et al., 2002), 

and the Atlantic bottlenose dolphin, Tursiops truncates (Rawson et al., 1993). 

In addition, Hg is known to be an endocrine disruptor by accumulating in the pituitary gland 

and the thyroid and through the alteration of the endocrine systems in vertebrates (Tan et al., 

2009). Alteration of CORT levels of C. crocodilus is linked to Hg concentration as it was 

demonstrated in other vertebrates such as Zebra finches, Taeniopygia guttata (Moore et al., 

2014), the Common blackbird, Turdus merula (Meillère et al., 2016) or the Prairie vole, 

Microtus ochrogaster (Soto et al., 2019). The regulation of CORT production occurs via the 

HPA axis. The basal hypothalamus releases the corticotropin-releasing factor (CRF) which 

stimulates cells of the anterior pituitary gland to produce adrenocorticotropin (ACTH), which 

signals the adrenal gland to produce CORT. Mercury is known to accumulate in the 
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hypothalamus, pituitary and adrenal glands. In the adrenal gland, Hg has been identified to 

reduced cell viability (Ng and Liu, 1990). In this order, reduction of CORT levels in relationship 

to elevated Hg concentrations in C. crocodilus can be related to Hg inhibition in the CORT 

production process, however, experimental studies are needed to understand the 

mechanisms that are affects by Hg in caimans. Disruption of CORT levels has consequences on 

metabolism, behaviour and reproduction, and can potentially have repercussions at a 

populational level by reducing reproductive behaviour and success (Guillette et al., 1995). In 

addition, disruption of CORT can reduce a caiman`s capacity to adapt to a challenging 

situation. 

 

Disruption of normal physiological mechanisms in caimans can lead to important 

consequences on individuals, and further on populations. Although Hg contamination is 

related to a disruption of hepatic, renal and endocrine functions in caimans, the lack of data 

does not allow to evaluate if such levels of disruption are high enough to trigger detrimental 

issues in individuals, and to further propose a potential threshold of Hg toxicity. The present 

thesis is a starting point for further evaluation of the consequences of Hg contamination on 

physiological mechanisms. 

 

Effect on reproduction?  

Survival of a population is closely related to reproductive success. Repercussions of Hg 

contamination are generally related to a decrease of this success, through an alteration of 

reproductive behaviour (Frederick and Jayasena, 2011; Tartu et al., 2013) or through the 

decrease of hatchling success (Perrault et al., 2011; Hopkins et al., 2013). In fact, the impact 

of Hg on reproduction is important to apprehend: Crocodilians are oviparous animals which 



 

 
71 

 
 
 

Chapter IV. General discussion and perspectives 
 

lay eggs in nest in their environment, therefore the success of their reproduction partly 

depends on climatic conditions during embryonic development (Magnusson et al., 1985). The 

present thesis has investigated potential repercussions of Hg which was maternally 

transferred to the eggs, using a novel strategy which avoids egg collection and further 

destruction. Results have shown that a decrease of body size in hatchling caimans relates to 

Hg contamination, which implies impairment of normal, embryonic development due to Hg 

contamination. Embryonic development is a sensitive stage, its disruption can lead to strong 

repercussions for the survival of neonates. Mercury contamination in birds has been identified 

to cause detrimental effects on embryonic development, and later reduces hatchling success 

and survival of juveniles (Finley and Stendell, 1978), and can even have repercussions on 

future reproductive capacities in adulthood (Paris et al., 2018). In crocodilians, survival rates 

of juveniles are low; juveniles are exposed to several aquatic and terrestrial predators 

(reviewed in Somaweera et al., 2013), therefore a further reduction of hatchling size can have 

detrimental impact on survival. 

Additionally, as Hg is maternally transferred to the eggs during vitellogenesis (Nilsen et al., 

2020), the contamination level of females is an important factor which influences foetal Hg 

exposure. In this respect, populations with high Hg concentrations need particular attention. 

As previously discussed, caimans from French Guiana show the highest Hg concentrations in 

South American crocodilians, which raises concern about conservation aspects of the species. 

 

Hg excretion and detoxification?  

Vertebrates have different mechanisms to reduce the impact of Hg contamination, such as 

detoxification (e.g., demethylation process) and excretion (e.g., keratinized tissues, transfer 
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of Hg to their progeny) (Honda et al., 1986; Wang et al., 2017; Ackerman et al., 2020). 

However, information on Hg excretion and detoxification processes in reptiles is limited. 

 

Maternal transfer of Hg to the eggs is described in the present thesis as part of potential Hg 

elimination in caimans. During the vitellogenesis process, a female mobilises its reserves 

which contain Hg, which leads to Hg transfer to its eggs and finally reduces the Hg burden of 

the female; nevertheless, this transfer is not well-described in crocodilians (Nilsen et al., 

2020). In birds, this process has been further investigated, and important variations were 

observed in regard of the quantities of maternally transferred Hg among different bird species 

and among different eggs within the same clutch. Thus, it has been demonstrated in marine 

birds that early laid eggs had higher concentrations of Hg (up to 48%) than eggs which were 

laid later (Akearok et al., 2018). Such results were not found in the present thesis where the 

variation of Hg concentration between neonates of the same clutch was small. While this 

process leads to the elimination of Hg from the body, it is only available for females. 

Furthermore, elimination is probably marginal in crocodilians as no differences were 

documented between blood Hg concentrations in males and females (Yanochko et al., 1997; 

Nilsen et al., 2019), while females that recently laid eggs were expected to have lower blood 

Hg concentrations than males. 

 

Skin represents the largest keratinized tissue in crocodilians. Keratinized tissues are known to 

accumulate Hg mainly in its methylated form (Evers et al., 2005; Eagles-Smith et al., 2008; 

Renedo et al., 2017), the most toxic form for the organism. As Hg cannot be remobilised once 

it was fixed in keratinized tissues, the skin (and the claws) stock Hg and play a direct role in 

the Hg elimination from the body. This can be one of the principal elimination pathways when 
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considering the surface size that skin represents in crocodilians. As it was demonstrated in 

birds by using keratinized tissues, such as feathers, as a detoxification pathway, the 

elimination can represent up to 90 % of the Hg body burden (reviewed in Albert et al., 2019). 

However, birds lose feathers once or twice per year, depending on the species, where 

crocodilians have continuous production of keratinized tissues without events of intensive 

loss. To acknowledge the advantages and limits that this elimination pathway represents in 

crocodilians, studies on the growth and erosion speed of keratinized tissues are needed, and 

the amount of total Hg burden these tissues represent. 

 

Hepatic demethylation appears to be a key and major detoxification process in vertebrates, 

where Hg accumulates as tiemannite, an inert form of the Hg-Se complex (Arai et al., 2004; 

Bolea-Fernandez et al., 2019). Consistently, tiemannite accumulation over time results in very 

high Hg concentrations in the liver, the organ that generally presents the highest Hg 

concentrations. The detoxification capacity of MeHg by the liver is highly dependent on the 

Se concentrations available to bind Hg. Results of this thesis have highlighted a potential 

protective effect of Se against Hg toxicity (see paper 4) but also revealed that Se 

concentrations were extremely variable between caiman species (see paper 2). Such 

variation of Se levels should influence the detoxification capacity of Hg. However, the 

presence of tiemannite in crocodilian tissues has never been demonstrated. Recently, this 

detoxification process has been detailed in seabirds, where it showed that Se plays an 

important role in the demethylation process and highlights that Hg toxicity can be balanced 

when the molar ratio of Se:Hg in tissues equals > 4:1 (Manceau et al., 2021), meaning that a 

large excess of Se (compared to Hg) is needed to assure effective demethylation. 
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Different detoxification pathways occur in crocodilians, as shown in the present thesis. While 

the maternal transfer of Hg as a detoxification pathway (likely passive) needs particular 

attention due to its direct impact on the sustainability of a population (affects neonates), it 

cannot be disconnected from other detoxification pathways. The quantities of Hg that were 

maternally transferred to the eggs depend on the Hg body burden of the female, therefore 

the efficiency of adulthood detoxification is a major interest. 

Additionally, Se is identified to be the main element involved in the demethylation of MeHg. 

Our results have shown that caiman species display different concentrations of this essential 

element, which might make them unequal regarding Hg toxicity. The understanding of 

detoxification pathways in crocodilians is primordial to evaluate the toxicity of Hg, and its 

potential implication on species conservation. 

 

 

 IV.4. Perspectives 

 

The present thesis provides a first overview of Hg contamination in neotropical caimans. It 

highlights how caimans can be good bioindicators of Hg contamination, and additionally gives 

a baseline on information contained by tissues, and how to use caimans for monitoring 

purposes.  

Additionally, the present work aims to raise concern on the detrimental effects that Hg can 

have on caimans, by contributing preliminary data on physiological alterations. This thesis is a 

starting point and that opens several perspectives for further evaluations of Hg contamination 

in crocodilians.  
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To guide future research, I have identified three main points that need to be evaluated to 

complete the present work. 

 

1 - While we now provide data to characterise crocodilians as monitor species of Hg 

contamination, information is lacking on the properties of Hg assimilation processes in 

different tissues. 

One of the priorities is to evaluate the MeHg / Hg ratio present in different tissues; based on 

published data on vertebrates, it seems that MeHg is the major form of Hg present in blood 

and keratinized tissues, however, we can expect interspecific variation of this ratio between 

species, which is relevant to make comparison between studies and to further deploy a large-

scale Hg survey network, using multiple species of crocodilians. 

 

Another major point is the Hg integration time that tissues represent: While we know that 

blood represents a relative short-term integration, and keratinized tissues represent a long-

term integration, information on the precise integration time is lacking. To fill this gap, future 

studies need to focus on: 

(1) the erythrocyte turnover rate and its relationship to body temperature, even more as 

crocodilians show different preferences regarding their thermal niches. Studies should include 

a variety of species and the different climatic conditions in their natural habitats, especially 

for species with large distribution ranges, where thermal preferences can be variable. 

(2) the characteristics of keratinized tissues such as growth rate and erosion in order to precise 

the integration time they represent. Additionally, an individual’s Hg burden contained by its 

keratinized tissues needs to be assessed in order to evaluate the importance of this tissue in 

the elimination of Hg. 
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2 - Mercury is known to have deleterious effects on physiological processes, and the present 

thesis has shown that caimans are no exception. We found that Hg can alter several 

physiological mechanisms and can impact embryonic development in caimans, which raises 

concern on potential impacts that can occur at individual and populational levels. 

 

However, our work did not further investigate potential impact of these physiological 

alterations. To understand the effects which Hg can have on an individual and even a 

population, studies on the repercussions of this physiological alterations are needed, in order 

to establish a threshold of Hg contamination in relation to physiological effects. Because 

crocodilians are long-lived animals with a life span of up to 100 years, long-term surveys on 

populations are especially important, including reproductive success, survival rates and 

behaviour, in order to evaluate potential populational effects of Hg contamination.  

Focus will be put on caimans from tropical ecosystems, as they are particularly vulnerable to 

anthropogenic activities such as the increase of Hg in their environment due to their high 

habitat specialisation. Tropical species have undergone slow, if not environmental changes, 

and a rapid modification of their habitat can lead to important effects, in comparison to 

species living in changing ecosystems (e.g., seasonal variation in temperate climate zones). 

 

3 - When the vulnerability of caimans to Hg contamination is evaluated, processes of 

elimination and demethylation of Hg are important to be taken into account. However, these 

processes have not yet been investigated in crocodilians. The main process that has been 

identified to reduce the toxicity of MeHg in an organism occurs via its demethylation, and 

depends on the essential element Selenium, which is key to the process. The present thesis 
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has shown that caimans have different levels of Se, which can have a protective effect against 

Hg toxicity. The interspecific Se concentrations can lead to different thresholds of vulnerability 

regarding Hg contamination, therefore individuals with high Se concentrations are expected 

to be more resistant to Hg contamination. In this regard, an intensive evaluation of the 

detoxification pathways is needed to evaluate which species are the most vulnerable to Hg 

contamination. Studying the role of Se against Hg toxicity and its repartition in an organism 

will be relevant to improve the evaluation of Hg toxicity, and to give pertinent threshold 

between species.  

 

A first evaluation of the Se:Hg molar ratio that is present in the different tissues (internal 

organs) and a comparison between species can be a good starting point to identify potential 

protective mechanisms such as a potential mobilisation of the Se for sensible tissues as the 

brain. Further it would be also informative to evaluate which tissues are the most vulnerable 

to Hg toxicity.
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Abstract
Mercury (Hg) is a global environmental contaminant that a!ects ecosystems. It is known to biomagnify through food webs 
and to bioaccumulate especially in the tissues of top predators. Large-scale comparisons between taxa and geographic areas 
are needed to reveal critical trends related to Hg contamination and its deleterious e!ects on wildlife. Yet, the large variety 
of tissues (keratinized tissues, internal organs, blood) as well as the variability in the units used to express Hg concentrations 
(either in wet- or dry-tissue weight) limits straightforward comparisons between studies. In the present study, we assessed 
the moisture content that could influence the total Hg (THg) concentrations measured in several tissues (claws, scutes, total 
blood, and red blood cells) of three caiman species. We evaluated the moisture content from the di!erent tissues to provide 
information on THg concentrations in various matrices. Our results show a di!erence of THg concentrations between the tis-
sues and intra- and interspecific variations of moisture content, with the highest THg values found in keratinized tissues (scute 
keratinized layers and claws). For the three species, we found positive relationships between body size and THg concentration 
in keratinized tissues. In the blood, the relationship between body size and THg concentration was species-dependent. Our 
results emphasize the need for a standardized evaluation of THg concentration and trace elements quantification based on 
dry weight analytical procedures. In addition, the use of both blood and keratinized tissues o!ers the possibility to quantify 
di!erent time scales of THg exposure by non-lethal sampling.

Mercury (Hg) is one of the major contaminants of concern 
in ecosystems (Ericksen et"al. 2003; Fitzgerald et"al. 2007; 
Selin 2009). In addition to naturally present geological Hg, 
human activities, such as deforestation, fossil fuel combus-
tion, and gold mining activities, have been shown to increase 
the level of Hg in the environment, particularly in aquatic 

ecosystems (Ericksen et"al. 2003; Scheuhammer and Sand-
heinrich 2007; Hsu-Kim et"al. 2018). In anoxic conditions, 
aquatic microorganisms can transform inorganic Hg into 
methylmercury (MeHg), the most bioavailable and toxic 
form of Hg (Jensen and Jernelöv 1969; Benoit et"al. 2003). 
Importantly, MeHg biomagnifies through food webs and bio-
accumulates in the tissues of top predators, which makes 
them particularly vulnerable to this contaminant (Eagles-
Smith et"al. 2018).

Crocodilians belong to the world’s largest predators, and 
as such, they have important functions in ecosystems and 
can constitute indicators of ecosystem health (Somaweera 
et"al. 2020). As apex predators, crocodilians bioaccumulate 
environmental contaminants that biomagnify across food 
webs, and thus can be particularly vulnerable to their toxic-
ity (Cook et"al. 1991; Camus et"al. 1998; Rainwater et"al. 
2007). Therefore, they are relevant bioindicators regarding 
environmental contamination (Guillette et"al. 1994; Manolis 
et"al. 2002; Campbell et"al. 2003; Chumchal et"al. 2011; 
Schneider et"al. 2015). In addition, such an evaluation is 
useful to determine the relatively poorly known detrimental 
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e!ects of contaminants on this taxon, such as physiological 
and reproductive impairment and DNA damages (Guillette 
et"al. 2000; Siroski et"al. 2016; Burella et"al. 2018; Lemaire 
et"al. 2021a).

Crocodilians bioaccumulate Hg at various concentrations, 
depending on the species and on the location (Elsey et"al. 
1999; Rumbold et"al. 2002; Campbell et"al. 2010; Vieira 
et"al. 2011; Nilsen et"al. 2017a; Lemaire et"al. 2021a). 
However, interspecific variability across the whole group 
remains still poorly understood to date as most of the avail-
able studies on Hg concentrations have disproportionately 
focused on two species, the American Alligator, Alligator 
mississippiensis and the Morelet’s Crocodile, Crocodylus 
moreletii (Yanochko et"al. 1997; Jagoe et"al. 1998; Elsey 
et"al. 1999; Burger et"al. 2000; Rainwater et"al. 2007; Horai 
et"al. 2014; Trillanes et"al. 2014; Nilsen et"al. 2017a, 2019; 
Buenfil-Rojas et"al. 2018, 2020). Some recent studies, how-
ever, have focused on several other species (Almli et"al. 
2005; Vieira et"al. 2011; Lázaro et"al. 2015; Schneider et"al. 
2015; Marrugo-Negrete et"al. 2019; Lemaire et"al. 2021a,b). 
Furthermore, Hg concentrations in crocodilians have been 
determined in a variety of tissues (blood, muscles, inter-
nal organs, or keratinized tissues), depending on the study, 
which limits robust comparisons between them. It is worth 
noting that the associated methodologies (e.g., sample prep-
aration and tissues studied) are variable, which also limits 
straightforward comparisons between studies (Schneider 
et"al. 2015). Furthermore, total Hg (THg) concentrations in 
these papers are either presented as the concentration rela-
tive to the wet- or dry-weight of sampled tissues. Clearly, 
such discrepancy prevents direct comparison between stud-
ies, especially as the amount of tissue moisture content, and 
its variation within and across tissues, on Hg concentration 
has not yet been thoroughly investigated. In addition, one of 
the most studied tissues in crocodilians is the muscle, most 
likely because it is used for human consumption (Delany 
et"al. 1988; Elsey et"al. 1999; Eggins et"al. 2015; Rivera et"al. 
2016). Although assessing Hg contamination in such tissue 
can be useful, many species are now classified by the IUCN 
as in danger of extinction, which supports both the reduction 
of crocodile hunting per se, and the development of specific, 
non-lethal sampling methods to assess their Hg contamina-
tion levels and its e!ects (as methods have shown for other 
reptile species, Day et"al. 2005; Lemaire et"al. 2018; Beau 
et"al. 2019).

In this context, the goals of the present study were two-
fold: first, we assessed the moisture content of di!erent 
tissues (claws, scutes and total blood) and investigated 
the influence of sample preparation on THg quantifica-
tion to provide recommendations to harmonize Hg assess-
ment across multiple matrices. Second, we compared THg 
concentrations between several tissues (full scutes, scute 
keratin layers, claws, total blood, and red blood cells) to 

evaluate the use of non-lethal sampling methods to facili-
tate future comparisons of contamination in crocodilians.

Materials and!Methods

Sample Collection

Our study was conducted in French Guiana between April 
2016 and February 2020 (Fig."1). We sampled 51 indi-
viduals of smooth-fronted caiman, Paleosuchus trigonatus 
(Schneider, 1801) from 6 di!erent sites, 48 individuals of 
spectacled caiman, Caiman crocodilus (Linnaeus, 1758) 
from 2 di!erent sites, and 13 individuals of dwarf caiman, 
Paleosuchus palpebrosus (Cuvier, 1807) from 4 di!erent 
sites. P. trigonatus were captured in small forest streams. 
C. crocodilus and P. palpebrosus were captured in marsh 
or stream habitats.

The snout-vent length (SVL) and total length (TL) 
of each individual were measured. We took claw (ran-
domly at the posterior legs) and scute samples (in all 
samplings < 1"cm, and never exceeding half of the scute) 
of all caimans using pliers for clipping the sample. Clip-
ping tail scutes is a common marking method in croco-
dilians. The scutes which were clipped in order to mark 
the captured individuals were therefore not the same for 
all animals as they followed the consecutive identification 
code. Claw and scute samples were placed in dry plastic 
containers. Blood was collected on a subsample of indi-
viduals depending on the field possibilities (N = 24 for P. 
trigonatus, N = 40 for C. crocodilus, and N = 7 for P. pal-
pebrosus). Blood samples (0.2–3"ml) were drawn from 
the lateral tail vein using 27 gauges (25"mm) or 21 gauges 
(50"mm) (depending on the size of the individual animal) 
heparinized needles (heparin sodium). Each blood sample 
was separated into two tubes and kept at cold temperatures 
(4"°C) until being processed at the laboratory (always < 3"h 
after collection). The first tube, containing total blood, was 
frozen at # 28"°C in the lab. The second was centrifuged 
at 6,500"rpm for 5"min to separate red blood cells (RBCs) 
and plasma, after which both fractions were then frozen 
at # 28"°C in the lab until analysis.

After sampling, each individual was released at its capture 
location. C. crocodilus, P. trigonatus, and P. palpebrosus 
are protected by the French law (Ministerial decree NOR: 
TREL1933710A of 08/10/2018) and a permission to capture 
individuals, draw blood, and sample claws and scutes was 
granted by the French authorities (Direction Régionale des 
Territoires et de la Mer) after evaluation by the CSRPN, the 
regional scientific committee (Permit: R03-2016-06-21-010; 
R03-2019-01-09-001; R03-2019-10-24-007, www. guyane. 
devel oppem ent- durab le. gouv. fr).
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Sample Preparation

Claws and scutes were cleaned for 5!min in an ultrasonic 
bath of ultrapure water to remove all external dirts and rinsed 
3 times, as described in Lemaire et!al. (2021b). To assess 
the wet weight of claws and scutes, we weighed cleaned 
samples after elimination of water surplus with absorbent 
paper. Because cleaning procedures were relatively short 
and because caimans are semiaquatic species that spend 
most of their lifetime immerged in water, our cleaning pro-
cedures were not likely to influence wet weight assessment. 
In order to assess dry weight, each sample was dried in an 
oven for 48!h at 45!°C, which was found to be su"cient to 
reach stable weight (no di#erence was found when dried at 
45!°C for 48!h, 72!h, and 96!h, data not shown). Moisture 
content was calculated as wet weight minus dry weight and 
expressed as a proportion of wet weight for further analy-
ses. A subsample of dried scutes (N = 26 for C. crocodilus, 
N = 4 for P. palpebrosus, and N = 4 for P. trigonatus) was 
used to perform comparison of Hg concentrations between 
these matrices. We separated the external layer, which is 
composed of keratin (corneoscute), from the underlying 
connective tissue, which is the link between bone/cartilage 
(osteoscute) and the keratin layer. For the remaining scute 
samples, only the keratin layer was analysed. To assess the 

moisture of total blood and RBC samples, we weighted the 
samples before and after the freeze-drying process (48!h). 
Freeze-dried samples were then ground into a homogene-
ous powder. The moisture content of total blood and RBC 
samples was calculated as wet weight minus dry weight and 
then expressed as a proportion of wet weight.

Instrumental Method and!Quality Control

For all samples, total Hg (THg) was determined using an 
atomic absorption spectrometer AMA-254 (Advanced 
Mercury Analyser-254; Altec®). At least two replicates 
of 0.3–1.0!mg dry weight (dw) were analysed for each 
sample. The reproducibility for duplicate samples was 
approved when relative standard deviation (RSD) was 
below 10%. The analyses of certified reference material 
(CRM) TORT-2 (Lobster hepatopancreas from the National 
Research Council of Canada; certified Hg concentration: 
0.27 ± 0.06!µg! g$1!dw) and TORT-3 (Lobster hepatopancreas 
from the National Research Council of Canada; certified Hg 
concentration: 0.292 ± 0.022!µg! g$1!dw) was performed at 
the beginning and at the end of the analytical cycle and every 
10 samples, for the validation of the method. The TORT-2 
measured value was 0.243 ± 0.015!µg! g$1!dw (n = 20), giv-
ing a recovery of 90.2 ± 5.7%. The TORT-3 measured value 

Fig. 1  Location of French Guiana, distribution ranges and capture 
locations of the spectacled caiman, Caiman crocodilus (sites 2, 8), 
the smooth-fronted caiman, Paleosuchus trigonatus (sites 3, 4, 7, 9, 

10, 11), and the dwarf caiman, Paleosuchus palpebrosus (sites 1, 2, 
5, 6). (Data for distribution ranges provided by The IUCN Red List of 
Threatened Species)
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was 0.289 ± 0.007!µg! g"1!dw (n = 30), giving a recovery of 
99.0 ± 2.3%. Blanks were included at the beginning of ana-
lytical runs and the limit of quantification of the AMA was 
0.05!ng. THg concentrations are expressed in µg! g"1!dw.

Statistical Analysis

All statistical analyses were performed using the software 
R, v.3.6.1 (R development Core Team 2013). All data 
were checked for normality and homogeneity of variances. 
Depending on the results, parametric or nonparametric tests 
were used. The di#erences of moisture content in each tissue 
between species, as well as the di#erences of moisture con-
tent between di#erent tissues for each species, and the dif-
ferences of moisture content for each species and each tissue 
between capture sites were all investigated by Kruskal–Wal-
lis test.

Paired t-tests were used to compare THg concentrations 
between full scutes (a combination of keratin, bone and con-
nective tissue) and scute keratin layers for each species. To 
access the relationship between THg concentrations in full 
scutes and scute keratin layers, we built a predictive equation 
for C. crocodilus. The predictive equation was built for a 
significant relationship between both tissues, using slope and 
intercept derived from the parametric linear regression line. 
To validate the models, bootstrapping with 1,000 iterations 
were applied (Harrell 2015). We did not build predictive 
equations for P. palpebrosus and P. trigonatus due to the 
restricted number of samples.

The di#erence of THg concentrations between tissues 
was assessed by Friedman ANOVA and Pairwise Berg-
mann–Hommel comparisons for each species. We performed 
Spearman rank tests to assess the relationships between body 
size (SVL and TL) and THg concentrations in the tissues, 
independently for each species. The significance level for 
statistical analyses was always set at p < 0.05.

Results

Moisture Content

The results of the moisture content of blood, claws, and 
scutes for each species are summarized in Table!1. We found 
significant di#erences in moisture content between the spe-
cies for claws (Kruskal–Wallis: !2 = 22.79, p < 0.001, n = 57) 
and full scutes (Kruskal–Wallis: !2 = 10.66, p < 0.005, 
n = 58), but not for total blood (Kruskal–Wallis: !2 = 1.11, 
p = 0.57, n = 31) (Table!1; Fig.!2). We did not find any geo-
graphic variation in moisture content of the di#erent tissues 
for the three species (all p > 0.18).

THg Concentrations in!Scutes

Our results show significantly higher concentrations of 
THg in scute keratin layers than full scutes in two species 
(Paired t-test: C. crocodilus, t = " 5.44, p < 0.001; P. trigona-
tus, t = " 4.71, p = 0.02; P. palpebrosus, t = " 2.18, p = 0.12; 
Fig.!3).

Our results do not show significant differences of 
THg concentration between the two capture sites (site 
2, n = 11; site 8, n = 15; Fig.!1) for full scutes and scute 
keratin layers of C. crocodilus (t-test: t = 0.24, p = 0.815 
and t = 0.15, p = 0.882, respectively). Because no signifi-
cant di#erences were found between sites, all C. croco-
dilus were pooled. A positive significant relationship 
was found between THg concentrations in full scutes and 
the scute keratin layers for C. crocodilus (linear regres-
sion: F1–24 = 93.67, R2 = 0.78, p < 0.001; Fig.!4). The sig-
nificant level of the predictors and the upper and lower 
bounds of the 95% confidence interval (CI) are given by 
the equation (R2 = 0.788; p < 0.001; 95% CI 0.518–0.938): 
THg scute keratin layers = 0.525 ! THg full scute + 0.321 . 
THg in keratin layers and full scutes are expressed in 
µg! g"1!dw.

Table 1  Proportion of moisture (%, mean ± SD (coe$cient of variation), [min–max] in claws, scutes and total blood of smooth-fronted caiman, 
Paleosuchus trigonatus, spectacled caiman, Caiman crocodilus and dwarf caiman, Paleosuchus palpebrosus from French Guiana

n number of samples

Species Moisture content in claws (n) Moisture content in scutes (n) Moisture content 
in total blood (n)

Caiman crocodilus 25.7 ± 4.5 (17.5)
[15.3–47.1] (29)

39.9 ± 19.3 (48.3)
[13.5–81.3] (28)

72.1 ± 9.5 (13.2)
[57.3–88.7] (20)

Paleosuchus palpebrosus 20.7 ± 4.1 (19.8)
[15.5–26.0] (5)

26.4 ± 4.4 (16.7)
[20.1–31.5] (5)

78.9 ± 0.2 (0.3)
[78.8–79.0] (2)

Paleosuchus trigonatus 46.1 ± 15.2 (33.0)
[14.8–65.0] (23)

55.3 ± 21.6 (47.2)
[14.4–90.1] (25)

72.9 ± 19.2 (26.3)
[39.2–90.3] (9)
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Relationship Between Tissues

Our results show a significant di!erence of THg concen-
trations between tissues within each of the three species 
(Friedman ANOVA: P. trigonatus, !2 = 20, p < 0.001; C. 
crocodilus, !2 = 91.33, p < 0.001; P. palpebrosus, !2 = 19.04, 
p < 0.001, respectively; Table"2). The THg concentrations 
were always higher in claws and scutes than in total blood and 
RBCs (Fig."5). The relationships between body size and THg 

concentrations in the di!erent tissues, and the relationships 
between tissues were assessed by Spearman rank test for the 
three species and summarized in Table"3.

Fig. 2  Moisture content meas-
ured in total blood, claws and 
scutes (%) of spectacled caiman, 
Caiman crocodilus, dwarf cai-
man, Paleosuchus palpebrosus, 
and smooth-fronted caiman, 
Paleosuchus trigonatus, in 
French Guiana. Top and bottom 
of the boxes represent the first 
and last quartiles. Line across 
the box represents the median. 
Whiskers represent the 5th and 
95th percentiles. Circles repre-
sent outliers

Fig. 3  THg concentrations measured in full scutes and scute kera-
tin layers (µg"  g#1"dw) of spectacled caiman, Caiman crocodilus (a: 
n = 26, paired t-test: t = # 5.44, p < 0.001), smooth-fronted caiman, 
Paleosuchus trigonatus (b: n = 4, paired t-test: t =  # 4.71, p = 0.02) 

and dwarf caiman, Paleosuchus palpebrosus (c: n = 4, paired t-test: 
t = # 2.18, p = 0.12), in French Guiana. Each pair of connected dots 
correspond to one individual

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



 

 
110 

 
 
 

Appendix - Paper 1 

 20 Archives of Environmental Contamination and Toxicology (2021) 81:15–24

1 3

Discussion

Moisture Content

Our results show a strong inter- and intraspecific variabil-
ity of moisture content between tissues (Table!1; Fig.!2). 
Indeed, claws contain both alpha- and beta-keratin and 
present the lowest moisture content, whereas scutes are 
mainly composed of beta-keratin in association with oste-
oscutes and connective tissues, which increases water con-
tent (Richardson et!al. 2002). In contrast to the study of 
Yanochko et!al. (1997), in which study sites were separated 

by a very large distance, we did not find any geographic 
di"erences regarding moisture content in the examined 
tissues, which may be linked to the more restricted area 
of our study. Our results suggest that the relatively large 
variation of moisture content in fresh samples can induce 
variations in terms of trace element quantification, includ-
ing THg concentration. This seems particularly the case 
for keratinized tissues, whereas moisture content in blood 
samples was less variable. Overall, our assessment of the 
moisture content in various tissues clearly suggests that 
the use of dry samples for trace elements!quantification 
should be favoured to facilitate future large-scale compari-
sons of contamination in crocodilians. Alternatively, the 
moisture content of the tissues should be specified when 
trace element concentrations are expressed in wet weight 
to allow straightforward conversion between units.

THg Concentration: Scute Keratin Layers Versus Full 
Scutes

Clipping tail scutes is a common sampling method in croco-
dilians which further allows identification of the animal and 
can be used for DNA, stable isotopes and contaminant analy-
ses (Jagoe et!al. 1998; De Thoisy et!al. 2006; Rainwater et!al. 
2007; Machkour-M’Rabet et!al. 2009; Trillanes et!al. 2014; 
Pacheco-Sierra et!al. 2016; Santos et!al. 2018; Lemaire et!al. 
2021a). The skin of crocodilians is composed of bony scutes 
covered by connective tissue and keratin layers (Richard-
son et!al. 2002; Alibardi 2003). Although several studies 
reported concentrations of Hg in crocodilian scutes (Jagoe 
et!al. 1998; Lázaro et!al. 2015; Schneider et!al. 2015; Buen-
fil-Rojas et!al. 2018), detailed information on the actual part 
of the scute which had been used for analyses is generally 
missing, precluding further comparisons (Schneider et!al. 
2015). With the exception of two animals, our results show 
that THg concentrations significantly di"er between full 
scutes (combination of keratin, bone, and connective tis-
sues) and scute keratin layer, which can be explained by the 
poor a#nity of Hg for bone tissue (Schneider et!al. 2015), 

Fig. 4  Linear regression between the mercury (THg) concentration 
in full scutes and scute keratin layers (in µg!  g$1! dw) of the specta-
cled caiman (Caiman crocodilus; n = 26; F1$24 = 93.67, R2 = 0.78, 
p < 0.001, in blue). Regression lines (in red) with 95% confidence 
intervals indicate highly significant relationships between two tissues. 
Black line represents isometric scaling (ratio 1:1 between the two tis-
sues)

Table 2  Biometric data (cm) (mean ± SD, min—max (n)) and THg 
concentrations (µg!  g$1 dw; mean ± SD, min—max (n)) in the tis-
sues of smooth-fronted caiman, Paleosuchus trigonatus, spectacled 

caiman, Caiman crocodilus and dwarf caiman, Paleosuchus palpe-
brosus, in French Guiana. SVL Snout Vent Length; TL Total Length; 
RBCs red blood cells; n number of samples

THg values marked with the same letter (a or b) are not statistically di"erent (Pairwise Bergmann–Hommel test, p < 0.05), test performed inde-
pendently for the three species

Species SVL TL THg claws THg scutes THg RBCs THg Total blood

Paleosuchus trigo-
natus

33.32 ± 19.81
10.90–81 (51)

62.11 ± 36.42,
22.8–143 (51)

2.420 ± 1.905a,
0.147–7.509 (50)

3.332 ± 3.066a,
0.087–9.859 (48)

0.447 ± 0.270 b, 
0.049–0.774 (11)

0.300 ± 0.178 b, 
0.032–0.738 (24)

Caiman crocodilus 32.70 ± 13.57 
14.5–103 (48)

66.60 ± 24.11
31.0–176.0 (48)

2.692 ± 1.608a

0.321–8.807 (48)
2.638 ± 1.497a

0.307–7.407 (47)
0.963 ± 0.612 b 
0.145–2.244 (26)

0.605 ± 0.380 b 
0.089–1.532 (40)

Paleosuchus palpe-
brosus

38.12 ± 15.29
16.5–62 (12)

79.42 ± 33.22
34.2–150 (13)

8.351 ± 4.965a

2.028–20.042 (13)
7.647 ± 4.742a

0.789–15.628 (13)
2.364 ± 1.884 b 
0.447–5.775 (6)

1.376 ± 0.986 b 
0.540–3.415 (7)
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which results in the highest concentrations in the keratin 
layer (Fig.!3). In contrast, keratinized tissues of vertebrates, 
such as hairs/fur, feathers, and claws, generally display high 
Hg concentrations due to the a"nity of Hg for the sulfhy-
dryl groups contained in keratins (Appelquist et!al. 1984; 
Schneider et!al. 2012; Benjamin et!al., 2018; Treu et!al., 
2018; Albert et!al., 2019). Standardization of the analysed 
layers when scutes are used for Hg biomonitoring!is there-
fore required to enable comparison between studies. In this 
respect, our results suggest that selecting the keratin layer 
should be favored, because this avoids including an unknown 
quantity of other tissue types (e.g., bone, connective tissues), 

thereby improving the evaluation of the actual environmen-
tal contamination status.

By providing a predictive equation of the relationship 
between THg concentrations found in full scutes and scute 
keratin layers of C. crocodilus, our study gives an objective 
tool to compare studies using both tissues!(both dry) for this 
species (Fig.!4).

Relationships Between Tissues

THg concentrations were higher in scutes and claws than in 
the RBCs and total blood (Table!2; Fig.!5). Blood is involved 

Fig. 5  THg concentrations 
measured in claws, scutes, red 
blood cells (RBCs), and total 
blood (µg! g#1! dw) of spectacled 
caiman, Caiman crocodilus, 
dwarf caiman, Paleosuchus 
palpebrosus, and smooth-
fronted caiman, Paleosuchus 
trigonatus, in French Guiana. 
Top and bottom of boxes repre-
sent the first and last quartiles. 
Line across box represents the 
median. Whiskers represent the 
5th and 95th percentiles. Circles 
represent outlier

Table 3  Relationship between 
body size (cm) and THg 
concentration (µg! g#1!dw) in 
tissues, and THg concentration 
between tissues of smooth-
fronted caiman, Paleosuchus 
trigonatus, spectacled caiman, 
Caiman crocodilus and 
dwarf caiman, Paleosuchus 
palpebrosus 

Values refer to ! (Spearman rank test) and significant relationships are in bold. Sample sizes are given in 
parenthesis. TL total length; SVL snout vent length; RBCs red blood cells

TL SVL THg scutes THg claws THg RBCs

Paleosuchus trigonatus
THg scutes 0.877 (48) 0.885 (48) – – –
THg claws 0.842 (50) 0.850 (50) 0.945 (48) –
THg RBCs 0.451 (11) 0.623 (11) 0.614 (10) 0.614 (10) –
THg total blood 0.730 (24) 0.769 (24) 0.897 (21) 0.914 (23) 0.771 (6)
Caiman crocodilus
THg scutes 0.459 (47) 0.472 (47) – – –
THg claws 0.468 (48) 0.475 (48) 0.909 (47) – –
THg RBCs 0.353 (26) 0.388 (26) 0.894 (25) 0.811 (26) –
THg total blood 0.386 (40) 0.399 (40) 0.882 (39) 0.870 (40) 0.992 (25)
Paleosuchus palpebrosus
THg scutes 0.831 (13) 0.846 (12) – – –
THg claws 0.945 (13) 0.937 (12) 0.857 (13) – –
THg RBCs 0.771 (6) 0.600 (5) 0.829 (6) 0.657 (6) –
THg total blood 0.750 (7) 0.600 (6) 0.643 (7) 0.607 (7) 0.900 (5)
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in the transport of Hg to di!erent organs and represents the 
recent Hg exposure of the animal via its diet—one source 
of variation in Hg contamination in crocodilians (Lemaire 
et"al. 2021a). In crocodilians, Hg concentrations in the blood 
are known to be related to Hg concentrations of internal tis-
sues due to dynamic transfer in tissues involved in elimina-
tion (keratinized tissues), excretion (kidneys), detoxification 
(liver), and storage (muscles) (Eggins et"al. 2015; Nilsen 
et"al. 2017b). In contrast to blood, keratinized tissues are 
known to reflect the long-term exposure due to the non-
reversible binding of Hg to the sulfhydryl residues of the 
keratins (Schneider et"al. 2015; Lázaro et"al. 2015; Marrugo-
Negrete et"al. 2019). A combination of non-lethal sampling 
of several tissues in caimans provides information on the 
recent (blood) and the long-term (keratinized tissues) Hg 
contamination of the individual, as well as the dynamics of 
Hg contamination over time, which had already been shown 
in other reptiles (Lemaire et"al. 2018).

Our results show a positive correlation between the body 
size (SVL and TL) of the three species included in the study 
and the THg concentrations in claws and scutes (Table"3). 
In contrast, the THg concentration of RBCs was positively 
related to SVL in P. trigonatus solely. The THg concen-
tration in total blood showed a positive relationship with 
the SVL and TL of P. trigonatus and C. crocodilus, but not 
with P. palpebrosus (Table"3). The variable relationship 
between blood Hg and body size is likely related to short-
term variations in the diet of the individuals. Accordingly, 
such relationship was found in some studies on crocodil-
ians (Eggins et"al. 2015; Buenfil-Rojas et"al. 2018; Lemaire 
et"al. 2021a) but not in others (Yanochko et"al. 1997; Eggins 
et"al. 2015; Lawson et"al. 2020). This emphasizes the com-
plementarity of assessing Hg concentrations related to both 
long-term integration (i.e., keratinized tissues such as claws 
and scutes) and short-term exposure (i.e., blood) in biomoni-
toring studies.

Conclusions

Our results highlight the need to standardize the evaluation 
of Hg concentrations in crocodilians between studies. The 
variation in moisture content between tissues and individual 
animals increases the variation in the reported Hg concentra-
tions and hence precludes robust comparison between stud-
ies. To avoid such shortcomings, researchers should perform 
trace elements quantification to report their results based on 
dry weight analytical procedures or should provide the infor-
mation on the tissue moisture contents when studies report 
concentrations based on wet weight. In addition, our results 
emphasize the need to analyze scute keratin layer rather than 
full scutes to provide less variable and more reliable val-
ues of long-term Hg contamination of caimans. Finally, the 

simultaneous use of both blood and keratinized tissues in 
crocodilians o!er the possibility to quantify di!erent time 
scales of Hg exposure by non-lethal sampling.
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Abstract 22 

Trace elements in the blood of crocodilians, and the factors influencing their concentrations 23 

are poorly documented. However, it is crucial to evaluate factors influencing their levels to 24 

better assess the role of caimans as bioindicators of environmental contamination, and the 25 

potential toxicological impacts of these trace elements on species.  In the present study, we 26 

determined the concentrations of 14 trace elements (Ag, As, Cd, Cr, Co, Cu, Fe, Hg, Pb, Mn, 27 

Ni, Se, V, and Zn) in the blood of four French Guiana caiman species (the Spectacled Caiman 28 

Caiman crocodilus (n = 34), the Black Caiman Melanosuchus niger (n = 25), the Dwarf Caiman 29 

Paleosuchus palpebrosus (n = 5) and the Smooth-fronted Caiman Paleosuchus trigonatus (n = 30 

20)) from 8 sites and investigated the influence of individual biometrics and of trophic ecology 31 

on the concentrations. The trophic ecology has been identified to be the principal factor 32 

influencing trace element concentrations in the four caiman species and explained the 33 

interspecific variations, which highlights the necessity to consider the trophic ecology when 34 

caimans are used as bioindicators of trace element contamination in environmental studies.  35 

 36 

Keywords: Crocodilians, Stable isotopes, Tropical ecosystem, Blood, Contaminant  37 
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INTRODUCTION 38 

 39 

Anthropogenic activities release a variety of contaminants into ecosystems all over the globe 40 

(Bard, 1999; Pacyna and Pacyna, 2001; Lewis et al., 2011; Tkaczyk et al., 2020). Industrial 41 

processes, mining activities and fossil fuel combustion mainly contribute to environmental 42 

contamination by releasing trace elements (Pacyna et al., 2007; Pirrone et al., 2010; Vereda 43 

et al., 2019). While trace elements are naturally present in the environment, their levels 44 

drastically increase due to human activities. In South America, trace elements are naturally 45 

present in high concentrations due to the geology and because in most countries, mining 46 

activities and industrial processes have strongly increased, resulting in massive trace element 47 

discharges into the environment such as Hg, Pb and Cd (Smolders et al., 2003; Guedron et al., 48 

2009; Burger et al., 2018). The major concern is related to their persistence and toxicity in 49 

different ecosystem compartments. Trace elements, more particularly the non-essential 50 

elements such as mercury (Hg) and lead (Pb), bioaccumulate in organisms, and Hg further 51 

biomagnifies through the trophic chain making top predators particularly exposed to this 52 

contamination.  53 

 54 

High trophic level predators such as fish, birds, mammals, or reptiles have been successfully 55 

used as bioindicator organisms to monitor trace element contamination in different habitats 56 

by using a variety of tissues integrating contamination over different periods of time 57 

depending on their physiological role (Silva et al., 2018; Kalisińska, 2019; Albuquerque et al., 58 

2021; Lemaire et al., 2021a). More recently, the use of non-lethal sampling methods (e.g., 59 

sampling of blood, hair, scales, claws and feathers) has been emphasized as a welcome effort 60 

to decrease potential impacts of sampling on wildlife (Carravieri et al. 2014; Guillot et al., 61 
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2018; Treu et al., 2018; Lettoof et al., 2021). Additionally, the use of wildlife species to monitor 62 

environmental contamination requires information on the factors that can influence this 63 

contamination. In most vertebrates, the diet is the major factor influencing trace element 64 

contamination (Le Croizier et al., 2016; Sebastiano et al., 2017). Stable isotope ratio of 65 

nitrogen (𝛿15N) has become a standardized tool to determine the trophic position of an 66 

organism in the food web (Post, 2002; Boecklen et al., 2011). Tissues of consumers are 15N-67 

enriched as a function of their diet, meaning that consumers at the top of the food web show 68 

higher 𝛿15N values (Minagawa and Wada, 1984; Peterson and Fry, 1987). In a complementary 69 

manner, the stable isotope ratio of carbon (𝛿13C) is intensively used to study the feeding 70 

habitat of organisms, allowing to discriminate preferential feeding habitat (Post, 2002). The 71 

combined use of 𝛿15N and 𝛿13C offers a powerful tool to access the trophic ecology of 72 

organisms.  73 

 74 

Crocodilians can be used to monitor the environmental contamination by trace elements 75 

(Nilsen et al., 2019). Indeed, they have a lifespan of several decades leading to their long-term 76 

accumulation. Furthermore, they have a slow metabolism which makes them able to 77 

accumulate high concentrations of contaminants (Campbell, 2003). Consequently, trace 78 

elements such as Hg and Pb among others, accumulate in crocodilian tissues (Jeffree et al., 79 

2001; Almli et al., 2005; Warner et al., 2016; Quintela et al., 2020). Factors influencing Hg 80 

contamination in crocodilians are related to body size in some species (but not in others, Hg 81 

in keratinized tissues is generally more reliable to body size, while Hg in blood is less frequently 82 

reliable) and the trophic position in the food web (Lemaire et al., 2021b). However, studies 83 

combining trace elements and trophic information are lacking even though it is crucial to 84 

understand the species-specific contamination.  85 
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 86 

The present study focuses on the four caiman species living in French Guiana, the Spectacled 87 

Caiman Caiman crocodilus, the Black Caiman Melanosuchus niger, the Dwarf Caiman 88 

Paleosuchus palpebrosus and the Smooth-fronted Caiman Paleosuchus trigonatus which give 89 

access to a large spatial scale in the region and can provide more reliable information by 90 

working at populations level, to makes generalization on caimans. We determined the 91 

concentrations of 14 trace elements in the blood. We further investigated the influence of the 92 

individual biometrics and of the trophic ecology on trace element concentrations using stable 93 

isotopes of carbon and nitrogen as proxies.  94 

 95 

MATERIAL AND METHODS 96 

Sample collection  97 

84 individuals of four caiman species were captured in 8 different sites in French Guiana 98 

(Fig.1). Spectacled Caimans (Caiman crocodilus, n = 34) were captured at the “Pripris de Yiyi” 99 

(n = 18) and “Kaw river” (n = 16) sites. Black Caimans (Melanosuchus niger, n = 25) were 100 

captured at the “Mare Agami” site, Dwarf Caimans (Paleosuchus palpebrosus, n = 5) were 101 

captured at “Pripis de yiyi” (n = 2), “Matoury” (n = 1) and “Mana” (n = 2) sites, and Smooth-102 

fronted Caimans (Paleosuchus trigonatus, n = 20) were captured at the sites “Nouragues 103 

station” (n = 15), “Mont Grand Matoury” (n = 4) and “French Guiana space center” (n = 1) (Fig. 104 

1).  105 

Total length (TL) of all individuals was measured ventrally, and body mass was recorded. We 106 

draw blood samples (0.2 – 3 mL) either through occipital venous sinus puncture, using a 107 

syringe with a 30 gauge – 50 mm heparinized needle (heparin sodium), or through the lateral 108 

tail vein with a heparinized needle (heparin sodium) with 27 gauge - 25 mm or 21 gauge - 50 109 
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mm depending on the size of the animal. Blood samples were immediately stored at 4°C and 110 

then kept at -21°C in the lab. Whole blood was freeze-dried for 48 hours to eliminate water 111 

and then ground into a homogeneous powder before further analysis.  112 

All individuals were released at the place of capture after sampling. Capture and sample 113 

collection were performed under permits from French authorities (Direction Régionale des 114 

Territoires et de la Mer) after evaluation by the CSRPN, the regional scientific committee 115 

(Permit: N°155/DEAL/2013, N°2014114-006, N°2014114-007, N°2015034-008, R03-2019-01-116 

09-001, R03-2019-10-24-007). 117 

 118 

Trace element quantification 119 

Total mercury (THg) was quantified using an atomic absorption spectrometer AMA-254 120 

(Advanced Mercury Analyser-254; Altec®). Two replicates of 0.5 - 3.0 mg dry weight (dw) were 121 

analysed for each sample. Reproducibility for duplicate samples was approved when the 122 

Relative Standard Deviation (RSD) was below 10%. The method was validated by the analyses 123 

of certified reference material (CRM) TORT-3 (Lobster hepatopancreas from the National 124 

Research Council of Canada; certified Hg concentration: 0.292 ± 0.022 µg.g-1 dw) at the 125 

beginning and the end of the analytical cycle and after every 5 samples. Measured values for 126 

TORT-3 were 0.292 ± 0.006 µg.g-1 dw (n = 20), with a recovery of 99.85 ± 2.13 %. Blanks were 127 

included at the beginning of each analytical run and the limit of quantification of the AMA was 128 

0.05 ng Hg. 129 

Arsenic (As), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), lead (Pb), 130 

manganese (Mn), nickel (Ni), selenium (Se), silver (Ag), vanadium (V) and zinc (Zn) were 131 

determined using Inductively Coupled Plasma (ICP) Optical Emission Spectrometry (Varian 132 

Vista-Pro ICP-OES) and Mass Spectrometry (Series II Thermo Fisher Scientific ICP-MS) on 133 
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mineralized aliquots (mass: 5 - 150 mg dw) as described in Bustamante et al. (2008). Aliquots 134 

were microwave-digested in a mixture of 6 mL 65% HNO3 (VWR Quality SUPRAPUR) and 2 mL 135 

30% HCl (VWR Quality SUPRAPUR), except for samples with a weight below 100 mg where 136 

volumes of HNO3 and HCl were divided by half. Samples were then diluted to 50 mL (25 mL 137 

for samples with a weight below 100 mg) with ultrapure water. To avoid trace element 138 

contamination, all utensils used were soaked in a bath of diluted nitric acid for 48h, rinsed 139 

with ultrapure water, and dried. Two CRM (DOLT-3, Dogfish liver, NRCC, and TORT-2, Lobster 140 

hepatopancreas, NRCC) were treated and analysed in the same way as the samples. Results 141 

were in agreement with the certified values, displayed recoveries ranging from 88% to 116% 142 

(n = 10) proving repeatability of the method. All trace element results are presented in 143 

concentrations in µg.g-1 dw. 144 

 145 

Isotopic analysis  146 

With the exception of stable isotopes for M. niger which were analyzed as described in Caut 147 

et al., (2019), nitrogen and carbon stable isotopes were determined in freeze-dried whole 148 

blood (aliquots mass: ~0.3mg) with a continuous flow mass spectrometer (Thermo Scientific 149 

Delta V Advantage) coupled to an elemental analyzer (Thermo Scientific Flash EA1112). 150 

Results are presented in the usual 𝛿 notation relative to the deviation from standards (Pee 151 

Dee Belemnite for 𝛿13C and atmospheric nitrogen for 𝛿15N), in parts per thousand (‰) 152 

following the formula 𝛿15N or 𝛿13C = [(Rsample/Rstandard)-1]x1000, where R is 15N/14N or 13C/12C 153 

for 𝛿15N or 𝛿13C. Replicate assays of internal laboratory standards (n = 56) indicated maximum 154 

measurement errors of ± 0.26 ‰ for nitrogen, and ± 0.20 ‰ for carbon isotope 155 

measurements. 156 

 157 
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Statistical analysis 158 

All statistical analyses were performed using the Software R v.3.6.1 (R core Team, 2019).  159 

Statistical analyses were only performed on trace elements with concentrations above the 160 

LOQ in a minimum of 70% of individuals. All data were checked for normality and homogeneity 161 

of variances and log-transformed if necessary. Difference in body size between species was 162 

assessed by ANOVA. Differences in isotope values and trace element concentrations between 163 

species were performed by ANCOVAs with body size as a cofactor. Then post-hoc Tukey’s 164 

honestly significant difference (HSD) was applied to evaluate the variation of contaminant and 165 

isotope values between species. Relationships between trace elements, isotopes and body 166 

size were performed by general regression models (simple or polynomial). Principal 167 

component analysis (PCA) was performed on log-transformed trace elements to detect 168 

covariance and the contaminants reflecting most of the total variance. Generalized linear 169 

models (GLM) were used to test relation of feeding ecology (using stable isotopes), sites and 170 

species, on trace elements concentrations. Forward selection using Akaike’s Information 171 

Criterion (AICc) was applied, and the effect of variables affecting contaminants was inferred 172 

through Akaike’s weights and R2 adjusted.  173 

 174 

RESULTS 175 

Trace element concentrations 176 

Among the 14 targeted trace elements, only the essential elements Cu, Fe, Mn, Se and Zn, and 177 

the non-essential elements Hg and Pb were detected in the blood for more than 80% of 178 

individuals (Table 1). Ag and V always remained below the LOQ and As, Cd, Co, Cr, and Ni were 179 

only detected in few individuals (Table S1). As was exclusively detected in C. crocodilus (0.34 180 

± 0.15 µg.g-1 dw) captured in the “Kaw river” estuary, and in a single subadult M. niger (0.24 181 
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µg.g-1 dw) from “Mare Agami” (Table S1). Additionally, Cr was found in P. trigonatus (0.34 ± 182 

0.01 µg.g-1 dw) and C. crocodilus (0.36 ± 0.14 µg.g-1 dw). All trace element concentrations 183 

varied significantly between species (ANCOVAs, all p < 0.05, Table 1). P. trigonatus showed 184 

the highest concentrations for Cu (8.32 ± 5.41 µg.g-1 dw), Mn (0.34 ± 0.26 µg.g-1 dw), Se (4.05 185 

± 1.43 µg.g-1 dw), Se:Hg molar ratio (31.42 ± 14.28) and Zn (68.9 ± 53.6 µg.g-1 dw). The highest 186 

concentrations of Hg were found in M. niger (1.56 ± 0.65 µg.g-1 dw) while P. palpebrosus 187 

showed the highest concentrations of Pb (1.35 ± 1.43 µg.g-1 dw, Table 1). 188 

 189 

Relationships with body size 190 

The relationship between Hg concentration and body size was positive for P. trigonatus (R2 = 191 

0.353, p = 0.006) and M. niger (R2 = 0.628, p < 0.001) (Fig.2) and marginally positive for P. 192 

palpebrosus (R2 = 0.768, p = 0.051) and C. crocodilus (R2 = 0.112, p = 0.053) (Table S2). 193 

Selenium concentrations show a negative relationship with the body size of P. trigonatus (R2 194 

= 0.639, p < 0.001). The body size of M. niger showed negative relationships with Fe and Mn 195 

concentrations (respectively, R2 = 0.229, p = 0.016 and R2 = 0.180, p = 0.034). The relationship 196 

between the Se:Hg molar ratio and the body size was negative for P. trigonatus (R2 = 0.306, p 197 

= 0.042), C. crocodilus (R2 = 0.162, p = 0.033) and M. niger (R2 = 0.648, p < 0.001). 198 

 199 

Relationships with isotope values and sites 200 

𝛿15N and 𝛿13C values varied significantly between species (ANCOVAs, all p < 0.05, Table 1) and 201 

P. trigonatus showed the highest values for 𝛿15N (8.28 ± 0.94 ‰) and 𝛿13C (-26.38 ± 1.21 ‰).  202 

The relationship between the 𝛿15N value and body size was positive for P. palpebrosus and C. 203 

crocodilus (R2 = 0.781, p = 0.047 and R2 = 0.364, p < 0.001, respectively). For 𝛿13C, a positive 204 

relationship with the body size was found only for C. crocodilus (R2 = 0.128, p = 0.038, Table 205 
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S2). In this species, positive relationships were found between 𝛿13C values and the 206 

concentrations of Mn (R2 = 0.217, p = 0.005), Pb (R2 = 0.535, p < 0.001), and negative for Zn 207 

(R2 = 0.142, p = 0.028), and negative relationships between 𝛿15N values and the concentrations 208 

of Cu (R2 = 0.129, p = 0.037), Se (R2 = 0.304, p = 0.011), and Zn (R2 = 0.225, p = 0.005), but 209 

positive for Mn (R2 = 0.263, p = 0.002).  210 

 For P. trigonatus, positive relationships were found between 𝛿13C and 𝛿15N with Hg and Se 211 

concentrations (R2 = 0.229, p = 0.033 and R2 = 0.611, p < 0.001, respectively for Hg, and R2 = 212 

0.290, p = 0.038 and R2 = 0.289, p = 0.039, respectively for Se). 213 

For P. palpebrosus, negative relationship was found between the 𝛿13C value and Cu and 214 

positive relationship for Hg concentrations (and R2 = 0.880, p = 0.018, R2 = 0.978, p = 0.002, 215 

respectively), and a positive relationship between the 𝛿15N and the Hg (R2 = 0.877, p = 0.019), 216 

and negative for Cu (R2 = 0.920, p = 0.010) and Mn (R2 = 0.935, p = 0.007).  217 

For M. niger, negative relationship was found between the 𝛿15N values and the Cu 218 

concentrations (R2 = 0.171, p = 0.040) and positive for Hg (R2 = 0.391, p < 0.001).  219 

The PCA analysis including Cu, Fe, Hg, Mn, Pb, Se and Zn revealed strong species segregation 220 

in the ordination space (Fig. 3). Fe and Hg were not strongly associated with other trace 221 

elements. Most parsimonious GLM models selected by AICc showed that the species and the 222 

𝛿15N explained most of the total variation in Cu, Fe, Hg and Zn concentrations in the four 223 

caiman species while the sites and the species explained Pb concentrations and finally the 224 

sites and the 𝛿13C explained Se concentrations (Table 2).  225 

 226 

 227 

DISCUSSION  228 
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The current study is the first to investigate trace element concentrations and their relationship 229 

to body size and trophic ecology in the four caiman species which occur in French Guiana. 230 

Trace elements in the blood of crocodilians, and the factors influencing their concentrations 231 

are poorly documented. Among trace elements, Hg is known to contaminate neotropical 232 

caimans due to its natural occurrence in the soils but also to contamination from artisanal and 233 

small-scale gold mining activities which affect the region. However, it is crucial to evaluate 234 

trace element concentrations and the factors influencing their levels to better assess the role 235 

of caimans as bioindicators of environmental contamination, and the potential toxicological 236 

impacts of trace elements on species.   237 

 238 

Trace element concentrations 239 

In the present study, Hg was detected in all samples, which indicates that all caiman species 240 

in French Guiana are under Hg contamination. This finding is not surprising because Hg is 241 

widespread environmental contaminant that affects ecosystems worldwide (Chen et al., 242 

2018) and additionally, the forest soils of the area are known to present high natural Hg 243 

concentrations, with an average of 0.3 µg.g-1 dw (Richard et al., 2000). In the present study, 244 

C. crocodilus presents a higher blood Hg concentration average than already reported values 245 

for this species from Brazil and Colombia for a similar range of size (Eggins et al., 2015; 246 

Marrugo-Negrete et al., 2019; Table 3). Blood Hg concentrations in M. niger are also higher 247 

than already reported values from Brazil (Eggins et al., 2015; Table 3). We cannot make 248 

comparisons regarding blood Hg concentration in P. trigonatus and P. palpebrosus as there is 249 

no published data besides French Guiana. Mercury is well known for its ability to biomagnify 250 

through the food web and to bioaccumulate with age in top predators due to the low excretion 251 

rate (Lavoie et al., 2013). We assume that elevated concentrations found in caimans from 252 
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French Guiana, in comparison to other studies, are caused by high environmental Hg 253 

concentrations in the associated food chain, or are the result of a long trophic chain that can 254 

increase the biomagnification process (De Almeida Rodrigues et al., 2019). 255 

 256 

Lead was found in more than 90% of the samples with the highest values in P. palpebrosus 257 

(1.35 ± 1.43 µg.g-1 dw) followed by P. trigonatus (0.58 ± 0.77 µg.g-1 dw). The lack of data on 258 

Pb concentrations in the blood of crocodilians does not allow for a rigorous comparison. 259 

However, relatively high Pb concentrations found in P. trigonatus are interesting because of 260 

the study sites seem undisturbed by known anthropogenic activities. The sites and the species 261 

were identified to explain most of the Pb variation (Table 2). In French Guiana, the background 262 

levels of Pb in soils has been recently identified as elevated with very high values in some 263 

areas without any apparent relation to anthropogenic activities (com pers. Guédron S.). The 264 

geological background appears to be the principal explanation for the Pb found in the blood 265 

of P. trigonatus, which may thus reflect the natural contamination. Additionally, sampling sites 266 

potentially impacted by anthropogenic activities, such as the international airport and old 267 

paddy fields where potential chemical products containing Pb have been used can be the 268 

source (Defarge et al., 2018). Natural Pb contamination was already reported in the Nile 269 

Crocodile Crocodilus niloticus, from a pristine environment without any known sources of Pb, 270 

but the levels of Pb and the size of the individuals were higher than in the present study 271 

(Warner et al., 2016, Table 3). Pb concentrations, which appear to originate from natural 272 

sources, are of concern because of the capability of crocodiles to efficiently assimilate Pb 273 

(Hammerton et al., 2003) and because the metal has already been identified as an extremely 274 

toxic element for human and wildlife affecting reproductive systems, renal and hepatic 275 

functions, and endocrine processes (Wani et al., 2015; Pain et al., 2019, Lemaire et al., 2021c). 276 



 

 
128 

 
 
 

Appendix - Paper 2 

 

 13 

Future studies are required to determine more precisely the source of Pb in French Guiana 277 

using its stable isotopes and to further investigate the consequences of this toxic element in 278 

crocodilians. 279 

 280 

In the present study, Se concentrations were quite different between species. P. trigonatus 281 

and P. palpebrosus show higher Se concentrations than C. crocodilus and M. niger (Table 1). 282 

While Se is an essential trace element involved in the metabolism of living organisms (Kieliszek 283 

and Blazejak, 2016), it negatively affects body condition in the American alligator, Alligator 284 

mississippiensis (Finger et al., 2017). However, Se by its antagonist interactions with Hg has a 285 

major role in the reduction of Hg toxicity in vertebrates (Rahman et al., 2019, Manceau et al., 286 

2021). P. trigonatus shows the highest Se:Hg molar ratio compared to the other caiman 287 

species in French Guiana, with values that are up to 13 times higher (Table 1). Sources of Se 288 

for organisms is closely related to their diet because Se enters the food chain via plants 289 

(Rayman et al., 2008), in this order the species trophic ecology has an important role in the 290 

variation of Se concentration. The diet of P. trigonatus which is principally composed of 291 

terrestrial prey can explain the difference with the other species which forage mainly in 292 

aquatic habitats (Magnusson et al., 1987; Villamarin et al., 2017). 293 

 294 

Among the essential trace elements, only Fe concentrations were in the same range for all 295 

species while Cu, Mn and Zn concentrations were different between the species (Table 1). The 296 

lack of variation for Fe is to be related to its key role in hemoglobin, suggesting that Fe 297 

regulation are comparable between the species. As data regarding this is limited in 298 

crocodilians, we cannot make a robust comparison.  299 

 300 
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Influence of body size  301 

Hg is the only non-essential trace element in relation to the body size for all species, which 302 

highlights an accumulation of Hg over time. Indeed, crocodilians, as most ectothermic 303 

vertebrates have an indeterminate growth, and, as a consequence, age and size are generally 304 

correlated (i.e., Campos et al., 2013; Eaton and Link, 2011). This positive relationship between 305 

Hg concentration in blood and body size of M. niger is in accordance with the previous study 306 

from Eggins et al., (2015) in Brazil, but contrasts with previous studies for C. crocodilus in Brazil 307 

and Colombia where Hg concentrations and body size were not in relationships (Eggins et al., 308 

2015; Marrugo-Negrete et al., 2019). In most vertebrates, Hg blood concentration is 309 

considered to represent a relatively recent contamination (Schneider et al., 2015; Lemaire et 310 

al., 2021a), reflecting recent changes in the environmental Hg contamination or changes in 311 

the origin of the prey which can explain the non-consistence in the relation between body size 312 

and Hg contamination. 313 

 314 

Additionally, our results show a negative relationship between the Se:Hg molar ratio and body 315 

size of C. crocodilus, M. niger and P. trigonatus. As previously discussed, body size is generally 316 

related to age in crocodilians leading to an accumulation of Hg over time in the tissues. A 317 

decrease in the Se:Hg molar ratio can indicate that the Hg bioaccumulation cannot be 318 

balanced by the intake of Se, or that the shift in diet between juveniles and adults can 319 

influence the Se:Hg molar ratio. Additionally, this decrease can be explained by the increase 320 

of Hg contamination that led to demethylation and finally a lower availability of Se for the 321 

organism as describe in Manceau et al., 2021. The level of Se and its relation to Hg deserves 322 

further studies to understand the variation in Se:Hg molar ratio and potential implication on 323 

physiological processes.  324 
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The Fe and Mn concentrations were negatively related to the body size of M. niger only. Mn 325 

bioconcentrates significantly in the aquatic ecosystem at low trophic levels, and the change  326 

in the diet between juveniles and adults can explain the decrease of Mn concentration in 327 

adults compared to juveniles.  328 

 329 

Influence of trophic ecology 330 

Our results show that variation of Hg concentrations were explained by the species and the 331 

𝛿15N (Table 2), which is a proxy of consumers’ trophic position (Post, 2002). Additionally, the 332 

increase of blood Hg concentrations with 𝛿15N for P. trigonatus, P. palpebrosus and M. niger 333 

support that 𝛿15N influence Hg concentrations. Differences in 𝛿15N values between species 334 

can be explained by the different trophic ecology of the four caiman species to avoid 335 

interspecific competition (Magnusson et al., 1987; Moldowan et al., 2016; Villamarin et al., 336 

2017). Our results highlight that trophic level assessed via the 𝛿15N values is a key factor 337 

driving Hg contamination in caimans. Elevated Hg concentrations can be particularly 338 

concerning regarding the deleterious effects of this metal as already reported in several taxa, 339 

such as reproduction impairment and alteration of physiological functions (Day et al., 2007; 340 

Evers, 2018; Morcillo et al., 2017). Thus, the trophic level is an important factor that should 341 

be considered when using caimans to assess Hg contamination.  342 

 343 

In contrast to Hg, Se concentrations were mostly explained by the sites and the 𝛿13C. As 𝛿13C 344 

does not vary significantly across the trophic chain and is dependent on the primary sources, 345 

it informs on the foraging habitat. The diet of P. trigonatus consists of more than 50% of 346 

terrestrial animals such as rodents, monkeys, snakes or other herbivorous animals which 347 

consume plants and fruits, that are rich in Se which can explain the high value of Se 348 
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(Magnusson et al., 1987; Ortiz et al., 2013; Moldowan et al., 2016; Villamarin et al., 2017; 349 

Mangione et al., 2020). In this respect, the caimans including terrestrial prey may have an 350 

advantage in the Hg detoxification as discussed before. 351 

 352 

Most of the observed trace element variations were explained by the species, and the 𝛿13C 353 

for Mn, and the 𝛿15N for Cu and Zn. Caimans with a diet composed of prey enriched in 𝛿13C 354 

were consequently more likely to have a high Mn concentration. The trophic level of 355 

individuals influences Cu and Zn concentrations. These results highlight that the feeding 356 

preferences of caimans drive most trace elements, as it was already demonstrated in other 357 

wild vertebrates such as fish, seabirds or mammals (Lahaye et al., 2007; Bodin et al., 2017; 358 

Carravieri et al., 2020).  359 

 360 

CONCLUSION  361 

In the present study, the trophic ecology is identified to be the principal factor influencing 362 

trace elements in the four caiman species and explain the interspecific concentrations, which 363 

highlights the necessity to evaluate trophic ecology when caimans are used as bioindicators 364 

of trace element contaminations in environmental studies. Additionally, Hg and Pb 365 

concentrations are relatively high in comparison to concentrations already reported in other 366 

studies and are concerning regarding their toxic effects on wildlife. In the genius Paleosuchus 367 

sp., Pb needs particular attention in French Guiana because of the high concentrations found 368 

in the blood of caimans at some sites. Lastly, the interspecific variability of the Se:Hg molar 369 

ratio deserves future study to understand the potential impact regarding protective effect 370 

against Hg and the role play by the diet. 371 

 372 



 

 
132 

 
 
 

Appendix - Paper 2 

 

 17 

Acknowledgements  373 

We would like to thank the teams of the nature reserves “Kaw-Roura”, “Mont-Grand-374 

Matoury”, “Nouragues” and protected area of “Pripris de Yiyi”, and the conservatoire du 375 

littoral for logistics and assistance in the field. We would also like to thank F. Starace, F. Beau, 376 

L. Beau, M. Bacques, V. François, D. Guiral, G. Lepoint, N. Sturaro, M. Sarrazin and S. Charles 377 

for their help in the field. We are grateful to the Plateforme analyses élémentaires and to G. 378 

Guillou from the Plateforme Analyses Isotopiques of the LIENSs laboratory for running stable 379 

isotope analysis. This work was supported by the Office de l’Eau de Guyane (OEG), the Office 380 

Français pour la Biodiversité (OFB), the Direction Générale des Territoires et de la Mer de 381 

Guyane (DGTM), Parc zoologique de Paris, the CNRS and the Fondation d’entreprise Hermès. 382 

The CPER (Contrat de Projet Etat Région) and the FEDER (European regional Development 383 

Fund) are acknowledged for funding the AMA, the ICP and the IRMS of LIENSs laboratory. The 384 

Institut Universitaire de France (IUF) is acknowledged for its support to P. Bustamante as a 385 

Senior Member. We thank the Nouragues Research Field Station (managed by CNRS) which 386 

benefits from “Investissement d’Avenir” grant managed by Agence Nationale de la Recherche 387 

(AnaEE France ANR-11-INBS-0001; Labex CEBA ANR-10-LABX-25-01) and its team for 388 

assistance in the field.  389 

 390 

REFERENCES 391 

Albuquerque, F.E.A., Herrero-Latorre, C., Miranda, M., Júnior, R.A.B., Oliveira, F.L.C., Sucupira, 392 

M.C.A., Ortolani, E.L., Minervino, A.H.H., López-Alonso, M. 2021. Fish tissues for 393 

biomonitoring toxic and essential trace elements in the Lower Amazon. Environ. Pollut. 283, 394 

117024.  395 



 

 
133 

 
 
 

Appendix - Paper 2 

 

 18 

Almli, B., Mwase, M., Sivertsen, T., Musonda, M.M., Flåøyen, A. 2005. Hepatic and renal 396 

concentration of 10 trace elements in crocodiles (Crocodylus niloticus) in the Kafue and 397 

Luangwa rivers in Zambia. Sci. Total. Environ. 337, 75-82.  398 

Bard, S.M. 1999. Global transport of anthropogenic contaminants and the consequences for 399 

the Arctic marine ecosystem. Mar. Pollut. Bull. 38(5), 356-379.  400 

Bodin, N., Lesperance, D., Albert, R., Hollanda, S., Michaud, P., Degroote, M., Churlaud, C., 401 

Bustamante, P. 2017. Trace elements in oceanic pelagic communities in the western Indian 402 

Ocean. Chemosphere 174, 354-362.  403 

Boecklen, W.J., Yarnes, C.T., Cook, B.A., James, A.C. 2011. On the use of stable isotopes in 404 

trophic ecology. Annu. Rev. Ecol. Evol. Syst. 42, 411-440.  405 

Bustamante, P., Gonzàlez, A.F., Rocha, F., Miramand, P., Guerra, A. 2008. Metal and metalloid 406 

concentrations in the giant squid Architeuthis dux from Iberian waters. Mar. Environ. Res. 407 

66, 278-287.  408 

Campbell, K.R. 2003. Ecotoxicology of crocodilians. Appl. Herpetol. 1, 45-163.  409 

Campos, Z., Magnusson, W.E., Marques, V. 2013. Growth rates of Paleosuchus palpebrosus at 410 

the southern limit of its range. Herpetologica, 69(4), 405-410.  411 

Carravieri, A., Bustamante, P., Churlaud, C., Fromant, A., Cherel, Y. 2014. Moulting patterns 412 

drive within-individual variations of stable isotopes and mercury in seabird body feathers: 413 

implications for monitoring of the marine environment. Mar. Biol. 161, 963-968.   414 

Carravieri, A., Bustamante, P., Labadie, P., Budzinski, H., Chastel, O., Cherel, Y. 2020. Trace 415 

elements and persistent organic pollutants in chicks of 13 seabird species from Antarctica 416 

to the subtropics. Environ. Int. 134, 105225.   417 



 

 
134 

 
 
 

Appendix - Paper 2 

 

 19 

Caut, S., François, V., Bacques, M., Guiral, D., Lemaire, J., Lepoint, G., Marquis, O., Sturaro, N. 418 

2019. The dark side of the black caiman: Shedding light on species dietary ecology and 419 

movement in Agami Pond, French Guiana. PLoS ONE 14(6): e0217239.  420 

Chen, C.Y., Driscoll, C.T., Eagles-Smith, C.A., Eckley, C.S., Gay, D.A., Hsu-Kim, H., Keane, S.E., 421 

Kirk, J.L., Mason, R.P., Obrist, D., Selin, H., Selin, N.E., Thompson, M.R. 2018. A critical time 422 

for mercury science to inform global policy. Environ. Sci. Technol. 52, 9556-9561.  423 

Chumchal, M.M., Rainwater, T.R., Osborn, S.C., Robert, A.P., Abel, M.T., Cobb, G.P., Smith, 424 

P.N., Bailey, F.C. 2011. Mercury speciation and biomagnification in the food web of Caddo 425 

lake, Texas and Louisiana, USA, a subtropical freshwater ecosystem. Environ. Toxicol. Chem. 426 

30(5), 1153-1162.  427 

Day, R.D., Segars, A.L., Arendt, M.D., Lee, A.M., Penden-Adams, M.M. 2007. Relationship of 428 

blood mercury levels to health parameters in the Loggerhead Sea Turtle (Caretta caretta). 429 

Environ. Health Perspect. 115(10), 1421-1428. 430 

De Almeida Rodrigues, P., Ferrari, R.G., Dos Santos, L.N., Junior, C.A.C. 2019. Mercury in 431 

aquatic fauna contamination: a systematic review on its dynamics and potential health 432 

risks. J. Environ. Sci. 84, 205-218.  433 

Defarge, N., Vendômois, J.S., Séralini, G.E. 2018. Toxicity of formulants and heavy metals in 434 

glyphosate-based herbicides and other pesticides. Toxicol. Rep. 5, 156-163.  435 

Eagles-Smith, C.A., Silbergeld, E.K., Basu, N., Bustamante, P., Diaz-Barriga, F., Hopkins, W.A., 436 

Kidd, K.A., Nyland, J.F. 2018. Modulators of mercury risk to wildlife and humans in the 437 

context of rapid global change. Ambio 47, 170-197.  438 

Eaton, M.J., Link, W.A. 2011. Estimating age from capture data: integrating incremental 439 

growth measures with ancillary data to infer age-at-length. Ecol. Appl. 21(7), 2487-2497 440 



 

 
135 

 
 
 

Appendix - Paper 2 

 

 20 

Eggins, S., Schneider, L., Krikowa, F., Vogt, R.C., Da Silveira, R., Maher, W. 2015. Mercury 441 

concentrations in different tissues of turtle and caiman species from the Rio Purus, 442 

Amazonas, Brazil. Environ. Toxicol. Chem. 34(12), 2771-2781.  443 

Evers, D. 2018. The Effects of Methylmercury on Wildlife: A Comprehensive Review and 444 

Approach for Interpretation. In: DellaSala, D.A., and Goldstein, M.I. (eds.) The Encyclopedia 445 

of the Anthropocene, vol. 5, p. 181-194. Oxford: Elsevier.  446 

Finger Jr., J.W., Hamilton, M.T., Glenn, T.C., Tuberville, T.D. 2017. Dietary selenomethionine 447 

administration in the American Alligator (Alligator mississippiensis): hepatic and renal Se 448 

accumulation and its effects on the growth and body condition. Arch. Environ. Contam. 449 

Toxicol. 72(3), 439-448.  450 

Guédron, S., Grangeon, S., Lanson, B., Grimaldi, M. 2009. Mercury speciation in a tropical soil 451 

association; Consequence of gold mining on Hg distribution in French Guiana. Geoderma 452 

153, 331-346.  453 

Guillot, H., Bonnet, X., Bustamante, P., Churlaud, C., Trotignon, J., Brischoux, F. 2018. Trace 454 

element concentrations in European Pond Turtles (Emys orbicularis) from Brenne Natural 455 

Park, France. Bull. Environ. Contam. Toxicol. 101, 300-304.  456 

Hammerton, K.M., Jayasinghe, N., Jeffree, R.A., Lim, R.P. 2003. Experimental study of blood 457 

lead kinetics in Estuarine Crocodiles (Crocodylus porosus) exposed to ingested lead shot. 458 

Arch. Environ. Contam. Toxicol. 45, 390-398.  459 

Jeffree, R.A., Markich, S.J., Twining, J.R. 2001. Element concentrations in the Flesh and 460 

Osteoderms of Estuarine crocodiles (Crocodylus porosus) from the Alligator River Region, 461 

Nothern Australia: Biotic and Geographic effects. Arch. Environ. Contam. Toxicol. 40, 236-462 

245.  463 



 

 
136 

 
 
 

Appendix - Paper 2 

 

 21 

Kalisińska, E. (ed) 2019. Mammals and birds as bioindicators of trace element contaminations 464 

in terrestrial environments: an ecotoxicological assessment of the Northern Hemisphere. 465 

Springer, 2019.  466 

Kieliszek, M., Blazejak, S. 2016. Current knowledge on the importance of selenium in food for 467 

living organisms: A review. Molecules 21(5), 609.  468 

Lahaye, V., Bustamante, P., Law, R.J., Learmonth, J.A., Santos, M.B., Boon, J.P., Rogan, E., 469 

Dabin, W., Addink, M.J., López, A., Zuur, A.F., Pierce, G.J., Caurant, F. 2007. Biological and 470 

ecological factors related to trace element levels in harbour porpoise (Phocoena phocoena) 471 

from European waters. Mar. Environ. Res. 64(3), 247-266.  472 

Lavoie, R.A., Jardine, T.D., Chumchal, M.M., Kidd, K.A., Campbell, L.M. 2013. Biomagnification 473 

of mercury in aquatic food webs: A worldwide meta-analysis. Environ. Sci. Technol. 47, 474 

13385-13394.  475 

Le Croizier, G., Schaal, G., Gallon, R., Fall, M., Le Grand, F., Munaron, J., Rouget, M., Machu, 476 

E., Le Loc’h, F., Laë, R., De Morais, L.T., 2016. Trophic ecology influence on metal 477 

bioaccumulation in marine fish: Inference from stable isotope and fatty acid analyses. Sci. 478 

Total Environ. 573, 83-95.  479 

Lemaire, J., Brischoux, F., Marquis, O., Mangione, R., Bustamante, P. 2021a. Variation of total 480 

mercury concentrations in different tissues of three neotropical caimans: implications for 481 

minimally invasive biomonitoring. Arch. Environ. Contam. Toxicol. 81, 15-24.  482 

Lemaire, J., Bustamante, P., Mangione, R., Marquis, O., Churlaud, C., Brault-Favrou, M., 483 

Parenteau, C., Brischoux, F. 2021c. Lead, mercury, and selenium alter physiological 484 

functions in wild caimans (Caiman crocodilus). Environ. Pollut. 286, 117549.  485 



 

 
137 

 
 
 

Appendix - Paper 2 

 

 22 

Lemaire, J., Bustamante, P., Marquis, O., Caut, S., Brischoux, F. 2021b. Influence of sex and 486 

trophic level on blood Hg concentrations in Black caiman, Melanosuchus niger (Spix, 1825) 487 

in French Guiana. Chemosphere 262, 127819.  488 

Lettoof, D.C., Rankenburg, K., McDonald, B.J., Evans, N.J., Bateman, P.W., Aubert, F., Gagnon, 489 

M.M. 2021. Snake scales record environmental metal(loid) contamination. Environ. Pollut. 490 

274, 116547.   491 

Lewis, M., Pryor, R., Wilking, L. 2011. Fate and effects of anthropogenic chemicals in mangrove 492 

ecosystems: A review. Environ. Pollut. 159(10), 2328-2346.  493 

Magnusson, W.E., Da Silva, E.V., Lima, A.P. 1987. Diets of Amazonian Crocodilians. J. Herpetol. 494 

21(2), 85-95.  495 

Manceau, A., Gaillot, A., Glatzel, P., Cherel, Y., Bustamante, P. 2021. In vivo formation of HgSe 496 

nanoparticles and Hg-tetraselenolate complex from methylmercury in seabirds-497 

Implications for Hg-Se antagonism. Environ. Sci. Technol. 55(3), 1515-1526.  498 

Mangione, R., Lemaire, J., Pasukonis, A. 2020. Paleosuchus trigonatus (Smooth-fronted 499 

Caiman) Predation. Herpetol. Rev. 51(3), 390. 500 

Marrugo-Negrete, J., Durango-Hernández, J., Calao-Ramos, C., Urango-Cárdenas, I., Díez, S. 501 

2019. Mercury levels and genotoxic effect in caimans from tropical ecosystems impacted 502 

by gold mining. Sci. Total Environ. 664, 899-907.  503 

Mason, R.P., Reinfelder, J.R., Morel, F.M.M. 1995. Bioaccumulation of mercury and 504 

methylmercury. Mercury as a Global Pollutant, pp.915-921.  505 

Minagawa, M., Wada, E. 1984. Stepwise enrichment of 15 N along food chains: further 506 

evidence and the relation between 15 N and animal age. Geochim. Cosmochim. Acta 48, 507 

1135-1140.  508 



 

 
138 

 
 
 

Appendix - Paper 2 

 

 23 

Moldowan, P.D., Laverty, T.M., Emmans, C.J., Stanley, R.C. 2016. Diet, gastric parasitism, and 509 

injuries of caimans (Caiman, Melanosuchus, and Paleosuchus) in the Peruvian Amazon. 510 

South Am. J. Herpetol. 11(3), 176-182.  511 

Morcillo, P., Esteban, M.A., Cuesta, A. 2017. Mercury and its toxic effects on fish. AIMS 512 

Environ. Sci. 4(3), 386-402.  513 

Nilsen, F.M., Bowden, J.A., Rainwater, T.R., Brunell, A.M., Kassim, B.L., Wilkinson, P.M., 514 

Guillette Jr, L.J., Long, S.E., Schock, T.B. 2019.  Examining toxic trace element exposure in 515 

American alligators. Environ. Int. 128, 324-334.  516 

Ortiz, D.A., Betancourt, R., Yánez-Muñoz, M.H. 2013. Paleosuchus trigonatus (Schneider’s 517 

Smooth-fronted Caiman) Prey. Herpetol. Rev. 44(1), 135.  518 

Pacyna, J.M., Pacyna, E.G., 2001. An assessment of global and regional emissions of trace 519 

metals to the atmosphere from anthropogenic sources worldwide. Environ. Rev. 9, 269-520 

298.  521 

Pacyna, E.G., Pacyna, J.M., Fudala, J., Strzelecka-Jastrzab, E., Hlawiczka, S., Panasiuk, D., Nitter, 522 

S., Pregger, T., Pfeiffer, H., Friedrich, R. 2007. Current and future emissions of selected 523 

heavy metals to the atmosphere from anthropogenic sources in Europe. Atmos. Environ. 524 

41(38), 8557-8566.  525 

Pain, D.J., Mateo, R., Green, R.E. 2019. Effects of lead from ammunition on birds and other 526 

wildlife: A review and update. Ambio 48, 935-953.  527 

Peterson, B.J., Fry, B. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Evol. Syst. 18, 293-528 

320.  529 

Pirrone, N., Cinnirella, S., Feng, X., Finkelman, R.B., Friedli, H.R., Leaner, J., Mason, R., 530 

Mukherjee, A.B., Stracher, G.B., Streets, D.G., Telmer, K. 2010. Global mercury emissions 531 



 

 
139 

 
 
 

Appendix - Paper 2 

 

 24 

to the atmosphere from anthropogenic and natural sources. Atmos. Chem. Phys. 10, 5951-532 

5964.  533 

Post, D.M. 2002. Using stable isotopes to estimate trophic position: models, methods, and 534 

assumptions. Ecology 83, 703-718.  535 

Quintela, F.M., Pino, S.R., Silva, F.C., Loebmann, D., Costa, P.G., Bianchini, A., Martins, S.E. 536 

2020. Arsenic, lead and cadmium concentrations in caudal crest of the yacare caiman 537 

(Caiman yacare) from Brazilian Pantanal. Sci. Total Environ. 707, 135479. 538 

R Development Core Team. R: A language and environment for statistical computing. R 539 

Foundation for Statistical Computing Vienna, Austria: ISBN 3-900051-07-0. Available: 540 

http://www.R-project.org. 541 

Rahman, M.M., Hossain, K.F.B., Banik, S., Sikder, M.T., Akter, M., Bondad, S.E.C., Rahaman, 542 

M.S., Hosokawa, T., Saito, T., Kurasaki, M. 2019. Selenium and zinc protection against 543 

metal-(loids)-induced toxicity and disease manifestations: A review. Ecotoxicol. Environ. 544 

Saf. 168, 146-163.  545 

Rayman, M.P. 2008. Food-chain selenium and human health: emphasis on intake. Br. J. Nutr. 546 

100, 254-268. 547 

Richard, S., Arnoux, A., Cerdan, P., Reynouard, C., Horeau, V. 2000. Mercury levels of soils, 548 

sediments and fish in French Guiana, South America. Water Air Soil Pollut. 124, 221-244.  549 

Schneider, L., Eggins, S., Maher, W., Vogt, R.C., Krikowa, F., Kinsley, L., Eggins, S.M., Da Silveira, 550 

R. 2015. An evaluation of the use of reptile dermal scutes as a non-invasive method to 551 

monitor mercury concentrations in the environment. Chemopshere, 119, 163-170.  552 

Sebastiano, M., Bustamante, P., Eulaers, I., Malarvannan, G., Mendez-Fernandez, P., Churlaud, 553 

C., Blévin, P., Hauselmann, A., Covaci, A., Eens, M., Costantini, D., Chastel, O. 2017. Trophic 554 



 

 
140 

 
 
 

Appendix - Paper 2 

 

 25 

ecology drives contaminant concentrations within a tropical seabird community. Environ. 555 

Pollut. 227, 183-193.  556 

Silva, R.C.A., Saiki, M., Moreira, E.G., Oliveira, P.T.M.S. 2018. The great egret (Ardea alba) as 557 

bioindicator of trace element contamination in the São Paulo Metropolitan Region, Brazil. 558 

J. Radioanal. Nucl. Chem. 315, 447-458.  559 

Smolders, A.J.P., Lock, R.A.C., Van der Velde, G., Medina Hoyos, R.I., Roelofs, J.G.M. 2003. 560 

Effects of mining activities on heavy metal concentrations in water, sediment, and 561 

macroinvertebrates in different reaches of the Pilcomayo River, South America. Arch. 562 

Environ. Contam. Toxicol. 44, 314-323.  563 

Tkaczyk, A., Mitrowska, K, Posyniak, A. 2020. Synthetic organic dyes as contaminants of the 564 

aquatic environment and their implications for ecosystems: A review. Sci. Total Environ. 565 

717, 137222.  566 

Treu, G., Krone, O., Unnsteinsdóttir, E.R., Greenwood, A.D., Czirják, G.Á. 2018. Correlation 567 

between hair and tissue mercury concentrations in Icelandic artic foxes (Vulpes lagopus). 568 

Sci. Total Environ. 619-620, 1589-1598.  569 

Vereda, J.P., Valente, A.J.M., Durães, L. 2019. Assessment of heavy metal pollution from 570 

anthropogenic activities and remediation strategies: A review. J. Environ. Manage. 246, 571 

101-118.  572 

Villamarín, F., Jardine, T.D., Bunn, S.E., Marioni, B., Magnusson, W.E. 2017. Opportunistic top 573 

predators partition food resources in a tropical freshwater ecosystem. Freshw. Biol. 62, 574 

1389-1400.  575 

Wani, A.L., Ara, A., Usmani, J.A. 2015. Lead toxicity: a review. Interdiscip. Toxicol. 8(2), 55-64.  576 

Warner, J.K., Combrink, X., Myburgh, J.G., Downs, C.T. 2016. Blood lead concentrations in free-577 

ranging Nile crocodiles (Crocodylus niloticus) from South Africa. Ecotoxicology 25, 950-958.  578 



 

 
141 

 
 
 

Appendix - Paper 2 

 

 26 

Table 1. Biometric data, trace element (µg.g-1 dw) and 𝛿15N or 𝛿13C (‰) values in the whole blood of the Spectacled Caiman (Caiman 579 

crocodilus), the Black Caiman (Melanosuchus niger), the Dwarf Caiman (Paleosuchus palpebrosus) and the Smooth fronted Caiman 580 

(Paleosuchus trigonatus), in French Guiana. N = number of individuals 581 

 Caiman crocodilus Melanosuchus niger Paleosuchus palpebrosus Paleosuchus trigonatus 
 N Mean ± SD Min / Max N Mean ± SD Min / Max N Mean ± SD Min / Max N Mean ± SD Min / Max 
Total length (cm) 34 72.3 ± 24.7 40.6 / 176.0 25 176.4 ± 72.2 71.0 / 326.0 5 75.3 ± 44.6 35.5 / 150.0 20 82.8 ± 32.7 27.0 / 143.0 
Weight (g) 34 2154± 5556 173 / 33200 17 10612 ± 19559 970 /85000 4 1095 ± 1046 130 / 2500 18 3875 ± 3779 305 / 13300 
             
𝛿 15N 34 6.02 ± 0.96 a 4.12 / 8.23 25 6.98 ± 0.62 b 4.93 / 7.88 5 7.30 ± 0.86 b,c 6.36 / 8.44 20 8.28 ± 0.94 c 6.10 / 9.20 

𝛿 13C 34 ̶ 27.14 ± 2.46 a,b ̶̶ 30.72 / ̶̶ 21.84 25 ̶ 27.58 ± 0.74 a ̶ 29.45 / ̶̶ 26.36 5 ̶ 27.75 ± 2.10 a ̶ 30.28 / ̶̶ 25.11 20 ̶ 26.38 ± 1.21 b ̶ 26.20 / -̶ 23.9 

             
Hg 34 0.61 ± 0.39 a 0.09 / 1.53 25 1.56 ± 0.65 b 0.54 / 2.89 5 1.50 ± 1.18 b 0.54 - 3.42 20 0.35 ± 0.15 c 0.10 - 0.70 

Se 28 1.36 ± 0.28 a 0.76 / 1.92 24 1.14 ± 0.15 b 0.85 / 1.47 3 3.53 ± 1.60 c 2.45 - 5.37 15 4.05 ± 1.43 c 2.30 - 7.90 

Se:Hg (molar) 28 7.59 ± 5.27 a 1.45 / 21.54 24 2.38 ± 1.41 a,b 1.04 / 6.00 3 6.26 ± 6.01 b 1.82 - 13.09 15 31.42 ± 14.28 c 9.80 - 62.30 

Cu 34 5.95 ± 4.86 a 2.99 / 31.07 25 3.61 ± 0.68 b 2.60 / 5.21 5 6.24 ± 2.44 b,c 3.24 - 7.97 20 8.32 ± 5.41 c 4.20 - 23.10 

Fe 34 1520 ± 167 a 1201/ 1972 25 1519 ± 156 a 1281 / 1896 5 1353 ± 131 a 1172 - 1495 20 1476 ± 237 a 867 - 1856 

Mn 34 0.23 ± 0.09 a,b 0.13 / 0.52 25 0.10 ± 0.06 c 0.05 / 0.34 5 0.18 ± 0.08 b 0.09 - 0.30 19 0.34 ± 0.26 c 0.10 - 1.30 

Pb 32 0.12 ± 0.08 a 0.03 / 0.38 23 0.06 ± 0.09 b 0.02 / 0.44 5 1.35 ± 1.43 c 0.07 - 3.67 19 0.58 ± 0.77 c 0.10 - 2.70 

Zn 34 30.6 ± 8.5 a 18.5 / 51.1 25 24.7 ± 3.9 a 19.2 / 31.7 5 56.2 ± 20.9 b 38.9 - 90.8 20 68.9 ± 53.6 b 26.2 - 184.0 

Letters indicate significant differences (isotopes and trace elements: Tukey's HSD with total length in cofactor, all p < 0.05) 582 

  583 

 27 

Table 2. AICc model ranking of selected trace element concentration in blood of the four French Guiana caiman species. k = number of 584 

parameters, AICc = Akaike’s Information Criteria, wi = AICc weights, gdf = goodness of fit.  585 

Models k AICc ∆AICc wi R² adj gdf 
Hg, GLM, Log-transformed 

Species + 𝛿 15N + Species:𝛿 15N 9 152.14 0.00 0.71 0.56 1 
Species + 𝛿 15N 6 154.40 2.27 0.23 0.53 1 

Species + 𝛿 13C + Species:𝛿 13C 9 158.12 5.99 0.04 0.52 1 
Se, GLM, Log-transformed 

Sites + 𝛿 13C + Sites:𝛿 13C 13 -23.25 0.00 0.39 0.88 1 
Sites + 𝛿 13C 9 -22.78 0.46 0.31 0.87 1 

Sites + Species 9 -20.41 2.84 0.09 0.87 1 
Pb, GLM, Log-transformed 

Sites + Species 10 197.04 0.00 0.48 0.58 1 
Sites + Species + Sites:Species 10 197.04 0.00 0.48 0.58 1 
Species + 𝛿 13C + Species:𝛿 13C 9 202.51 5.47 0.03 0.54 0.98 

Zn, GLM, Log-transformed 
Species + 𝛿15N 6 106.82 0.00 0.31 0.43 1 

Species 5 107.15 0.34 0.26 0.42 1 
Species + 𝛿13C 6 107.40 0.58 0.23 0.42 1 

Cu, GLM, Log-transformed 
Species + 𝛿 15N 6 97.62 0.00 0.27 0.28 1 

Species + 𝛿 15N + Species:𝛿 15N 9 98.14 0.52 0.21 0.30 1 
Sites + 𝛿 15N 9 99.25 1.63 0.12 0.29 1 

Mn, GLM, Log-transformed 
Species + 𝛿 13C + Species:𝛿 13C 9 98.15 0.00 0.57 0.57 1 

Species + 𝛿 15N + Species:𝛿 15N 9 99.90 1.75 0.24 0.56 1 
Species + 𝛿 13C 6 102.99 4.84 0.05 0.53 1 

Fe, GLM, Log-transformed 
𝛿 15N 3 -108.15 0.00 0.35 0.03 1 
𝛿 13C 3 -107.19 0.95 0.22 0.02 1 

Species + 𝛿 13C 6 -105.82 2.32 0.11 0.04 1 
586 
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Table 3. Review of Hg and Pb concentrations (µg.g-1 dw) reported in crocodilians. TL stands for Total Length and SVL for Snout-Vent-Length 587 

(cm). a Original data reported in wet weight, transformed in dry weight using a factor 3.6 according to Lemaire et al., (2021a).  588 

Species Location n Length (cm) Hg Pb Reference 

Spectacled Caiman 

Caiman crocodilus 

La Mojana, Colombia 22 57.2 ± 3.5 (TL) 0.23 ± 0.08a - Marrugo-Negrete et al. 

(2019) 

Spectacled Caiman 

Caiman crocodilus 

La Mojana, Colombia 23 57.5 ± 6.8 (TL) 0.05 ± 0.02 a - Marrugo-Negrete et al. 

(2019) 

Spectacled Caiman 

Caiman crocodilus 

Rio Purus, Brazil 11 80 ± 14 (SVL) 0.22 ± 0.23 a - Eggins et al. (2015) 

Spectacled Caiman 

Caiman crocodilus 

French Guiana 34 72.3 ± 27.4 (TL) 0.61 ± 0.39 0.12 ± 0.08 Present study 

Black Caiman 

Melanosuchus niger 

Rio Purus, Brazil 16 102 ± 27 (SVL) 0.17 ± 0.12 a - Eggins et al. (2015) 

Black Caiman 

Melanosuchus niger 

Kaw swamp, French 

Guiana 

25 176.4 ± 72.2 (TL) 1.56 ± 0.65 0.06 ± 0.09  Present study 

 29 

Nile crocodile 

Crocodylus niloticus 

KwaZulu-Natal, South 

Africa 

34 134.5 (SVL) - 2.29 ± 6.30 a Warner et al. (2016) 

Smooth-fronted Caiman 

Paleosuchus trigonatus 

French Guiana 20 82.8 ± 32.7 (TL) 0.35 ± 0.15 0.58 ± 0.77 Present study 

Dwarf Caiman  

Paleosuchus palpebrosus 

French Guiana 5 75.3 ± 44.6 (TL) 1.50 ± 1.18 1.35 ± 1.43 Present study  

 589 
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Figure 1. Geographic location of the 8 study sites in French Guiana and distribution of captured caiman species. Sites, 1: “Mana”; 2: “Pripris de 590 

Yiyi”; 3: “French Guiana space center”; 4: “Mont-Grand Matoury”; 5: “Matoury”; 6: “Mare Agami”; 7: “Kaw river”; 8: “Nouragues station”. 591 

 31 

Figure 2. Relationships between body size (total length in cm) and Hg concentration (µg.g-1 dw) in the whole blood of the Black Caiman, 592 

Melanosuchus niger (A: R2 = 0.625 , p < 0.001, n = 25) and the Smooth-fronted Caiman, Paleosuchus trigonatus (B: R2 = 0.353, p = 0.006 , n = 593 

20), from French Guiana. 594 

 595 
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Figure 3. Biplot of individual scores extracted by principal component analyses (PCA) and elements loading on the two principal axes with trace 596 

elements of four French Guiana caiman species (Spectacled Caiman, Caiman crocodilus; Black Caiman, Melanosuchus niger; Dwarf Caiman, 597 

Paleosuchus palpebrosus and Smooth-fronted Caiman, Paleosuchus trigonatus).   598 
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a b s t r a c t

Mercury (Hg) is a contaminant that is impacting ecosystems worldwide. Its toxicity is threatening
wildlife and human populations, leading to the necessity of identifying the most affected ecosystems.
Therefore, it is essential to identify pertinent bioindicator organisms to monitor Hg contamination. In
this study, we determined the stable carbon "d13C# and nitrogen "d15N# isotope ratios in the red blood
cells (RBCs), and the total Hg concentration in total blood of 72 Melanosuchus niger in French Guiana. The
goals of our study were to assess the level of Hg contamination in total blood of Black caimans and to
further investigate the in!uence of individual traits (i.e., sex, size/age, diet) on Hg concentrations.
Mercury concentration in total blood of Black caimans ranged from 0.572 to 3.408 mg g$1 dw (mean ± SD
is 1.284 ± 0.672 mg g$1 dw) and was positively correlated to individual body size and trophic position
"d15N#. We did not "nd any sexual or seasonal effects on Hg concentrations in the blood. The use of blood
of M. niger is relevant to determine Hg concentrations within the population and suggests that this
species can be used as a bioindicator for environmental contamination. In addition, our results
emphasize trophic position as a major source of Hg variation and further suggest that it is essential to
take trophic position "d15N# into account for future studies.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Mercury (Hg) is one of the major contaminants that affect hu-
man and wildlife around the world with increasing levels due to
anthropogenic activities (Ericksen et al., 2003; Scheuhammer and
Sandheinrich, 2007; Hsu-Kim et al., 2018). In anoxic conditions,
microorganisms can transform inorganic Hg into methylmercury
(MeHg), the most toxic and bioavailable form of Hg (Compeau and
Barta,1985; Benoit et al., 2003). Because of its strong bioavailability,
MeHg is highly absorbed and retained in biota. Hence, it accumu-
lates within organisms during their lifetime and biomagni!es
through food webs, resulting in an increasing Hg contamination
level throughout most living organisms (Mason et al., 1995; Atwell
et al., 1998; Power et al., 2002).

Due to their life history traits, crocodilians (caimans, true croc-
odiles, alligators, gharials) are potentially good bioindicators of
environmental contamination. Indeed, they are long-lived preda-
tors, resulting in the accumulation of Hg over a lifespan of several
decades. As ectothermic vertebrates, crocodilians display relatively
lowmetabolic rates, but relatively high tissue conversion rates; two
features that are expected to favor the bioaccumulation of signi!-
cant levels of Hg (Cook et al., 1991; Camus et al., 1998; Jagoe et al.,
1998; Twining et al., 1999; Schneider et al., 2015; L!azaro et al., 2015;
Nilsen et al., 2017). Maternal transfer, an elimination pathway of Hg,
which is already known from a variety of reptiles, can also be found
in crocodilians (Day et al., 2005; Nilsen et al., 2020). However, some
studies reported similar Hg concentrations in males and females,
whereas females that have already reproduced should theoretically
have lower concentrations than males (Burger et al., 2000; Eggins
et al., 2015; Nilsen et al., 2020).

The geographic range of caimans is altered by intense gold
mining, an anthropogenic activity that is a major source of Hg
deposition to the aquatic ecosystems of equatorial South America,
and represents approximately 70% of local Hg emissions that are
increasing the availability throughout foodwebs (De Lacerda, 2003;
Rocha et al., 2018; Ottenbros et al., 2019). Contrarily to highly
mobile individuals such as migratory birds or !shes (Fr!ery et al.,
2001; Fort et al., 2014), crocodilians are rather sedentary (Hutton,
1989; Magnusson et al., 1991; Fujisaki et al., 2014; Caut et al.,
2019). Hg concentrations in their tissues re"ect the contamina-
tion of their environment at a relatively small and precise spatial
scale when measured in the blood. In equatorial South America,
this taxon could provide the opportunity to assess environmental
Hg contamination due to its wide distribution. In addition, sample
collection from crocodilians is rather uncomplicated as there is
suf!cient tissue (i.e., blood, scutes, claws) that can be sampled with
comparatively little impact on individuals.

Stable carbon and nitrogen isotope analyses provide informa-
tion on the diet composition and the trophic position of organisms

via the variation of d13C and d15N levels. Carbon stable isotopes

!d13C" are used as a proxy to discriminate different types of habitat
and to provide information on primary production (Pinnegar and

Polunin, 2000; Post, 2002). Nitrogen stable isotopes !d15N" are
discriminating the trophic position, as consumers are predictably
enriched in 15N in relation to their diet (Minagawa andWada, 1984;
Post, 2002; Vanderklift and Ponsard, 2003). Among crocodilians, it

has been shown that increased values of d15N re"ect a change in the
trophic position, linked to a change in their diet (Radloff et al., 2012;
Bontemps et al., 2016; Caut et al., 2019). Therefore, adding analyses
of stable carbon and nitrogen isotopes to the quanti!cation of Hg
levels is extending information on the feeding habitat and trophic
positions.

In this study, we assessed Hg concentrations in the only known
population of Black caimans (Melanosuchus niger) in French Guiana
(De Thoisy et al., 2006). This French territory suffers from illegal,
artisanal, small-scale gold mining. The goals of our study were to
determine the levels of Hg contamination in the blood of Black
caimans and the factors in"uencing the Hg concentrations. We
investigated a potential variation between seasons, and the in"u-
ence of size, sex and foraging ecology on the individual contami-
nation level.

2. Material and methods

2.1. Study area

The study was conducted in the Nature Reserve “R!eserve
Naturelle Nationale de Kaw-Roura”, French Guiana (4#360N,
52#07 W) (Fig. 1), a 94.700 ha protected area situated approxi-
mately 90 Km southwest of the city of Cayenne. Animals were
captured in “Agami Pond”, an area situated in the middle of the
Nature Reserve, (04#380N, 52#090W), a patchwork of herbaceous
savannah, swamp forest and open water. Black caimans were
sampled during three sampling periods: once during dry season
(October 2013), and two samplings during rainy season (May 2014
andMay 2015). Caimans were located at night between 19:00pm to
04:00am, using a head lamp, and further captured with a noose.

2.2. Sample collection

A total of 72 individuals were captured, among which 49 adults
and subadults were sexed with a ratio of 30 males and 19 females.
The body (from the tip of the snout to the cloaca) and total length
(including the tail) of each individual weremeasuredwith a "exible
ruler. We collected a blood sample (~2 mL) through occipital
venous sinus puncture, using a syringewith a 30 gauge heparinized
needle (heparin sodium). Black caimans were released at the
location of their capture directly after biometric measurements and
sample collection were performed.

Blood samples were separated as following: 1 mL of each blood
sample was centrifugated in order to separate the red blood cells
(RBCs) and plasma for isotopic analyses (see below), an additional
1 mL of the total blood was kept in 70% alcohol until further pro-
cessed at the laboratory for Hg assays. Samples were initially
collected to investigate the dietary ecology of Black caimans (Caut
et al., 2019). We took the opportunity to further use this sam-
pling set to investigate the Hg concentration in the blood of Mel-
anosuchus niger. As a result, the protocol that had been originally
applied did not allow us to assess water blood content, and Hg
values are therefore presented as dry weight (dw) of the total blood
(see below).

2.3. Mercury analysis

One mL of each total blood sample was freeze-dried and
grounded to a !ne powder. Total Hg concentration (hereafter Hg) in
the blood was determined by direct measurement using an atomic
absorption spectrometer AMA-254 (Advanced Mercury Analyser-
254; Altec®). Analyses were made on at least two replicates of
~3.0 mg dry weight (dw) for each individual. The reproducibility for
duplicate samples was approved when Relative Standard Deviation
(RSD) was below 10%. The method was validated by the analyses of
certi!ed reference material (CRM) produced by the National
Research Council of Canada: TORT-2 (Lobster hepatopancreas;
certi!ed Hg concentration: 0.27 ± 0.06 mg g$1 dw) and TORT-3

J. Lemaire et al. / Chemosphere 262 (2021) 1278192
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(Lobster hepatopancreas; certi!ed Hg concentration:
0.29± 0.02 mg g!1 dw). CRMswere analyzed at the beginning and at
the end of the analytical cycle, and between every 10 samples
(Chouvelon et al., 2009). Recovery rates of certi!ed reference ma-
terial were 97.3 ± 1.0% for TORT-2 (n" 4) and 102.0 ± 1.5% for TORT-
3 (n " 5). Blanks were included at the beginning of each analytical
run and the limit of quanti!cation was 0.05 ng. Hg concentrations
in caiman blood are presented in mg.g!1 dw.

2.4. Stable isotope analysis

An analysis of nitrogen and carbon stable isotopes was con-
ducted on red blood cells (RBCs) separated from plasma by
centrifugation. RBC samples were freeze-dried and then grounded
to a !ne powder. Aliquots of 0.3e0.4 mg were placed in tin cap-
sules. Stable isotopes were analyzed using a mass spectrometer
(IsoPrime 100, Isoprime, UK) associated to a CeNeS elementary
analyser (vario MICRO cube, Elementar, Germany). Stable carbon

and nitrogen isotope ratios are expressed as #d15N$ or
#d13C$ " [(Rsample/Rstandard)-1]x1000, where R is 15N/14N or 13C/12C

for d15N or d13C. IAEA-CG-6 (!10.4‰) was used as a standard
reference for carbon, and IAEA-N1 (%0.4‰) for nitrogen. Ten
replicate assays of internal laboratory standards indicated
maximum measurement errors (SD) of ±0.2‰ and ±0.15‰ for the
nitrogen and carbon isotope measurements, respectively. Further
details on isotope analysis are available in Caut et al. (2019).

2.5. Statistical analyses

All analyses were performed using the software R, v.3.2.4 (R
development Core Team 2013).

The data was !rst checked for normality and homogeneity of
variances. The relationship between Hg concentration and animal
total length was assessed by parametric linear regression. Paired t-
tests were used to compare Hg concentrations between the sex,
and the season. A linear regression model was used to determine

the relationship between Hg concentrations, d15N and d13C values
and to further determine the relationship between caiman length

and d15N and d13C values. The signi!cance for statistical analyses
was always set at p < 0.05.

3. Results

The Hg concentrations in the 72 sampled individuals ranged
from 0.299 to 3.408 mg g!1 dw (Table 1). There was a signi!cant,
positive relationship between Hg concentration and total body
length (Linear regression, F1,70" 92.37, p < 0.0001, r2 " 0.56, Fig. 2).
Adult females and males had a similar size range, respectively
162.9 ± 60.4 cm and 171.0 ± 53.1 cm (Paired t-test, t " 0.48,
p " 0.64) and displayed similar Hg concentrations, respectively
1.660 ± 0.694 mg g!1 dw and 1.459 ± 0.502 mg g!1 dw (Paired t-test,
t " 1.09, p " 0.28, Fig. 3).

Seasons (dry and rainy) did not in"uence Hg concentration
(Paired t-test, t" 0.38, p" 0.70), with values of 1.499 ± 0.440 mg g!1

Fig. 1. Geographic location of the study site in South America (A), French Guiana (B), Kaw-Roura Nature Reserve (C).
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dw for dry season and 1.559 ± 0.661 mg g!1 for rainy season.

The d15N was signi!cantly and positively related to caiman total
length (linear regression, F1,70 " 68.33, p < 0.0001, r2 " 0.49) and
Hg concentration (linear regression, F1,70 " 58.74, p < 0.0001,
r2 " 0.45, Fig. 4a). However, the d13C was not related to caiman total

length (linear regression, F1,70 " 0.86, p" 0.36, r2 "!0.002) nor Hg
concentration (linear regression, F1,70 " 1.13, p " 0.27, r2 " !0.003,
Fig. 4b).

4. Discussion

Our results show that Black caimans in French Guiana bio-
accumulate Hg. As a consequence, Hg concentration increases with
body size and is further linked to their trophic position (d15N). We
did not !nd any sexual or seasonal correlation with the Hg
concentration.

Blood is a universally used matrix to measure Hg exposure in a

Table 1
Sex, total length (cm) and blood Hg concentration (mg g!1 dw) of the Black caiman, Melanosuchus niger, from French Guiana.

N (Males/Females) Total Length Hg concentrations

Mean ± SD Min-Max Mean ± SD Min-Max

Season
Dry 18 (11/7) 155.8 ± 35.8 114e278 1.499 ± 0.440 0.741e2.432
Rainy 31 (19/12) 174.9 ± 63.8 95e320 1.559 ± 0.661 0.572e3.408
Sex
Male 30 171.0 ± 53.1 109e320 1.459 ± 0.502 0.717e2.894
Female 19 162.9 ± 60.4 95e254 1.660 ± 0.694 0.572e3.408

Fig. 2. Relationship between the total length (in cm) and Hg concentration (mg g!1 dw)
measured in the blood of Black caiman Melanosuchus niger from French Guiana (Linear
regression, F1,70 " 92.37, p < 0.0001, r2 " 0.56).

Fig. 3. Hg concentrations in the blood of males and females Black caiman Melano-
suchus niger from French Guiana. The top and bottom of the boxes represent the !rst
and last quartiles, the line across the box represents the median, the whiskers
represent the !fth and ninety-!fth percentiles, and the circles represent outliers.

Fig. 4. Relationship between Hg concentration in the blood (mg g!1 dw) and stable
isotope ratios of (a.) d15N (‰) (linear regression, F1,70 " 58.74, p < 0.0001, r2 " 0.45)
and (b.) d13C (‰) (linear regression, F1,70 " 1.13, p " 0.27, r2 " !0.003) of Black caiman
Melanosuchus niger from French Guiana.
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wide array of organisms (Lommel et al., 1992; Henny et al., 2002;
Eggins et al., 2015). Our results show a signi!cant positive rela-
tionship between the total length of Black caiman and the Hg
concentration in the blood (Fig. 2). Mercury is being transported
through the blood to different tissues, such as those involved in
detoxi!cation (mainly the liver), storage (muscles), excretion
(kidneys) and elimination (keratinized tissues). In reptiles, Hg
concentrations of blood are related to Hg concentrations of internal
tissues because of the dynamic transfer between these matrices
(Burger et al., 2007; Eggins et al., 2015; Nilsen et al., 2017). There-
fore, Hg values in the blood re"ect an overall Hg concentration in
the internal tissues. Our results also con!rm the usefulness of blood
to determine the Hg contamination in caimans (Eggins et al., 2015;
Marrugo-Negrete et al., 2019).

Several studies in crocodilians already reported a linear increase
of Hgwith age in various tissues (Yanochko et al.,1997; Burger et al.,
2000; Rumbold et al., 2002; Schneider et al., 2012). Age and size are
generally correlated (i.e. Eaton and Link, 2011), yet, in wild pop-
ulations, detailed information on age is rarely available. The rela-
tionship between crocodilian size and Hg concentration in tissues
such as blood, scutes, claws, muscles and liver shows that Hg is
bioaccumulated across the life of an individual (Burger et al., 2000;
Schneider et al., 2015; L!azaro et al., 2015; Marrugo-Negrete et al.,
2019). Although the Hg concentration in various tissues and the
body size are positively correlated in some crocodilian species (i.e.,
Alligator mississippiensis, Caiman crocodilus, Melanosuchus niger,
Caiman yacare), we emphasize that this pattern has not been
detected in other species (i.e., Crocodylus acutus, Crocodylus mor-
eletii, Yanochko et al., 1997; Burger et al., 2000; Rainwater et al.,
2007; Schneider et al., 2015; L!azaro et al., 2015; Marrugo-Negrete
et al., 2019). Such divergent !ndings may highlight the impor-
tance of relatively large sample sizes associated with signi!cant
body size ranges in order to robustly assess the relationship be-
tween Hg and individual traits. Mercury concentrations are
signi!cantly linked to d15N values (a proxy used to discriminate the
trophic level) (Fig. 4a). Results indicate that the Hg concentration is
depending on the ontogenetic change in the trophic position in
M. niger (Caut et al., 2019). Our results do not show a relationship
between Hg concentration and d13C (a proxy used to discriminate
different types of habitat) for M. niger (Fig. 4b). This result shows
that the ontogenetic change in the foraging ecology ofM. niger does
not induce a change in foraging habitats in the studied population.
We did not !nd any seasonal in"uence on Hg concentrations,
suggesting that the trophic ecology ofM. niger at our study site does

not signi!cantly vary across seasons.
We did not !nd any variation in Hg concentrations between

males and females (Table 1, Fig. 3). A possible mechanism of Hg
elimination in females is the maternal transfer of Hg to the eggs:
Females use their energy storage (e.g. body fat and proteins) during
vitellogenesis, whichmay induce a transfer of the Hg stored in their
tissues towards their eggs (Nilsen et al., 2020) as reported for birds
for instance (e.g., Lewis et al., 1993). This process would lead to
lower concentrations in the blood of females that recently laid eggs,
compared to males. Therefore, our results suggest that either 1), Hg
remobilization did not occur, or more likely, 2) this process is not
signi!cant enough to be detected in the blood of female Black
caimans. Future studies should investigate the level of Hg transfer
to the eggs during vitellogenesis in female M. niger, as well as in
other crocodilian species.

It is important to emphasize that the relatively low turn-over
rates of erythrocytes in crocodilians may have obscured putative
in"uences of sex and season on Hg levels. Indeed, blood is known to
re"ect short-time Hg exposure in birds or mammals (Bearhop et al.,
2000). For instance, the lifetime of erythrocytes is up to twomonths
in birds and up to four months in mammals (reviewed in Rodnan
et al., 1957; Monteiro and Furness, 2001). In crocodilians, the life-
time of erythrocytes can last up to 3 years (Cline and Waldmann,
1962). Future studies are required to assess whether low turn-
over rates of erythrocytes in crocodilians in"uence short-scale,
temporal variations in Hg concentrations.

Mercury concentrations in the blood of M. niger in French Gui-
ana (1.284 ± 0.672 mg g!1 dw) are higher than in other South
American species with a maximum value of 0.325 ± 0.105 mg g!1

dw (Table 2; Marugo-Negrete et al., 2019). However, limited data is
available from this geographic area (Table 2). The values we report
in the blood of M. niger are similar to what has been determinated
in the muscle of the same species in Brazil (Table 2). This is espe-
cially interesting as Hg concentrations in the muscle usually tends
to be higher than in the blood (Schneider et al., 2012). Insuf!cient
data on Hg in crocodilians from the Americas make comparison
dif!cult, except for the United States where the American alligator
is well documented (Table 2). Clearly, future studies are required in
order to provide a complete background to perform substantial
comparisons. In addition, the use of other tissues where sampling is
less invasive (i.e.., claws and scutes, L!azaro al., 2015; Marrugo-
Negrete et al., 2019), should be considered, for it is already a con-
ventional method in other reptile species (e.g., Slimani et al., 2018;
Lemaire et al., 2018; Beau et al., 2019).

Table 2
Review of Hg concentration (mg g!1 dw) reported in crocodilians. TL stands for Total Length and SVL for Snout-Vent-Length (cm). (a Original data reported in wet weight,
transformed in dry weight with a factor 3.8 calculated by Jeffree et al., 2001 for muscles;b original data reported in wet weight, transformed in dry weight using a factor 5).

Species Location Tissue n Length (cm) Hg (mg g!1 dw) Reference

Mean ± SD Min-Max Mean ± SD Min-Max

Black caiman
Melanosuchus niger

Rio Purus, Brazil Muscles 11 107.5 ± 31.4 (SVL) 75.3e190.9 (SVL) 1.93a 0.69e4.06a Schneider et al. (2012)

Black caiman
Melanosuchus niger

Rio Purus, Brazil Muscles 16 102 ± 27 (SVL) 75e191 (SVL) 0.669 ± 0.369a e Eggins et al. (2015)

Black caiman
Melanosuchus niger

Mamirau!a Reservoir,
Brazil

Muscles 60 107e309 (TL) 107e309 (TL) 1.457 ± 0.433a e Correia et al. (2014)

American Alligator
Alligator mississippiensis

South Carolina Total Blood e e e 2.19 ± 0.38 e Jagoe et al. (1998)

American Alligator
Alligator mississippiensis

Florida Total Blood 37 92.1 ± 31.6 (SVL) 43.9e153.5 (SVL) 0.965b 0.280e6.900b Nilsen et al. (2017)

Spectacled Caiman
Caiman crocodilus

La Mojana, Colombia Total Blood 22 57.2 ± 3.5 (TL) e 0.325 ± 0.105b e Marrugo-Negrete et al. (2019)

Spectacled Caiman
Caiman crocodilus

La Mojana, Colombia Total Blood 23 57.5 ± 6.8 (TL) e 0.07 ± 0.04b e Marrugo-Negrete et al. (2019)

Black caiman
Melanosuchus niger

Kaw, French Guiana Total Blood 72 143.2 ± 61.3 (TL) 46e326 (TL) 1.284 ± 0.672 0.30e3.41 Our study
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5. Conclusion

Overall, the use of blood of M. niger is informative regarding the
Hg concentration and it extends the use of Crocodilians to monitor
the environmental Hg contamination. To do so, precise individual
information (e.g., size and diet or trophic position) is required. For
instance, the change of the trophic position has a signi!cant impact
on the level of Hg contamination between juveniles (feeding on low
trophic level prey) and adults (feeding mostly on high trophic level
prey). Therefore, it is essential to take their diet into account to
compare levels of Hg contamination between different sites or
populations. Additionally, future studies are required to assess
whether the concentrations of Hg we have found inM. niger pose a
threat to the species.
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A B S T R A C T   

Environmental contaminants affect ecosystems worldwide and have deleterious effects on biota. Non-essential 
mercury (Hg) and lead (Pb) concentrations are well documented in some taxa and are described to cause mul-
tiple detrimental effects on human and wildlife. Additionally, essential selenium (Se) is known to be toxic at high 
concentrations but, at lower concentrations, Se can protect organisms against Hg toxicity. Crocodilians are 
known to bioaccumulate contaminants. However, the effects of these contaminants on physiological processes 
remain poorly studied. In the present study, we quantified Hg, Pb and Se concentrations in spectacled caimans 
(Caiman crocodilus) and investigated the effects of these contaminants on several physiological processes linked 
to osmoregulatory, hepatic, endocrine and renal functions measured through blood parameters in 23 individuals. 
Mercury was related to disruption of osmoregulation (sodium levels), hepatic function (alkaline phosphatase 
levels) and endocrine processes (corticosterone levels). Lead was related to disruption of hepatic functions 
(glucose and alanine aminotransferase levels). Selenium was not related to any parameters, but the Se:Hg molar 
ratio was positively related to the Na! and corticosterone concentrations, suggesting a potential protective effect 
against Hg toxicity. Overall, our results suggest that Hg and Pb alter physiological mechanisms in wild caimans 
and highlight the need to thoroughly investigate the consequences of trace element contamination in 
crocodilians.   

1. Introduction 

Environmental contamination is recognized to be a widespread 
phenomenon, leading to increasing concerns as to its potential impact on 
biodiversity (Fleeger et al., 2003; Eagles-Smith et al., 2018; Brühl and 
Zaller, 2019; Ferronato and Torretta, 2019; Pain et al., 2019; Kasonga 
et al., 2021). Environmental contaminants have multiple sources, and 
their recent increase mainly relates to anthropogenic activities such as 
fossil fuel combustion, chemical production and use, and mining activ-
ities (Richardson and Kimura, 2017). In addition, global changes have 
recently been identified as a cause of modification in the distribution 
and behaviour of environmental contaminants at a global scale (Noyes 
et al., 2009; Obrist et al., 2018). Providing information on 

environmental contamination levels and distribution across geograph-
ical areas, biomes or species is critical. One of the current challenges is to 
quantify how environmental contaminants affect physiological func-
tions in various organisms and to understand the potential consequences 
for wildlife and human health. 

Mercury (Hg) and lead (Pb) are two non-essential trace elements 
which are present in ecosystems worldwide and induce deleterious ef-
fects on humans and wildlife (Clarkson and Magos, 2006; Wani et al., 
2015; Evers, 2018; Pain et al., 2019). They naturally occur in the 
environment, though human activities increase their levels (e.g., fuel 
combustion, mining activities and ammunition from hunting, Fisher 
et al., 2006; Pirrone et al., 2010; Beckers and Rinklebe, 2017; Fry et al., 
2020). In addition, Hg and Pb bioaccumulate in various tissues of 
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organisms (Vizuete et al., 2018; De Almeida Rodrigues et al., 2019; Pain 
et al., 2019). They have multiple adverse effects on reproductive, renal 
and hepatic functions, and are recognized as immune and endocrine 
disruptors (Eisler, 1988; Fingerman et al., 1996; Pattee and Pain, 2003; 
Zahir et al., 2005; Scheuhammer et al., 2008; Tan et al., 2009; Grillitsch 
and Schiesari, 2010; Bergeron et al., 2011; Hopkins et al., 2013; Tartu 
et al., 2013; Whitney and Cristol, 2017; Monclús et al., 2020). 

Selenium (Se) is an essential trace element which is involved in 
functions of various physiological processes, such as immune system and 
thyroid hormone homeostasis (Roy et al., 1995; Ramauge et al., 1996; 
K!ohrle et al., 2005; Avery and Hoffmann, 2018; Qian et al., 2020). Its 
sources are both natural and anthropogenic with major releases into the 
environment from coal combustion (Rowe et al., 2002; Lemly, 2004; He 
et al., 2018; Ullah et al., 2019). A disruption of the normal Se balance 
can negatively affect metabolic processes (Rayman, 2000; Taylor et al., 
2009; Finger et al., 2016). Selenium toxicity is known to affect growth, 
reproduction, and the immune system (Heinz et al., 1987; Hoffman 
et al., 1991; Hoffman, 2002; Hopkins et al., 2004; Naderi et al., 2021). 
Nevertheless, due to its high affinity to Hg, Se qualifies as a natural 
antagonist: low Se concentrations can protect organisms against toxic 
effects of Hg by reduction or even elimination of its toxicity (Sugiura 
et al., 1978; Gajdosechova et al., 2018; Rahman et al., 2019). 

Crocodilians, being apex predators, accumulate high levels of metal 
contaminants due to their life history characteristics (e.g. aquatic 
habitat, long lifespan, high trophic level, high tissue conversion rate) 
and can serve as indicators of ecosystem health (Yanochko et al., 1997; 
Vieira et al., 2011; Schneider et al., 2015; Somaweera et al., 2020; 
Lemaire et al., 2021a). However, many crocodilians have a concerning 
conservation status, and populations of several species are currently 
decreasing (Targarona et al., 2008; Ferreira and Pienaar, 2011; Bezuijen 
et al., 2012; Van Weerd et al., 2016; Balaguera-Reina et al., 2018; Ortiz 
et al., 2020). Few studies which focused on a limited number of species 
have evaluated Hg and Pb concentrations in crocodilians (Burger et al., 
2000; Jeffree et al., 2001; Correia et al., 2014; Trillanes et al., 2014; 
Nilsen et al., 2017b). Further knowledge on their negative effects is 
restricted to four crocodilian species (Alligator mississippiensis, Caiman 
crocodilus, Paleosuchus trigonatus and Crocodylus niloticus) and few 
markers (morphology, DNA and reproduction; Lance et al., 2006; 
Warner et al., 2016; Nilsen et al., 2017a; Marrugo-Negrete et al., 2019; 
Lemaire et al., 2021b). To our knowledge, no studies have investigated 
the combined effects of Hg, Pb and Se, and the possible protective effect 
of Se on physiological parameters of caimans, particularly in French 
Guiana, where said contaminants are highly abundant in the 
environment. 

To investigate potential effects of such contaminants on physiolog-
ical functions of humans and wildlife, blood chemistry analysis is a 
relevant tool. Blood integrates indices of most organisms’ physiological 
processes. Therefore, blood chemistry offers a generalist approach to 
investigate several physiological functions (e.g., energetic metabolism, 
reproduction, detoxification, osmoregulation; Aguiree and Balazs, 2000; 
Brischoux and Kornilev, 2014; Bar"ao-N#obrega et al., 2018; Hudson et al., 
2020) and can additionally be used for contamination level assessment 
(Clark et al., 2000). Because blood sampling is non-lethal and performed 
relatively easily, the effect of trace elements on biochemical parameters 
can be monitored over time. 

In the present study, we assessed the concentrations of selected trace 
elements (Hg, Pb, and Se) and 15 physiological parameters indicative of 
osmoregulatory (e.g., sodium, chlorine), metabolic (e.g., glucose, cal-
cium), hepatic (e.g., aspartate aminotransferase, alanine aminotrans-
ferase), endocrine (e.g., corticosterone) and renal (e.g., total protein) 
functions in the blood of Caiman crocodilus from French Guiana. Addi-
tionally, we evaluated relationships between Hg, Pb, and Se with blood 
chemistry and corticosterone to investigate the effects of these trace 
elements on crocodilian physiology. 

2. Material and methods 

2.1. Sample collection 

Between November 2019 and February 2020, we captured and 
sampled 23 Spectacled Caimans Caiman crocodilus at “Pripis de Yiyi” (N 
05!25"25"", W 53!02"50"") and the nature reserve “Kaw-Roura” (N 
04!29"20"", W 52!03"38"") in French Guiana. Each individual was 
measured (Snout-Vent Length, SVL) and weighed. Blood was drawn 
from the lateral tail vein using a 2.5 mL syringe and a 23 or 21 gauge - 
50 mm heparinized needle (heparin sodium). Due to logistical con-
straints inherent to field procedures and the study species, time between 
the successful capture of an individual and the end of blood sampling 
was 14 # 3 min (range 10–19 min). Blood samples were immediately 
placed in cold temperatures (4 !C) until being processed at the labora-
tory. After biochemistry analysis (see below), half of the whole blood 
was frozen at $28 !C, the second part was centrifuged at 6500 rpm for 5 
min, then plasma and red blood cells were separately frozen at $28 !C. 

After sampling, all caimans were released at their capture locations. 
Captures and sample collection were performed under a permit from the 
French authorities (Direction R#egionale des Territoires et de la Mer) 
after evaluation by the CSRPN, the regional scientific committee 
(Permit: R03-2019-01-09-001 & R03-2019-10-24-007). 

2.2. Blood biochemistry analysis 

On average of 4 h after sampling, we analyzed blood parameters 
using VetScan VS2 Chemistry Analyzer (Abaxis, Inc., Union City, Cali-
fornia, USA) by applying 100 !L of whole blood on “Avian-Reptilian” 
and/or “Preventive Care Profile Plus” designated rotors to measure total 
calcium (Ca2%), potassium (K%), sodium (Na%), chloride (Cl$), phos-
phorus (P), uric acid (UA), glucose (GLU), total bilirubin (TBIL), total 
protein (TP), creatine kinase (CK), aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), albumin (ALB), alkaline phosphatase 
(ALP), total carbon dioxide (tCO2), blood urea nitrogen (BUN), bile acids 
(BA), creatinine (CRE) and globulin (GLOB). Five blood biochemistry 
parameters (ALB, BUN, CRE, BA and GLOB) could not be quantified as 
their levels were under the detection limit of the VetScan. 

2.3. Corticosterone analysis 

We measured plasma corticosterone levels using radioimmunoassay, 
as described in Lorm#ee et al., (2003). Corticosterone was measured after 
ethyl ether extraction using a commercial antiserum. After adding 
dextran-coated charcoal and centrifugation, the free corticosterone was 
separated. Bound fraction containing corticosterone was measured 
using a liquid scintillation counter. The minimum detectable cortico-
sterone concentration was 0.28 ng ml$1, and the inter-assay coefficients 
of variation were 6.24% and 9.63%, respectively (samples were assayed 
in duplicate, in two assays). 

2.4. Trace element analysis 

Whole blood was freeze-dried for 48 h, ground and homogenized. 
Total Hg concentrations were determined by direct measurement in the 
whole blood, using an atomic absorption spectrometer AMA-254 
(Advanced Mercury Analyzer-254; Altec®). Certified Reference Mate-
rial (CRM) TORT-3 (lobster hepatopancreas; certified Hg concentration: 
0.292 # 0.022 !g g$1 dry weight (dw), NRCC) was analyzed at the 
beginning and at the end of the analytical cycle to validate the method. 
For each individual, two replicates of blood (~0.6 mg dw) were 
analyzed, and the reproducibility for replicate samples was approved 
when the relative standard deviation (RSD) was !10%. Measured values 
for TORT-3 were 0.292 # 0.006 !g g$1 dw (n & 20), with a recovery of 
100.1 # 1.9%. The limit of quantification was 0.05 ng. 

Se and Pb were analyzed in freeze-dried whole blood using 
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS II Series 
Thermo Fisher Scientific), (aliquots mass: 8–139 mg dw). Whole blood 
samples were microwave-digested in a mixture of 6 mL of 70% HNO3 
(VWR SUPRAPUR Quality) and 2 mL of 37% HCl (VWR SUPRAPUR 
Quality); for samples weighing less than 100 mg, the volumes of HNO3 
and HCl were divided by half. Samples were further diluted with ul-
trapure water to 50 mL (25 mL for samples ! 100 mg). To avoid 
contamination, all utensils used were soaked in a bath of diluted nitric 
acid for at least 48 h, rinsed in ultrapure water and dried. Certified 
Reference Materials (CRM; dogfish liver DOLT-3, NRCC, and lobster 
hepatopancreas TORT-2, NRCC) were treated and analyzed as samples. 
Results of Hg, Pb and Se quantification were in agreement with the 
certified values, and the standard deviations were low, proving good 
repeatability of the methods. The results for CRMs displayed recoveries 
of the elements ranging from 92.1 ! 17.5% (n " 8) for Pb, 110.7 ! 4.7% 
for Se (n " 8). Hg, Pb and Se results are further expressed in !g.g#1 dw. 

2.5. Statistical analyses 

All analyses were performed using the Software R v.3.6.1. (R devel-
opment Core Team). The data was first checked for normality and ho-
mogeneity of variances. Analyses on trace elements were performed on 
log-transformed values. The selenium:mercury (Se:Hg) molar ratio was 
calculated using the Hg and Se concentrations (in !g.g#1 dw) divided by 
the molecular weight of each element, respectively 200.59 for Hg and 
78.96 for Se, following the equation: 

Se : Hg molar ratio " $Se% "78#96
$Hg% "200#59 

The relation between trace elements, biometric measurements, and 
biochemistry parameters were assessed by linear regression. 

Corticosterone concentrations of Caiman crocodilus were not influ-
enced significantly by the time of handling (F2,18 " 0.274, p " 0.787) 
and relations between trace elements and corticosterone concentrations 
were assessed with linear regressions. 

3. Results and discussion 

Non-essential trace elements affected physiological parameters, in 
particular osmoregulatory, hepatic, endocrine and renal functions. 
Below we discuss the physiological mechanisms which appear to be 
potentially affected by these contaminants. 

3.1. Mercury 

Hg concentrations ranged from 0.168 to 1.532 !g g#1 dw (Table 1) 
and were negatively correlated with natremia (R2 " 0.345, p " 0.005, 
Fig. 1, Table 2) and, to a lesser extent with chloremia (R2 " 0.437, p "
0.053). This suggests that higher Hg concentrations negatively influ-
enced ionic regulation which is related to renal functions in caimans. 

We found a negative relationship between Hg and alkaline phos-
phatase (ALP) concentrations (R2 " 0.601, p " 0.024, Fig. 1, Table 2). 
Elevation of Hg concentrations is linked to a diminution of ALP in the 
blood of Caiman crocodilus, suggesting an alteration of hepatic function. 

Our results show a negative relationship between corticosterone 
levels and Hg concentrations (R2 " 0.276, p " 0.021, Table 2), which 
suggests that elevation of Hg concentrations may disrupt endocrine 
processes in caimans by a diminution of corticosterone production (HPA 
axis). 

Although Hg toxicity is well documented in several taxa (Scheu-
hammer et al., 2007; Morcillo et al., 2017; Evers, 2018; Zheng et al., 
2019), its effects remain poorly studied in reptiles (Schneider et al., 
2013). Mercury can act as an inhibitor of the Na&/K&-ATPase (Kramer 
et al., 1986; Magour, 1986; Chuu et al., 2007), and can lead to a 
disruption of osmoregulation in taxa such as fishes and crustaceans 

(Lock et al., 1981; Bianchini and Gilles, 1996; Handayani et al., 2020). 
In Alligatorids, osmoregulation principally occurs in the kidneys (Maz-
zotti and Dunson, 1989; Grigg et al., 1998) and our results suggest that 
renal function may be negatively affected by Hg. Freshwater species 
need to maintain osmolality in a hyposmotic environment, as the 
regulation of the hydromineral balance is crucial for survival 
(Schmidt-Nielsen, 1983). Hyponatremia has been shown to cause 
neurological dysfunction, muscle damage and death (Patterson, 2011; 
Gankam Kengue and Decaux, 2018; Martemyanov and Poddubnaya, 
2020, Arieff, 1986, 2006). Therefore, consequences of chronic hypo-
natremia in Hg-contaminated freshwater crocodilians needs to be 
assessed. 

The negative relationship between Hg and ALP suggests that some 
liver functions in Caiman crocodilus are disrupted due to Hg contami-
nation, as previously found in fish (Sastry and Sharma, 1980) and ro-
dents (El-Shenawy and Hassan, 2008). ALP is a liver cytoplasmic 
enzyme involved in the hepatocytic functions, and perturbations of its 
activity occur via mechanisms such as ATPase disruption (El-Shenawy 
and Hassan, 2008). Potential effects of decreased ALP, and/or altered 
liver functions linked to Hg contamination in caimans deserve further 
investigation. 

Table 1 
Morphometrics, biochemistry parameters and trace element concentrations of 
the Spectacled Caiman (Caiman crocodilus) from French Guiana.   

Caiman crocodilus 

N Mean ! SD Min - Max 

Morphometric parameters 

Snout-Vent-Length (SVL)a 23 35.9 ! 7.7 20.2–48.5 
Weight (W)b 23 1443 ! 950 250–3950 

Metal concentrations 

Hgc 21 0.676 ! 0.414 0.168–1.532 
Sec 21 1.35 ! 0.30 0.76–1.92 
Se:Hg 21 7.90 ! 5.85 1.45–21.54 
Pbc 21 0.13 ! 0.06 0.04–0.28 

Biochemistry parameters 

Total calcium (Ca2&)d 23 10.6 ! 0.9 9.1–12.5 
Potassium (K&)e 22 4.6 ! 0.7 3.4–6.1 
Sodium (Na&)e 23 139.1 & 7.2 126–152 
Chlorine (Cl#)e 10 103.9 ! 6.0 93–112 
Phosphorus (P)d 14 52 ! 11 35–74 
Uric acid (UA)d 14 14 ! 8.0 6.0–33 
Glucose (GLU)d 23 662 ! 152 330–960 
Total bilirubin (TBIL)d 10 2.5 ! 1.0 20–30 
Total protein (TP)f 23 49 ! 8.0 35–72 
Creatine kinase (CK)g 13 3245 ! 1420 1192–6148 
Aspartate aminotransferase (AST)g 23 133.4 ! 35.0 88–229 
Alanine aminotransferase (ALT)g 10 43.0 ! 10.9 27–66 
Alkaline phosphatase (ALP)g 8 28.6 ! 9.6 16–46 
Total carbon dioxide (tC02)h 10 15.8 ! 4.6 8–24 
Corticosteronei 21 27.72 ! 14.01 7.98–53.61  

a in cm.  

b in g.  

c in !g.g#1.  

d in mg.L#1.  

e in mmol.L#1.  

f in g.L#1.  

g in U.L#1.  

h in mosm.L#1.  

i in ng.mL#1.  
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Mercury accumulates in the pituitary gland and the thyroid and al-
ters the endocrine system in vertebrates (Colborn et al., 1993; Tan et al., 
2009; Meyer et al., 2014; Tartu et al., 2013). Consistent with these 
studies, the negative relationship between corticosterone levels and Hg 
concentrations suggests that Hg may disrupt endocrine processes in 
caimans as already shown in other taxa (Moore et al., 2014; Meill!ere 
et al., 2016; Soto et al., 2019). Disruption of corticosterone levels has 
consequences on metabolism, behaviour and reproduction (Denardo 
and Licht, 1993; Guillette et al., 1995; Scott et al., 2019). Effects of 
environmental contaminants (e.g., pesticides, trace elements) on the 
endocrine system of crocodilians have been already reported (Guillette 
et al., 1994; Arukwe et al., 2016; Finger et al., 2018), while endocrine 
disruption associated to Hg contamination is yet unknown but demands 
future evaluation. 

3.2. Selenium and Se:Hg molar ratio 

Se concentrations ranged from 0.76 to 1.92 !g g!1 dw (Table 1) and 
was not related to any parameters (all p ! 0.05, Table 2), suggesting that 

Se concentrations were not high enough to induce any effects. 
Our results show that natremia (Na": R2 # 0.378, p # 0.004, Fig. 2, 

Table 2) and corticosterone levels (R2 # 0.272, p # 0.026, Table 2) 
increased with the Se:Hg molar ratio. These results show that Na" and 
corticosterone levels are positively influenced by an excess of Se against 
Hg, suggesting a potential positive effect of Se. 

Selenium is an essential trace element involved in antioxidant de-
fense and thyroid metabolism which can be toxic in high concentrations 
(Behne et al., 2000; Ramauge et al., 1996; Rayman, 2000). In the 
American alligator, Alligator mississippiensis, chronic Se exposure affects 
stress parameters such as corticosterone levels (Finger et al., 2019). Our 
results suggest that Se concentrations were not high enough to trigger 
toxic effects. However, the relationships found between Se:Hg molar 
ration and natremia and corticosterone levels suggests positive effects of 
this ratio. As already discussed, Hg concentrations show a negative 
relationship with Na" and corticosterone concentrations. Because Se 
reduces Hg toxicity in many taxa (Beijer and Jernelov, 1978; Freidman 
et al., 1978; Ohi et al., 1980; Culvin-Aralar and Furness, 1991; Suzuki, 
1997; Ralston et al., 2006; Ralston and Raymond, 2010), we suggest that 

Fig. 1. Relationships between Hg concentration (Log !g.g!1 dw) and (A) sodium concentration (mmol.L!1, R2 # 0.345, p # 0.005) and (B) alkaline phosphatase 
concentration (U.L!1, R2 # 0.601, p # 0.024) in the blood of the Spectacled Caiman (Caiman crocodilus) from French Guiana. 

Table 2 
Summary statistics of linear regression between morphometrics, metal concentrations and biochemistry parameters in the Spectacled Caiman (Caiman crocodilus) in 
French Guiana. Bold denotes significant relationship (p " 0.05) and arrows indicate a positive or negative correlation.  

Parameters Hg Se Se:Hg Pb 

Caiman crocodilus n R2 p n R2 p n R2 P n R2 p 

Snout-vent length (SVL) 21 0.143 0.091 20 0.091 0.198 20 0.161 0.080 21 0.290 0.012 ! 
Weight (W) 21 0.163 0.070 20 0.130 0.118 20 0.197 0.050 21 0.129 0.110 
Total calcium (Ca2") 21 0.112 0.138 20 0.017 0.587 20 0.058 0.307 21 0.122 0.121 
Potassium (K") 20 0.045 0.370 19 0.074 0.259 19 0.058 0.319 20 0.186 0.057 
Sodium (Na") 21 0.345 0.005 " 20 0.184 0.059 20 0.378 0.004 ! 21 0.001 0.897 
Chlorine (Cl!) 9 0.437 0.053 9 0.109 0.386 9 0.395 0.070 9 0.041 0.602 
Phosphorus (P) 13 0.091 0.315 12 0.030 0.592 12 0.062 0.436 13 0.099 0.295 
Uric acid (UA) 13 0.009 0.757 12 0.161 0.197 12 0.079 0.376 13 0.032 0.562 
Glucose (GLU) 21 0.014 0.612 20 0.073 0.251 20 0.031 0.455 21 0.239 0.025 " 
Total bilirubin (TBIL) 9 0.209 0.217 9 0.082 0.455 9 0.200 0.228 9 0.096 0.418 
Total protein (TP) 21 0.008 0.700 20 0.024 0.514 20 0.015 0.611 21 0.006 0.740 
Creatine kinase (CK) 13 0.000 0.972 12 0.014 0.716 12 0.005 0.828 13 0.003 0.866 
Aspartate aminotransferase (AST) 21 0.003 0.824 20 0.078 0.232 20 0.013 0.629 21 0.162 0.070 
Alanine aminotransferase (ALT) 9 0.001 0.929 9 0.002 0.910 9 0.002 0.921 9 0.740 0.003 ! 
Alkaline phosphatase (ALP) 8 0.601 0.024 " 8 0.035 0.655 8 0.477 0.058 8 0.003 0.894 
Total carbon dioxide (tCO2) 9 0.142 0.318 9 0.028 0.667 9 0.125 0.351 9 0.175 0.263 
Corticosterone 19 0.276 0.021 " 18 0.090 0.228 18 0.272 0.026 ! 19 0.064 0.295  
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Se:Hg molar ratio has a role of protection against Hg toxicity in Caiman 
crocodilus. This hypothesis is reinforced by the marginal relationship 
detected between Se concentration and Na! values. Our results 
emphasize the need for future studies on this potential protective effect 
of the Se:Hg molar ratio in crocodilians. 

3.3. Lead 

Pb concentrations ranged from 0.04 to 0.28 !g g"1 dw (Table 1) and 
were negatively related to glucose levels (R2 # 0.239, p # 0.025, Fig. 3, 
Table 2), suggesting that Pb affects mechanisms related to the regulation 
of glucose. Our results show a positive relationship between Pb con-
centration and alanine aminotransferase concentration (ALT) (R2 #
0.740, p # 0.003, Fig. 3, Table 2) suggesting that the organism increases 
the production of ALT in response to elevated Pb concentration in the 
blood. 

The detrimental effects of lead contamination are well studied and 
affects vascular, nervous, renal, hepatic, immune, endocrine and 

reproductive systems (Eisler, 1988; Pattee and Pain, 2003; Grillitsch and 
Schiesari, 2010). The biokinetics of Pb in the blood of crocodilians is 
shorter than in other vertebrates, with a half-life of 3 days, in compar-
ison to 13 days in birds and mammals (Anders et al., 1982; Castellino 
and Aloj, 1964; Hammerton et al., 2003). No clinical signs of Pb toxicity 
were found in crocodilian studies yet, suggesting resistance of the taxon 
to this contaminant (Cook et al., 1998; Camus et al., 1998; Hammerton 
et al., 2003; Lance et al., 2006; Warner et al., 2016). However, our re-
sults show a negative relationship between Pb and glucose level sug-
gesting that Pb affects the endocrine systems of Caiman crocodilus and 
alters its liver function. Glucose is regulated by the liver and complex 
interactions with the hypothalamus, pituitary and adrenal glands (Lin 
and Accili, 2011; Cady et al., 2017). Our results are consistent with 
studies in marine turtles exposed to Pb (Komoroske et al., 2011). Our 
findings are strengthened by the positive relationship we additionally 
found between Pb and ALT, an indicator of hepatocellular damages 
(Kew, 2000; Maheswari et al., 2008). While our findings show some 
toxic effects of Pb on liver functions in crocodilians, it deserves further 
investigations. 

4. Conclusion 

The present study provides the first evidence that Hg and Pb affect 
physiological parameters in Caiman crocodilus. Mercury was related to 
disruptions of sodium, alkaline phosphatase, and corticosterone levels, 
which suggests a negative effect on osmoregulation, hepatic functions 
and endocrine processes. Lead was related to disruption of glucose and 
alanine aminotransferase levels, suggesting hepatocellular damages. 
Although the Hg and Pb concentrations of the present study are 
commonly found in crocodilians, the relationship between contaminant 
levels and blood parameters are of concern. Interestingly, results that 
investigate the Se:Hg molar ratio suggest a protective effect of Se against 
Hg toxicity in caimans. This study is a starting point for further evalu-
ation of trace element consequences on physiological mechanisms in 
caimans, particularly those more vulnerable to exposure. Indeed, our 
sampled individuals were relatively small and thus probably young in-
dividuals which suggest that physiological alterations linked to non- 
essential trace elements can occur early in the life of crocodilians. 

Fig. 2. Relationship between Se:Hg molar ratio and sodium concentration 
(mmol.L"1, R2 # 0.378, p # 0.004) in the blood of the Spectacled Caiman 
(Caiman crocodilus) from French Guiana. 

Fig. 3. Relationships between Pb concentration (Log !g.g"1 dw) and (A) Alanine aminotransferase (U.L"1, R2 # 0.740, p # 0.003) and (B) Glucose (mg.L"1, R2 #
0.239, p # 0.025) in the blood of the Spectacled Caiman (Caiman crocodilus) from French Guiana. 
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A B S T R A C T   

The deleterious effects of mercury (Hg) contamination are well documented in humans and wildlife. Chronic 
exposure via diet and maternal transfer are two pathways which increase the toxicological risk for wild pop-
ulations. However, few studies examined the physiological impact of Hg in crocodilians. We investigated the Hg 
contamination in neonate Smooth-fronted Caimans, Paleosuchus trigonatus, and the use of keratinized tissues and 
blood to evaluate maternal transfer. Between November 2017 and February 2020, we sampled 38 neonates from 
4 distinct nests. Mercury concentration was measured in claws, scutes and total blood. Highest Hg concentrations 
were found in claws. Strong inter-nest variations (Hg ranging from 0.17 ! 0.02 to 0.66 ! 0.07 !g.g"1 dw) 
presumably reflect maternal transfer. Reduced body size in neonates characterized by elevated Hg concentrations 
suggests an influence of Hg during embryonic development. We emphasize the use of claws as an alternative to 
egg collection to investigate maternal transfer in crocodilians. Our results demonstrated the need of further 
investigation of the impact of Hg contamination in the first life stages of crocodilians.   

1. Introduction 

Mercury (Hg) is a worldwide environmentally dangerous contami-
nant (Chen et al., 2018). Its chronic effects on humans and wildlife 
impact reproduction, offspring quality, embryonic development, hor-
monal synthesis and secretion, cellular respiration, metabolic processes 
and immune functions, and further cause neurobehavioral and neuronal 
dysfunctions (Fingerman et al., 1996; Zahir et al., 2005; Bergeron et al., 
2011; Hopkins et al., 2013; Schneider et al., 2013; Tartu et al., 2013; 
Bridges et al., 2016; Landler et al., 2017; Whitney and Cristol, 2017). 

Since more than 30 years, several studies report Hg contamination in 
a variety of tissues of alligators, caimans and true crocodiles (e.g. Delany 
et al., 1988; Jagoe et al., 1998; Burger et al., 2000; Almli et al., 2005; 
Vieira et al., 2011; Eggins et al., 2015; Nilsen et al., 2017; Buenfil-Rojas 
et al., 2020). In certain geographical areas (e.g., Amazon region), the 
abundant natural Hg in soil and biota (e.g. an average of 0.3 !g.g"1 in 

forest soil in French Guiana, Richard et al., 2000), human activities such 
as deforestation, gold mining activities and agriculture additionally 
contribute to increase Hg bioavailability (Roulet et al., 1998; Maur-
ice-Bourgoin et al., 2000; Vieira et al., 2011; Schneider et al., 2012, 
2015; Correia et al., 2014; Eggins et al., 2015; L!azaro et al., 2015; Rivera 
et al., 2016; Marrugo-Negrete et al., 2019; Lemaire et al., 2021). 

Mercury concentrations obtained in crocodilian tissues have been 
shown to reflect the contamination of the individual’s environment 
across different temporal scales (L!azaro et al., 2015; Schneider et al., 
2015). Blood Hg concentration is thought to reflect relatively recent 
exposure, while keratinized tissues (e.g., scales and claws) seem to 
reflect Hg concentration accumulated during longer time periods 
(Schneider et al., 2015). Despite such tissue-specific variations in Hg 
burden, ingestion of contaminated food is thought to be the primary 
source of Hg exposure in crocodilians (Smith et al., 2007; Lemaire et al., 
2021). Although relatively elevated Hg concentrations are found in 
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crocodilians (e.g. up to 42.15 ! 6.64 !g.g"1 in liver and 6.33 ! 1.04 !g. 
g"1 in scutes of the American alligator, Alligator mississippiensis, 
Yanochko et al., 1997), few studies have investigated actual impact of 
Hg contamination on these taxa (Jagoe et al., 1998; Almli et al., 2005; 
Nilsen et al., 2017; Marrugo-Negrete et al., 2019). A negative impact of 
Hg contamination on body condition has been shown in the American 
alligator, Alligator mississippiensis (Nilsen et al., 2017) and DNA damages 
related to Hg exposure have been indicated in the Spectacled caiman, 
Caiman crocodilus (Marrugo-Negrete et al., 2019). 

In addition to the direct influence of trophic level on an individual’s 
contamination, Hg can also be maternally transferred to the progeny in 
vertebrate species (Evers et al., 2003; Bergeron et al., 2010; Heinz et al., 
2010; Ackerman et al., 2017). In mammals, Hg is transferred directly 
across the placenta and via lactation during nursing while in reptiles 
sensu lato (i.e., including birds), Hg can be transferred to the eggs during 
vitellogenesis. The maternal transfer of Hg is a particular source of 
contamination that is directly related to the female Hg burden (Akearok 
et al., 2010; Nilsen et al., 2020). Importantly, Hg contamination during 
early development has been shown to negatively affect embryonic 
development, embryonic mortality and can have relatively long-lasting 
effects on the physiology and behavior of neonates (Wolfe et al., 1998; 
Scheuhammer et al., 2007; Cusaac et al., 2016, Nilsen et al., 2020). 
Although a recent study reported a positive relationship between the Hg 
concentration of reproductive American Alligators, Alligator mis-
sissippiensis, and its eggs indicating vertical (maternal) transfer of Hg 
during vitellogenesis (Nilsen et al., 2020), to our knowledge, no study 
has examined the Hg concentration in hatchling crocodilians yet. 

The Smooth-fronted Caiman (Paleosuchus trigonatus) is a small 
neotropical caiman living in rainforest and wetland habitats with a 
largely unknown ecology and biology (Magnusson and Lima 1991; 
Lemaire et al., 2018). In French Guiana, few data is available on this 
species and the regional population is classified as decreasing (IUCN 
France et al., 2017). Because of their lifestyle and habitat, Paleosuchus 
trigonatus can be directly impacted by anthropogenic activities such as 
deforestation and gold mining that both lead to elevated values of 
available Hg. In this study, we assessed the total Hg concentration in 
neonate Smooth-fronted Caimans, Paleosuchus trigonatus, from different 
nests in French Guiana in order to investigate inter-nest variations that 
may be linked to maternal transfer of Hg to the progeny, to document Hg 
concentration in different tissues (blood, scutes and claws) of hatching 
caimans and to explore potential relationships between neonate 
phenotype (body size) at birth and Hg burden. 

2. Material and methods 

2.1. Sample collection 

From November 2017 to February 2020, we captured 38 neonates 
from 4 distinct nests in 3 different areas in French Guiana (Fig. 1). Ne-
onates were found and caught in close proximity to the nests (!5 m), 
indicating that they hatched recently (Magnusson and Lima, 1991). We 
also collected eggshells and shell membrane remnants from each nest. 
For each individual, claw and scute samples were clipped using pliers 
and were then placed in dry plastic containers; blood samples were 

Fig. 1. Locations of the 4 nests sampled in French Guiana. CSG # “Centre Spatial Guyanais”; MGM # “R!eserve naturelle nationale du Mont Grand Matoury”; NOU #
“R!eserve naturelle nationale des Nouragues”. 

J. Lemaire et al.                                                                                                                                                                                                                                 



 

 
165 

 
 
 

Appendix - Paper 5 

 Environmental Research 194 (2021) 110494

3

collected on a subsample of 7 individuals from 3 of the 4 nests (due to 
the difficulty of blood sampling in neonates). Blood samples were taken 
in the tail vein with a heparinized (heparin sodium) needle of 27 gauge - 
25 mm for neonates, and 21 gauge - 50 mm for adults. Blood samples 
were immediately put on ice and further stored at !28 "C. Each indi-
vidual was measured for Total Length (TL) and Snout-Vent-Length 
(SVL). At two nest sites, the alleged mothers were caught in a less 
than 3-m proximity to the nest. Biometric measurements and blood 
samples were taken from both adult individuals. All individuals (neo-
nates and mothers) were released at the place 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, sample claws and scutes and further 
collect egg remnants was granted by the French authorities (Direction 
R!egionale des Territoires et de la Mer) after evaluation by the CSRPN, 
the regional scientific committee (Permit: R03-2016-06-21-010; R03- 
2019-01-09-001; R03-2019-10-24-007,www.guyane.developpem 
ent-durable.gouv.fr). 

2.2. Sample preparation 

Before analysis, claws and scutes were cleaned in an ultrasonic bath 
for 5 min containing ultrapure water and rinsed 3 times to remove all 
external elements that could contaminate the sample (i.e. mud, sand …). 
Eggshells and shell membranes were cleaned in ultrapure water with a 
soft brush and rinsed. Clean samples were placed in a clean container 
and dried for 48 h in an oven at a constant temperature of 45 "C. Total 
blood was freeze-dried to eliminate water and then grounded to a fine 
powder to avoid the water-mass variation which can occur between 
different tissues (Yanochko et al., 1997). 

2.3. Instrumental method and quality control 

The quantification of total Hg (THg) of all samples was determined 
using an atomic absorption spectrometer AMA-254 (Advanced Mercury 
Analyser-254; Altec). At least two replicates of 0.2–1.0 mg dry weight 
(dw) were used for scute, blood and shell membrane samples, and 20 mg 
dw for eggshell samples, until the Relative Standard Deviation (RSD) 
was below 10% between measurements. Regarding claw samples, two 
different claws of each individual were used to calculate the RSD. At the 
beginning and the end of the analytical cycle and after every 10 samples, 
an analysis of certified reference material (CRM) TORT-3 (Lobster 
hepatopancreas from the National Research Council of Canada; certified 
Hg concentration: 0.292 # 0.022 !g.g!1 dw) was performed to validate 
the method. Measured values for TORT-3 were 0.292 # 0.008 !g.g!1 dw 
(n $ 11), with a recovery of 99.9 # 2.9%. Blanks were included at the 
beginning of each analytical run and the limit of quantification was 0.05 
ng. The Hg concentrations are further expressed in !g.g!1 dw. 

3. Statistical analysis 

All analyses were performed using the software R, v.3.6.1 (R devel-
opment Core Team). 

The normality and the homogeneity of variance were first checked, 
and data were log-transformed when necessary. The comparison of Hg 
concentration and body size (SVL and TL) in neonates between the 4 
nests was assessed by one-way ANOVAs, as well as for shell membranes. 
We did not perform statistical analysis for eggshells due to absence of 
variation. In order to assess the relationship between total blood and 
keratinized tissues, and further between different keratinized tissues, we 
performed linear regressions. The relationship between egg membranes 
and keratinized tissues was performed using the mean of the tissues for 
each nest. The significance for statistical analyses was always set at p !
0.05. 

4. Results 

For all neonates, Hg concentrations in keratinized tissues were the 
highest in claws with average concentrations ranging from 0.171 to 
0.663 !g.g!1 dw and the lowest in scutes with average concentrations 
ranging from 0.092 to 0.251 !g.g!1 dw (Table 1). The Hg concentration 
in eggshells did not vary between nests with a value of 0.001 !g.g!1 dw, 
while the Hg concentration in shell membranes varied between nests 
with average concentrations ranging from 0.020 to 0.040 !g.g!1 dw 
(Table 1). Our results show a significant difference of Hg concentration 
in claws (ANOVA: F3-34 $ 225.44, p ! 0.001), scutes (ANOVA: F3-34 $
154.4, p ! 0.001) and egg membranes (ANOVA: F3-29 $ 42.3, p ! 0.001) 
between the 4 nests (Fig. 2). 

Although our sample sizes were low to perform statistical analyses, it 
is important to highlights that blood Hg concentrations of the alleged 
mothers seems to relate to Hg burden of their offspring (Table 1). 

The Hg concentration in total blood of neonates showed a significant 
positive relationship with scutes (F1-5 $ 30.44, R2 $ 0.83, p $ 0.003) 
and claws (F1-5 $ 23.68, R2 $ 0.79, p $ 0.005). Mercury concentration 
in claws showed a significant positive relationship with scutes (F1-36 $
334.2, R2 $ 0.90, p ! 0.001). Egg membranes showed a significant 
positive relationship with claws (F1-2 $ 21.15, R2 $ 0.870, p $ 0.044) 
and scutes (F1-2 $ 105.7, R2 $ 0.972, p $ 0.009). 

A significant difference of SVL and TL of neonates between the 4 
nests was found (respectively, ANOVAs: F3-34 $ 8.5, p ! 0.001 and F3-34 
$ 17.0, p ! 0.001); with nests with individuals having higher Hg con-
centrations having produced smaller hatchling caimans both in terms of 
SVL and TL (Fig. 3, data not shown for SVL). 

5. Discussion 

Overall, we found relatively high Hg concentrations in hatchling 
caimans. Our results show that inter-nest differences in Hg concentra-
tion may indicate that this metal is transferred from the mother during 
vitellogenesis. This process seems further supported by the relationship 
between alleged mother and offspring Hg concentrations on a limited 
sample. Finally, we showed that nests having higher Hg concentrations 
produced smaller hatchling caimans. 

5.1. Hg concentrations in the tissues 

Our results show relatively high concentrations of Hg in the kerati-
nized tissues of Paleosuchus trigonatus neonates (Table 1, Fig. 1). The 
results are similar to what is found in the keratinized tissues of Caiman 
yacare (between 95.7 # 92.2 and 0.263 # 0.158 !g.g!1 in scutes, L!azaro 
et al., 2015) and Caiman crocodilus (between 0.131 # 0.038 and 0.647 #
0.547 !g.g!1 in claws, Marrugo-Negrete et al., 2019) sub-adults in South 
America. Keratinized tissues are known to accumulate Hg due to its 
affinity to cysteine residues in beta-keratin, where Hg fixes on SH groups 
(Alibardi, 2003; Alibardi and Toni, 2007). In our samples, claws had 2.1 
times higher Hg concentrations than scutes which reflect the fact that 
our scute samples were composed of keratin layer as well as the un-
derlying connective tissues with presumably lower Hg concentrations. 
Keratinized tissues, by the immobilization of Hg, reflect the long-term 
Hg exposure in crocodilians (L!azaro et al., 2015; Schneider et al., 
2015). The significant relationship between Hg concentrations in the 
total blood and the keratinized tissues claims for the use of keratinized 
tissues as a less invasive sampling method to provide information on Hg 
concentration in caimans. In the specific case of neonates, in which 
blood sampling can be complicated due to their small body size, kera-
tinized tissues such as claws or scutes provide an efficient sampling 
method to assess Hg exposure. In addition, the use of keratinized tissues 
in hatchling crocodiles could be an alternative to egg collection to 
investigate maternal transfer in crocodiles, which is particularly 
important for species with declining populations. Finally, Hg concen-
tration in egg membranes seems to be related to Hg concentration in 
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keratinized tissues and could therefore provide an additional 
less-invasive sampling method. 

5.2. Hg concentration between nests 

In neonates, keratinized tissues reflect Hg contamination due to 
maternal transfer during vitellogenesis and the exposure during em-
bryonic development. Our results show a significant variation of Hg in 
claws, scutes and shell membranes of Paleosuchus trigonatus neonates 
between different nests. The Hg variations observed in neonates be-
tween different nests are likely the result of maternal transfer and pre-
sumably indicate that the most contaminated female produced the most 
contaminated eggs. Maternal transfer of Hg into eggs has already been 
documented in several species where the concentration found in the 
eggs is directly influenced by the female Hg burden, which depends on 
its habitat and diet (Heinz et al., 2010; Ackerman et al., 2017). 

Mercury concentrations differ between egg compartments, with 
higher concentration found in the protein-rich albumen compared to the 
lipid-rich yolk. In crocodilians, several studies reported Hg contamina-
tion in different egg compartments (Rainwater et al., 2002; Xu et al., 
2006; Du Preez et al., 2018), but the relationship with the female Hg 
burden was never investigated. The first confirmation of vertical Hg 
transfer from the female to the eggs was recently shown in crocodilians 
with a concentration of Hg in egg yolk corresponding at approximately 
12.5% of the Hg concentration in the blood of the alleged mother (Nilsen 
et al., 2020). So far, no variation in the Hg concentration of males and 
females was found, suggesting that the elimination of Hg by the female 
through egg laying could be marginal or non-detectable (e.g. Jagoe 
et al., 1998; Burger et al., 2000; Vieira et al., 2011; Rivera et al., 2016; 
Lemaire et al., 2021). 

5.3. Relation between Hg concentrations and body size of neonates 

Our results show a significant difference in Hg concentration in all 
tissues, and a significant difference in body size (SVL and TL) of neonates 
between the 4 nests. The most contaminated nests yielded the smallest 
neonates (Fig. 3). In several animal species, Hg has effects on repro-
duction such as hormonal disruption, low quality of semen and altered 
embryonic development (Hammerschmidt et al., 2002; Frederick et al., 
1997; Homma-Tekada et al., 2001; Goutte et al., 2014a). The reduction 
of body size we measured might be associated with impaired embryonic 
development. Mercury alters the endocrine system in vertebrates and 
acts as an endocrine disrupter (Colborn et al., 1993; Wada et al., 2009; 
Meyer et al., 2014). Hg accumulates in the thyroid, testes and pituitary 
gland, where its concentrations are generally higher than in keratinized 
tissues (Tan et al., 2009). Hormones have an important function during 
the embryonic development, and a disruption of their regular activity 
has major consequences. The survival rate of hatchling crocodilians is 
very low: in the first stage of their life, they are easy prey for birds, 
mammals and adult crocodiles due to their small size (Somaweera et al., 
2013). We emphasize that the relationship we found between Hg 

Table 1 
Biometric data (in cm, Mean ! SD) and Hg concentrations (in !g.g"1 dw; Mean ! SD) in the tissues of Smooth-fronted Caiman Paleosuchus trigonatus neonates, and the 
eggshells and shell membranes from 4 different nests in French Guiana, and the Hg concentration (in !g.g"1 dw; Mean ! SD) in total blood of the alleged mothers. TL: 
Total Length; SVL: Snout-Vent Length; n: Number of samples.  

Nest TL (n) SVL (n) Hg Claws (n) Hg Scutes (n) Hg Total blood 
(n) 

Hg shell membranes 
(n) 

Hg eggshells (n) Hg Total blood alleged 
mother 

N#1 23.5 ! 0.5 
(15) 

12.5 ! 0.03 
(15) 

0.663 ! 0.071 
(15) 

0.251 ! 0.020 
(15) 

0.056 ! 0.007 
(4) 

0.040 ! 0.005 (11) 0.001 ! 0.000 
(3) 

– 

N#2 24.9 ! 0.3 
(7) 

13.0 ! 0.3 (7) 0.316 ! 0.038 
(7) 

0.147 ! 0.017 
(7) 

0.054 (1) 0.026 ! 0.002 (5) 0.001 ! 0.000 
(2) 

– 

N#3 25.4 ! 1.1 
(7) 

13.1 ! 0.4 (7) 0.171 ! 0.023 
(7) 

0.092 ! 0.008 
(7) 

0.032 ! 0.001 
(2) 

0.020 ! 0.004 (11) 0.001 ! 0.000 
(2) 

0.296 

N#4 24.8 ! 0.4 
(9) 

13.0 ! 0.3 (9) 0.331 ! 0.048 
(9) 

0.177 ! 0.024 
(9) 

– 0.032 ! 0.002 (6) 0.001 ! 0.000 
(5) 

0.640  

Fig. 2. Log10 Hg concentrations measured in claws (n $ 38) and scutes (n $ 38) 
of neonate Smooth-fronted Caimans, Paleosuchus trigonatus, and shell mem-
branes (n $ 33) from 4 different nests (N1, N2, N3 and N4) in French Guiana. 
The top and bottom of the boxes represent the first and last quartiles, the line 
across the box represents the median, the whiskers represent the fifth and 
ninety-fifth percentiles, and the circles represent outliers. 

Fig. 3. Log10 Hg concentrations (in !g.g"1 dw) measured in claws and scutes 
and Total Length (cm) of neonate Smooth-fronted Caiman, Paleosuchus trig-
onatus, from French Guiana from 4 different nests. Values are Mean ! SD. 
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contamination and hatchling size may affect their survival. In addition, 
the relatively high Hg concentrations we found could have significant 
long-lasting effects into adulthood in interaction with later chronic 
exposure. 

6. Conclusion 

Our results highlight the use of keratinized tissues, particularly 
claws, to quantify the fetal Hg exposure and to evaluate maternal 
transfer in crocodilians. The variation of Hg concentrations between 
nests reinforces the fact that the contamination of the reproductive fe-
male has a direct effect on the concentration in its eggs. Finally, Hg 
concentration in the egg may influence hatchling morphology, thus 
potentially reducing survival and increasing susceptibility to later 
chronic exposure. For a long-lived species such as Paleosuchus trigonatus, 
the consequences of Hg mediated survival in neonates undoubtedly 
require a long-term survey of exposure and population dynamics. In 
order to assess the conservation challenges of Hg contamination, it is 
necessary to establish long-term studies on the populations that asso-
ciate Hg levels and offspring success. 
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