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Metallic elements in South African sea turtle and crocodile eggs and eggshells 

Marinus du Preez 

Preface 

My dissertation concerns the three largest reptiles in Africa, including the largest African 

carnivore. This dissertation is presented in an article format. I have already submitted two 

articles for review; Chemosphere, and Ecotoxicology and Environmental Safety. It should be 

noted that the formatting, style of referencing, figure and table numbering and general 

outline of the article is presented according to the manuscript guidelines of the two Elsevier 

journals. The rest of this dissertation is also referenced according to the style prescribed by 

these two journals. 

Outline of dissertation: This dissertation is presented in four chapters; a short description of each 

follows: 

Chapter 1: A general background and introduction that includes the aims and objectives of my project 

Chapter 2: First report of metallic elements in Loggerhead and Leatherback turtle eggs from the 

Indian Ocean 

This is the first article in this dissertation and has been submitted to Chemosphere for review in June 

2017. No formal response has yet been received (as of late October, 2017). This article focuses on 

the concentrations and patterns of metals and metalloids in Loggerhead and Leatherback turtle eggs. 

This is the first such report from the Indian Ocean 

Chapter 3: Metallic elements in Nile Crocodile eggs from the Kruger National Park, South Africa. 

This is the second article and has been submitted to Ecotoxicology and Environmental Safety for 

review in August 2017. The manuscript has been accepted for publication on 10 November, 2017, 

after minor corrections. The version represented here is the revised version. This article focuses on 

metals and metalloid concentrations and patterns in crocodile eggs from The Kruger National Park. 

This will be the first such study from South Africa, and only the second from Africa 

Chapter 4: Discussion and conclusions 

Here, the results of Chapters 2 and 3 are evaluated, synthesised, and discussed. 

I contributed towards this dissertation with literature studies, collecting data, sourcing materials, 

preparation of samples for analyses, data analyses and interpretation, constructing the tables and 

graphs, drafting and managing the manuscripts, and drafting the first and last chapters. The co-

authors for the chapters contributed only at the latter stages with corrections and changes. 
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Metallic elements in South African sea turtle and crocodile eggs and eggshells 

Abstract 

There are concerns about metal concentrations in aquatic and marine environments due to pollution 

and subsequent bioaccumulation. Contaminants, such as metals and metalloids enter the water 

environment from industrial processes, urban and suburban runoff, agricultural practices, natural 

erosion, and geochemical cycles. Once in aquatic systems, these metals may bioaccumulate and 

biomagnify. One method of observing the effects of metals and metalloids on organisms is by 

biomonitoring.  

Biomonitoring of especially long-living species has become an important tool in ecotoxicology; it 

provides baseline data for further studies into the health of a population, increases our knowledge 

about the levels of pollution in the ecosystems the animals occupy, provides information for 

ecosystem-based assessments, priority determinations, and decisions about interventions. Ultimately, 

biomonitoring might identify sources of pollution.  

In this study, Nile Crocodile (Crocodylus niloticus), Loggerhead Turtle (Caretta caretta), and 

Leatherback Turtle (Dermochelys coriacea) eggs and eggshells were used to biomonitor metals and 

metalloids concentrations.  

Elemental concentrations in the egg contents and eggshells were established. Comparisons 

between metal and metalloid profiles were evaluated in order to determine if eggshells could be used 

as a proxy for egg contents associated with metal and metalloid studies. The possible effects of 

metals and metalloids on the developing embryo were evaluated. The metal and metalloid 

concentration in the egg contents and eggshell of marine and fresh water species were also 

compared. 

The crocodile eggs and their eggshells were collected from nests inside the Kruger National 

Park (KNP) and from a crocodile farm. The marine turtle eggs were collected from South African 

breeding beaches. Eggshells were rinsed with deionized water, air-dried, and powdered. Egg 

contents were homogenised and lyophilized. Shells and content powders were acid-digested and 

analysed with ICP-MS for 30 metals and metalloids.  

The Loggerhead Turtle shells and eggs contents had higher or statistically significantly higher 

concentrations than Leatherback Turtles, except for strontium - the reason for this is unknown and 

needs further investigation. The elemental concentrations in contents and shells were the same or 

lower compared with other studies. The differences in concentrations in the egg contents and 

eggshells between the two species are likely due to different trophic levels, life histories, migration 

patterns, age, gender, and growth, as well as differences in pollution sources and the uptake, 

retention and elimination characteristics of the different elements by the different species.  

Nile Crocodile eggshell and egg content profiles did not overlap to such an extent that 

eggshells could be used as a proxy for elemental concentrations in the egg contents. Iron 

concentrations in the eggshells of the crocodiles were high. There was also a significant thickening 

(30%) of the inner shell with increasing iron concentrations. The thicker inner shell could act as a 
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barrier for gas and water exchange. The thicker eggshell may possibly increase the effort needed to 

break through the eggshell by the emerging hatchling. 

I found no congruence between patterns (relative elemental contributions) in egg contents and 

corresponding shells for the three species. However, relative elemental contribution patterns of shells 

and egg contents showed congruence between the marine turtle species. The lack of congruence 

between eggshells and contents precludes using eggshells as a proxy for concentrations in egg 

contents. There was no congruence of profiles when relative elemental contribution patterns of shells 

and egg contents from freshwater and marine species were compared. 

Copper concentrations in egg contents were higher than the suggested avian toxic reverence 

value (TRV) for all three species. The TRV for selenium in the Loggerhead Turtles and Nile Crocodile 

egg contents were also exceeded. Mercury concentrations were lower than the avian TRV for all three 

species, but mercury, selenium and copper (at the very least) should be more often monitored in large 

African reptiles. 

More research on the effects of pollutants on reptiles in general is needed, especially in the 

light of possibly strengthened and thicker eggshells of the Nile Crocodile. The hatching success of 

crocodiles in the KNP is currently unknown and will aid in the evaluation of the effects of iron on the 

emerging hatchling. The rivers originating outside the KNP were identified as a probable vector of 

pollution that contributes to greater elemental concentrations in crocodile eggs.  

Analyses of POPs as well as possible deme discrimination based on compositional pattern 

differences will aid in marine turtle ecotoxicological research. Turtles were identified as ‗active 

samplers‘ returning to the same location to breed–something that is not practical with marine 

mammals or elasmobranchs. 

Here, I present the first reports on metallic elements in marine turtle eggs for the entire Indian 

Ocean, the first report on the same for crocodile eggs from South Africa, and only the second for 

crocodiles from Africa, greatly extending the ecotoxicological knowledge of the largest predator in 

Africa (the Nile Crocodile) as well as the three largest reptiles that breed in Africa. 

 

Keywords: Reptile; heavy metal; toxic reference value; endocrine disruption; climate change; deme 

discrimination, mercury, selenium, copper.  
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Chapter 1 

Metallic elements in South African sea turtle and crocodile eggs and eggshells 

Introduction 

 

1. Introduction  

The increase in human population is causing a tremendous global expansion of agriculture, 

urbanization, industrialization, resource extraction and other anthropogenic activities globally. These 

practices often have negative impacts on the environment. Worldwide, there is a decline in 

populations and species of fauna and flora (Kevan and Viana, 2003). Among terrestrial vertebrates, 

amphibians and reptiles show the largest percentages of species that are threatened by extinction 

(Grillitsch and Schiesari, 2010). Many studies have focused on the decline in amphibians (Blaustein et 

al., 1994; Mendelson et al., 2006), while the decline in reptile numbers and species received less 

attention (Gibbon et al., 2000). The threats to reptiles, the subject of my study, include global climate 

change, loss and degradation of habitat, threats from invasive species, environmental pollution, 

unsustainable extraction and use, and disease (Gibbon et al., 2000). Since chemicals know no 

borders, chemical pollution is considered a global problem (Mc-Michael, 2000). The combination of 

biology and the distribution and threats posed by chemicals (ecotoxicology) is the focus of my study.  

In ecotoxicological research, biomonitoring is widely used to study the extent and impacts of 

pollution. This is due to the diversity of the types of studies that can be done (Newman, 2009). 

Exposure to and concentrations of contaminants in biota differ as to the trophic levels they occupy, 

the habitats that they live in, life histories, behaviours, and routes of uptake. With biomonitoring, one 

of the most documented methods is to analyse biological material such as lipid, muscles, feathers, 

blood, and eggs for contaminants. This approach gives a direct indication of contaminants in the 

specific region where the samples were collected (Gibbon et al., 2000; Newman, 2009; Grillitsch and 

Schiesari, 2010; Du Preez et al., 2016).  

Biomonitoring of especially long-lived species has become an important tool in ecotoxicology: 

 It provides baseline data for further studies into the health of a population. 

 It increases our knowledge about the levels and threats due to pollution in the ecosystems the 

animals occupy (Cortés-Gómez et al., 2014). 

 It provides information for ecosystem-based assessments, priority determinations, and 

decisions about interventions. 

Ultimately, biomonitoring could identify sources of pollution and help governments, non-

government organisations, and society to establish interventions, environmental policies, and 

international treaties (Paustenbach and Galbraith, 2006). Comparing results with other biomonitoring 

data will therefore assist in the identification of risks associated with the pollutants measured 

(Bouwman et al., 2014).  
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Contaminants can be at low concentrations in the environment (soil, water, air and more) but 

occur at high concentrations in biota due to bioconcentration, biotransformation, and bioavailability 

(Pheiffer et al., 2014). Because of these factors, concentrations in environmental samples such as 

water and sediments cannot accurately represent or predict presence and or concentrations of 

contaminants that can cause biological harm in biota. The potential of a contaminant being taken up 

and therefore toxic depends on its bioavailability. The type of biota, the physical and chemical 

characteristics of the environment, habitat, and region, all play a role in determining the bioavailability 

of a pollutant (Friedland, 1990; Valavanidis and Vlachogianni, 2010). Because metals tend to 

accumulate in sediment and suspended particles, organisms that ingest or feed on these particles 

(suspension and deposition feeding organisms) accumulate higher concentrations than the ambient 

(Newman, 2009; Grillitsch and Schiesari, 2010). In turn, animals that consume lower and smaller 

organisms accumulate even higher concentrations. 

There are concerns about the concentrations of metallic elements in aquatic and marine 

environments due to pollutant release and subsequent bioaccumulation (Burger, 2000). 

Contaminants, such as metals and metalloids enter the water environment from industrial processes, 

urban and suburban runoff, agricultural practices, natural erosion, and geochemical cycles. All metals 

are toxic at elevated levels. More than 25% of metallic elements are on various priority pollutant lists 

(Gibbon et al., 2000 and references therein). Non–essential metals such as lead (Pb), cadmium (Cd), 

arsenic (As), and mercury (Hg) have adverse effects on wildlife; concerns about exposures and 

effects are regularly expressed in scientific journals (Birch and Taylor, 1999; Peijnenburg and Jager, 

2003; Grillitsch and Schiesari, 2010; Perrault et al., 2000). Arsenic and cadmium specifically can 

influence the growth rate and foraging efficiency of reptile hatchlings, and can influence their 

reproduction later on in life (Hopkins et al., 1999; Marco et al., 2004). 

Metals, however, do occur naturally in the environment due to natural geological cycling. 

Erosion of rocks, movement of dust, and volcanic activities are some of the natural ways that release 

and distribute metals (Friedland, 1990; van der Schyff et al., 2016). Anthropogenic activities, 

agriculture, mining, and industries all have the potential to contribute to release and increase certain 

metals in the environment (Valavanidis and Vlachogianni, 2010). Many biomonitoring studies focus on 

environmental metal pollution using different animal and faunal taxa, with some receiving more 

attention. Ecotoxicological studies on reptiles are rather under-represented although metal pollution is 

a recognised emerging threat to reptiles (Grillitsch and Schiesari, 2010). Reptiles are considered the 

least studied vertebrate taxon concerning ecotoxicology of inorganic pollutants (McIntyre and Whiting, 

2012).  

The three key pathways through which metals are taken up by reptiles are via the respiratory, 

integumentary and digestive systems. These pathways also function as the main excretion route for 

metals. Once ingested or inhaled, metals are metabolized (mainly by liver), stored, or excreted. 

Metals are excreted through exhalation, urine, eggs, and/or faeces (Burger and Gochfeld, 1991; 

Maedgen et al., 1992; Grillitsch and Schiesari, 2010). Trophic and trans-generational transfer further 

distributes metals, as will be discussed later. 
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Larger reptiles are good indicator species because they are long-lived, large-bodied, integrate 

a variety of food webs, and often occur at high trophic levels (Guirlet et al., 2008; Du Preez et al., 

2016). The number of ecotoxicological studies of reptiles as an indicator taxon is increasing (Gibbon 

et al., 2000). American Alligators (Alligator mississippiensis) are used as indicators of especially 

mercury and DDD in the Everglades (Guillette et al., 1994, 1995, 2000; Facemire et al., 1995). 

Crocodiles and alligators are often the largest predators in many freshwater ecosystems. These 

reptiles are therefore important ecotoxicological indicators (Ogden et al., 1975; Heinz et al., 1991; 

Grillitsch and Schiesari, 2010).  

 

2. Bioavailability, biotransformation, bioaccumulation, bioconcentration and biomagnification 

of metals in reptiles 

Bioavailability is defined by Newman (2009) as ―The extent to which a contaminant in a 

source is free for uptake‖. Bioavailability is influenced by the type and chemical characteristics of the 

contaminant and the characteristics of the organism that absorbs the contaminant (trophic level, 

method of absorption, and metabolism; Kleinow et al., 1999).  

Biotransformation is defined by Newman (2009) as ―The mediated biological transformation of 

one chemical compound to another‖. The metabolic transformation of metals in reptiles has 

complicated physiological interactions. The transformations of metals by enzyme activities aid in 

detoxification (Kleinow et al., 1999) but some can also be biotransformed into more toxic forms 

(Grillitsch and Schiesari, 2010). In reptiles, biotransformation studies are rare, although a few studies 

investigated arsenic (As) and mercury (Hg) and their biotransformed forms in marine turtle species 

(Storelelli et al., 1998; Fujihara et al., 2003; Kunito et al., 2008).  

Bioaccumulation is defined by Newman (2009) as ―The net accumulation of a contaminant in 

(and sometimes on) an organism from all sources‖. Comparable studies on the bioaccumulation of 

metals in different organs of reptiles help to identify those that may cause biological harm. Similarly, 

comparable studies of the same groups of reptiles from different regions may further aid in the 

identification of the presence of deleterious metals (Rainbow, 2002). However, as indicated above, 

information on metals in reptiles and comparable data from different regions are scarce (Grillitsch and 

Schiesari, 2010).  

Biomagnification is defined by Newman (2009) as ―An increase in concentration from one 

trophic level (e.g. prey) to the next (e.g. predator) attributable to accumulation of contaminants from 

food‖. Biomagnification is the absorption of contaminants from a food source. Higher trophic level 

biota contains higher concentrations of bioaccumulated metals (Grillitsch and Schiesari, 2010). 

Therefore, the higher an indicator species prey trophic level is, the greater the contribution of 

bioaccumulated pollutants will be due to biomagnification (Grillitsch and Schiesari, 2010). Food web 

interactions are diverse and food preferences play an important role in biomagnification patterns.  

Bioconcentration is defined by Newman (2009) as ―The net accumulation in (and in some 

cases on) an organism of a contaminant from water only‖. Bioconcentration is greater in biota that 

lives and breathes in water than biota that rarely gets in contact with water. Contaminants are 
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absorbed/ingested along with water through the different organs that include gills, eyes, skin and 

mouth (Newman, 2009).  

The concentration of bioaccumulation of a contaminant that occurs depends on the 

absorption and excretion rate of the contaminant. Bioaccumulation is in retrospect the accumulated 

concentration of a contaminant that is absorbed through (bioconcentration and biomagnification) and 

not excreted (Linder and Grillitsch, 2000; Newman, 2009; Grillitsch and Schiesari, 2010). 

There are a number of types of bioaccumulation studies. The two major types in reptile 

ecotoxicology are exposure and biomonitoring. In exposure studies, reptiles are exposed to controlled 

dosages of pollutants under controlled conditions in order to observe the concentration that is taken 

up, and sometimes their biotransformation and effects (Hopkins et al., 2001, 2002; Jackson et al., 

2003). With biomonitoring studies, the bioaccumulated metals in biological material of wild reptiles are 

measured (Ohlendorf et al., 1988; Anan et al., 2001; Du Preez et al., 2016). Using reptiles as a 

bioindicator for the purpose of regulation and monitoring bioavailable metals in the environment is an 

effective tool in ecotoxicology (USEPA, 2007). 

 

3. Trans-generational transfer of metals in reptiles 

The accumulation and eventual distribution of metals differ between organs of an animal‘s 

body, including the eggs. Newly laid vertebrate eggs consist of albumin, yolk, and shell. During 

development, the yolk becomes the embryo, the albumin becomes food for the developing embryo, 

and the shell acts as a protective layer that is shed when hatching (Gidis and Kaska, 2004). A 

developing embryo is very sensitive to external and internal influences and might be more at risk from 

deleterious effects of metals compared with juvenile and adults stages (Finlayson et al., 2016). The 

transfer of metals from one generation to the next is relatively under-studied in reptiles although 

certain aspects have received some attention.  

Most reptiles are oviparous although some are also viviparous and ovoviviparous. Due to its 

availability and accessibility, eggs are often used to study trans–generational transfer of pollutants 

(Grillitsch and Schiesari, 2010). Eggs offer the opportunity to sample oviparous animals without 

affecting the adult population. Using eggs is a well-known and established technique, with existing 

data (available in scientific articles and reports) offering opportunities for comparisons as to risks that 

contaminants may pose to the embryo (Grillitsch and Schiesari, 2010). 

The metals in newly laid eggs are directly transferred from the maternal female. In older eggs, 

environmental uptake from the breeding substrate is, however, also a possibility. Most reptile 

eggshells are leathery and have a semi–permeable membrane that might take up metals from the 

environment (autochthonic uptake) (Grillitsch and Schiesari, 2010). Experimental studies indicated 

that cadmium and arsenic might be absorbed from the breeding substrate into lizard eggs (Brasfield 

et al., 2004; Marco et al., 2004; Scudiero et al., 2011; Simoniello et al., 2011). A field study that was 

performed on Olive Ridley  sea turtles (Lepidochelys olivacea) indicated the possibility that hatchlings 

had bioaccumulated higher concentrations of metals than newly laid eggs and concluded that metals 

were absorbed from nesting beach sand (Sahoo et al., 1996). I feel however, that internal 

concentration due to embryonic utilization of the albumin and water loss has not been considered. 
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Autochthonic uptake by eggs from the environment, therefore, is a factor to consider when conducting 

studies on reptile eggs. However, concentrations of any element or pollutant are primarily 

representative of contaminants in maternal tissue as have been described for bird eggs (Klein et al., 

2012; Bouwman et al., 2014; Cortés–Gómez et al., 2014; van der Schyff et al., 2016). 

Some studies focused on metal concentrations in the reptile reproductive systems and 

different compartments of eggs (Sakai at al., 1995; Linder and Grillitsch, 2000; Ding et al., 2001; Lam 

et al., 2006). Hatched eggshells (a remnant of the reproductive process) are accessible in some 

cases, and may be used for analysis. For threatened species, hatched eggshells, rather than egg 

contents may be the only possible means of collecting data without affecting reproduction, juveniles, 

or adults. Thus, eggshells and adhering membranes might be useful as a non-destructive method in 

trans-generational transfer studies (Grillitsch and Schiesari, 2010). For many species, however, it is 

not known whether eggshell metal and metalloid composition and concentrations are also 

representative of such in the respective egg contents (Burger and Gibbons, 1998; Ehsanpour et al., 

2014).  

 

4. Bioaccumulation of metals and metalloids in reptile tissues 

Some vertebrate organs tend to have higher affinities to some metals, resulting in differences 

in distribution of metals between organs. The same trend is known for reptiles (Bell and Lopez 1985). 

The highest Hg and cadmium (Cd) concentrations are most often found in liver and kidney (Newman, 

2009). On average, these two metals occur at higher concentrations in the kidney when compared 

with liver tissue (Grillitsch and Schiesari, 2010). In other vertebrates, bone tissue is known to store 

barium (Ba), beryllium  (Be), lead (Pb) and strontium (Sr) that have similar properties to that of 

calcium (Ca) (Kunito et al., 2008; Grillitsch and Schiesari, 2010). In Loggerhead Turtles, the bone 

tissue is a storage site for zinc (Zn), aluminium (Al), lead (Pb), arsenic (As), and manganese (Mn) 

(Sakai et al., 2000). Muscle tissue mostly has high concentrations of arsenic (As) and cadmium (Cd), 

although liver cadmium (Cd) concentrations can be higher than in muscle tissue. Some metals might 

cause neurological defects in reptiles, and metals have been found in reptile brains, especially 

mercury (Hg) and lead (Pb) (Vermeer et al., 1974; Overmann and Krajicek, 1995; Sakai et al., 2000).  

Analysing reptile blood is one of the less destructive methods because animals need only 

capturing. The blood metal concentrations often also indicate metals recently taken up. Metals that 

are found in blood are cadmium (Cd), mercury (Hg), and lead (Pb), although the concentrations are 

still lower than in other organs. Selenium (Se) concentrations in blood correlated well with those in 

other organs of snakes (Hopkins et al., 2005).  

Tissue concentrations of essential metals vary less than non–essential metals (Caurant, et 

al., 1999). Due to its necessity for development and physiological functioning, essential metals are 

more effectively regulated; therefore less variation regarding concentrations of essential metals is 

expected compared with concentrations of nonessential metals (Linder and Grillitsch, 2000; Kenyon 

et al., 2001).  
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5. Metal biomonitoring of reptiles from sub–Saharan Africa 

As mentioned before, reptiles are generally under-studied in ecotoxicology when compared 

with other taxa (Grillitsch and Schiesari, 2010; Weir et al., 2015; Gardner and Oberdorster, 2016). In 

reptile ecotoxicology, most of the studies are on large-bodied animals such as crocodilians, marine 

turtles, and terrapins (Grillitsch and Schiesari, 2010), but there are studies on smaller reptiles 

(Campbell and Campbell, 2002). Both large-bodied (Grillitsch and Schiesari, 2010) and small-bodied 

reptiles are considered good bioindicators (Campbell and Campbell, 2002).  

Little information is available on the bioaccumulation of inorganic pollutants in African reptiles. 

A review by Grillitsch and Schiesari (2010) listed only four publications from sub–Saharan Africa, all 

on Nile Crocodiles (C. niloticus), with only one on eggs. Since 2010, there was a strong increase in 

research on Nile Crocodiles in South Africa, due to mass crocodile mortality events in the Kruger 

National Park (KNP). The deaths were associated with pansteatitis, a condition in which body fat 

becomes hardened and inflamed. Most of the research that were done was to establish a possible 

cause (Ashton, 2010; Osthoff et al., 2010; Ferreira and Pienaar, 2011; Woodborne et al., 2012; 

Bouwman et al., 2014; Du Preez et al., 2016; Gerber et al., 2017). Most of these studies were 

pollutant-orientated and some of them investigated concentrations of metals in biological material. 

The following tissues were used; muscle tissue (Swanepoel et al., 2000; Du Preez et al., 2016), blood 

(Warmer et al., 2016), and fat (Oberholster et al., 2012). Sun Gazer Lizards (Smaug giganteus) have 

since also been used as bioindicators in South Africa (McIntyre, 2007; McIntyre and Whiting, 2012). 

Publications that used reptiles as bioindicators in the rest of sub–Saharan Africa, excluding South 

Africa, include: 

• Copper (Cu), manganese (Mn), lead (Pb), zinc (Zn), cadmium (Cd), nickel (Ni), chromium 

(Cr), arsenic (As), aluminium (Al), mercury (Hg), and selenium (Se)  in the blood of 

Loggerhead Turtles, Cape Verde (Camacho et al., 2013). 

• Lead (Pb) and cadmium (Cd) in intestine, bone, kidney, muscle, and liver tissue of the Nile 

Monitor (Varanus niloticus) from Cameroon (Ciliberti et al., 2011). 

•  Arsenic (As), barium (Ba), cadmium (Cd), copper (Cu), manganese (Mn), lead (Pb), and zinc 

(Zn) in the kidney and liver tissue of the Red Headed Agama (Agama agama), Nigeria 

(Oyekunle et al., 2012). 

Biomonitoring of long-lived, high-trophic level, large-bodied vertebrate species is important 

because toxicological effects of bioaccumulated pollutants may have a bigger impact due to elevated 

bioaccumulated concentrations (Rowe, 2008). In my study, I will use Nile Crocodile, Loggerhead 

Turtle, and Leatherback Turtle (D. coriacea) eggs to compare the relative concentration patterns 

between species, and between eggshell and egg content within each species. These are the three 

largest reptiles that breed in South Africa. The Nile Crocodile is also Africa‘s largest predator. In 

addition, there are no prior data on metals in eggs of any of these species from South Africa, nor for 

any turtle species in the Indian Ocean. The reptile species I chose represent indicators of riverine and 
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oceanic ecosystems. The ecologies of these ecosystems and biology of the species are different, and 

therefore differences between species are expected. However, they are all reptiles, so some 

congruence might be expected. For all three species (and most other reptiles), knowledge of the 

difference or congruence between egg contents and shell metal concentrations, and of relative 

contribution patterns (fingerprints) is less well established. My project will provide insights into risks 

posed by metals, as well as provide answers to whether sampling and analyses of eggshells alone 

will address these gaps. 

6. Aims and objectives 

Aims 

1. To determine the concentrations of metal and metalloid elements in the eggs of three large reptile 

species that breed in South Africa  

2. To determine if the concentrations and relative contribution patterns of metallic elements in the 

eggs of the different species differ between marine and freshwater ecosystems. 

3. To determine if the concentrations found pose risks based on existing knowledge. 

4. To determine if metal and metalloid concentrations and relative contribution patterns in eggshells 

and egg contents of each species resemble one another to such an extent that eggshell data alone 

will suffice to infer pollutant risk.  

Objectives for Aim 1. 

• Collect eggs of the three reptile species. 

• Analyse the eggs (content and shells separately) for a wide range of metallic elements using 

ICP-MS.  

Objective for Aim 2. 

• Compare the concentrations and relative compositional patterns of metals and metalloids 

using univerate and multivariate statistical analyses. 

Objective for Aim 3. 

• Use available data to infer if concentrations of metal and metalloids pose any risk. The 

relative compositional pattern and concentrations of metallic elements in eggshells might be used to 

infer risk to the corresponding embryos. 

Objective for Aim 4. 

• Compare the eggshell and egg content metal concentrations and relative compositions to 

assess if eggshells only can be used. 
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7. Hypothesis 

The concentrations and relative compositional patterns of metallic elements in egg contents and their 

corresponding eggshells of three large reptile species from Africa can be used to infer risk. 
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Abstract 

Bio-monitoring of pollutants in long-lived animals such as sea turtles is an important tool in 

ecotoxicology. We present the first report on metallic elements in sea turtle eggs from the Indian 

Ocean. Eggs of the leatherback and loggerhead turtle that breed on the Indian Ocean coast of South 

Africa were analysed. The shells and eggs contents of the loggerhead turtle, the smaller of the two 

species, had higher or significantly higher concentrations than leatherbacks, except for strontium - the 

reason is unknown. Elemental concentrations in shells and contents were the same or lower 

compared with other studies. The differences in concentrations in the egg contents and eggshells 

between the two species are likely due to different trophic levels, migration patterns, life histories, 

gender, age, and growth, as well as differences in pollution sources and the uptake, retention and 

elimination characteristics of the different elements by the different species. We found no congruence 

between patterns in shells and corresponding egg contents, for both species. However, shells and 

egg contents showed congruence between species. The lack of congruence between eggshells and 

contents precludes using eggshells as a proxy for concentrations in egg contents. Copper and 

selenium occurred at concentrations higher than toxic reverence values available for birds. Further 

research is warranted, including the analyses of POPs, as well as possible deme discrimination based 

on compositional pattern differences. Turtles serve as ‗active samplers‘ returning to the same location 

to breed–something that is not practical with marine mammals or elasmobranchs. 

Keywords: Reptile; heavy metal; toxic reference value; endocrine disruption; climate change; deme 

discrimination
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1. Introduction 

 

Metallic elements are present naturally in the environment but concentrations elevated above 

background can occur due to anthropogenic activities. Some of these activities are mining, 

agriculture, urban runoff, and burning of fossil fuels. Some metals and metalloids, such as cobalt, 

molybdenum, iron, zinc, manganese, selenium, arsenic, and copper, are essential to the physiology 

and development of animals, but can become toxic at elevated levels. Certain metals such as lead, 

cadmium, and mercury have no known biological functions and have adverse negative effects on 

biota even at low concentrations (Järup, 2013; Nordberg et al., 2015). Metals and metalloids are 

absorbed, inhaled, and ingested trough water, air, food and other sources by humans and biota. 

Metals and metalloids, such as lead, cadmium, selenium, arsenic and mercury can also bio-

accumulate (Nordberg et al., 2015).  

Monitoring of concentrations of metals and metalloids in biota and the environment is 

important to identify situations where they might cause biological harm. Bio-monitoring of pollutants in 

long-lived species have become an important tool in ecotoxicology; it provides a baseline 

measurement for further studies into the health of a population and increase knowledge about the 

levels of pollution in the areas where these animals live (Cortés-Gómez et al., 2014; Finlayson et al., 

2016). It also allows risk to be assessed, especially when compared with known levels of concern and 

with data sets from around the world. 

Species differ in the rate and extent of uptake of different metals and metalloids depending of 

various factors that include habitat, lifespan, food preference, amounts of food, and the trophic level of 

the animal (Alava et al., 2006; Sola and Pratt, 2006; Guirlet et al., 2008). In addition, the body burden 

of metals or metalloids that are taken up by an organism depends on its bio-availability (Ng et al., 

2013). Marine turtles are presumed good bio-indicators of metals and metalloids in the marine 

environment as they have a long life expectancy once adult, and thus are exposed to and can take-up 

and/or bio-accumulate a variety of different substances (D‘Ilioet et al., 2011; Finlayson et al., 2016). 

The loggerhead (Caretta caretta) and leatherback turtle (Dermochelys coriacea) in the Indian 

Ocean are under threat; the south-western Indian Ocean population of loggerheads is considered 

Near Threatened by the International Union for Conservation of Nature (IUCN) (IUCN, 2015); whereas 

the leatherback population in the same region is considered Critically Endangered (IUCN, 2013). 

Threats to both species include fisheries bycatch, harvesting, pollution, and climate change (IUCN 

2013, 2015). Both species nest on the Indian Ocean coast of South Africa and southern Mozambique. 

Loggerhead turtles, the smaller of the two species, have an average length of 86.4 cm and a hatching 

success of 78% in South Africa (Hughes, 1974). Loggerheads are more abundant than leatherbacks 

(Nel et al., 2013). Adult loggerhead females remain in their feeding areas until their next nesting 

migration; their migratory routes can vary—although most tend to stay near the coast for orientation, 

some do travel far out to sea (Papi et al., 1997; Luschi and Casale, 2003). Leatherbacks are the 

largest of all turtles with adults reaching a length of 140 to 200 cm (Hughes, 1974). Adults can weigh 

between 200 and 700 kg (Guirlet et al., 2008), and reach ages between 14 and at least 30 years 

(Tucek et al., 2014). The Leatherback has a hatching success of 68.9% in South Africa (Hughes, 
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1974). The migration pattern of the leatherbacks is wider than the loggerheads; they tend to move 

along the ocean currents and travel far out to sea, but some also remain close to the eastern African 

coast (Robinson et al., 2016). 

Because of the extensive migration distances, turtles in the Indian Ocean as elsewhere are 

exposed to a variety of environmental toxicants. Turtles consume food and water that might contain 

toxicants, including metals and metalloids (Bels et al., 1998; Guirlet et al., 2008). Arsenic and 

cadmium can influence the growth rate, foraging, mortality, and hatching success and can also 

influence their reproduction later on in life (Jakimska et al., 2011). Reptiles in early life stages are 

more sensitive to toxic effects of chemicals and metals compared with adults (Hopkins et al., 1999; 

Brasfield et al., 2004). Maternal blood Hg concentrations were not correlated with hatching success. It 

is thus important to monitor metals and metalloids in hatchlings or eggs to indicate if maternal transfer 

of pollutants poses a threat to the animal‘s early live stages.  

There is remarkably little known about concentrations of metals and metalloids in marine 

turtle eggs. Much more information is available on metals and metalloids in blood, liver, and kidneys 

(Aguirre et al., 1994; Storelli et al., 2003; Gardner et al., 2006). To the best of our knowledge, no 

previous work has been published on metallic elements in sea turtles in the Indian Ocean, the third 

largest ocean globally. Studies have been done on metallic elements in loggerhead and leatherback 

turtle eggs in other oceans though (Sakia et al., 1995; Godley et al., 1999; Guirlet et al., 2008; Roe et 

al., 2011). We report here a study on the concentrations of metals and metalloids in the eggshells and 

egg contents of sea turtles from the Indian Ocean beaches of South Africa, and the inferred 

associated risks of metalloids and metals in sea turtles in the Indian Ocean. We also investigated 

whether the shells of the more abundant loggerheads can be used to infer patterns and 

concentrations in the scarcer leatherbacks.  

 

2. Materials and methods 

 

2.1. Study site and sample collection 

The sea turtle eggs collected for this study were done in the iSimangaliso Wetland Park, 

World Heritage Site on the KwaZulu-Natal coast of South Africa (Fig. 1), between 1 January 2015 and 

2 February 2015 (under DEA Permits RES2014/64 & RES2015/67, and research agreement with 

iSimangaliso Authority). The park stretches from the Mozambique border in the north at Kosi Bay, to 

about 180 km south to the St. Lucia lighthouse. Five nesting female leatherbacks were located during 

night-time beach patrols. Once located, the female was carefully observed from a distance until she 

had dug a body pit and egg chamber and started laying eggs. We removed two eggs from each clutch 

after about the 20
th
 egg was laid to disturb the female as little as possible. Loggerhead eggs were 

collected during a survey to calculate hatching success of nests; an emerging nest would be spotted 

by tracts left by hatchlings during the night. The nest would be marked and left for three or four days 

to ensure all hatchlings capable have left the nest. After the third or fourth day, the nest would be dug 

up by hand and all material would be placed aside. All the egg shells, dead hatchlings, and 

undeveloped eggs were counted. Some of the eggs where the embryo ceased to develop (due to 
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unknown natural causes) were collected. The total eggs collected per species were 10.  The collected 

eggs were sealed in Ziploc bags in the field and stored at -20°C until analyses. 

 

 

Figure 1: Map indicating the sampling site in South Africa. 

 

2.2 Sample preparation 

In the laboratory, the frozen eggs were carefully rinsed with deionized water to remove any 

sand particles. Eggs were weighed, measured and then separated into shell and egg contents (yolk 

and albumin). The mass of the wet content was determined before being ultrasonically homogenised, 

and a sub-sample placed in high-density polyethylene bottles. The sub-sample was freeze-dried (for 

48 h at -80˚C and 0.133 Pa) and then powdered. The eggshells were air-dried. After the eggs were 

dried, half of each shell was crushed into a powder using a mortar and pestle and placed in 

polypropylene tubes with polyethylene screw caps. 

The laboratory analysed for 30 elements and a certified standard reference material (SRM 

1944; New York/New Jersey Waterway Sediment; National Institute of Standards and Technology). 

Concentrations were within 25% of certified values. Two grams of dried turtle egg content and shell 

were analysed using the EPA 3050b (1996) method. The mean water contents were 40.4% ± 10.4% 

and 40.0% ± 1.8% for leatherback and loggerhead turtle egg contents, respectively. Concentrations 

are expressed in mg/kg wet mass (wm) for egg contents, and mg/kg dry mass (dm) for shells. 

 

2.3. Statistical analyses  

Summary statistics and comparisons were done using GraphPad Prism 5.04 

(www.graphpad.com). We used linear regression of all elemental concentrations between shells and 

contents of the same species with untransformed data (60 regressions), to determine which elemental 

concentrations in the contents can be predicted from the shell. We also compared elemental 

concentrations (un-transformed) between species using non-parametric, un-paired, two-tailed, Mann-

http://www.graphpad.com/
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Whitney t-tests. We did additional data analyses to compare the scatter of the concentrations per 

sample type (contents or shell). Standard deviations (SDs) will not work because of the many orders 

of differences of the concentrations (Table 1, and supplemental Table S1). The coefficient of variation 

(CV) is a measure of relative variability (SD divided by the mean, and expressed either as a fraction 

between 0 and 1, or as a percentage) and independent of measurement unit, therefore without 

dimension. This allows direct comparisons of the variations in concentrations that differ over multiple 

orders of magnitude. Since the shell and contents of the same egg is essentially paired, we used 

Wilcoxon matched-pairs, signed rank tests (non-parametric) to compare untransformed %CV values. 

The effectiveness of pairing is calculated using the Pearson correlation coefficient. The smaller the p-

value, the more effective the pairing between the values of the concentrations between egg and 

contents, for the whole dataset. Comparing the data between species cannot be paired, and hence 

we used the non-parametric Mann-Whitney test that is sensitive to differences of the medians. 

Multivariate comparisons of the profiles (fingerprints) of egg contents and eggshells were 

done with PC-Ord version 6.20 (MjM Software Design, www.pcord.com). Concentration data were 

relativized per sample to compensate for the large differences in concentrations. We used non-metric 

multidimensional scaling (NMS), with Sørensen as distance measure, a maximum of four axes were 

allowed, 200 maximum number of iterations, random starting conditions, 50 runs with real data, and 

50 runs with randomised data, to stress-test the final ordination. A final stress value of less than five 

provides an excellent representation of the relationships between samples (McCune and Grace, 

2002). Multi-response permutation procedures (MRPP) were used to compare elemental profiles 

between shells and contents within each species. Concentrations were relativized per egg. The 

distance measure used was Euclidian. A T-statistic was calculated describing the separation between 

the groups – the more negative, the stronger the separation between the groups. A chance-corrected 

within-group agreement (A) was also calculated (A = 1, when all values are identical between groups; 

A = 0, when heterogeneity within groups equals expectation by chance), as well as the probability of a 

smaller or equal difference in profile (p-value). 

 

3. Results  

 

3.1 Analytical results 

The mean metal and metalloid concentrations of nineteen elements in egg content and 

eggshell of the two turtle species, as well as comparable data from related literature, are presented in 

Table 1. This table was compiled from literature. Only 19 elements were selected to make the table 

more readable. The statistical summary for our study is available in the Supplemental materials, Table 

S1. Linear regressions of concentrations in leatherback contents and shell were only significant for Se 

(p = 0.0107, r
2
 = 0.58), Sb (p = 0.0170, r

2
 = 0.53), and Ba (p = 0.0330, r

2
 = 0.45) — all three had 

positive relationships. For loggerheads, a positive relationship was found for Zn (p = 0.0195, r
2
 = 

0.51), and a negative relationship for Tl (p = 0.033, r
2
 = 0.68). 

Of the 30 elements tested, loggerhead egg content had significantly (un-paired, two-tailed, 

Mann-Whitney t-tests, p < 0.05) higher concentrations of Ti, Ni, Cu, Zn, Ag, Pt, Tl, and Bi than 

http://www.pcord.com/
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leatherback egg contents. Only Be was significantly higher in leatherback egg contents. Loggerhead 

shells had significantly higher concentrations of Be, Ti, V, Cr, Mn, Cu, Zn, As, Mo, Sb, Au, Hg, Tl, Pb, 

Bi, Th, and U. Leatherback shells had significantly more Be and Sr than loggerhead egg shells.  

The mean and median %CV of the shells were higher than their respective egg contents in 

both species (Table 2), but was only significantly so for loggerheads (p <0.0001). Pairing of matched 

samples were not effective (p > 0.05). The element Tl had the smallest %CV in egg contents in both 

species. Silver (Ag) had the largest %CV for shells of the Loggerhead, and shell and contents of the 

Leatherback.  

Table 1: Mean concentrations in mg/kg of selected elements in loggerhead and leatherback turtle egg contents 

and eggshells from South Africa, as well as comparable data from other studies.  

 

 

Table 2: Summary statistics and the results of the t-test and multi-response permutation procedures (MRPP) of 

the percentage coefficients of variation (%CVs) of the concentrations in turtle egg contents and shells. 

 

 

3.2. Multivariate analyses 

MRPP analyses of turtle shell and content and shell showed significant differences for both 

species (Table 2). There was a much stronger separation between contents and shell for leatherback 

(T = -12.69, A = 0.62, p < 0.0001) than for loggerhead turtle eggs (T = -7.54, A = 0.24, p < 0.0001). 

NMS ordinations comparing the relative concentrations of metals and metalloids in eggshells and egg 

content of leatherback and loggerhead turtles are presented in Figures 2a and 2b, respectively. 

Species Matrix Year Sample Location Al Cu Hg Pb Cr Ni Co Cd Zn Se As Mn Fe V Pt Au Ag Reference

Hawksbill turtle Content 2011 Dry Iran 2.3 0.007 3.1 2.26 0.42 34 2.1 (Ehsanpour et al., 2014)

Flatback turtles  Content 2006 Wet Australia 0.41 <0.05 <0.05 0.17 <0.05 <0.05 <0.05 10 0.3 0.67 0.17 (Ikonomopoulou et al., 2011)

Olive Ridley turtles Content 2008 Dry Mexico 2.2 0.74 3.3 0.24 72 (Pa´ez-Osuna et al., 2010)

Olive Ridley turtles Content 2008 Wet Panama 0.6 0.009 0.004 0.07 16 0.12 0.35 11 (Ros et al., 2016)

Olive Ridley turtles Content 2013 Wet Panama 0.5 0.006 0.003 0.09 14 0.12 0.31 12 (Ros et al., 2016)

Green turtles Content 2008 Wet Oman 11 1.4 0.26 0.31 (Bicho et al., 2008)

Green turtles Content 1994 Dry Cyprus 0.66 0.33 (Ehsanpour et al., 2014)

Green turtles Content 2006 Wet Malaysia 0.5 0.031 0.009 15 0.46 0.097 (van de Merwe et al., 2009)

Green turtles Content 2005 Wet Malaysia 0.7 0 0.48 0 18 0.45 0 0.27 (Ikonomopoulou et al., 2009)

Green turtles Content 2001 Wet China 0 0.3 0.015 0.049 9.4 0.19 0.0030 0 45 3.5 2.5 0.27 45 0.22 0.027 (Lam et al., 2006)

Leatherback Turtle Content 2002 Wet Costa Rica 26 1.9 1.6 14 0.9 40 (Reo et et al., 2011)

Leatherback Turtle Content 2008 Wet Florida USA 0.048 (Perrault et al., 2011)

Leatherback Turtle Content 2006 Wet French Guiana 0.63 0.012 0.036 0.024 14 1.4 (Guirlet et al., 2008)

Leatherback Turtle Content 2015 Wet South Africa 7.5 1.8 0.0005 0.0061 3 0.35 0.043 0.046 38 2.5 0.88 0.97 57 0.26 0.00036 0.18 0.17 This Study

Loggerhead turtle Content 2015 Wet South Africa 18 4.6 0.0006 0.00093 3.5 1.9 0.1 0.041 48 2.8 2.3 1.9 110 0.32 0.00041 0.2 0.35 This Stusy

Loggerhead turtle Content 1980 Wet Florida USA 6.3 6.0 1.4 2.2 1.1 0.048 0.11 77 72 (Stoneburn et al., 1980)

Loggerhead turtle Content 1980 Wet Georgia USA 3.8 5.0 1.4 1.1 1.2 0.25 0.038 0.19 74 71 (Stoneburn et al., 1980)

Loggerhead turtle Content 1980 Wet North Carolina USA 4.1 5.4 0.63 1.8 1.0 2.3 0.072 0.04 79 73 (Stoneburn et al., 1980)

Loggerhead turtle Content 1994 Dry Cyprus 0.19 0.19 0.23 (Godley et al., 1999)

Loggerhead turtle Content 1990 Wet Japan 1.1 0.0055 0.013 15 0.52 12 (Sakia et al., 1995)

Leatherback Turtle Shell 2015 Dry South Africa 26 8.6 0.16 0.25 11 0.72 0.54 0.00058 5.8 11 0.095 0.73 375 0.47 0.00036 0.72 0.33 This study

Loggerhead turtle Shell 2015 Dry South Africa 44 16 0.5 0.77 38 1 0.64 0.0011 16 5.8 0.83 2.0 390 2.4 0.013 2.1 2.3 This study

Loggerhead turtle Shell 2001 Dry Turkey 13 1.6 12 (Kaska and Furness, 2001)

Loggerhead turtle Shell 1990 Dry Japan 5.5 0.004 2.2 0.68 11 (Sakia et al., 1995)

Green turtles Shell 2001 Dry Turkey 2.5 0.04 0.56 3.7 0.58 49 (Celik et al., 2006)

Olive Ridley turtles Shell 1996 Dry India 7.6 13 1.3 13 (Sahoo et al. , 1996)

Olive Ridley turtles Shell 2010 Dry mexico 7.5 49 0.47 12 (Pa´ez-Osuna et al., 2010)

Green turtles Shell 2001 Dry China 0 1.3 0.0061 0.11 0.47 12 3.3 0.016 1.2 2.5 0.22 0.27 2.3 0.079 0.034 (Lam et al.,  2006)

Hawksbill turtle Shell 2011 Dry Iran 6.6 0.002 4.2 0.36 5.6 (Ehsanpour et al., 2014)

Matrix Mean Median SD Min Element Max Element Wil M-W Eff pairing T A p T A p

Shell 61.8 48.5 48.5 19.7 Rb 227 Ag

Contents 52.2 27.4 56.9 16.8 Tl 260 Ag

Shell 79.0 67.0 48.1 34.4 Ti 255 Ag

Contents 43.4 31.6 36.3 1.36 Tl 129 Ni

Shell LH vs LB 0.0078

Contents LH vs LB 0.6099

MRPP no Sr

<0.0001

<0.0001

MRPPT-tests

Leatherback

Loggerhead

0.0724

<0.0001

0.1904

0.2356

-13

-7.5

0.6

0.2

-12 0.6 <0.0001

-6.9 0.25 0.0004
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Leatherback content and shell profiles, as represented by their respective convex hulls, ordinated 

distinctly apart (Figure 2a). Loggerhead shell and egg contents had profiles that were distinct but 

overlapped to a small extent; only two egg content samples ordinated within the convex hull of the 

shell profile (Figure 2b). For both species, shells were characterised by relatively higher relative 

proportions of As, Be, Zn, Cd, Ti, and Ba. Egg contents were characterised by relatively higher 

proportions of U, Hg, Tl, Ti, Rb, Pb, and Co. Loggerhead shells had relatively more Ag and Pt 

compared with leatherback shells, while it occurred in higher proportions in loggerhead egg contents 

than in leatherbacks. Vanadium was more prevalent in loggerhead shells, but occurred in higher 

proportions in leatherback egg contents. Elements with shorter vectors (Figures 2a and 2b) in both 

species were Cu, Fe, and Se, contributing little to the separations. 

NMS ordination of the matrixes of both species combined (Figure 3a) shows a strong overlap 

of the contents of both species, but distinct separation of the shells from both contents and each 

other. Strontium was strongly associated with leatherback shells, ordinating opposite Ag. Removing 

Sr from the ordination produced Fig. 3b Titanium, As, Cd, Be, Zn, Rb, and Ba were strongly 

associated with contents of both eggs, while Tl, U, Pb, and Hg were strongly associated with 

loggerhead shells. 

 

    a       b 

Figure 2: a) Non-metric multidimensional scaling of relativised metal and metalloid concentrations in leatherback 

turtle eggshells and egg contents. B) Non-metric multidimensional scaling of relativised metal and metalloid 

concentrations in loggerhead turtle eggshells and egg contents. 
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   a      b   

Figure 3: a) Non-metric multidimensional scaling of relativized metal and metalloid concentrations in loggerhead 

and leatherback eggshells and egg contents. b) Non-metric multidimensional scaling of relativized metal and 

metalloid concentrations in loggerhead and leatherback eggshells and egg contents without Sr. 

 

4. Discussion 

 

Inter- and intra-clutch variations in elemental concentrations might confound the interpretation 

of analytical data. Sakai et al. (1999) investigated these confounders on three captive green turtles, 

and found no effect of egg-laying order within a clutch, nor intra-clutch variations from the same 

female, for elemental concentrations in yolk, except for Hg. For Hg at low concentrations (between 

0.001 and 0.004 µg/g wm), the concentrations approximately halved between clutches 1 and 4. 

Therefore, the effects of egg-laying order and intra-clutch variation can be safely ignored, except for 

Hg. Mercury also decreased in concentrations with subsequent clutches (measured in hatchlings) for 

leatherbacks in Florida (Perrault et al., 2011). For Hg therefore, the highest concentration in eggs from 

nests of which the clutch sequence is unknown might be doubled as a worst-case scenario and then 

compared with other data and effect concentrations. Allochthonic content and/or autochthonic uptake 

of elements from sand will be dealt with below.  

 

4.1 Elemental concentrations 

There were major differences in elemental concentrations between the species and within 

each species (Table 1 and Section 3.1). Loggerheads had significantly higher concentrations of 

elements in their egg contents (eight elements) and shells (seventeen elements) than leatherbacks. 

Leatherback shells however, had higher concentrations of Sr and Be. The loggerhead eggs had 

significantly higher elemental concentrations in contents and shells than the leatherback eggs. 

Compared with other studies (Table 1), loggerhead egg contents from South Africa had the highest 

Al, Mn, Fe, V, and Ag concentrations, although very little data is available for some elements. For 
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eggshells, Cu, Hg, Pb, Cr, Zn, and Fe occurred at higher concentrations in loggerheads then 

elsewhere (Table 1). Both species had low concentrations of Pb and Hg in their egg contents 

compared with other studies (Table 1). The concentrations of Ni, Cu and Cd were higher in the egg 

content of leatherbacks from Costa Rica than leatherbacks from South Africa (Table 1). 

The differences between our results and those of others (Table 1), although not major, are 

likely ascribable to a combination of geographic separation of the South African population ranges 

(the southern Indian and Atlantic oceans) with different elemental background concentrations, 

differences in life histories, gender, diets, age, growth, as well as differences in pollution sources and 

the uptake, retention and elimination characteristics of the different elements in different species (see 

also Godley et al., 1999; Perrault et al., 2011). Leatherbacks tend to stay further away from coastal 

areas that are more polluted by human activity. Their remote journeys may explain, in part, the 

generally lower levels of metals and metalloids (Papi et al., 1997; Lusch et al., 2006; Robinson et al., 

2016). Loggerheads, which are more neritic, spend more time in polluted coastal regions. Richards 

Bay, located 200 km south of the major rookeries of the present study, is a major export harbour. It 

has been assessed for metal pollution with a variable but unclear concentration trends in mussels 

over the decades since it was opened (Greenfield et al., 2011). There is also major sand dune mining 

for minerals south of St Lucia.  Loggerheads spend more time along the coasts and are therefore 

likely to encounter water and food with elevated elemental concentrations. 

Leatherbacks are however, also much larger than loggerheads. The relationship between 

body size and body burden of organic and inorganic compounds (body burden allometry) remains 

complex and difficult to understand. Studies suggest that larger animals have lower burdens than 

smaller ones, including effects of dilution by growth (Newman and Heagler, 1991). Loggerhead eggs 

from the Mediterranean had higher concentrations of Pb and Cd than green turtles (Godley et al., 

1999), despite their overlapping feeding grounds.  

However, allometric confounding may be superseded by differences in diet; loggerheads 

largely feed on molluscs and crustaceans in coastal habitats and jellyfish during pelagic journeys, 

while leatherbacks feed exclusively on jellyfish (Mrosovsky et al., 2009; Robinson et al., 2016). 

Loggerhead turtles also ingest more marine debris due to their coastal nature where higher 

concentrations of marine debris may be expected (Godly et al., 1999). Marine debris is likely to 

contain metals and metalloids such as Pb, Sr, Sb, and Fe (Hughes, 1996; Golloch and Siegmund, 

1997; Nicolua et al., 2015) that may be taken up by the turtles after ingestion.   

There may also be an effect of autochthonic uptake by eggshells from the sands explaining 

the elemental concentration differences in shell and contents. Loggerhead eggs considered here were 

already two months in the sand (because unhatched eggs were used), while the leatherback eggs 

were freshly harvested. Given the soft and leathery nature of the shells, it may be that mobile 

elements migrated into and out of the shell and contents (Marco et al., 2004; Guirlet et al., 2008). 

Such may have occurred, although the differences in species (diet and migratory ranges as discussed 

above) should be kept in mind. If there were uptake, it should be evident at least in the eggshells. 

Table 1 and supplementary data shows that the older eggs of loggerhead turtles had significantly 

higher concentrations of eight elements in their contents, and seventeen elements in their shells, 
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compared with the fresher leatherback turtle eggs. Autochthonic uptake therefore cannot be excluded 

and may need further investigation.  

One of the main differences between egg content and eggshell was the significantly higher 

mean Sr and Be concentrations in leatherback eggshells when compared with loggerheads. Beryllium 

(also an alkaline earth metal as are Ca and Sr) concentration differences in the shells, although 

significantly different between the two species (Table 1), may have been due to variations at very low 

concentrations (0.0001 vs 0.0002 mg/kg dm). On the other hand, mean Sr concentrations were about 

the same in egg contents of both species, but more than double in the leatherback shells (Table 1). 

Strontium is a Ca mimic (both are divalent alkaline earth metals). Due to its similarity to calcium, Sr 

accumulates in milk and bone (Nordberg et al., 2015). Leatherback sea turtles‘ eggshell contains 90% 

of the total Ca of the egg (Bilinski et al., 2001). Sr seems to accumulate in the eggshell of leatherback 

sea turtles due to its high Ca content. The most likely explanation is that leatherback sea turtles 

incorporate strontium within the eggshell along with calcium due to ionic similarity and availability. We 

found one study that specifically commented on Sr and turtles. Although the Sr concentrations in 

juvenile green turtles from Hong Kong were the same as juveniles from Japan, adult green turtle 

muscle and liver from Hong Kong had 30 and 100 times higher concentrations, respectively, than 

from Japan (Lam et al., 2004). Local geography, pollution, and age were given as possible 

explanations but nothing conclusive. 

Ca occurs in seawater at 400 mg/kg, and Sr at 8 mg/kg (Garrison, 2013). Why the 

leatherback shells would have so much more Sr in the shells relative to the contents is unknown, 

given that loggerhead turtle shells had significantly higher concentrations of seventeen other 

elements. The Ca/Sr ratios also need to be determined. The influence of Sr on elemental 

compositional patterns will be discussed later. 

 

4.2. Toxic effects  

The developing embryo is likely one of the most sensitive life stages susceptible to xenobiotic 

disturbance (Hopkins et al., 1999; Brasfield et al., 2004). Loggerhead turtles can tolerate higher 

concentrations of Cd, Ni, Pb and Cu (compare with Stoneburner et al., 1980) than the concentrations 

measured in the eggs of loggerheads in this study. Leatherback eggs had intermediate concentrations 

of Zn (Table 1). The effect of Zn on sea turtles is unclear. Cortés-Gómez et al. (2014) suggested that 

older turtles of older age tend to have higher concentrations of Zn, possibly through accumulation.    

Low leatherback hatching success in Florida was correlated with high Hg and low Se 

concentrations (Perrault et al., 2011). Selenium aids in the removal of Hg. Mercury is probably 

detoxified by the liver of the animal through insoluble mercury–selenium compounds that are then 

excreted (Perrault et al., 2011). The relatively high Se in both egg contents and shells from South 

African marine turtles may explain the relatively low Hg concentrations in the egg contents. The shell 

where the high Hg concentrations were measured may therefore act as a mechanism to keep Hg 

away from the embryo thereby reducing toxic effects. This, however, needs corroboration. 

Also, as explained above, it is often not possible to determine the clutch sequence from which 

the eggs were taken. Doubling the mean mercury concentrations for the egg contents to 
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accommodate variations between clutches results in concentrations of 0.0010 and 0.0012 mg/kg wm 

for the leatherback and loggerhead eggs from South Africa, respectively. This is well below the mean 

of 0.048 mg/kg in leatherback eggs from Florida (Perrault et al., 2011) with low hatching success. 

Interestingly though, was that liver Se and liver Se/Hg ratios corresponded positively with hatching 

success in the Florida study. Even doubling the maximum concentrations for our leatherback and 

loggerhead egg content with concentrations of 0.0017, and 0.0016 mg/kg wm, respectively is still an 

order of magnitude less than the mean from Florida.  

Endocrine disruption caused by metals (as well as organic pollutants) is a possibility. 

Endocrine disruptors may influence sex ratios during development without mortality, added to 

possible complication from climate change when dealing with temperature-dependant sex 

determination in reptiles (Oberdörster and Cheek, 2000; Cheek 2006; Ikonomopoulou et al., 2009; 

Howard et al., 2014; Finlayson et al., 2016;). Such complex interactions between climate change and 

toxicity needs careful investigation. 

Although very little experimental information is available for toxic effects of metals and 

metalloids on leatherback turtles (Finlayson et al., 2016), turtles are considered to be at risk of bio-

magnification of potentially toxic contaminants (Guirlet et al., 2008; Roe et al., 2011). The mean and 

maxima of Hg for both marine turtle species are well below its toxic reference values (TRV) in bird egg 

contents (Meyer et al., 2014): the mercury TRV is 2 mg/kg dm, while the highest concentration in the 

eggs of the present study was 0.0012 mg/kg dm for both loggerhead and leatherback egg contents. 

As we suggested above, and to accommodate mercury‘s variation between clutches, even double the 

Hg concentrations remained well below the bird egg TRV for Hg.  

The bird egg TRV for selenium is 8 mg/kg dm; the highest concentration we measured was 

7.7 mg/kg in a loggerhead egg. The TRV for copper at 10-20 mg/kg dm was reached and exceeded in 

two loggerhead eggs at 16 mg/kg dm and 30 mg/kg dm. The bird egg TRV for Sr of 66-73 mg/kg was 

exceeded by all but one leatherback egg, and six of the ten loggerhead eggs for the lowest level in 

the range. Copper and selenium may thus pose a risk to these populations. However, based on the 

high hatching success of these sea turtles (Nel et al., 2013), it seems that the current concentrations 

of metals and metalloids (including mercury) do not affect hatching negatively, although copper, 

mercury, strontium, and selenium should be monitored. The hatching success of loggerheads in 

South Africa is 78% (Hughes, 1974)  

 

4.3. Can eggshells be used as a proxy for egg contents? 

Eggs are excellent biological indicators of pollutants in birds (Evers et al., 2003; Bouwman et 

al., 2015a and b) and reptiles (Bouwman et al., 2014; and references in Table 1) as they are relatively 

easily sampled, represents an entire organism, have a consistent composition, and collection from 

large clutches presumably have negligible effects on populations. There is also the option to sample 

eggshells of hatched eggs rather than viable eggs and thereby reduce the impact on threatened 

species. Feather concentrations are often used as a proxy for body burden in birds (Dauwe et al., 

2000; Ansara-Ross et al., 2013), but feathers are conspicuously absent from turtles.  
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A study from Hong Kong regressed concentrations in green turtle eggs with shells and found 

significant associations for Ag, Se, Zn, Hg, and Pb (Lam et al., 2006). Magnesium in eggs and shells 

were positively associated in red-eared slider terrapin (Trachemys scripta) from the USA (Burger and 

Gibbons, 1998). In the present study, egg contents and shell concentrations were positively correlated 

only for Se, Sb, and Ba in leatherbacks, and Zn in loggerheads. Thallium egg and shell 

concentrations were negatively associated in loggerheads. However, due to the large number of 

correlations (60), the likelihood of significant correlations by chance is rather high. Combining our 

findings with others (Burger and Gibbons, 1998; Lam et al., 2006), we discount haphazard 

relationships between contents and shells; only very good relationships established over a long period 

and with many more paired egg contents-eggshell measurements will support using eggshells only to 

infer contaminant levels in egg contents.  

Direct comparisons between, and within species, of egg contents and shell concentrations 

showed little correspondence (section 4.1). The %CVs were quite large (Table 2), and was larger in 

shells than in contents. The differences between the means for shell and contents were significant for 

leatherback eggs (Wilcoxon matched-pairs, signed rank tests, p < 0.0001), and marginal (Wilcoxon 

matched-pairs, signed rank tests, p = 0.0724) for loggerheads. Interestingly, Ag showed the greatest 

variation in both species for both shell and contents. Silver would be a good example of a toxic 

element that is not likely to be useful for extrapolation between shell and egg contents. Cross-species 

comparisons of respective matrixes showed significant differences in %CVs between contents (Mann-

Whitney, p = 0.0078), but not for the shells (Table 2). This means that the Ag contents of the shells 

would not be suitable to predict between shell and contents of both species. 

It can be argued however, that a ‗fingerprint‘ or pattern analyses (using relative proportions) 

will be more appropriate. First we used MRPP to compare elemental profiles between shells and 

contents within each species. The large negative T values and small A values (Table 2, under the 

MRPP column heading) indicates little correspondence between profiles, with very small likelihood 

that these differences were by chance. Again, overall, elemental patterns did not agree between shell 

and contents within each species. As will be made clear why later, we also removed Sr from the list 

and, again, no agreement in patterns (Table 2, column heading MRPP no Sr). 

We also applied a multivariate visualization technique (NMS) of relativized data to look at 

possible pattern correspondence between egg and content. For both species (Figs 2a and 2b), the 

convex hulls that delineate the outer sample ordination points did not overlap. For leatherbacks (Fig. 

2a) the difference was quite marked, with higher proportions of elements such as As, Cd, Be, and Zn 

characterising egg contents (vectors pointing towards the right), and higher proportions of Hg, U, Ti, 

and Pb characteristic of the shell. The small convex hull for leatherback shells (to the left) shows good 

congruence for those elements that occur in higher proportions here. For leatherbacks, there is only 

slight overlap (Fig. 2b). As for leatherbacks (Fig. 2b), the loggerhead shells were also characterised 

with higher proportions of Hg, Pb, and U, but not for Ti (Fig. 2b). Arsenic, Be, Rb, Zn, and Cd also 

characterised the loggerhead shells, as it did for leatherbacks. The long Ag vector in Fig. 2b 

associates with a single eggshell at the top of the ordination. This egg therefore had a very high Ag 

concentration relative to all other elements in the contents, and likely explains the strong explanatory 
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power of the second axis (42.3%, compared with 10.7% for the leatherbacks). When comparing Sr 

and Hg in both species, Hg and Sr ordinated much in the same direction towards the leatherback 

shell – therefore, a higher proportion of Hg is accompanied by a higher proportion of Sr. In the 

loggerhead, Hg also associates with the shell, but Sr is almost perpendicular towards a sub-cluster of 

shells (to be discussed below). Due to the wide separations between pattern envelopes for both 

species and the large differences in vector lengths of the elements, there is therefore little scope for 

using shells as proxy for contents for both species. 

But what about cross-species comparisons? Can the eggshells of the more abundant 

loggerheads be used to predict the concentrations in endangered leatherbacks? This is shown in 

NMS ordinations as Figs. 3a and 3b. With all elements included, there was no congruence between 

the elemental patterns of shells of both species, but quite some congruence between the contents of 

both species (NMS ordinations only with shell-shell data, or only content-content data, showed very 

much the same congruence and differences as in Fig. 3b – not shown here). Very prominently, Sr 

showed a very strong association with loggerhead shells and an anomalous orientation in respect to 

all other elemental vectors. Based on the additional discussion above (Section 4.1) about the 

significantly higher Sr concentrations in leatherback shells, we deleted the Sr data from the dataset 

and ordinated again (Fig. 3b). This changed the picture dramatically, with both shell pattern envelopes 

now congruent. The same As, Be, Cd, Zn, Rb and Ti co-variation with contents is now demonstrated 

for both species, as well as Tl, U, Pb, and Hg for the shells, apparent from Figs. 2a and b. The lone 

loggerhead shell associated with Ag remains prominent.  

Figures 3a and b shows three things; the elemental patterns in eggs overlap, the elemental 

patterns in the shells overlap, but the patterns for eggs and shells do not. Close examination also 

shows possible sub-groupings. Especially for contents, there seems to two groups at opposite ends of 

the overlapping convex hulls, and to a lesser extent, this is also apparent for the shells. This may be 

due to individuals being either coastal or oceanic, evidence of which have been presented by satellite 

telemetry for both species (Robinson et al., 2016). If this were the case, the picture becomes more 

complicated as it seems difficult to distinguish maternal range preferences from eggs or nests alone. 

Deme discrimination might also be able to distinguish between oceanic and coastal individuals, even 

based on shell elemental composition alone. Indications of demes for loggerheads breeding in North 

Carolina, USA, based on metal patterns (Stoneburner et al., 1980), and green turtles from Baja, 

California Peninsula (Mexico) was found (Talavera-Saenz et al., 2007). 

More data are needed on contaminant levels in marine turtles, supplemented with persistent 

organic pollutant analyses that normally have much slower turnover in bodies than metals and 

metalloids (Fisk et al., 2001) to discriminate between demes.  

 

5. Synthesis and conclusion 

 

In general, South African turtles had lower concentrations of metals and metalloids in their 

eggs and shells than reported by other studies. Loggerheads generally are coastal and this might 

explain their higher concentrations of pollutants due to river runoff, marine debris, ship, and harbour 
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pollution affecting prey species, compared with the more oceanic leatherback that feeds at a lower 

trophic level, although allosteric size factors may also play a role.  

Compared with Sr egg contents, both species had concentrations in their shells an order of 

magnitude higher. Furthermore, the mean strontium concentrations (a calcium mimic) in the 

leatherback shells were more than double the mean in loggerhead shells. We could not quite explain 

this finding, and suggest that further work is needed in this regard, due to strontium‘s protective effect 

against mercury, its possible sources, but also its inherent toxicity. Strontium is incorporated in some 

plastics as a flame retardant (Golloch and Siegmund, 1997), and its ingestion by leatherbacks 

mistaking plastics for jellyfish might be a source (Mrosovsky, 2009), in addition to strontium in jellyfish 

statotoliths (Mooney and Kingsford, 2012).  

Mercury concentrations in egg contents were low compared with available data (Table 1), and 

did not exceed mercury‘s TRV (toxic reference value) for bird eggs, taking into account cross-taxon 

extrapolations - in this case between endothermic birds and ectothermic reptiles. The TRVs for 

strontium and copper were exceeded. However, the hatching success of the South African 

leatherbacks is such to suggest that there is very little toxicological influence, although sub-lethal 

effects and mixture effects (Finlayson et al., 2016) should not be ignored. In addition to organic 

compounds such DDE that are endocrine disruptive, some metals are also known endocrine 

disruptors and may influence sex ratios during development without affecting hatching success. There 

is also the added possible complication from climate change (Oberdörster and Cheek, 2000; Cheek, 

2006; Finlayson et al., 2016).  

Due to their toxic threat, we suggest that at least mercury, aluminium, lead, arsenic, cobalt, 

cadmium, copper, vanadium, nickel, zinc, manganese, and strontium be monitored. We also suggest 

adding gold and barium to this list, since it seems to be receiving more attention from terrestrial and 

marine perspectives (Van der Schyff et al. 2016; Wise et al., 2011). Based on our observations of Sr, 

it seems prudent to add the remaining alkaline earth metals, calcium, radium, beryllium, calcium, and 

magnesium. Data on organic contaminants will also be very useful, as newer types of persistent 

organic pollutants such as brominated flame retardants and perfluorinated compounds have been 

detected in African penguin Spheniscus demersus eggs from the South African coast (Bouwman et 

al., 2015b). Economic development and other forces such as conflict and population growth around 

the Indian Ocean basin (Kaplan, 2010) is likely to increase pollutant releases (Bouwman et al., 2015a) 

and trends need to be monitored.  

As to the question whether shells can be used as a proxy for each species and between 

species, we suggest that the differences and variations in concentrations between species, as well as 

the results of the MRPP and NMS analyses are not convincing enough to use only eggshells. 

Although there were overlap in shell and content patterns between the species, there was no overlap 

between shells and contents. The shell pattern of one species may be used to predict the pattern in 

the shells of another, but predicting concentrations at the site of toxicological action, the egg contents, 

will not be viable unless very wide uncertainty factors are employed. Eggshells may perhaps be used 

as a warning for long term concentration trends in the oceanic background. 
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Maternal turtles serve as ‗active samplers‘ that often return to the same general location to 

breed–something that is not practical with marine mammals or elasmobranchs. In addition, elemental 

patterns may also indicate the feeding ranges of the maternal animals. However, egg content data of 

a limited number collected regularly would possibly serve the same purpose with much more 

confidence with little impact. Continued regular sampling and analyses of eggshells and contents (and 

possibly blood) of both species would provide a convincing and easily obtainable trend and warning of 

pollutant changes in the oceanic ranges frequented by the South African turtles. 
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Appendix A. 

Table S1. Summary statistics of the concentrations of all measured elements in Leatherback and loggerhead 

Turtle shells and contents 

 

Element Sp n Mean Median Min Max SD %CV n Mean Median Min Max SD %CV

Be LB 10 0.0010 0.00088 0.00062 0.0016 0.00034 34 10 0.014 0.015 0.0081 0.018 0.0028 19.5

LH 10 0.0022 0.0019 0.00083 0.0059 0.0015 67 5 0.016 0.016 0.015 0.017 0.00052 3.3

B LB 10 26 23 12.6 55 11 44 10 10 11 5.7 14 2.8 27

LH 10 20 22 4.5 39 12 58 10 9.1 8.8 3.9 16 3.1 34

Al LB 10 26 24 12 50 14 52 10 7.5 4.1 1.2 21.8 6.8 91

LH 10 44 27 18 180 49 111 10 18 14 2.8 41.7 16 90

Ti LB 10 2.3 2.3 1.3 4.0 0.8 34 10 5.7 6.0 3.1 6.8 1.1 19

LH 10 5.8 5.5 3.8 10.3 2.0 34 10 7.3 7.1 5.4 10.0 1.3 18

V LB 10 0.47 0.49 0.24 0.68 0.15 33 10 0.26 0.27 0.14 0.4 0.1 23

LH 10 2.4 1.7 0.81 5.8 1.6 67 10 0.32 0.29 0.25 0.4 0.07 22

Cr LB 10 11 11 8.2 16 2.5 22 10 3.0 3.0 1.7 5.0 0.97 32

LH 10 38 26 8.2 91 27 71 10 3.5 3.1 2.2 4.8 1.0 30

Mn LB 10 0.73 0.75 0.00022 1.4 0.40 55 10 0.97 0.79 0.58 2.2 0.50 51

LH 10 2.0 1.8 0.34 3.9 1.2 58 10 1.9 1.6 0.37 4.4 1.40 73

Fe LB 10 380 400 240 540 110 29 10 57 48 23 130 31 55

LH 10 390 390 84 1100 278 71 10 110 93 46 230 74 65

Co LB 10 0.54 0.56 0.32 0.77 0.16 30 10 0.043 0.027 0.013 0.1 0.041 95

LH 10 0.64 0.63 0.30 1.53 0.36 56 10 0.10 0.081 0.023 0.2 0.090 86

Ni LB 10 0.72 0.73 0.36 1.1 0.29 40 10 0.35 0.14 0.069 1.6 0.49 141

LH 10 1.0 0.97 0.47 1.8 0.45 44 10 1.9 0.80 0.14 6.7 2.5 129

Cu LB 10 8.6 8.4 6.2 12 1.9 22 10 1.8 2.0 0.91 2.2 0.37 20

LH 10 16 15 7.7 26 6.1 39 10 4.6 2.6 1.4 18 5.2 113

Zn LB 10 5.8 4.2 0.4 15 4.8 83 10 38 38 23 50 7.5 20

LH 10 16 15 4.3 25 6.1 39 10 48 47 41 58 4.3 8.9

As LB 10 0.095 0.031 0.002 0.37 0.13 133 10 0.88 0.64 0.34 3.3 0.86 98

LH 10 0.83 0.50 0.00 2.8 0.95 114 10 2.3 0.83 0.36 5.3 2.1 92

Se LB 10 11 4.5 0.1 44 14 129 10 2.5 2.3 1.3 4.6 0.89 36

LH 10 5.8 5.5 0.032 11 3.9 67 10 2.8 3.0 1.6 4.6 1.0 35

Rb LB 10 0.50 0.47 0.35 0.67 0.10 20 10 1.2 1.3 0.82 1.6 0.26 21

LH 10 0.49 0.46 0.19 0.91 0.24 48 10 1.5 1.4 0.98 1.9 0.30 21

Sr LB 10 590 610 370 790 160 27 10 40 41 20 57 12 31

LH 10 230 230 12 680 190 83 10 38 41 25 49 9.1 24

Mo LB 10 0.26 0.17 0.13 0.99 0.26 98 10 0.06 0.052 0.029 0.10 0.022 37

LH 10 0.84 0.58 0.31 2.0 0.62 74 10 0.12 0.066 0.049 0.31 0.089 77

Pd LB 10 1.5 1.4 0.90 2.5 0.46 32 10 0.10 0.10 0.068 0.15 0.022 21

LH 10 1.8 1.4 1.0 5.5 1.3 73 10 0.10 0.096 0.075 0.14 0.023 23

Ag LB 10 0.33 0.0065 0.00060 2.5 0.76 227 10 0.17 0.017 0.00014 1.4 0.44 260

LH 10 2.3 0.37 0.00039 19 6.0 255 10 0.35 0.28 0.00013 0.96 0.25 73

Cd LB 10 0.00058 0.00049 0.00017 0.0010 0.00028 49 10 0.046 0.047 0.025 0.06 0.013 28

LH 10 0.0010 0.00054 0.00024 0.0040 0.0011 109 10 0.041 0.032 0.0017 0.15 0.039 96

Sb LB 10 0.27 0.22 0.13 0.72 0.17 62 10 0.057 0.057 0.034 0.078 0.011 20

LH 10 0.70 0.59 0.26 1.8 0.46 66 10 0.057 0.058 0.051 0.065 0.0042 7.3

Ba LB 10 5.7 5.6 2.3 12 2.9 50 10 6.3 4.8 2.2 13 3.7 59

LH 10 7.2 6.1 3.7 12 3.2 44 10 4.0 4.0 1.6 6.1 1.5 38

Pt LB 10 0.00036 0.00031 0.000030 0.00064 0.000065 57 10 0.00036 0.00037 0.00019 0.00047 0.000077 22

LH 10 0.013 0.00046 0.000052 0.071 0.0083 208 10 0.00041 0.00041 0.00039 0.00041 0.0000085 0.021

Au LB 10 0.72 0.56 0.38 1.6 0.38 53 10 0.18 0.17 0.11 0.25 0.037 21

LH 10 2.1 1.7 0.80 6.2 1.6 75 10 0.20 0.17 0.17 0.41 0.076 37

Hg LB 10 0.16 0.062 0.042 0.98 0.29 176 10 0.00054 0.00060 7.6E-05 0.00072 0.00019 36

LH 10 0.50 0.26 0.10 1.8 0.58 116 10 0.00058 0.00071 4.5E-05 0.00073 0.00025 44

Tl LB 10 0.025 0.017 0.011 0.069 0.02 72 10 0.00025 0.00027 0.00015 0.00029 0.000042 17

LH 10 0.10 0.089 0.041 0.29 0.07 70 10 0.00029 0.00030 0.00028 0.00030 0.0000040 1.4

Pb LB 10 0.25 0.21 0.11 0.37 0.10 40 10 0.0062 0.00068 0.00020 0.031 0.012 192

LH 10 0.77 0.72 0.29 1.53 0.33 43 10 0.00094 0.0010 0.00053 0.001 0.00019 20

Bi LB 10 1.2 0.92 0.63 2.5 0.57 48 10 0.074 0.073 0.042 0.10 0.016 22

LH 10 2.5 2.2 1.0 7.0 1.8 70 10 0.084 0.081 0.078 0.12 0.011 13

Th LB 10 0.49 0.42 0.27 0.86 0.19 39 10 0.13 0.13 0.074 0.19 0.035 27

LH 10 1.3 1.1 0.55 3.4 0.84 66 10 0.14 0.13 0.13 0.21 0.026 18

U LB 10 0.077 0.065 0.043 0.13 0.027 35 10 0.00028 0.00029 0.00017 0.00037 0.000060 22

LH 10 0.24 0.21 0.10 0.62 0.15 63 10 0.00029 0.00030 0.00025 0.00032 0.000023 7.8

Shells Contents
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Abstract 

The Nile Crocodile is the largest predator on the African continent. Recent mass mortalities in the 

Kruger National Park (KNP) raised concerns about possible influence of pollution. We analysed eggs 

and their eggshells collected from nests inside the KNP and from a crocodile farm for metallic 

elements. We found that mercury, selenium, and copper occurred at levels of concern. Eggshells had 

very high concentrations of iron. Apart from toxicological implications associated with elevated 

concentrations in eggs, we found iron possibly contributing towards thicker eggshells. Thicker shells 

may act as a barrier to gas and water exchange, as well as possibly increasing the effort required for 

the hatchling to emerge from tightly packed shells under sand. Pollutants are transported into the KNP 

via rivers, and possibly via air. Mercury and copper pollution are waste-, industrial- and mining-related; 

ecotoxicological concern should therefore be extended to all areas where the four African crocodile 

species occur. Reptiles are under-represented in ecotoxicological literature in general, and especially 

from Africa. We know of only one previous report on metals and metalloids in crocodile eggs from 

Africa (Zimbabwe), published 30 years ago. Reduced fitness, endocrine disruption and effects on 

behaviour are other possible sub-lethal effects associated with metallic elements that may only 

become apparent decades later in a long-lived species such as the Nile Crocodile. In the face of 

habitat destruction, pollution, human population increases, and climate change, further research is 

needed regarding pollutant concentrations and effects in all African reptiles. The rivers that carry water 

from outside the park sustain its aquatic life, but also transport pollutants into the KNP. Therefore, 

improved source mitigation remains an important task and responsibility for all involved. 

 

Keywords: Reptile; eggshell; mercury; selenium; copper 
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Introduction 

 

The Nile Crocodile Crocodylus nyloticus is ranked as Least Concern by the International 

Union for Conservation of Nature (IUCN) (ICUN, 2016). In spite of this, their numbers are declining 

alarmingly in some areas in South Africa (Botha et al., 2011; Ferreira and Pienaar, 2011; Downs et al., 

2015) and Botswana (Bourquin and Leslie, 2011). Reasons advanced for this decline are loss of 

breeding habitat (Leslie and Spotila, 2001), exploitation (Bourquin and Leslie, 2011), pollution (Botha 

et al., 2011), and disease (Ferreira and Pienaar, 2011). Adding to the concerns, mass crocodile 

deaths occurred at the confluence of the Letaba and Olifants rivers  situated within the Kruger 

National Park (KNP; Fig. 1) as well as some deaths in the Sabie River further south in the KNP. These 

deaths were caused by or associated with pansteatitis, a condition where the fat becomes hardened, 

inflamed, and yellow (Osthoff et al., 2010). These incidents precipitated much research to elucidate 

the cause of the deaths and possible associated pollution (Ashton, 2010; Osthoff et al., 2010; Ferreira 

and Pienaar, 2011; Woodborne et al., 2012; Bouwman et al., 2014; Du Preez et al., 2016; Gerber et 

al., 2017). Some suspected causes and contributing factors include: 

 Microcystins from cyanobacteria (Myburgh and Botha, 2009). 

 Pollutants settling out of the water as the river slow down entering the Massingir Dam in 

Mozambique (Osthoff et al., 2010). 

 Crocodiles consuming rancid fish (Ashton 2010; Huchzermeyer et al., 2011). 

 Environmental decline and pollution (Ferreira and Pienaar, 2011). 

 Crocodiles feeding on steatitic African Sharp-toothed Catfish Clarias garipienus 

(Huchzermeyer et al., 2011). 

 Ecosystem changes combined with extra-limital fish species as vector of the cause 

(Woodborne et al., 2012). 

 High concentrations of aluminium in the fat of the Nile tilapia Oreochromus mossambicus that 

may interfere with cellular metabolism such as lipid-peroxidation (Oberholster et al., 2012). 

 Seasonal change in diet due to potamodromic migrations of the invasive Silver Carp 

Hypophthalmichthys molitrix that has a fatty acid composition different from indigenous fish 

(Huchzermeyer, 2012).  

 

Crocodilians are large, amphibious, and apex predators that may be considered bio-indicators 

because they accumulate a wide range of contaminants over long lifespans (Bouwman et al., 2014; 

Nifong et al., 2014).  In Africa in freshwater ecosystems where they occur, the Nile Crocodile is the 

apex predator (Nifong et al., 2014). Their trophic levels are similar to sharks in marine ecosystems 

and polar bears in the Arctic. Total concentrations of contaminants in water and sediments however, 

do not always reflect their bio-availability (Pheiffer et al., 2014). It is therefore, difficult to assess if the 

concentrations in water or sediment might cause biological harm (Pheiffer et al., 2014), especially in 

long-lived animals such as crocodiles.  Comparing results with other studies will therefore, assist in 

the identification of risk associated with the pollutants measured (Cortés-Gómez et al., 2014). 



36 
 

Eggs are often used in bio-monitoring (Klein et al., 2012). Eggs (avian or reptilian) represent 

contaminant levels within the female as well as the newly developing embryo (Klein et al., 2012; 

Bouwman et al., 2014; Cortés-Gómez et al., 2014; van der Schyff et al., 2016). Not only the contents, 

but also the shell may have toxicological implications when considering the distribution of pollutants 

between shell and contents (Kleinow et al., 1997). Another advantage of using eggs is that no 

reproducing adult animals have to be captured or killed. Collecting eggs from some species however, 

are often difficult (and hazardous), especially crocodiles (Bouwman et al., 2014).  

According to an assessment of emerging chemical management issues in developing 

countries that are not covered by international treaties, ―heavy metal‖ pollution is ranked the highest of 

the 22 issues identified (STAP 2012). Geology plays an important role in the natural background of 

metals and metalloids, although anthropogenic activities such as agriculture, mining, and wastes 

handling may increase bio-available and bio-accessible metals in excess of background (Luoma, 

1983). Therefore, elemental concentrations in biota are derived from both natural background and 

pollution, where pollution has occurred. Some metals like lead, cadmium, arsenic, and mercury have 

adverse effects on biota, while iron, magnesium, copper, and zinc have important physiological 

functions (Birch and Taylor, 1999; Hoekstra et al., 2003; Peijnenburg and Jager, 2003; Grillitsch and 

Schiesari, 2010). Most metals and metalloids can be toxic at elevated concentrations, some even at 

relatively low concentrations (Zhou et al., 2008).  

We could find only one study reporting metal concentrations in eggs of any of the four species 

of crocodile occurring in Africa. Phelps et al. (1986) reported on organic micro pollutants and mercury, 

selenium, cadmium, lead, and zinc in 26 Nile Crocodile eggs from ten sites in Zimbabwe. Organic 

micro pollutants have been reported in Nile Crocodile eggs from the Kruger National Park, South 

Africa (Bouwman et al., 2014). Here, we report the findings and interpretation of metallic elements in 

the same eggs collected in the KNP that were published by Bouwman et al. (2014) for POPs, The 

collection sites were mainly close to where the crocodile mortalities occurred. We also analysed the 

corresponding eggshells for the same elements to determine if the shells could serve as a non-lethal 

bio-monitoring method instead of using egg contents. Using the shells after hatching prevents the 

destruction of live embryos and may provide important information. 

 

2. Materials and methods 

 

2.1. Description of the Kruger National Park and sampling sites 

The Kruger National Park (KNP) has six major river systems. The Letaba and Olifants rivers 

(Fig. 1) were where the crocodile mortalities occurred. The Letaba River (flowing to the east) 

confluences with the Olifants River, thereafter running through a gorge known as the Olifants Gorge 

(Fig. 1), below called the Gorge. The water of the Olifants River is highly mineralized (Du Preez and 

Steyn, 1992). The Olifants River is a system in which water quality is affected by human activities to a 

greater degree than from geological background (Gerber et al., 2015a). Metal bio-accumulation 

studies that were done in the Olifants River on African Sharp-toothed Catfish (C. gariepinus) indicated 

that fish inside the basin of the KNP had lower concentrations of metals than those collected 
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upstream of the KNP (Du Preez et al., 1997). The Letaba River is experiencing flow restrictions and 

increased sediment build up due to the large number of dams and weirs built for agricultural and 

industrial purposes. The section upstream from the border of the KNP is considered the most modified 

section of the whole Letaba River system (DWAF, 2006). Outside the Park, the Letaba and Olifants 

river systems are influenced by anthropogenic activities such as mining, power generation, many 

industries, agriculture, and urbanisation (Coetzee et al., 2002; Dabrowski and de Klerk, 2013). The 

Nhlanganini catchment however, is entirely located within the KNP - therefore the minerals in water 

and sediments here should be ascribed to hydrology, geology, aerial inputs, and/or animals, and 

serves as a reference (Bouwman et al., 2014). We sampled the eggs from the shores of the small, 

cement-walled Nhlanganini Dam (built in 1968), upstream of which there are no anthropogenic 

activities (Fig. 1). 

 

 

Figure 1: Map of locations in the Kruger National Park where crocodile eggs were collected, marked with Xs. 

Sites with fish are recognised national fish sanctuaries. Rivers flow from east to west. 

 

2.2 Collection 

All the eggs were collected between October and December 2009 under the supervision of 

SANParks (South African National Parks) veterinarians and wildlife experts, under permit and with 

permissions. Ethical approval was granted by the North-West University (NWU-00055-07-S3). The 

crocodile nests were located by field rangers from a helicopter looking for patches of newly covered 

nests along the riverbanks, and marked potential nests with a global positioning system (Fig. 1). A 

ground team then located the nests and collected the eggs by digging with their hands and removing 
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eggs from nests – no more than six eggs were collected per nest. After collection, all dug-up sand was 

replaced and signs of disturbance were removed to minimize opportunistic predation.  

Twenty-seven eggs were collected from five nests in the KNP and a crocodile farm In the KNP, three 

nests from the Olifants River OR1 (n=3 eggs), OR2 (n=3 eggs) and OR3 (n=3 eggs), collectively 

named Gorge, were sampled. One nest from the Letaba River Let (n=6 eggs) and one nest at 

Nhlanganini Dam (ND, n=2 eggs)  (Fig. 1) were also sampled. Ten, randomly selected eggs were 

collected from a hatchery of a large crocodile farm (Crocodile Farm) situated south of the KNP. Eggs 

were wrapped in foil (cleaned with acetone and hexane beforehand), labelled, and frozen. 

 

2.3 Sample preparation and analyses 

At the laboratory, frozen eggs were placed in pre-washed (acetone and hexane) foil cups and 

left overnight to thaw. Thawed eggs were washed with deionized water to remove sand, 

circumferences measured, and weighed. Egg contents (yolk and albumin together) were then 

separated from the shells. Wet mass of the contents was determined and sub-samples placed in 

clean polyethylene bottles. The sub-samples were freeze-dried (48 hours at -80˚C and 0.13 Pa) and 

then powdered. The eggshells were washed with water to remove the shell membrane, and air-dried 

for at least three weeks. The dried shells were then ground with a mortar and pestle into a powder. 

Powdered samples were analysed by Eco-Analytica in Potchefstroom, South Africa. Eco-

Analytica analysed the powered products for 26 metals and metalloids using the EPA 3050b method 

(EPA, 1996). The method used two grams of powdered sample. The laboratory regularly participates 

in inter-laboratory calibration exercises, and a certified standard reference material was used (SRM 

1944). Concentrations were within 25% of certified values. Concentrations are expressed in mg/kg dry 

mass (dm). 

The inner and outer layers of the shell separate very easily. We mounted three fragments of 

each layer per egg on stubs for scanning electron microscopy. The thickness of each fragment was 

measured at five different points. 

 

2.4 Statistical analyses 

We analysed data using Prism 7.02 (www.graphpad.com) and PC-ORD 7.02 (MjM Software, 

www.pcord.com). In most cases, except where indicated, data were log-transformed. Significance was 

taken at p < 0.05. One-way ANOVA (Kruskal-Wallis test, with Dunn‘s multiple comparisons test) was 

used to look at differences between collection sites (Fig. 1) for both contents and eggshells, 

separately. We used paired, two-way, t-tests to compare differences of the mean elemental 

concentrations of shell and content. We used linear regressions to investigate the relationships 

between the concentrations of the same element between shells and contents.  

The percentage coefficients of variation (%CV) was used to identify elements with large and 

small absolute variations. We used the Wilcoxon matched-pairs, signed rank test (non-parametric) to 

compare untransformed %CV values because the shell and contents of the same egg are essentially 

paired. The Pearson correlation coefficient was used to test the effectiveness of pairing (the more 

effective the pairing between the values, the smaller the p-value will be). Linear regressions were 
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used to investigate the relationship between the same elements in eggs and shells using both 

untransformed and log-transformed concentrations.  

We used a multi-response permutation procedure (MRPP) to compare elemental profiles 

(fingerprints) between shells and contents, with concentrations relativized per egg, was used with 

Euclidian as distance measure. The T-statistic describes the separation between the shells and 

contents – the more negative the value, the stronger the separation between the groups. MRPP also 

calculates a chance-corrected within-group agreement (A = agreement value between 0 and 1; when 

all values are identical between groups A = 1; when heterogeneity within groups equals expectation by 

chance A = 0), as well as the probability of a smaller or equal difference in elemental concentration 

profile (p –value).  

To visualise the differences in relative elemental composition profiles, we used non-metric 

multidimensional scaling (NMS), again with Euclidian as distance measure. Six dimensions were 

allowed, with a maximum of 500 iterations. Two-hundred and fifty runs with real data were allowed to 

obtain the final stress, followed by the same number with randomised data for a Monte Carlo test to 

determine if a similar final stress could have been reached by chance (McCune and Grace 2002). 

Because of concentrations orders of magnitude higher than the other elements, iron was not included 

in the NMS and MRPP. Because aluminium was used to wrap the eggs, this element was not used in 

comparative statistics. We use convex hulls (polygons that enclose all outermost points of each 

specific group) to discern difference (no overlap) or congruence (overlap). 

 

3. Results 

 

3.1 Analytical results 

The mean concentrations (mg/kg dm) of seventeen metals and metalloids in the shells and 

egg contents of crocodile eggs from four different collection areas are presented in Table 1. Additional 

summary statistics are available for all elements tested (Supplemental materials, Table S1). Although 

the eggs were wrapped in aluminium (Al) foil upon collection, the Al data is still provided here for 

reference, but not used in further statistics, as we cannot exclude contamination of shell and contents 

from the foil.  

 

3.2 Comparisons between sites 

Concentrations of metals and metalloids differed significantly between the different collection 

areas (one-way ANOVA Kruskal-Wallis test, with Dunn‘s multiple comparisons test - p < 0.05) for 22 

elements in eggshells, and 12 in egg contents (Table 2, and further data in Table S1). The egg 

contents from the Crocodile Farm had significantly higher concentrations of arsenic (As), lead (Pb), 

mercury (Hg), and thallium (Tl) when compared with the Gorge eggs, and higher copper (Cu), As, 

molybdenum (Mo), and Tl concentrations when compared with Letaba. Only boron (B) and chrome 

(Cr) in egg content from the Crocodile Farm had significantly lower concentrations compared with 

Gorge (Table S1). The only element that differed significantly between the eggs from Letaba and 

Gorge was barium (Ba), with higher concentrations in Letaba. The Crocodile Farm shells had 
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significantly higher concentrations of B, zinc (Zn), Mo, uranium (U), Hg, and gold (Au), compared with 

the Gorge, and significantly higher concentrations of Pb compared with Letaba. The concentrations of 

metallic elements in the Letaba eggshells had significantly lower concentrations of nickel (Ni), Cu, 

silver (Ag), Ba, and Au compared with the Gorge. The Gorge eggs had significantly higher  

concentrations of cobalt (Co), platinum (Pt), and iron (Fe) compared with Letaba.  

 

Table 1: Mean concentrations of selected elements in crocodile egg contents and shells, compared with the 

results from other studies. Additional and expanded results are provided in Supplemental Materials, Table S1. 

 

 

Table 2: Results of comparisons of %CVs of elemental concentrations in eggshells and –contents, as well as the 

results of the multi-response permutation procedure (MRPP) pattern analyses of ‗fingerprints‘, based on 

relativized data. The T-statistic describes the separation between the shells and contents – the more negative the 

value, the stronger the separation between the groups. MRPP also calculates a chance-corrected within-group 

agreement (A = agreement value between 0 and 1; when all values are identical between groups A = 1; when 

heterogeneity within groups equals expectation by chance A = 0), as well as the probability of a smaller or equal 

difference in elemental concentration profile (p –value). 

Species Sample Year Matrix Locality Al Cu Hg Pb Cr Ni Co Cd Zn Se As Mn Fe Ba V Pt Au Ti Ag Reference

Nile Crocodile Dry 2009 Content Crocodile Farm, South Africa* 19 8.6 1.1 0.80 1.4 0.52 0.049 0.037 18 4.0 0.95 1.9 61 8.5 0.50 0.047 0.063 7.0 0.11 This Study

Nile Crocodile Dry 2009 Content Letaba River KNP, South Africa 20 6.6 0.90 0.58 1.4 0.48 0.048 0.020 12 3.7 0.77 1.7 55 10 0.48 0.021 0.23 6.8 0.073 This Study

Nile Crocodile Dry 2009 Content Gorge, KNP South Africa 16 7.7 0.76 0.76 1.5 0.48 0.045 0.018 14 4.6 0.74 1.7 52 7.8 0.51 0.063 0.15 6.9 0.13 This Study

Nile Crocodile Dry 2009 Content Nhlanganini, KNP, South Africa 19 9.6 0.63 1.5 1.5 0.44 0.049 15 3.8 0.71 1.6 52 7.2 0.55 0.016 0.15 6.8 0.32 This Study

Nile Crocodile Dry 1981 Content Sengwa River, Zimbabwe 0.46 2.6 0.07 34 0.83 Phelps et al . 1987

Nile Crocodile Dry 1981 Content Mpalangrna River, Zimbabwe 0.093 2.8 0.084 43 0.84 Phelps et al . 1987

Nile Crocodile Dry 1981 Content Zambezi River, Zimbabwe 0.067 2.1 0.074 46 0.7 Phelps et al . 1987

Nile Crocodile Dry 1981 Content Zimbabwe, Kariba Crocodile farm* 0.12 3.9 0 38 0.71 Phelps et al . 1987

Nile Crocodile Dry 1981 Content Lake Mcliwaine, Zimbabwe 0.2 3.2 0.063 26 0.98 Phelps et al . 1987

Nile Crocodile Dry 1981 Content Ngewi River, Zimbabwe 0.21 7.8 0.15 34 0.56 Phelps et al . 1987

Nile Crocodile Dry 1981 Content Zimbabwe, Kyle Recreational Park* 0.2 8.6 0.073 32 0.89 Phelps et al. 1987

Nile Crocodile Dry 1981 Content Runda River, Zimbabwe 0.093 2.4 0 37 1.08 Phelps et al. 1987

American Crocodile Dry 1980 Content Florida Bay, USA 11 6.2 0.66 3.4 2.6 2.35 1.12 0.13 Stoneburner and Kushlan 1984

American Crocodile Wet 1995 Content Sapote Lagoon, Belize 0.11 Rainwater et al . 2002

American Crocodile Wet 1995 Content Gold Button Lagoon, Belize 0.11 Rainwater et a l. 2002

American Crocodile Wet 1995 Content Laguna Seca, Belize 0.21 Rainwater et al . 2002

American Alligator Wet 1971 Content  Shark valley, USA 0.54 0.13 Ogden et al . 1974

American Alligator Wet 1984 Content Lake Okeechobee, USA 1.5 0.32 0.14 0.09 0.07 6.7 0.31 0.14 13 Heinz et al . 1991

American Alligator Wet 1984 Content Lake Griffin, USA 2 0.78 0.22 0.08 0.05 7.6 0.37 0.15 13 Heinz et al . 1991

Chinese Alligator Dry 2003 Content Changxing Breeding Center, China* 33 0.11 0.8 0.098 0.17 59 0.47 1.7 Xu et al . 2006

Chinese Alligator Dry Content Anhui Province, China 2.2 0.73 0.056 6.2 Ding et al.  2001

Chinese Alligator Dry Content Anhui Captive Breeding Center, China* 2.5 1.2 0.1 10 Ding et al . 2001

American Crocodile Wet 1971 Content Florida Bay, USA 3.7 0.09 0.34 0.05 11 0.072 Ogden et al. 1974

American Alligator Wet 1984 Content Lake Apopka, USA 1.3 0.52 0.09 0.09 5.6 0.3 0.14 11 Heinz et al . 1991

Mediterranean Chameleon Wet 2001 Content Southwest Spain 0.6 9.0 0.087 12 0.004 Go´mara et al . 2007

Pond Slider Turtles Dry 1996 Content South Carolina, USA 0.040 687 0.14 0.067 0.42 0.004 Burger  and Gibbons 1998

Western Pond Turtle Wet 1997 Content Oregon, USA 0.0 0.002 0.065 2.2 89 Henny et al . 2003

Nile Crocodile Dry 2009 Shell Crocodile Farm, South Africa* 7.6 7.3 0.34 1.2 2.3 6.5 0.29 0.015 3.7 1.7 2.1 1.7 1700 36 0.88 0.024 0.036 0.29 0.069 This Study

Nile Crocodile Dry 2009 Shell Letaba River KNP, South Africa 2.1 8.0 0.37 0.62 2.5 6.6 0.27 0.0033 3.2 1.7 2.5 1.7 1700 52 0.90 0.023 0.026 0.19 0.062 This Study

Nile Crocodile Dry 2009 Shell Gorge, KNP South Africa 16 3.9 0.24 0.66 2.5 7.8 0.32 0.0022 2.1 1.6 2.8 1.6 1900 30 0.94 0.040 0.013 0.25 0.044 This Study

Nile Crocodile Dry 2009 Shell Nhlanganini, KNP, South Africa 43 7.3 0.33 0.46 2.8 5.6 0.21 4.0 1.6 2.3 1.3 1300 20 1.01 0.103 0.024 0.69 0.070 This Study

Chinese Alligator Dry 2003 Shell Changxing Breeding Center, China* 44 1.2 0.31 0.23 9 0.26 14 46 Xu et al . 2006

Chinese Alligator Dry Shell Anhui Captive Breeding Center, China* 3.7 26 3.4 38 Ding et al . 2001

Chinese Alligator Dry Shell Anhui Province, China 2.2 15 1.8 24 Ding et al . 2001

American Crocodile Dry 1980 Shell Florida Bay, USA 52 17 0.21 21 20 22.04 1.7 0.36 Stoneburner and Kushlan 1984

Mediterranean Chameleon Dry 2001 Shell Southwest Spain 0.72 0.066 8.7 0.073 Go´mara et al . 2007

Pond Slider Turtles Dry 1996 Shell South Carolina, USA 0.22 0.38 0.013 0.036 0.003 Burger  and Gibbons 1998

*From crocodile farms

Matrix Mean Median SD Min Max p Eff pairing T A p

Shell 42 27 44.4 0.9 (V) 263 (U)

Contents 37 24 42.5 3.3 (Cr) 215 (Au)
0.0000

MRPPWilcoxon

0.0825 <0.0001 -31 0.3958
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3.3 Comparison between egg contents and eggshells 

Egg contents (dm) had significantly higher (one-way ANOVA, Kruskal-Wallis test, with Dunn‘s 

multiple comparisons test - p < 0.05) Zn, Hg, Au, selenium (Se) and titanium (Ti) concentrations than 

shells. The eggshells on the other hand, had higher concentrations of Ni, Co, Ba, As, Pb, Cr, and Fe 

(Tables 1 and S1). 

Comparisons of mean %CVs showed that shell concentrations were more variable (means 

and medians of %CVs) compared with egg contents (Table 3). The lowest %CV was 0.9 for V in shell 

and 3.3 for Cr in contents, while the largest %CVs were U (263) in shells and Au (215) in contents 

(Table 3). The Wilcoxon matched-pairs, signed rank test showed a marginal significant difference (p = 

0.0825), while pairing was highly significant (p < 0.0001; Spearman correlation coefficient, rs = 

0.5572) showing that in general, if an element was highly variable in contents, it also tended to be 

highly variable in shells, and vice versa. 

The results of linear regressions of untransformed and log-transformed elemental 

concentrations in eggs and shells are presented in Table S2, and some of the regressions are shown 

in Fig. 2. Only five elements had significant relationships; two of them (Co and As) were negative, and 

three (B, Mo, and Ba) were positive. The regressions of Cu, Zn, As, Pt, Hg, and Se are shown in Fig. 

2a-f. Fig. 2g shows the regressions between Fe and the thickness of the inner and outer shells of the 

egg, and Fig 2 h the regression of the Se and Hg molar concentrations in contents. 

 
Table 3: Results of linear regressions between elemental concentrations in eggshells and –contents, both for 

untransformed and transformed data. 
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3.4 Multivariate analyses 

The MRPP showed a strong separation between the %CVs of the shells and contents (T = -

31), and low agreement (high heterogeneity) between variations in shells and contents (A = 0.3598) 

(Table 3). The pairing was effective though, with the same elements tending to have correspondingly 

higher or lower %CVs in both contents and shells. 

The NMS ordination plot (Fig. 3) required only two axes and 54 iterations to reach a stable 

(final instability = 0.0000) and low stress (3.828) solution. A final stress value < 5 shows an excellent 

representation of the relationships between samples (McCune and Grace 2002). Axis 1 explains 

91.8% of the variation, and axis 2 only 6.9% (Fig. 3). Egg contents had higher relative proportions of 

metals such Ti, Zn, Au, Hg, Ag, Se, B, etc. Eggshells had higher relative proportions of Rh, Ni, Co, Ba, 

As, etc. Metals such as Sn, Cd, Pb, and Mn had similar relative proportions in both shells and 

contents. Also clear from Fig. 2 is that the relative elemental proportions of the elements overlapped 

for contents, and separately overlapped for shells. 

 

4. Discussion 

 

4.1 Elemental concentrations 

Scrutinizing the means per element in contents and shells from the KNP sites (Table 1) shows 

remarkably similar concentrations between sites. Of the 288 ANOVA post-tests between eggs from 

the four collection areas (Crocodile Farm, Letaba, Gorge, and Nhlanganini Dam) and 27 elements 

(section 2.3), there were 14 significant differences for egg contents, and 23 for eggshells. There were 

no differences between the Gorge and Nhlanganini Dam egg contents, but Cu, Ag, Ba, and Pb 

differed between the closely located Gorge and Letaba collection areas (Table 2 and Fig. 1). There 

were also relatively few differences between the Gorge and Nhlanganini Dam shells, and more 

between Letaba and Gorge (however, note the difference in Hg - this difference was not seen in the 

contents). Because there were relatively few differences and that the absolute means did not differ by 

any order of magnitude, it seems therefore that female Nile Crocodiles manage to regulate elemental 

compositions in both shells and contents. This is further borne out by the few significant differences 

when the wild crocodile eggs and Crocodile Farm eggs are compared. For wild crocodiles, general 

geological background, wide-ranging movement of the females, and up- and downstream movement 

of prey fish (Cambray, 1990) may have evened out the uptake differences over the lifetimes, but this 

was not the case for the Crocodile Farm crocodiles being fed chicken and severely restricted in 

movement. Since the Olifants River, Letaba River, and Nhlanganini Dam areas are all linked (Fig. 1) it 

may be that a relatively homogenous elemental composition of the fish population is in play. 

A number of studies have focused on metals and metalloids in fish associated with the KNP 

(e.g. du Preez et al., 1997; Coetzee et al., 2002; Dabrowski and de Klerk, 2013). None of the 

elemental concentrations (in crocodile egg contents) listed in Table 4 for which we could find 

comparable fish data showed notable elevated concentrations. Although there are wide differences in 

concentrations reported (most notably Fe), no pattern that could explain or inform why the 
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concentrations in crocodile eggs stood out. More studies are needed to elucidate biomagnification if 

crocodiles do biomagnify of some elements via trophic transfer. 

Figure 2: Linear regressions and associated statistics of elemental concentrations in eggshells and egg contents 

(2a-f). Linear regression of iron against inner eggshell thickness (2g). Linear regression of molar concentrations 
of selenium and mercury in egg contents (2h). 
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Figure 3: Non-metric multidimensional scaling ordination plot of relativized elemental concentrations in eggshells 

and contents. Iron was not included as its relativized concentrations in shells were very high, compared with the 
contents. Convex hulls encompass individual clutches. The final instability was 0.0000, and the final stress was 
3.828.  

 

4.2 Multivariate analyses  

The relative elemental composition (fingerprints) of the egg contents and shells for each 

clutch confirms a greater homogeneity of the egg contents (smaller convex hulls) compared with the 

shells that had relatively larger convex hulls (Fig. 3). The convex hulls of the Crocodile Farm samples 

were much larger than expected, partially influenced by the high relative U composition of one egg 

and shell (17 and 28 mg/kg dm, respectively, for the top right of both shell and content hulls in Fig. 3). 

The large convex hulls for both shells and contents for Crocodile Farm belie the expectations that a 

captive environment, and constant feed and geological background would result in a compact (small) 

convex hull when compared with wild crocodiles.  

For wild crocodile eggs however, the convex hulls of the contents all overlapped (Fig. 3), 

supporting a homogenised background in food, geology, and physiological regulation (Fig. 3). For the 

convex hulls of wild shells, apart from having a very different relative elemental composition compared 

with contents, surprisingly, did not overlap, suggesting less physiological regulation. 

Essential elements may be regulated better than non-essential elements and therefore can be 

expected to have smaller %CVs (Grillitsch and Schiesari, 2010). The mean percentage coefficient of 

variation of the elements (Table 3) in shells was somewhat higher than in the contents (42 vs 37). The 

mean %CV of the shells and contents did not differ significantly (Wilcoxon matched-pairs, signed rank 

test), but the pairing was effective, indicating that elements with high variation in one matrix tended to 

have higher variation in the other, and vice versa. Vanadium and Cr had small %CVs in shells and 

contents respectively, while Au and U had the largest, up to 263%. It seems therefore, that some of 

the elements are more effectively regulated than others. 

Shells were strongly associated with higher proportional Ni, Co, Ba, Rh, and As (Fig. 3). Iron 

was not included in the ordinations because of its very high concentrations in shells, which was also 

high compared with other data (Table 1). High concentrations of Cr, As, Fe, Ni and Co were reported 
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(Gerber et al., 2015b) in the sediment of both the Letaba and Olifants Rivers, near the vicinity where 

the eggs were collected. The leathery shells of crocodile eggs are semi-permeable, and may allow 

migration of bio-available elements into and out of the shell (Marco et al., 2004; Guirlet et al., 2008). 

The wild eggs were in the sand for some time and autochthonic uptake of elements from the sand into 

the eggshell could have taken place (see Grillitsch and Schiesari (2010) for an overall discussion on 

contrasting findings, especially concerning Nagle et al. (2001) and Sahoo et al. (1996)). However, the 

similarity of elemental composition between the Crocodile Farm egg contents and shells with the wild-

collected samples precludes this possibility (at least within the parameters of our study), as the 

farmed eggs were collected within days of being laid and placed in incubators, reducing the time 

available for autochthonic uptake of elements from the sand. It also seems that mercury is not taken 

up from the ambient substrate by eggs of the Colombian Slider Turtle (Trachemys callirostris; 

Rendón-Valencia et al., 2014). Still, autochthonic uptake cannot be entirely excluded from this study 

and needs further investigation 

 

Table 4: Summary of elemental concentrations in fish from the Olifants and Letaba rivers from other studies 

 

 

4.3 Behaviour and feeding 

Nile Crocodiles have winter basking and summer nesting grounds (Huchzermeyer, 2003; 

Combrink et al., 2017).  Using mobile biota as indicators of accumulated pollutants in areas where 

movement is not restricted only gives an indication of the lager area's state of pollution (Gerhard, 

2007; van der Schyff et al., 2016). Differences in egg elemental compositions between crocodiles 

from different regions may be ascribed to diverged preferences for food types and availability. The 

crocodiles from the Gorge prey mostly on fish because the gorge is steeply sloped, restricting the 

access of larger mammals. The Olifants River contains a variety of fish species on which crocodiles 

thrive (There are four recognised Fish Sanctuaries within 10 km radius of OL2 collection site. Fig. 1; 

SANBI, 2017).  At Nhlanganini Dam, both mammalian wildlife and fish are available as food (the 

confluence of the Nhlanganini and Letaba rivers is also a Fish Sanctuary; SANBI, 2017; Fig. 1). In the 

Okavango Delta, Botswana, the major prey items for larger crocodiles was also found to be aquatic, 

mostly fish, despite the availability of large vertebrates (Wallace and Leslie, 2008). We may therefore 

assume that the dominant source of prey for KNP crocodiles would be aquatic as well.  

Many studies have focused on metals and metalloids in fish in the Olifants River (e.g. du 

Preez et al., 1997; Coetzee et al., 2002; Dabrowski and de Klerk, 2013). There is some information 

Species Sample Year Matrix Locality, all South Africa Al Cu Pb Cr Ni Co Cd Zn Se As Mn Fe Ba V Ag Reference

Nile Crocodile Dry 2009 Content Olifants Gorge, KNP 16 7.7 0.76 1.5 0.48 0.045 0.018 14 4.6 0.74 1.7 52 7.8 0.51 0.13 This Study

Tigerfish Dry 2010 Muscle Olifants River, KNP 4.1 0.37 0.013 0.15 0.29 0.0062 0.028 20 1.4 0.086 0.33 44 Gerber et al . 2016

Tigerfish Dry 2009 Muscle Olifants River, KNP 28 1.9 0.16 0.55 0.43 0.075 0.068 23 0.82 0.27 1.6 55 Gerber et al . 2016

Sharptooth Catfish Dry 1994 Muscle Olifants River, KNP 4.6 68 1700 Oldewage and Marx 2000a

Sharptooth Catfish Dry 1994 Muscle Olifants River, KNP 53 13 Oldewage and Marx 2000b

Sharptooth Catfish Dry 1994 Muscle Olifants River, upstream KNP 2 31 Kotze et al . 1999

Mozambique Tilapia Dry 1994 Muscle Olifants River, KNP 8.1 84 17 1800 Robinson and Oldewage 1997

Mozambique Tilapia Dry 1994 Muscle Olifants River, KNP 1.0 41 Kotze et al . 1999

Mozambique Tilapia Dry 2008 Muscle Olifants River, upstream KNP 59 4.9 4.8 14 4.9 0.4 0.2 210 2 15 130 300 1.9 5.3 Addo-Bediako et al . 2014

Nile Crocodile egg Dry 2009 Content Letaba River KNP 20 6.6 0.58 1.4 0.48 0.048 0.020 12 3.7 0.8 2 55 10 0.48 0.021 This Study

Tigerfish Dry 2010 Muscle Letaba River, KNP 1.8 0.88 0.044 0.16 0.35 0.027 0.07 39 2.3 0.071 2 52 Gerber et al . 2016

Nile Crocodile egg Dry 2009 Content Nhlanganini, KNP 19 9.6 1.5 1.5 0.44 0.049 15 3.8 0.71 1.6 52 7.2 0.55 0.32 This Study

Sharptooth Catfish Dry 1994 Muscle Nhlanganini Dam, KNP 1 46 Kotze et al . 1999

Mozambique Tilapia Dry 1994 Muscle Nhlanganini Dam, KNP 1 28 Kotze et al . 1999
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available on metals in terrestrial wildlife in KNP. A copper mine is located just outside the KNP at the 

town of Phalaborwa (Fig. 1). Cattle deaths near Phalaborwa were ascribed to chronic copper 

poisoning from copper deposited on vegetation (Gummow et al., 1991). Macropathology found excess 

body fluids in the body cavities and pericardial sacs, enlarged friable livers, congested spleens and 

kidneys, and haemoglobinurea were all consistent with copper poisoning. Liver and kidney 

histopathology also showed effects from haemolysis, ascribable to excess copper intake (Gummow et 

al., 1991). Cape Buffalo Syncerus caffer and Impala Aepyceros melampus inside the KNP and 

adjacent to the copper mine had significantly higher concentrations of copper then elsewhere in the 

KNP (Gummow et al., 1991; Grobler and Swan, 1999).   Two dead Impala inside the KNP near 

Phalaborwa had very high concentrations of copper. Other Impala and Cape Buffalo also had very 

high concentrations inside and outside the KNP, with significantly higher mean concentrations near 

the mine (Gummow et al., 1991; Grobler and Swan, 1999). An associated study on Impala from the 

same areas found increased sperm damage significantly associated with elevated copper (Ackerman 

et al., 1999), indicating the effects that pollutants originating outside reserves may eventually have on 

populations of mammals and reptiles in protected areas (Köhler and Triebskorn, 2013). The crocodile 

egg and eggshell concentrations we found were higher than for any wild samples from anywhere else 

(USA, China; Table 1), raising concerns. 

For crocodilians, a non-food route of uptake of metals and metalloids is also possible. 

Crocodilians ingest sediment and mud while feeding, as well as accidentally or purposely ingesting 

pebbles (lithophagy) as gastroliths that may aid in digestion and/or act as ballast (Huchzermeyer, 

2003; Grillitsch and Schiesari, 2010). The acidic stomach fluids (with a pH as low as 1.2; 

Huchzermeyer, 2003) may therefore liberate minerals and elements from inorganic substrates that 

then becomes available for uptake. That such may happen was illustrated by high lead concentrations 

in Nile Crocodile blood, most likely derived from ingested lead sinkers (Warner et al., 2016). 

 

4.4 Comparisons with other crocodile egg data 

The higher than comparable Al concentrations (Table 1) in crocodile contents and shells from 

the KNP may have been caused by wrapping the eggs in Al foil upon collection. However, uptake of 

aluminium from foil is not a definitive explanation and awaits future research opportunities, especially 

given the concerns expressed by Oberholster et al. (2012) about the possible involvement of Al in the 

crocodile deaths in the KNP.  

Lead in contents was lower than concentrations reported from Zimbabwe (Phelps et al., 1987) 

but noticeably higher than crocodile and alligator eggs from other continents. Copper concentrations 

in KNP egg contents and shells were higher than anywhere else. Cadmium was about the same or 

less, while Zn had lower concentrations than in Zimbabwe but higher compared with most other 

reports. Cobalt was low, but there was only one datum to compare with (Table1).  

Mercury concentrations found in this study were higher in contents and shells than from 

almost anywhere else, as were Cr, Se, As, Mn, and Fe concentrations in KNP egg contents (Table 1). 

Based on these findings, continued scrutiny of toxic metals in crocodile eggs is called for in the KNP 

and elsewhere in Africa due to increased human population and industrial activities. 
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4.5 Iron and eggshell thickness 

The concentrations of Fe in crocodile eggshells from the KNP are comparably high (Table1).  

The influence on crocodile eggshell properties of high concentrations of Fe is not known. However, 

there is some (contradictory) information from supplementary iron feeding studies on chicken eggs. 

Organic iron supplementation (iron-soy proteinate and iron-methionine chelate) deepened eggshell 

colour but did not affect eggshell strength or thickness (In-Knee et al., 2009). In a similar feeding 

study, organic iron supplementation increased eggshell strength and colour (thickness not reported), 

but the greatest effect on strength was by an inorganic iron supplement - FeSO4 (Park et al., 2004). 

Break strength increased from 52 to 60 kg/cm
2
 - about 15%. If we assume that the eggshell thickness 

of crocodilians do not change during incubation (as was found for the American Alligator; Fergusson, 

1981), any change in eggshell thickness and/or strength due to action by pollutants might therefore 

affect embryo development, survival, and hatching.  

In the study we completed on POPs in the same eggs reported here (Bouwman et al., 2014), 

we found indications of eggshell thickening (of the outer layer) associated with DDE in the Gorge 

shells. Others working with crocodilian eggs found similar or contradictory evidence with POPs (see 

discussion in Bouwman et al., 2014). Gorge shells also had the highest Fe concentration (mean 1900 

mg/kg dm; Table 1). Linear regressions of inner and outer eggshell thickness of all eggs against Fe 

showed a marginally significant (p = 0.0783) thinning of the outer layer, and a marginally thickening of 

the inner layer (p = 0.0755). However, for the wild eggs only, the inner thickness increased 

significantly with increased Fe (p = 0.0057; r
2
 = 0.4094; normally distributed, untransformed data; Fig. 

2g) from 0.366 to 0.502 mm. Removing the shell with the lowest Fe concentration (far left in Fig 2g - 

which was one of the two from Nhlanganini Dam) resulted in p < 0.0001 and r
2
 = 0.8158. The thickest 

inner-shell was about 37% thicker than the thinnest. The outer layer thickness did not change 

significantly.  

Thicker shells (with the possible additional complication of a shell stronger due to increased 

iron content) may affect hatchability. Eggs with ―abnormally‖ thickened shells outer shells caused 

‗early embryonic death‘ in American Crocodile (Wink and Elsey, 1994). Thicker shells may also affect 

water and gas exchange, although the alligator egg membranes (which are much thicker than in bird 

eggs) are largely determining gas exchange (Kern and Ferguson, 1997). For reptile eggs that have no 

air pockets, a thicker shell may however be more important. Clearly more work is needed on the 

effects of different minerals and organic pollutants on changes in reptile eggshell strength and 

possible thickening, as well as using the shell to deposit excess or toxic chemicals. 

 

4.6 Toxicity 

Definitive cause-effect relationships between chemical agents and biota are very difficult to 

establish outside of controlled laboratory conditions due to multiple environmental exposures and, for 

the larger reptiles, long lifespans where effects of previous exposures may be expressed at a later 

age when traces or evidence of initial exposure are difficult to find. However, early live stages are 

sensitive to xenobiotic chemical action by affecting viability and development (Grillitsch and Schiesari, 
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2010; Köhler and Triebskorn, 2013). There are several ways to investigate whether elements may be 

deleterious at certain concentrations in the absence of taxon-specific exposure-effects studies. One is 

a comparison with reported effects from field observations, and the other is using levels of concern 

derived for other taxa.  

The concentrations of Pb, Ni, and Co were high (compared with our results in Table 1) in 

American Alligator eggs from Florida Bay where reproductive deformities were reported (Stoneburner 

and Kuslan, 1984). We are not aware of any deformities reported from the KNP, although it is likely 

that handicapped hatchlings would be easily predated and therefore not observed. 

Mercury is known to cause neurological and reproductive deformities (Dietz et al., 2013; 

Hopkins et al., 2013). The Hg concentrations in the wild crocodile egg contents from KNP were 

slightly higher than from elsewhere (Table 1), but remarkably lower in eggshells from most other sites. 

The closest relevant toxicological study we could find concerned the Common Snapping Turtle 

(Chelydra serpentine; Hopkins et al., 2013). Eggs collected along an Hg pollution gradient of a river in 

Virginia, USA, showed a significant decrease in hatching success and significant increases in 

embryonic mortality and frequency of unfertilized eggs with an increase in Hg concentrations 

(0.01−6.6 mg/kg dm in contents). These concentrations are of the same order of magnitude as our 

findings (Table S1; maximum concentration of 1.8 mg/kg dm in a Crocodile Farm egg, and 1.3 mg/kg 

dm in a wild egg). In a previous study on metals in crocodile muscle tissue from the KNP (du Preez et 

al., 2016), we also identified mercury as a cause for concern. The bird egg-based toxic reference 

value (TRV) for mercury in bird eggs is 2 mg/kg dm (Meyer et al., 2014). Assuming valid cross-taxon 

extrapolation, the maximum concentration in a wild egg from the KNP did not reach this level. 

However, there remains a well-justified concern and further investigation is warranted. 

The TRV for copper is between 10-20 mg/kg dm, which was reached and exceeded in 

Crocodile Farm and wild eggs (Table S1). Copper may therefore also pose a threat to developing 

crocodiles. The TRV for Se is 8 mg/kg dm - the highest concentration we found in a wild crocodile egg 

was 5.8 mg/kg dm (Table S1). Selenium therefore may also pose a risk to the developing embryo. 

Since Se seems to be involved in the detoxification of Hg in Leatherback Turtles Dermochelys 

coriacea (Perrault et al., 2011), we regressed the molar concentrations of these two elements in egg 

contents (Fig 2h) but found no association. Selenium concentrations remained relatively constant, as 

would be expected from an element that is regulated physiologically. 

 

4.7 Eggshells as proxy for contents? 

It would be advantageous to use eggshells as representative tissue only, thereby minimising 

the impacts on populations. However, as indicated in Figures 2 and 3, in Tables 2 and S2, as well as 

the MRPP results (all interpreted above), using shells as proxy for contents would not be suitable. 

Some shell elemental concentrations had no association with content concentrations, some were 

positive, and some negative.  
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4.8 Synthesis and conclusions 

Reptiles are under-represented in ecotoxicological literature (Grillitsch and Schiesari, 2010). 

To the best of our knowledge, this is the first report of metallic elements in crocodile eggs from South 

Africa, and only the second from Africa in 30 years. There are five publications on metallic elements in 

Nile Crocodile tissues other than eggs (Hoffman et al., 2000; Swanepoel et al., 2000; Almli et al., 

2005; du Preez et al., 2016; Warner et al., 2016). The three that measured mercury all concluded that 

this element is of concern (Swanepoel et al., 2000; Almli et al., 2005; du Preez et al., 2016).There are 

also very few toxicological publications on other freshwater, marine, or terrestrial reptiles from Africa. 

The findings in Zimbabwe (Phelps et al., 1987) and those presented here, indicates a large gap in our 

understanding of the concentrations and threats of metals and metalloids in an important class of 

animals in Africa. We have identified at least Hg, Se, and Cu as metals of concern. Mercury and Cu 

are waste-, industrial- and mining-related and this concern should therefore be extended to all areas 

where the four, currently recognised, African crocodile species occur. [The other species are the 

Slender-snouted crocodile Crocodylus cataphractus, West African Crocodile Crocodylus suchus, and 

the Dwarf crocodile Osteolaemus tetraspis http://www.iucncsg.org/pages/Crocodilian-Species.html.]  

We also identified Fe as a possible contributor to thickening of eggshells as a barrier to gas 

and water exchange, possibly increasing the effort required for the hatchling to emerge from tightly 

packed shells under sand or nesting materials. Other effects in reptiles associated with metals include 

haematological, immunological, genetics, neurological, and developmental effects, endocrine 

disruption, and effects on behaviour that may all reflect eventually on populations and ecosystems 

(Grillitsch and Schiesari, 2010; Köhler and Triebskorn, 2013), including the river systems of the KNP. 

Of major concern is the effect of pollutants on long-lived animals, such as crocodiles. Reduced fitness 

may only become apparent quite late in animals with decadal lifespans as the parents remain 

obviously present, but the reduction in numbers of the less obvious young could mask changes in age 

structure. Not only are the direct effects on the parental generation of concern, but also the effects of 

exposure to pollutants starting with embryonic development that may affect populations decades after 

initial exposure, especially for larger, long-lived reptiles such as crocodiles and sea turtles. Rowe 

(2008) provides an excellent discussion on this topic. 

We have sampled only two of the six major river systems of the KNP. Crocodile numbers in 

the northern Luvuvhu River (to the far north of the KNP) have also declined (Fereira and Pienaar, 

2011). Since we sampled relatively few eggs for this study (given the concern at the time of impacts 

on the various populations), it would be opportune to collect, analyse and interpret organic and 

inorganic residue data for more crocodile eggs from more rivers, now that concerns have been 

established. Although there is reasonable knowledge on the general biology of the Nile Crocodile and 

the other three crocodilians in Africa (e.g. Calverley et al., 2014; Shirley et al., 2016; Calverley et al., 

2017; Zisadza_Gandiwa et al., 2013), there is very little known about hatching success apart from 

nest predation (Combrink et al., 2016; Calverley et al., 2017).  

Considering the increasing international focus on mercury (The Minamata Convention on 

Mercury; http://www.mercuryconvention.org/), and recognising that the major river systems of the KNP 

are trans-boundary (as are most major river catchment systems in Africa), underscores the need for 
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further research on the biology and ecotoxicology of all African reptiles and associated habitats. 

Habitat destruction, pollution, human population increases, and climate change all are interacting 

factors that will affect how African reptiles will cope. The Nile Crocodile is the largest predator in the 

KNP and in Africa. The latest available census indicates 4 420 individuals (KNP, 2011). The rivers that 

carry water from outside the park sustain its aquatic life that includes the Nile Crocodile, but also 

transport pollutants into the Park. Hence, improvements in source mitigation remains an important 

task and responsibility for all involved. 
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Appendix A 
 

Table S1. Summary statistics of the concentrations of all measured elements in crocodile shells and contents. 

 

Element Loc n Mean Median Min Max SD %CV n Mean Median Min Max SD %CV

Al CF 10 7.6 5.5 1.4 25 7.1 93 10 19 20 5.8 27.5 5.9 31

Let 6 2.1 1.8 0.3 4.6 1.8 85 6 20 20 14.3 27.5 4.8 24

Gorge 9 16 24 2.1 33 13 79 9 16 16 8.3 24 5.3 33

ND 2 43 43 24 63 28 64 2 19 19 10.3 27.5 12 65

B CF 10 4.7 4.6 4.5 5.3 0.24 5 10 13 12 10.5 15.5 1.9 15

Let 6 4.7 4.4 3.8 6.5 1.00 21 6 10 10 8.5 14.75 2.3 23

Gorge 9 3.8 3.5 3 4.5 0.53 14 9 16 16 8.3 24 5.3 33

ND 2 3.3 3.3 3.3 3.3 0 0 2 19 19 10 27.5 12 65

Ti CF 10 0.29 0.24 0.098 0.72 0.19 66 10 7.0 6.4 5.2 12 1.9 27

Let 6 0.19 0.18 0.14 0.29 0.054 29 6 6.8 6.9 6.2 7.3 0.52 8

Gorge 9 0.25 0.24 0.035 0.71 0.19 76 9 6.9 7.1 5.4 8.1 0.92 13

ND 2 0.69 0.69 0.028 1.4 0.94 136 2 6.8 6.8 5.7 7.9 1.5 22

V CF 10 0.88 0.83 0.68 1.6 0.26 30 10 0.50 0.48 0.4 0.71 0.10 20

Let 6 0.90 0.9 0.88 0.93 0.022 2 6 0.48 0.48 0.45 0.50 0.019 4

Gorge 9 0.94 0.95 0.93 0.95 0.011 1 9 0.51 0.5 0.48 0.525 0.021 4

ND 2 1.0 1.0 0.9 1.1 0.16 16 2 0.55 0.55 0.5 0.6 0.071 13

Cr CF 10 2.3 2.3 1.9 2.5 0.18 8 10 1.4 1.3 1.2 1.8 0.16 12

Let 6 2.5 2.5 2.4 2.5 0.058 2 6 1.4 1.4 1.3 1.4 0.045 3

Gorge 9 2.5 2.5 2.5 2.8 0.083 3 9 1.5 1.5 1.4 1.6 0.063 4

ND 2 2.8 2.8 2.8 2.8 0 0 2 1.5 1.5 1.4 1.5 0.071 5

Mn CF 10 1.7 1.6 1.4 2.5 0.39 23 10 1.9 1.8 1.45 2.8 0.43 23

Let 6 1.7 1.7 1.5 2.1 0.22 13 6 1.7 1.6 1.55 2.1 0.23 13

Gorge 9 1.6 1.5 1.1 2.5 0.38 24 9 1.7 1.8 1.3 2.2 0.32 19

ND 2 1.3 1.3 1 1.6 0.44 34 2 1.6 1.6 1.2 1.9 0.50 31

Co CF 10 0.29 0.29 0.22 0.48 0.077 27 10 0.049 0.043 0.035 0.074 0.014 29

Let 6 0.27 0.27 0.25 0.29 0.015 6 6 0.048 0.043 0.038 0.07 0.013 28

Gorge 9 0.32 0.32 0.25 0.35 0.033 10 9 0.045 0.045 0.03 0.06 0.010 22

ND 2 0.21 0.21 0.15 0.27 0.081 39 2 0.049 0.049 0.043 0.055 0.0088 18

Ni CF 10 6.5 6.1 5.5 7.5 0.77 12 10 0.52 0.49 0.40 0.8 0.13 24

Let 6 6.6 6.6 6.0 7.0 0.38 6 6 0.48 0.48 0.38 0.63 0.081 17

Gorge 9 7.8 8.0 6.5 8.3 0.52 7 9 0.48 0.5 0.35 0.63 0.091 19

ND 2 5.6 5.6 4.3 7.0 1.95 35 2 0.44 0.44 0.43 0.45 0.018 4

Cu CF 10 7.3 6.3 0.78 16 5.3 73 10 8.6 7.9 6.75 14.53 2.24 26

Let 6 8.0 7.5 5.0 13 2.6 32 6 6.6 6.6 5.25 8.25 1.05 16

Gorge 9 3.9 3.5 1.9 6.3 1.6 40 9 7.7 7.5 5.75 9.25 1.1 14

ND 2 7.3 7.3 4.8 9.8 3.5 49 2 9.6 9.6 9.25 10 0.53 6

Zn CF 10 3.7 3.9 2.5 4.8 0.91 25 10 18 16 4.2 30.3 7.9 44

Let 6 3.2 2.9 2.5 5.0 0.92 29 6 12 13 7.1 16.7 3.8 31

Gorge 9 2.1 2.1 1.7 2.5 0.28 14 9 14 13 6.94 22.54 5.3 38

ND 2 4.0 4.0 2.5 5.5 2.1 54 2 15 15 10.38 19.58 6.5 43

As CF 10 2.1 2.1 1.6 2.5 0.35 17 10 0.95 0.91 0.78 1.175 0.14 15

Let 6 2.5 2.5 2.4 2.8 0.13 5 6 0.77 0.78 0.70 0.83 0.041 5

Gorge 9 2.8 2.8 2.5 3.0 0.18 6 9 0.74 0.70 0.68 0.88 0.073 10

ND 2 2.3 2.3 2 2.5 0.35 16 2 0.71 0.71 0.7 0.73 0.018 2

Se CF 10 1.7 1.8 1.3 2 0.21 12 10 4.0 4.1 3.0 5.3 0.65 16

Let 6 1.7 1.8 1.3 2.2 0.29 16 6 3.7 4.0 2.5 4.3 0.71 19

Gorge 9 1.6 1.6 1.4 1.8 0.14 9 9 4.6 4.3 3.3 5.8 0.86 19

ND 2 1.6 1.6 1.5 1.7 0.17 11 2 3.8 3.8 3.5 4.0 0.35 9

Mo CF 10 0.043 0.043 0.019 0.07 0.015 34 10 0.060 0.061 0.038 0.085 0.015 26

Let 6 0.028 0.029 0.021 0.04 0.0071 25 6 0.033 0.033 0.028 0.043 0.0056 17

Gorge 9 0.019 0.019 0.0095 0.025 0.0053 28 9 0.046 0.038 0.0275 0.073 0.016 35

ND 2 0.05 0.05 0.035 0.065 0.021 42 2 0.04 0.040 0.0325 0.048 0.011 27

Rh CF 10 0.64 0.6 0.5 0.93 0.15 23 1 0.017 0 0 0.17 0.053 316

Let 6 1.89 1.9 1.7 2.3 0.23 12 3 0.13 0.079 0 0.40 0.166 124

Gorge 9 1.8 1.8 1.6 2.0 0.14 8 1 0.027 0 0 0.22 0.076 283

ND 2 1.3 1.3 0.83 1.8 0.69 53 0

Shells Eggs
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Table S1 (continued). Summary statistics of the concentrations of all measured elements in crocodile shells and 

contents. 

 

Pd CF 10 0.20 0.20 0.15 0.25 0.034 17 10 0.13 0.12 0.11 0.18 0.025 19

Let 6 0.47 0.48 0.40 0.53 0.053 11 6 0.18 0.11 0.095 0.55 0.18 101

Gorge 9 0.66 0.5 0.28 1.5 0.38 57 8 0.10 0.09 0.073 0.17 0.032 32

ND 2 0.46 0.46 0.35 0.58 0.16 34 3 0.08 0.08 0.070 0.08 0.006 8

Ag CF 10 0.069 0.038 0.023 0.28 0.078 114 10 0.11 0.08 0.043 0.23 0.064 60

Let 6 0.062 0.033 0.021 0.13 0.052 83 6 0.073 0.059 0.040 0.16 0.045 61

Gorge 9 0.044 0.024 0.016 0.12 0.041 91 9 0.13 0.08 0.053 0.3 0.086 65

ND 2 0.070 0.070 0.019 0.12 0.071 102 2 0.32 0.32 0.21 0.43 0.15 49

Cd CF 4 0.015 0 0 0.06 0.023 152 4 0.037 0.036 0.019 0.060 0.021 56

Let 1 0.0033 0.020 0.020 0.020 0 0 1 0.020 0.020 0.020 0.020

Gorge 1 0.0022 0.018 0.018 0.018 0 0 1 0.018 0.018 0.018 0.018

ND 0 0

Sn CF 10 0.37 0.18 0.078 2.2 0.654 175 10 0.14 0.13 0.11 0.28 0.049 34

Let 6 0.17 0.13 0.11 0.35 0.092 54 6 0.12 0.12 0.09 0.14 0.016 14

Gorge 9 0.10 0.088 0.063 0.22 0.048 47 9 0.13 0.12 0.093 0.23 0.040 30

ND 2 0.17 0.17 0.1 0.24 0.099 58 2 0.74 0.74 0.4 1.1 0.48 65

Ba CF 10 36 33 24 69 13.85 38 10 8.5 9.0 5.1 10 1.9 22

Let 6 52 52 48 58 3.632 7 6 10 10 8.9 11.2 0.79 8

Gorge 9 30 25 23 50 11.14 37 9 7.8 7.7 7.1 8.9 0.58 7

ND 2 20 20 16 24 5.1 26 2 7.2 7.2 6.5 7.8 0.95 13

Pt CF 10 0.024 0.015 0.010 0.073 0.020 84 10 0.047 0.036 0.017 0.12 0.030 65

Let 6 0.023 0.023 0.012 0.033 0.0079 35 6 0.021 0.020 0.013 0.03 0.007 32

Gorge 9 0.04 0.035 0.008 0.11 0.033 83 9 0.063 0.025 0.012 0.24 0.073 117

ND 2 0.10 0.10 0.017 0.19 0.12 119 2 0.016 0.016 0.013 0.018 0.0034 22

Au CF 10 0.036 0.019 0.016 0.15 0.042 115 10 0.06 0.056 0.040 0.10 0.02 33

Let 6 0.026 0.022 0.013 0.045 0.014 54 6 0.23 0.036 0.033 1.2 0.48 207

Gorge 9 0.013 0.012 0.0075 0.024 0.0051 40 9 0.15 0.038 0.023 1.05 0.34 224

ND 2 0.024 0.024 0.014 0.035 0.015 63 2 0.15 0.15 0.053 0.25 0.14 92

Hg CF 10 0.34 0.31 0.28 0.48 0.066 20 10 1.1 1.0 0.03 1.8 0.51 47

Let 6 0.37 0.36 0.33 0.45 0.043 12 6 0.90 0.86 0.85 1.0 0.077 8

Gorge 9 0.24 0.24 0.21 0.28 0.022 9 9 0.76 0.68 0.58 1.3 0.23 30

ND 2 0.33 0.33 0.28 0.38 0.071 22 2 0.63 0.63 0.6 0.65 0.035 6

Tl CF 10 0.024 0.025 0.019 0.028 0.0031 13 10 0.055 0.039 0.033 0.19 0.047 87

Let 6 0.022 0.022 0.020 0.028 0.0028 12 6 0.031 0.031 0.028 0.035 0.0030 10

Gorge 9 0.028 0.028 0.02 0.038 0.0051 18 9 0.030 0.03 0.022 0.033 0.0039 13

ND 2 0.020 0.020 0.018 0.021 0.0021 11 2 0.026 0.026 0.025 0.028 0.0018 7

Pb CF 10 1.2 0.94 0.63 3.3 0.78 67 10 0.80 0.78 0.53 1.2 0.24 31

Let 6 0.62 0.69 0.38 0.8 0.18 28 6 0.58 0.58 0.38 0.75 0.14 24

Gorge 9 0.66 0.50 0.28 1.5 0.38 57 9 0.76 0.73 0.53 1.3 0.25 33

ND 2 0.46 0.46 0.35 0.58 0.16 34 2 1.5 1.5 0.9 2.05 0.81 55

U CF 10 2.00 0.32 0.25 17.0 5.2 263 10 5.2 0.35 0.23 28 9.4 181

Let 6 0.57 0.27 0.18 2.0 0.69 120 6 0.30 0.23 0.16 0.74 0.22 73

Gorge 9 0.21 0.21 0.15 0.28 0.040 19 9 2.2 0.33 0.22 14 4.4 195

ND 2 0.21 0.21 0.15 0.28 0.090 42 2 0.53 0.53 0.27 0.80 0.38 71

Fe CF 10 1700 1700 1400 1900 175 10 10 61 44 29 229 59 97

Let 6 1700 1700 1500 1800 125 7 6 55 50 34 97 21 39

Gorge 9 1900 1900 1600 2100 155 8 9 52 55 24 71 16 30

ND 2 1300 1300 890 1600 559 43 2 52 52 33 70 26 51  
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Appendix B 

 
Table S2. Results of t-tests and linear regressions of the concentrations of the same (log-transformed and 

untransformed) elements between eggs and shells. Only significant t-test differences with valid normality are 
indicated in bold. 
 

Contents Shell Contents Shell Normal Log Highest Normal Log Slope

B Yes Yes Yes Yes 0.0001 Contents 0.0153 0.0032 Pos

Al Yes Yes Yes Yes 0.0492 Contents 0.4981 0.0205 Neg

Ti No No No Yes Contents 0.1037 0.3102 Pos

V No No No No Shell 0.3873 0.3489 Neg

Cr No No No No Shell 0.7762 0.8259 Neg

Mn Yes No Yes Yes 0.0983 Contents 0.5862 0.3008 Pos

Co No Yes Yes Yes 0.0001 Shell 0.0176 0.0138 Neg

Ni No Yes Yes No Shell 0.0929 0.1063 Neg

Cu No Yes Yes Yes 0.0060 Contents 0.6107 0.2209 Neg

Zn Yes Yes Yes Yes 0.0001 Contents 0.0803 0.0726 Pos

As No Yes Yes Yes 0.0001 Shell 0.0005 0.0002 Neg

Se Yes Yes Yes Yes 0.0001 Contents 0.4491 0.4703 Neg

Mo Yes Yes No Yes 0.0002 Contents 0.0351 0.0277 Pos

Pd No No No No Shell 0.8815 0.5566 Pos*

Ag No No Yes Yes 0.0001 Contents 0.3902 0.2075 Pos

Sn No No No No Shell 0.8276 0.8295 Neg*

Ba Yes Yes Yes Yes 0.0001 Shell 0.0007 0.004 Pos

Pt No No Yes Yes 0.1974 Contents 0.2172 0.0763 Pos

Au No No No No Contents 0.6256 0.9191 Neg

Hg Yes Yes No Yes 0.0001 Contents 0.6621 0.6249 Pos*

Tl No No No Yes Contents 0.9853 0.9858 Pos

Pb No No Yes Yes 0.7740 Shell 0.2209 0.1447 Pos

U No No No No Contents 0.6885 0.6702 Neg

Normal 

distribution

Log-normal 

distribution

Linear regression of 

contents and shell. p 

value, and slope

t-test, p value
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Chapter 4 

Discussion and conclusions 

1. Overview  

 

The Nile Crocodile (C. niloticus), Loggerhead Turtle (C. caretta) and Leatherback Turtle (D. 

coriacea) are the largest reptiles in Africa. The bioaccumulation and effects of metals and metalloids 

on large-bodied reptiles are less well known compared with birds and mammals, especially those from 

Sub-Saharan Africa (Blausteinet et al., 1994; Grillitsch and Schiesari, 2010). Globally, reptiles are 

experiencing declines, and pollution is one of the hypothesized reasons for the decline (Gibbon et al., 

2000). The three species were chosen because they are large-bodied and long-lived, indicating that 

they will be good bio-indicators of pollutants. The Nile Crocodile and Loggerhead Turtle are also at 

relatively high trophic levels (Grillitsch and Schiesari, 2010; Du Preez et al., 2016). General factors 

that can influence the results for this study include, sample size, behaviour and food preferences, 

pollution in the area where the organisms live and feed, time that the eggs spend in the ground before 

collection, and the compartments of the eggs that were analysed (Schroeder et al., 1970; Friedland, 

1990; Sarkar, 2002; Paustenbach and Galbraith, 2006; Valavanidis and Vlachogianni, 2010; 

Bouwman et al., 2014; van der Shyff et al., 2016). 

 

2. Summary of chapters 

 

The introduction (Chapter 1) focuses on biomonitoring of metals and metalloids and the 

bioaccumulation of these elements in reptiles. This chapter includes a literature review on the use of 

reptiles as bioindicators for metals and metalloids. It also gives a background on accumulation studies 

from Sub-Saharan Africa, and provides the aims and objectives for this study.  

Chapter 2 (written as an article manuscript and submitted to the journal Chemosphere) 

focuses on metals and metalloids in eggs of Loggerhead and Leatherback turtles that breed on the 

coast of South Africa. Loggerhead Turtles generally had higher concentrations of metals and 

metalloids in their eggs. Leatherback Turtles eggshells had high concentrations of strontium. 

Compared with studies from elsewhere, the turtle eggs from South Africa had relatively low 

concentrations of metals and metalloids. However, mercury, aluminium, lead, arsenic, cobalt, 

cadmium, copper, vanadium, nickel, zinc, manganese, and strontium were identified as metals to 

monitor.  

Chapter 3 focuses on metals and metalloids in eggs of Nile Crocodiles in the Kruger National 

Park (KNP), South Africa (written as a manuscript and accepted by the journal Ecotoxicology and 

environmental safety). Major gaps in the literature on metallic elements in reptile eggs were identified. 

Mercury, selenium, and copper in the eggs were identified as metals of concern. Iron were identified a 

possible contributor to thickening of eggshells that may affect hatching success. The relative 

composition of metals and metalloids in the eggshell and egg contents of the crocodiles were 

different. 
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3. Summary discussions structured according to the aims and hypothesis. 

3.1. Determine the concentrations of metal and metalloid elements in the eggs of three large reptile 

species that breed in South  

I analysed the concentration of thirty elements in the eggshell and egg contents of three 

large-bodied reptiles that breed in South Africa (Chapter 2 and 3). The egg content and shell 

elemental concentrations of Loggerhead Turtles and Leatherback turtles are discussed in Chapter 2, 

and Nile Crocodiles in Chapter 3. The results indicated that: 

 The diet, body size and migration patterns of female Loggerhead and Leatherback turtles 

most likely influenced the elemental concentration in the eggshell and egg content, as were 

also suggested or indicated by others (Newman and Heagler, 1991; Papi et al., 1997; Luschi 

and Casale, 2003; Robinson et al., 2016). 

 The chemical characteristic of Sr (as an alkali earth metal similar to Ca) could have 

contributed to the high Sr concentrations observed in the eggshells of Leatherback Turtles 

(Bilinski et al., 2001). 

 Autochthonic absorption of elements from the nesting beaches by eggs is a possibility and 

could have contributed to elemental concentrations in the eggshells and contents (Marco et 

al., 2004; Guirlet et al., 2008), although I consider this as only a slight possibility regarding 

the Nile Crocodiles from the KNP (Chapter 3). 

 Wild Nile Crocodiles egg contents from different locations in the KNP have a more 

homogenous elemental composition compared with the same compositions in eggshells. 

This either indicates a similarity in a dietary and geology background of the female 

crocodiles, and/or highly conserved physiological regulation, especially for the essential 

elements.  

 

3.2. Determine if the concentrations and relative contribution patterns of metallic elements in the eggs 

of the different species differ between marine and freshwater ecosystems. 

The elemental concentrations in the egg contents and eggshells of Loggerhead and 

Leatherback turtles differed as discussed in Chapter 2. Comparing the relative contributions of 

elements in the eggshells and egg contents revealed overlapping patterns (Chapter 2, Fig. 3A). The 

eggshells of the Leatherback Turtles were distinguished by Sr (Chapter 2 Fig. 3A). The concentration 

of Sr in the eggshells of Leatherback Turtles was notably high. Once Sr was removed from the 

comparison, overlapping patterns of the egg contents and eggshells resulted (Fig. 1, Chapter 2 Fig. 

3A). Aside from Sr, the elemental patterns of the eggshells and the egg content of two marine species 

overlapped, indicating a similarity in the relative elemental compositions of the egg contents and 

eggshells, respectively, of the two marine species.  

Comparing the patterns of the relative elemental concentrations of egg contents and 

eggshells of the freshwater Nile Crocodile with the marine Loggerhead and Leatherback turtles 

revealed no overlapping of patterns (Fig. 1). The convex hulls of the marine turtle‘s egg contents was 

characterised by a higher relative portion of Zn. The marine turtle eggshells were defined by a higher 

relative proportion of elements such as Au, Mo, Ag, Pd, and Cr. The eggshells of the crocodiles 
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grouped on their own (on the right side of the figure), and was predominantly defined by Ba, Ni and to 

a lesser extent by Co. 

 

Figure 1: Nonmetric multidimensional scaling (NMS) of relativized concentrations of metals and metalloids in 

Loggerhead Turtles, Leatherback Turtles, and Nile Crocodile eggshells and egg contents. 

I compared the concentrations in various combinations where they make logical sense. 

However, given the marine and freshwater habitats of the three species, it is possible but not quite 

logical to include all three using tests such as ANOVA. However, a general overview can be provided. 

Comparing the mean elemental concentrations of the elements that had the greatest contribution to 

the convex hulls (Fig. 1) is presented in Table 1. The concentration of Zn in the marine turtle egg 

contents was seven times higher than the concentration in the crocodile eggs. The concentration of 

Ag, Au, Mo, Pd, and Cr were considerable lower in the crocodile eggshells and differed between the 

two marine turtle species as well (Table 1). The Ba and Ni concentrations in the crocodile eggshells 

were comparatively high compared with the concentrations found in the marine turtle eggshells (Table 

1).  
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Table 1: The mean concentrations of elements (mg/kg dm) in the egg content (egg) and eggshells of three large-

bodied reptile species. The values here are the mean concentration of chapter 2 and 3 studies. 

 

Elemental concentrations differed between the three reptile species (Table 1). The 

contribution of each element towards the total elemental concentration makeup of each compartment 

is similar in the marine reptiles once Sr was removed (Fig. 1). The greatest distinctions in profiles 

were in the eggshells of the marine reptiles and the freshwater crocodile (Fig. 1). Elemental 

composition of egg contents were visually similar (Fig. 1) indicating some similarities, indicative of a 

common mechanism for elemental regulation, and less so for eggshells.  

3.3. Determine if the concentrations found pose risks based on existing knowledge. 

The assessment of the elemental concentrations in Leatherback and Loggerhead turtle egg 

contents from South Africa indicated that Cu were at concentrations that might cause harm to the 

developing embryos of both species (Chapter 2). The concentration of Sr in the Leatherback Turtles 

exceeded the avian TRV, indicating that Sr might cause harm to the developing embryo. The similarity 

in physical/chemical characteristics of Sr and Ca suggest that the Ca:Sr relationship in the marine 

turtle eggshells be further investigated. Mercury is known to cause a lower hatching success in 

Leatherback Turtles (Perrault et al., 2010).  

The concentrations of Se in two of the Loggerhead Turtles egg contents exceeded the avian 

TRV. The Se concentrations in Loggerhead Turtles should be monitored; however, the current 

hatching success (Nel et al., 2013) suggests that Se do not pose immediate danger to the developing 

embryo but is still an element of concern. I assessed that the Hg concentration would raise concern 

and needs monitoring. I propose that future biomonitoring studies of these species be accompanied 

with POPs analyses to enable better assessments of effects of pollutants.  

The Fe concentration in the eggshells of the crocodiles was high. Further investigation 

revealed that their regression with eggshell layer thickness was marginally significant with the inner 

and outer layers of all the eggshells. Separating the crocodile groups into captive-bred and wild-

collected eggs revealed that wild crocodile eggs had a significant positive correlation between Fe and 

a thicker inner layer. The potential impact of a thicker and possibly stronger inner layer is unclear. 

This strongly indicates that hatching success and subsequent survival rate of hatched crocodiles in 

the KNP be investigated. Similar to the turtles and due to its toxicity, Hg concentrations should be 

monitored. The Hg concentrations in the eggs were lower than the bird egg TRV value that may 

cause biological harm. However, due uncertainty of cross-species extrapolation, it is suggested that 

Species Sample Cr Ni Co Cd Zn Se Au Ag Mo Ba Pd B Ti

Leatherback Turtle Content 5.7 0.66 0.080 0.085 71 4.6 0.33 0.27 0.11 11 0.2 19 11

Loggerhead turtle Content 5.8 3.2 0.17 0.068 80 4.7 0.34 0.58 0.19 6.6 0.17 15 12

Nile Crocodile content 1.4 0.5 0.05 0.019 15 4.0 0.1 0.2 0.04 8.4 0.1 14.5 6.9

Leatherback Turtle Shell 11 0.72 0.54 0.00058 5.8 11 0.72 0.33 0.26 5.7 1.5 26 2.3

Loggerhead turtle Shell 38 1 0.64 0.0011 16 5.8 2.1 2.3 0.84 7.2 1.8 20 5.8

Nile Crocodile Shell 2.5 6.6 0.27 0.005 3.2 1.7 0.025 0.061 0.035 35 0.45 4.1 0.35
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this element should still be monitored more frequently in crocodile eggs. Copper and selenium also 

seems to be at concentrations in the eggs that might cause biological harm to the developing embryo.  

 

3.4 Determine if metal and metalloid concentrations and patterns present in eggshells and egg 

contents of each species resembles one another to such an extent that eggshell data alone will 

suffice to infer pollutant risk. 

The absolute concentration comparisons (Table1, Chapter 2, 3, 4) and the relative elemental 

contribution profiles or ‗fingerprints‘ (Fig. 1, Chapter 2, Fig. 2 and 3, Chapter 3 Fig. 3) of the eggshells 

did not correspond closely with those of the contents. The ‗fingerprint‘ pattern of elements in the egg 

content between marine and freshwater species showed less of a difference indicating that elements 

(especially essential elements) have conserved regulatory mechanisms. However, due to the 

differences observed, I consider it improbable that pollutant risk to the embryo can be deduced with 

any confidence from eggshell data alone. Egg contents, therefore need to be monitored for all three 

species, and most likely, for other reptiles as well. The only remaining eggshell components not 

studied here are the choriollantois membranes studied by others (Reo et al., 2004; Xu et al., 2006). 

For this matrix to be properly studied would require the analyses of shells, newly-hatched animals, 

and the membranes before any assessments can be made. Considered from a practical point of view, 

it is very unlikely that membrane remnants can be recovered that are not contaminated by breeding 

substrate particles (sand or plant material) following hatching. Egg content therefore, remains the only 

viable and practical option to infer risk to the embryo. 

 

4. Synthesis and conclusions 

Factors influencing elemental concentrations and relative contributions are numerous. Based 

on the work presented here and those of others, it is obvious that more studies are needed to obtain a 

better picture of the chemical and biological interactions. Copper had concentrations that raised 

concern in all three species. The Sr concentration in the eggshells of Leatherback Turtles was high. 

There was also an indication of eggshell thickening associated with increased Fe concentrations in 

Nile Crocodile eggshells. Hg concentrations were not at concentrations that raise concern, but it 

should be monitored in all species. Elemental patterns and concentrations of egg content and 

eggshells did not overlap indicating that eggshells are not a viable proxy for egg contents.  

5. Future studies and recommendations  

Further studies should consider: 

 Analysing the concentration relationship of Ca:Sr in the eggshells of the Leatherback Turtle, 

possibly including isotope analyses. 

 Analysing freshly laid and eventually unhatched, eggs from the same nest to evaluate 

autochthonic uptake by the eggs. 

 Expand the marine turtle study with POPs and methyl-mercury data to expand our knowledge 

of the threats pollutants may pose to reptiles.  
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 Include more parameters such as blood elemental concentration and, if possible, organ 

elemental concentrations in the marine turtle study.  

 Investigate elemental patterns as possible indication of coastal and oceanic clades of sea 

turtles. 

 Expand the study to other marine turtles in the Indian Ocean. 

 Expand the study to include crocodile eggs of all four African species. 

 Regular monitoring of elements in reptile eggs and eggshells to establish long-term trends 

and changes in risk. 

 Evaluate hatching success and migration patterns of crocodiles in the KNP. 

 Investigate the association found between iron and thickened eggshells. 
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