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Abstract

Anthropogenic changes have resulted in a number of natural ecosystems being
destroyed. One of the most destructive industries worldwide is mining, as it is responsible for
habitat fragmentation, biodiversity loss, acid mine drainage and land use change, amongst
others. While several authors have studied the interaction between heavy metals and plants,
as well as larger animal species, only a few have investigated the effects of heavy metals on
small mammals, particularly not in South Africa. The aim of this study was to investigate the
impacts of heavy metal contamination on the morphology and physiology of small mammals
in the Krugersdorp Game Reserve. Four sites within the reserve were sampled between
September 2016 and January 2017 and heavy metals (Fe, U, As, Cd, Cu, Pb, Zn, Ni) known
to occur in the reserve at high levels due to the nearby mine formed the basis for all heavy
metal testing. Soil and vegetation samples were taken from each site and tested for heavy
metal accumulation using ICP-OES. Rodents (in particular, Mastomys natalensis), were
trapped using Sherman live traps and morphological measurements (body mass, body length,
tail length and hind foot length) were taken for each trapped individual. Fifteen Mastomys
individuals were euthanased and dissected to determine heavy metal concentrations in the
spleens, livers and kidneys of these animals using ICP-OES. A number of heavy metals in the
soil and vegetation exceeded recommended daily exposure levels for mammals and humans.
No significant differences were found when adult morphological characteristics were
compared across the sites in the reserve. Body length in Mastomys juveniles was significantly
negatively correlated with all heavy metals measured in the soil and the vegetation in the
reserve (U, As, Pb and Zn), except for Fe in the soil and Cu and Fe in the vegetation, which
were positively correlated with the body length of juveniles. The same trend was found for
body mass in the juveniles, with Pb in the vegetation also showing a positive correlation with

body mass. The average morphological features of adult Mastomys individuals in this study



were lower than the average body mass, body length, tail length and hind foot length of
individuals not exposed to heavy metals contamination. No significant relationships were
found between heavy metal concentrations in the soil and vegetation and the organs of the
dissected individuals. Patterns indicating a link between high levels of heavy metals in the
vegetation and high levels in the spleens of Mastomys individuals, as well as high levels of
heavy metals in the soil and high levels in the kidneys and livers suggest that dietary intake
and direct skin contact may be resulting in the bioaccumulation of heavy metals in the tissues
of the rodents studied. High levels (above recommended maximum exposure limits) of heavy
metals in the vegetation and soil, as well as physical impacts to internal organs of studied
Mastomys individuals suggest that rodents in the reserve may be at risk of liver and kidney
disease and necrosis. Although a limited data set was available for this study, based on the
results obtained and comparison to other literature, it can be suggested that small mammals
within the Krugersdorp Game Reserve are at risk of heavy metal toxicity and a number of

associated diseases.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

Human activities severely affect animals in a multitude of ways. Habitat loss or
degradation, resource depletion and utilisation for activities such as trophy hunting or
traditional medicinal practices are just some of the threats to wildlife (Ripple et al. 2014).
Rapid deforestation and the fragmentation of pristine areas of land lead to a great loss of
biodiversity and sometimes even the extinction of a number of species (Gibson et al. 2013).
The expansion of urban areas in the form of commercial, industrial and housing
developments has resulted in disturbance to a number of plant and animal communities. The
building of roads in relatively pristine areas, or in areas bordering natural sites often results in
significant habitat disruption for wildlife and an overexploitation of natural resources, as the

surrounding land is transformed through development (Laurance et al. 2014).

One industry that contributes significantly to land transformation and development is
mining. Disturbances to land surrounding mines include the encroachment of the mine onto
buffer zones near rivers or protected areas of land (Farrington 2005). This type of
encroachment can affect the distribution and migration patterns of a number of species living
near the site. Some avian species may also be affected, for example golden eagles (Aquila
chrysaetos) and turkey vultures (Cathartes aura) in the northern hemisphere, which may be
directly impacted by mountaintop removal mining as it changes the habitats directly below
their flight paths. The land-use change caused by mountaintop removal mining and
development can have a direct impact on the thermal uplift, which these birds use to assist

them when flying (Bohrer et al. 2012).

Although a number of these examples exist, many countries are still dependent on
mining to fuel their economies. Conflicts between mines and protected areas in several

countries have increased, with the realisation that the costs to repair ecological damage



caused by mining activities will likely exceed the profits made by the mines themselves

(Farrington 2005).

1.1 Impacts of human activities on the environment

Human population growth and the consequent increased levels of urbanisation have
resulted in many land use changes around the world (Nagendra et al. 2013). Habitat loss,
reduction of patch sizes, increased distances between home ranges and the formation of new
habitats may all result from anthropogenic changes to the natural environment, such as the
conversion of pristine land for agricultural use (Kasso and Bekele 2014). Pollution is another
significant factor resulting from human activities. These pollutants may affect the structure,
composition and function of entire ecosystems through shifts in dominant plant species or an

altered vegetation structure (Grimm et al. 2008).

Fragmentation of natural ecosystems often occurs when urban developments, parks
and roads are established in once pristine areas (Garden et al. 2010). Many species are lost
with the continued alterations of pristine land for agriculture and industry. These activities
have resulted in habitat fragmentation, and subsequently a high level of biological erosion
(Pichancourt et al. 2006). Other human disturbances, such as the introduction of cars and
loud noises, may also have negative effects on animals, as they may respond to these
disturbances as they would to a predator. This behaviour in turn redirects time and energy
from fitness-enhancing actions such as feeding, parental care or mating displays (Frid and

Dill 2002).

Habitat destruction is considered to be one of the most influential drivers of species

extinction worldwide (Pimm and Raven 2000) and occurs when a natural habitat is altered so



much that it is no longer able to support the species that originally inhabited the land
(Laurance 2010). The process of habitat fragmentation or loss often destroys or displaces
multiple plant and animal populations. This is often due to the lower genetic diversity and
limited gene flow caused by an inability to move between different habitats (Frankham et al.
2010; Sato et al. 2014). Lower genetic diversity can result in inbreeding of populations as
well as reduced immunology and evolutionary potential of the population, all of which

contribute to a high risk of extinction (Lacy 1997; Frankham et al. 2010; Sato et al. 2014).

While the abovementioned anthropogenic changes all result in harm to the
environment, mining activities and processes pose perhaps the greatest risk to biota, as
mining results in much of the destruction mentioned (Schueler et al. 2011). Habitat
degradation, deforestation, fragmentation and pollution are just some examples of the
negative impacts mining has on the environment (Weiersbye and Witkowski 2007; Tutu et al.
2008). Damage to plants and animals due to mining activities is of particular concern due to
the interconnectedness of food webs and the relationships of different species to one another

(Dudka and Adriano 1997; Yule et al. 2010).

1.2 Impacts of mining on the environment

There are multiple mining processes in use today, with different methods being used
based largely on which mineral is being mined (Hustrulid 1982; Durucan et al. 2006). Gold
mining, one of the most common mining processes in South Africa, has changed over the
years and each method has brought a number of environmental challenges with it. Initially,
gold was extracted from coarsely crushed ore using mercury, and the remaining waste was
deposited in large sand dumps (Tutu et al. 2008). This method lead to high levels of mercury

in plants, soils, animals and humans, which resulted in changes in fish alimentary habits as



well as human health impacts such as kidney and neurological damage (Malm 1998). When
pyritic ore was encountered, this process became inefficient and was replaced by cyanide
extraction, which requires finer milling and results in tailings (waste) being pumped to slimes
dumps (Tutu et al. 2008). One source of pollution often occurs when the buffering capacity
of the tailings is insufficient to neutralise the acid and acidification of the water occurs. This
is known as acid mine drainage (AMD) and can result in increased mobility and toxicity of
heavy metals from the mining process (Webster et al., 1994; McGregor et al., 1998; Tutu et
al. 2008). Other primary sources of AMD include the leaching and seepage of heavy metals
from overburdened rehabilitation facilities, underground and open-cast mining workings and
discharged underground water flowing through mines (Akcil and Koldas 2006). These
sources also result in the mobility of heavy metals and pollution of groundwater surrounding

mines (Akcil and Koldas 2006; Tutu et al. 2008).

Mining is a destructive process that generally results in high levels of ecological
damage (Chauhan 2010). For example, mining activities in India have resulted in
deforestation, habitat destruction and biodiversity loss (Chauhan 2010). In Alberta, Canada,
open-pit sand mining at one site resulted in the destruction of more than 29500 hectares of
peatland habitat (Rooney et al. 2012). In Ghana, small mammals such as the Allen’s wood
mouse (Hylomyscus alleni), Tullberg's soft-furred mouse (Praomys tullbergi), Cansdale's
swamp rat (Malacomys cansdalei) and Temminck's striped mouse (Hybomys trivirgatus)
were reported to be negatively affected by mining, as species richness and diversity were low
after the rehabilitation of altered habitats (Attuquayefio et al. 2017). Unfortunately, as many
environmental factors have not been quantified, it is difficult to provide true estimates of

biodiversity and habitat loss (Rooney et al. 2012).

Changes in land cover due to mining activities have been shown to result in the

destruction of a number of environmental features (including vegetation and microhabitats)



and increase the risk of deforestation, erosion of ecosystems, agricultural intensification and
land degradation (Schueler et al. 2011). Mining activities that occur near protected areas are
known to disturb threatened species, destroy ecosystems and disrupt animal migration routes
(Farrington 2005). Larger mammals are often more visibly affected by mining activities, with
migratory behaviour and survival rates in areas near mines differing significantly from those
observed in more undisturbed landscapes (Blum 2014). For example, mule deer (Odocoileus
hemionus) individuals in Nevada that have to make use of habitat that has been disturbed by
mining activities often expend more energy trying to find migratory routes that are less

disturbed than they would in undisturbed habitat (Blum 2014).

While these damages occur during and after the mining process, a number of threats
to the environment exist purely due to the presence of mines. For example, large scale rock
deposits and wastelands are dangerous for animals due to the increased risk of landslides and
dust erosion which are harmful to the health of animals inhabiting the site (Broemme and
Stolpe 2007). Additionally, deep pits that are created for excavation often trap or kill wild
animals that fall in (Eisler and Wiemeyer 2004). Habitat destruction, land use change and
deforestation are some other negative effects caused by the establishment of mines (Tutu et
al. 2008; Maya et al. 2015). Alterations to natural environments for mining also results in the
loss of species due to restrictions in gene flow and death by vehicles and heavy machinery on

site (Spreadbury et al. 1996).

1.3 The South African Mining Industry

George Harrison’s discovery of the Main Reef in 1886, which led to the gold rush in
South Africa, is considered to be the beginning of mining in South Africa (Adler et al. 2007;

Tutu et al. 2008; SAHO 2011). The West Rand region of Gauteng has hosted a large number



of mines since then (Durand 2012; Lusilao-Makiese et al. 2013). The discovery of gold in
Johannesburg quickly led to the Witwatersrand becoming the most densely populated region
of South Africa (Durand 2012). This led to the establishment of a number of mines, industries
and settlements in the area, most of which lacked the potential for long-term sustainability in
terms of factors such as water availability for industrial use, drinking and sanitation (Durand
2012). It has been estimated that 105 million tonnes of mine waste have been generated per
annum by gold mining activities in the Witwatersrand Basin, which includes more than 270
tailings storage facilities covering a surface area of approximately 400 km? (AngloGold

Ashanti 2004; Oelofse et al. 2007).

While South Africa is most famous for its gold mining, it also mines large quantities
of coal, diamonds, platinum, palladium and chromium, to name a few (Chamber of Mines of
South Africa 2013). All of these processes produce a number of by-products, although not all
carry the same impacts or risks of contamination (Maya et al. 2015). Gold mines in particular
are associated with a significant number of wildlife deaths, as cyanide-bearing mine waste
solutions and tailings from these gold mines are thought to result in death by cyanide toxicity

(Donato et al. 2007).

In the gold mining process, tailings storage facilities (TSFs) are used to store diluted
sodium cyanide, with the aim of minimising environmental and social impacts and aiding in
the water recovery process (Lotter 2005). Unfortunately, flooding, degradation and failure of
these storage facilities often causes leaching of heavy metals into surface and groundwater,
causing large-scale environmental degradation (Bempah et al. 2013). Degradation of TSFs is
sometimes caused by the oxidation of sulphide minerals in mine tailings, which in turn
triggers the release of arsenic and other sulphide-bearing minerals such as pyrite into the

surrounding soil and groundwater (Kim et al. 2000; Lim et al. 2009; Bempah et al. 2013).



Different types of materials, including native gold, uranium oxides and sulphide
minerals, are contained within the gold-bearing reefs (Naicker et al. 2003). An abundance of
pyrite, which is the greatest contributor to AMD, can also be found in many of these reefs
(Naicker et al. 2003). Pyrite is an iron sulphide that is present in most of the waste rock found
in the hardrock mining process, and is therefore found in large quantities in many areas
surrounding mines (Roberts 2016). Although the pyrite-containing waste rock is sometimes
left in large chunks, the rock is most often milled down into a fine powder, which is known as

mine tailings (Roberts 2016).

Environmental deterioration caused by mining is extremely common due to the large
amounts of waste produced (Kitula 2006). Despite the 1990s seeing the cessation of all
underground mining activities in the area, including the pumping of water from the mine
voids in the West Rand Goldfield (Coetzee et al. 2009), the shallow ground water in the
Witwatersrand basin has been contaminated with heavy metals and mining waste (Weiershye

and Witkowski 2007).

1.4 Effects of mining related pollution on the environment

Of all impacts, pollution is possibly the most significant, as it can have far reaching
effects, is often not easily detected, and may have consequences that are unknown (Duruibe
et al. 2007; Adham et al. 2011). While pollution encompasses a large number of harmful
processes and categories, AMD is perhaps the most well-known and possibly most dangerous
consequence of mining activities. As reactions that occur in the AMD process are self-
sustaining, pollution of water sources around mines occurs over the long term (Pulles 2003;
Tutu 2012). In South Africa, AMD is considered to be the single most significant threat to

the environment (Younger 2001; Ochieng et al. 2010). This is because it is the largest source



of pollution and is responsible for a significant portion of environmental and socio-economic
damage (Oelofse et al. 2007). Human and animal health risks are key examples of this, as are
political unrest and unemployment due to mine closures (Adler and Rascher 2007; Oelofse et
al. 2007), as the rebound of water levels after the closure of mines can lead to the discharge
of contaminated groundwater (Johnson and Hallberg 2005). This is due to the fact that a
number of freshwater resources and systems in the country are contaminated by AMD, which
limits the amount of usable water available for domestic, agricultural, and industrial practices

(Wamsley and Mazury 1999; Younger 2001).

Heavy metals are found in a number of places, including soils, water, vegetation and
sediment (Glasby and Szefer 1998; Szefer et al. 1998; Dube et al. 2001). Processes such as
acid rain, leaching, weathering and flooding can all transport heavy metals through the
environment (Dube et al. 2001; Fujimori and Takigami 2014). While these and other
anthropogenic processes are responsible for a large amount of heavy metal pollution in the
environment, mining is considered to be one of the most significant contributors to heavy
metal pollution worldwide (Liu et al. 2005; Fryer et al. 2006; Acosta et al. 2011; Li et al.
2014). Mine tailings from storage facilities as well as AMD have been identified as some of

the most destructive pollutants to the environment (Abdul-Wahab and Marikar 2012).

Many mining sites around the world are responsible for negative impacts on species
richness, abundance and diversity through the release of heavy metals and metalloids such as
cadmium, zinc, copper, lead and arsenic (Espinosa-Reyes et al. 2014). Heavy metal particles
from mining activities, including smelting, are often absorbed by plants and soils in
surrounding areas, and subsequently by animals (Beyer et al. 1985). Heavy metals can be
toxic to animals when ingested, as bioreactions and bodily functions may be hindered when
these metals bind to biomolecules within the animal’s body (Duruibe et al. 2007). The

corrosion and leaching of heavy metals to soil and groundwater can also result in the



contaminations of soils and water bodies, along with the runoff from erosion of mine wastes

and dusts produced during crude ore transportation (Nagajyoti et al. 2010).

Heavy metals are commonly introduced into the aquatic environment through mining
effluent (Li et al. 2014; Yuan et al. 2015). Although less visible than other aquatic pollutants,
their overall toxicity and ability to accumulate in aquatic organisms result in both intensive
effects (those which are not affected by the amount of matter present) and extensive effects
(effects which depend on the amount of matter present) on the ecosystem (Edem et al. 2008).
These effects can cause extreme harm to wildlife through direct skin contact and absorption
through food. For example, algal exposure to heavy metals in aquatic environments can result
in cell damage, inhibition of photosynthesis and even death (Zhou et al. 2008). Protozoa,
invertebrates and fish are subsequently affected by these heavy metals when they feed on the

algae and organisms below them in the food chain (Zhou et al. 2008).

Heavy metals are present in the water and sediment of aquatic systems such as rivers,
lakes and oceans (Singh et al. 2005; Schwarzenbach et al. 2006). In Montana, studies showed
that the growth, survival rates and fecundity of fish in contaminated waters are negatively
affected due to high levels of copper, zinc, cadmium, arsenic, iron, and lead in the water
passing over the fish’s gills during respiration and being absorbed into the system (Phillips
and Lipton 1995; Neuman et al. 2014). The absorption of these heavy metal particles into the
body resulted in slowed growth as well as lower fecundity and survival rates in the fish from
contaminated waters compared to those from uncontaminated waters (Phillips and Lipton
1995; Neuman et al. 2014). The activity patterns and swimming abilities of a number of fish
exposed to heavy metals have also been proven to be different from their unaffected

counterparts (Lanctét et al. 2016).
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Mine water, which is often heavily polluted with heavy metals such as aluminium,
zinc, iron, manganese, cobalt, and cadmium, often degrades the quality of many surface water
sources and may have an impact on industrial, agricultural and domestic users (Wamsley and
Mazury 1999; Ochieng et al. 2010). AMD pollution from mining activities often leads to very
serious contamination of agricultural lands, as well as the disrupted growth of aquatic plants
and animals (Ochieng et al. 2010). Aquatic biodiversity in areas surrounding contaminated
mines could also decline significantly due to the accumulation of metals in soils and water
bodies (Tarras-Wahlberg et al. 2001). This has happened in the Puyango River basin in
southern Ecuador, where gold mining resulted in the discharge of cyanide, mercury and
metal-rich tailings into the rivers, and subsequently resulted in various fish being exposed to

toxic levels of heavy metals (Tarras-Wahlberg et al. 2001).

Pollution from tailings storage facilities is also a significant negative consequence of
the mining process (Durand et al. 2010). Run-off from deposits and slag often has harmful
effects on water, soil and sediment surrounding mines (Espinosa-Reyes et al. 2014). When
mining takes place in an area, ecosystem service flows are disrupted as air pollution from
dust or water pollution from runoff begin to develop (Schueler et al. 2011). The pollution of
mining sites and surrounding areas can have detrimental effects to both humans and wildlife,
as the toxic effects from heavy metals are generally extremely harmful (Schueler et al. 2011,

Espinosa-Reyes et al. 2014).

Many urban and rural areas in countries such as South Africa are reliant on surface
water from these bodies for agriculture and irrigation, among other uses (DWAF 2004). The
distribution of heavy metals is often facilitated by acidified water because it pollutes lakes,
rivers and streams and aids in the mobilisation of heavy metals. A number of contaminants
and heavy metals are spread to crops and vegetation further away from the initial site of

contamination through irrigation systems and natural flooding (Ochieng et al. 2010; Liao et
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al. 2016). These heavy metals are absorbed by the soil and vegetation, which subsequently
results in animals and humans ingesting the (often dangerous) heavy metals, despite not being
near the contaminated water source (Liao et al. 2016). This could result in illnesses
associated with these toxic substances, causing harm to these animals and humans, as large
amounts of heavy metals are known to have negative effects on many species (Boularbah et

al. 2006; Ochieng et al. 2010).

Water bodies, particularly freshwater sources such as rivers and streams, are vital to
the survival of a number of species, as they provide pathways for aquatic organisms to obtain
energy (Shieh et al. 2002). Therefore, any pollution to these waters, such as the addition of
heavy metals, could decrease primary production and subsequently have an impact on
secondary production and trophic links (Yule et al. 2010). Through the process of releasing
runoff into the environment, mining not only has impacts on natural vegetation surrounding
the mine itself, but also increases the silt levels of affected dams and rivers. This affects the
gills of fish and makes the habitat undesirable for species such as freshwater otters (Mason
and Macdonald 1988). Even low heavy metal concentrations often found in mining effluent
that is discharged into aquatic environments are toxic to fish and other animals in the food

chain (Ellias 2009).

While concentrations of these heavy metals in the water can vary hourly, sediment
usually maintains high concentrations of heavy metals for decades (Neuman et al. 2014).
Sediment plays a number of important roles in the environment, including providing shelter
and nutrients to microorganisms and supporting vegetation (Holguin et al. 2001). Many
organisms also use sediment for shelter and hunting prey. As such, heavy metal
contamination of sediments can result in potential risk to ecological factors, including water,
species living in the contaminated environment and humans (Maanan et al. 2015). In

estuaries, Bryan and Langston (1992) found that clams (Scrobicularia plana) living in
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contaminated sediment had accumulated heavy metals such as tin, copper and iron due to

processes such as mobility of the heavy metals and the uptake of nutrients.

While severe environmental damage is often caused by mining pollution, some
vegetation is able to grow in contaminated areas. A number of grass species, such as tufted
grass (Deschampsia cespitosa) and redtop (A. gigantea Roth) have become heavy metal
tolerant, but more often than not, large areas of land that have been exposed to mining
activities, such as Sudbury in Ontario, Canada, remain barren with very little hope of
producing any viable organisms (Dudka and Adriano 1997). The uptake and distribution of
heavy metals in plants is species-dependent and controlled by different mechanisms (Kukier
et al. 2004; Li et al. 2004; Bakkaus et al. 2005). For example, excessive accumulation of
heavy metals can cause reduction in photosynthetic rates (Kitao et al. 1997), necrosis of
leaves (Wu 1994) and reduced meristem mitotic activity due to their inability to remobilise
contaminants through the phloem to other organs after reaching the leaves (Loneragan 1988;
Nagajyoti 2010). It has been shown that the regeneration potential and predation rates of
Acacia sp. are lower on heavy metal contaminated sites than uncontaminated sites.

(Weiersbye and Witkowski, 2007).

Some plant species, including members of the Asteraceae family in South Africa, are
capable of hyperaccumulation. This process is often seen in species living on or near
contaminated land, and involves plants being able to store large amounts (usually
approximately 1000 pg-g™) of a particular heavy metal and thriving in these conditions
(Turnau and Mesjasz-Przybylowicz 2003). In most cases, metals are accumulated in the
shoots of such plants (Schwartz et al. 2001). While some plants such as those of the Brassica
species are capable of removing large amounts of heavy metals such as zinc from the
environment, damages such as reduced root and shoot dry weight, as well as leaf chlorosis

often result when they are placed in areas of high contamination (Ebbs and Kochian 1997).
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Mining sites are often dominated by grasses, legumes and shrubs, as these low height plants
are capable of tolerating higher metal concentrations due to their ability to absorb nutrients

present in contaminated soils (Anawar et al. 2013).

While heavy metal contamination from mining sources is most commonly associated
with water pollution, many terrestrial organisms are negatively affected by this pollution
(Koldas 2000). An example of this can be seen in a study by Sanchez-Chardi et al. (2009a),
where greater white toothed shrews (Crocidura russula) in a nature reserve in Spain showed
evidence of increased liver-body ratios, focal necrosis and signs of apoptosis in hepatocytes.
This occurred after a spillage from a pyrite mine allowed acidic water carrying a number of
heavy metals such as lead, cadmium, mercury, zinc, antimony and thallium to flow into a
river and subsequently a protected wetland. A number of dangerous chemicals and heavy
metals are disposed of in tailings storage facilities, and these substances often negatively
affect surrounding plants and animals by poisoning cells and even resulting in death (Mudder
and Botz 2004; Donato et al. 2007). The reproductive activity, including seed production,
nutrient content, metal content, viability and germinability of vegetation surrounding mines is
often negatively impacted by runoff and AMD (Weiersbye and Witkowski 2007). Higher
levels of heavy metals, including manganese, iron, cobalt, nickel, copper and zinc, have been
found in vegetation surrounding tailings storage facilities (Weiersbye and Witkowski 2003)

and are extremely toxic to animals in the vicinity (Souren 2000; Sang and Li 2004).

Toxic wastes or tailings produced by mining activities often affect both aquatic and
terrestrial organisms, and consequently entire ecosystems (Ekpo et al. 2013). Mammals that
rely on fish for food are also affected by water contaminated with heavy metals such as
arsenic, titanium, cadmium, and mercury, as these are toxic to fish (Mason and Macdonald
1988). Metals such as calcium, aluminium, iron, magnesium, manganese, copper, zinc,

cobalt, nickel, uranium and lead are often found in environments near mines and are absorbed
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by organisms within the ecosystem (Durand 2012). Pollution from these heavy metals has
also been found to limit both the range and the food supply of a number of species within the
environment (Mason and McDonald 1988). Herbivores and plants are affected by this
pollution, which results in an upheaval of food chains and ecosystems and in turn affects a
number of other organisms such as lions, leopards, pumas and other large carnivores that
have high food requirements and usually respond poorly to a loss of habitat through pollution
and contamination (Ripple et al. 2014). The distribution of the Eurasian otter may be
restricted in some areas due to acidification of water sources caused by mining processes

(Mason and Macdonald 1988).

Species such as shrews (particularly Sorex araneus) (Wijnhoven et al. 2008), various
farm animals (Durand et al. 2010) and plants such as phreatophyes (Weiersbye and
Witkowski 2007) have been shown to be significantly affected by pollution and groundwater
contamination in many countries. For example, while Mongolia’s low human population
density, remoteness and traditional nomadic culture have likely aided in preserving the high
levels of biodiversity in the country, the rapid expansion of its mining industry has begun to
have an impact on a number of the nation’s natural resources (Farrington 2005). While there
are many suspected cases of animal deaths due to heavy metal toxicity, AMD and other
impacts associated with the mining process, little proof exists for a distinctive cause-effect
relationship between these two factors (du Toit 2006; Durand et al. 2010). This may be due to
the fact that few scientific data on heavy metal contamination related deaths exist for wild
(non-domestic) animals, which are the ones often affected in protected areas (Winde and

Stoch 2010).
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1.5 Small mammal responses to contamination

Small mammals are known to be particularly affected by pollution and environmental
degradation due to their small body sizes, diet and habitat use (Fritsch et al. 2010). The
specific traits of certain small mammals may cause these organisms to absorb heavy metals
such as uranium and cadmium so that the pollutants accumulate in the organs of the animal
(Winde 2010; van den Brink et al. 2011). Rodents have however shown the ability to
successfully adapt to changing environments, and evolve to survive challenges associated
with polluted, degraded and variable environments (Auffray et al. 2009). Due to the ability to
live in impacted habitats, rodents can be used as surrogates for other small mammals living in

contaminated areas to evaluate the risks of metal exposure (Espinosa-Reyes et al. 2010).

The sensitivity of rodents to their environment allows for the impacts of heavy metal
exposure on other mammal species to be observed, making this group of animals a useful bio-
indicator in impacted landscapes (Espinosa-Reyes et al. 2010). Murid rodents tend to have
shorter generation times than most other rodents, with lifespans generally not exceeding four
to five years (Gorbunova et al. 2008). As many members of the Muroidae, such as rats and
mice, are known to produce multiple litters throughout the year, it can be expected that faster
rates of adaption and mutation may be exhibited by genera such as Acomys (spiny mice),
Rhabdomys (striped mice), and Aethomys (rock rats or rock mice) due to their faster

reproductive rates (see Spradling et al. 2001; Schradin and Pillay 2003).

Sensitivity to heavy metals in rodents and small mammals has previously manifested
itself physically in decreased body weight (Nakayama et al. 2007), kidney dysfunction
(Leffler and Nyholm 1996) and reduced skeletal development (Milton et al. 2003). Certain
heavy metals, such as cadmium, lead and arsenic, have an effect on male reproductive

function in rodents (Wirth and Mijal 2010). Decreased sperm concentration and motility,
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testicular atrophy, changes in the weights of accessory glands, alterations in semen quality
and changes in the percentage of sperm with morphological abnormalities are just some of
the known impacts of exposure to these heavy metals (Laskey et al. 1984; Thoreux-Manley et
al. 1995; Wirth and Mijal 2010). Chronic exposure to coal dust from mines is also suspected
to lead to genotoxicity and DNA damage in rodents such as mice living in contaminated areas

(Caballero-Gallardo and Olivero-Verbel 2016).

Rodents from heavily contaminated mining and remediation sites have exhibited
lower body conditions as well as lower organ masses of kidneys, livers and lungs (Drouhot et
al. 2014). Sanchez-Chardi et al. (2009b) elaborate on this further, suggesting that apoptosis,
necrosis, and inflammation of the kidneys are also possible consequences of exposure to
heavy metal contamination. Although it is generally agreed that heavy metal contamination is
the overall cause of these correlations, it is suggested that diet and habitat use can determine

the amount of exposure that a rodent experiences (Drouhot et al. 2014).

1.6 The Krugersdorp Game Reserve

As a number of mines are already in existence near reserves and protected areas in
South Africa, it seems necessary to explore the possible effects that these mines and the
associated communities have on the morphology and physiology of mammals within these
reserves. One such reserve, the Krugersdorp Game Reserve, is located approximately 40km
north-west of Johannesburg in the Gauteng Province of South Africa (Figure 1). The reserve
hosts several game, birds, and mammals. Some of the animals that can be found in the
reserve include blesbok (Damaliscus pygargus phillipsi), guinea fowl (Numida meleagris f.
domestica and Guttera pucherani), squirrels (Xerus inauris), and rodents (van Niekerk 2010;

Chapman et al. 2012; N6thling et al. 2014).


http://www.sciencedirect.com/science/article/pii/S0013935109001455
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Figure 1. Location of the study site in Krugersdorp, Gauteng, South Africa. Krugersdorp
Game Reserve (green) and the neighbouring mine shown within the borders of Krugersdorp

(Google Earth 2015).

Throughout South Africa, protected areas and nature reserves have been established to
protect the country’s fauna and flora. Unfortunately, due to the country’s dependence on
mining, a number of these protected areas are located close to active or abandoned mines
(Winde and Stoch 2010; Lusilao-Makiese et al. 2013). The Krugersdorp Game Reserve is
one such protected area. Located just less than 1 km from an active mine, the fauna and flora
within the reserve have experienced the negative effects of AMD and heavy metal
contamination for a number of years (Lusilao-Makiese et al. 2013). For example, the water

and sediment within the reserve’s rivers and dams are significantly contaminated by mercury
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(Lusilao-Makiese et al. 2013), sulphates and AMD-associated decant (Coetzee et al. 2003;
Coetzee et al. 2009). Scott (1995) and Ochieng et al. (2010) found that contamination of the
groundwater by heavy metals had reached the Krugersdorp Game Reserve and moved further
north due to untreated acid mine water flooding underground mine tunnels and escaping into

the environment.

Mining contaminants have flowed into the Tweelopie Spruit and through the
Krugersdorp Game Reserve for several years (Coetzee et al. 2009). The potential impact of
the decant was first realised in 2002, when the underground mine tunnels in the West Rand
flooded. AMD became a concern in the area and the destructive effect of this phenomenon on
the ecology of the region has increased since then (Hobbs and Cobbing 2007). The
contaminants in the water and soil are thought to have been the cause of a number of fish and
mammal deaths already, although these deaths have not been conclusively linked to mining

runoff (Fourie 2005; Winde and Stoch 2010).

The runoff from the abandoned mine situated within 1 km of where the Tweelopie
Spruit enters the Krugersdorp Game Reserve is thought to have resulted in pH levels of as
low as 3 in the water within the reserve (Booyse et al. 2015). A pH level of 3 is considered to
be extremely acidic and harmful to organisms in the environment (Kloke et al. 1984).
Previous studies have shown that heavy metal levels in the reserve are known to be high (Du
Toit 2006). While it is possible that uraniferous rocks in the reserve may also influence the
heavy metal (particularly U) levels within the environment of the reserve, it has not been
conclusively proven that this is so (N6thling et al. 2014). Most studies conducted have shown
that increased levels of heavy metals began appearing shortly after the decant from the mine
first reached the reserve (Du Toit 2006; Winde 2010). The mining activities and associated
runoff which polluted the Tweelopie Spruit resulted in the sickness and death of a number of

animals in the Krugersdorp Game Reserve (Du Toit 2006).
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1.7 Research gap

While the impacts of plant exposure to high levels of heavy metal contamination
derived from mining pollution are well documented (see Weiersbye and Witkowski 2002;
Lokeshwari and Chandrappa 2006; Weiersbye et al. 2006; Weiersbye and Witkowski 2007),
the effects on morphology and physiology of small mammals are not as well documented.
However, a previous study by Nunes et al. (2001) on the Algerian mouse (Mus spretus) in
Portugal suggests that growth rates, organ and body weights of rodent species in their study
were inhibited and much lower than of animals that have not been affected by heavy metals.
The study found that the masses of organs such as the spleen and kidneys, as well as body
mass, were lower in contaminated sites, as poorer environmental quality likely had an impact

on the morphology and physiology of the organism (Nunes et al. 2001).

Sanchez-Chardi et al. (2009b) studied the effects of leachate from a landfill and found
that the greater white-toothed shrew (Crocidura russula) and the wood mouse (Apodemus
sylvaticus) in the region presented with severe apoptosis and necrosis of the liver, while the
mice also showed signed of kidney damage. Other studies have focused on the negative
impacts to reproductive health and success in male rats (Chowdhury 2009; Wirth and Mijal
2010), as well as decreases in population densities of Microtine rodents along a pollution

gradient from a smelter (Kataev et al. 1994).

As mentioned, the Krugersdorp Game Reserve is severely impacted by heavy metal
contamination from the mining processes that occurred nearby (Oelofse et al. 2007). Studies
conducted in the area have focused on water quality, plant response to contamination and
behavioural ecology of animals (Winde 2010; Chapman et al. 2012; Lusilao-Makiese et al.

2013; Van Deventer and Cho 2014), but only a limited amount of literature specifically
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focuses on the impact of heavy metal contamination in the reserve on animal health, and

these studies usually focus on impacts on large mammals.

1.8 Aim and objectives

In light of the limited research on the relationship between heavy metal contamination
and the morphological and physiological features of small mammals, the aim of this study
was to investigate the impacts of heavy metal contamination on the morphology and
physiology of small mammals in the Krugersdorp Game Reserve. Specifically, the objectives
were (1) to assess the levels of heavy metal contamination in the soil and vegetation of the
Krugersdorp Game Reserve, (2) to assess the levels of heavy metal accumulation in small
mammals in the Krugersdorp Game Reserve, (3) to compare several morphological and
physiological characteristics (i.e. the body mass, body length, tail length, hind foot length,
and organ masses of individuals) between rodents exposed to different levels of soil and plant
contamination, and (4) to discuss possible risks to small mammals in the reserve based on

data and literature.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Study sites

The study was conducted at the Krugersdorp Game Reserve, a 1500ha nature reserve
located west of the town of Krugersdorp in the province of Gauteng (S 26° 6' 21.218" E 27°
43' 26.094"; Figure 1, Chapter 1). The reserve is located near a number of mines and is
known to be heavily affected by pollution resulting from these mines (Hobbs and Cobbing

2007).

Four sites, in both higher lying land and flat areas near water sources, were used as
trapping locations (Figure 2). Site 1 was situated near the entrance to the reserve. This site
consisted almost entirely of grasses, and was approximately10m from the bank of the river.
Dominant grass species included Bothriochloa radicans (stinking grass), Eragrostis curvula
(weeping love grass) and Alloteropsis semialata (black seed grass). Site 2 was located on a
slope overlooking the Tweelopies Spruit. The terrain at this site was extremely rocky, with
vegetation consisting mostly of Acacia trees, small shrubs, and scattered clumps of grass,
including Hyperthelia dissoluta (yellow thatching grass) and Sporobolus pyramidalis (giant
rats tail grass). The site itself was shielded by thorn trees and vegetation and not exposed to
much human activity. Site 3 consisted predominantly of grasses and reeds, and traps were set
up approximately 5-10m from the river bank. This site was relatively flat, and used by
visitors on horseback in the reserve. Site 4 was the most secluded site, at the far end of the
reserve, which is very rarely travelled to by visitors to the reserve. Site 4 consisted of a
variety of vegetation types, although grasses and small trees were dominant in the uneven
rocky terrain. Themeda triandra (red grass), Cenchrus ciliaris (foxtail buffalo grass),

Eragrostis curvula (weeping love grass) were common at this site.
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Although the sites differed in vegetation structure and species composition, the main
aim of this study was to investigate the link between levels of heavy metal contamination and
possible morphological and physiological changes in rodents, therefore the slight differences
in vegetation structure at each of the four sites should not have affected the results. Scott
(1995) found evidence of groundwater contamination extending into the Krugersdorp Game
reserve, a concern which was re-evaluated later by Coetzee et al. (2009) and found to be valid
due to the severe pollution of groundwater from previous mining operations. As the
groundwater throughout the reserve is polluted, the differences in vegetation structure at each
site are therefore not deemed a determining factor in the effect of contamination on the small

mammals in this study.

Figure 2. The four study sites chosen at Krugersdorp Game Reserve (green boundary) with

Tweelopies Spruit (blue) indicated (Google Earth 2015).
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2.2 Soil and vegetation sampling

A number of heavy metals are known to occur in the water at Krugersdorp Game
Reserve (Lusilao-Makiese et al. 2013; N6thling et al. 2014). Based on this, concentrations of
uranium (U), arsenic (As), cadmium (Cd), copper (Cu), iron (Fe), lead (Pb), and zinc (Zn)
were determined for in soil and vegetation samples collected at each location using
inductively-coupled plasma optical emission spectroscopy (ICP-OES). Soil samples were
collected using an auger, which was twisted into the ground at each trap site. Each soil
sample bore 30cm into the ground, as most smaller burrowing rodents do not exceed depths
of 35cm (Davies and Jarvis 1986; Bennett et al. 1988). Samples were frozen at -20°C in the
laboratory until needed for further analysis (as per Sany et al. 2013). A soil sample from each
site was sieved through a 2mm sieve, placed in a petri-dish covered with pierced Parafilm and
freeze-dried at approximately -80°C for three days. One soil sample from each site,
containing a mixture of soil from a depth of 0-30cm was sent to the Council for Scientific and
Industrial Research (CSIR) in Stellenbosch, South Africa for analysis. A weak acid extraction
of the soil was used to analyse each sample. The leachate was filtered and analysed using

ICP-OES against a blank (Oppm) and a set of calibration standards (between 0.1ppm and

1ppm).

Vegetation samples were also collected at each of the four sites. Grasses were used as
sample species, as many rodents (for example Otomys irratus and Mastomys natalensis) feed
on grass stems and rhizomes (Coetzee 1975; Curtis and Perrin 1979). Samples of the most
dominant grass species were collected at each site. Plants were sampled by removing the
whole structure from the ground. Vegetation samples were placed in large plastic bags in
cooler boxes during transport and frozen to below -20°C once in the lab. The roots and shoots
of these samples were chopped up into 0.1cm pieces using a ceramic knife, in order to avoid

any contamination from a metal blade. The samples were then freeze-dried in a plastic
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container covered in Parafilm at -80°C for approximately 3 days. Vegetation samples were

then sent to the CSIR, where ICP-OES analysis was done to test for heavy metals.

2.3 Small mammal trapping and tissue sampling

Animal ethics clearance (2016/05/25/B) and trapping permits (CPF6 permit no. 0190)
were obtained from the University of the Witwatersrand and the Gauteng Department of
Agriculture and Rural Development (GDARD) respectively, before trapping began. Sherman
live traps (26cm x 8cm x 8cm) were set out for 14 consecutive nights at each site over four
sessions between September 2016 and January 2017. At each site, twenty traps were placed
in a2 by 10 (sites 1 and 3) or 4 by 5 (sites 2 and 4) configuration, with a spacing of
approximately 5-7m between traps. At site 1, traps were set up on a relatively flat piece of
land, about 60m from a road leading to a recreational area (approximately 600m away) within
the reserve. Although relatively secluded, some traps at site 2 were set up approximately 20m
from a relatively busy road and 50m from the lodge occasionally housing guests. At site 4,
the closest traps to any motor vehicles were set up approximately 40m from a relatively
frequently used road. Traps were baited with a mixture of rolled oats, sunflower seeds and
peanut butter (Mills et al. 1995; Nupp and Swihart 1996; Lancaster and Pillay 2010). Brown
bread soaked in beer was also used as bait, as rodents are known to respond well to this mix,
likely due to the strong smell and nutritious benefits of the ingredients (Pastoriza et al. 2015).
The Sherman live traps were covered with wooden boards and grass to protect captured
animals from rain and heat. Cotton wool balls were placed in the traps to allow the

individuals captured to keep warm and nest overnight.

Traps were checked twice daily, in the early morning and late afternoon. Empty traps

were returned to their initial positions and re-covered, and all traps were re-baited every
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second day using alternating bait mixtures (i.e. the peanut butter mixture was replaced with
bread and beer every second day). Captured animals were identified to species level, weighed
and measured to determine body mass and length, tail length, hind foot length, sex and sexual
maturity. These measurements, along with the point of capture, were recorded for each
trapped animal (Nupp and Swihart 1996; Wijesinghe and Brooke 2005; Espinosa-Reyes et al.
2014). Captured animals were marked with non-toxic hair dye in order to identify them
should they be recaptured (as per Schradin and Pillay 2004). Four different markings were
created for each of the sites, and all individuals were marked using the symbol assigned to the
site where they were captured. The recapture status of individuals was also recorded before
release. Photographs of individuals were taken, especially in cases where immediate species
identification was difficult. Traps were washed thoroughly between trap sessions in order to

remove any odours associated with previous captures.

Blagojevic et al. (2012) suggest that, in order to compare the impact of heavy metal
contamination across sites or seasons, one must make use of only the oldest individuals, as
these should have accumulated the greatest amount of heavy metals over time, making a
study more valid. This, in conjunction with the fact that Mastomys natalensis was the only
species trapped at all four sites, is why only adult Mastomys natalensis were used for tissue

sampling during this study.

A total of 15 adult Mastomys natalensis were euthanased using a mixture of 80%
carbon dioxide and 20% oxygen (as recommended by the Animal Ethics Committee of the
University of the Witwatersrand), which was administered from a pressurised gas bottle. Four
rodents each were euthanased at sites 1, 2, and 4, and three rodents were euthanased at site 3.
Animals were placed in a dark plastic bag during the gassing procedure, and were held in the
bag for a minimum of one minute after they had ceased moving (Artwohl et al. 2006). These

individuals were then placed in sealed plastic bags and immediately cooled to -4°C in a
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cooler box. The animal samples were then removed from the cooler as soon as a particular
fieldwork session had been completed, with care being taken to avoid any contamination of
the samples. The liver, kidneys and spleen of the animals were dissected out, weighed and
freeze-dried at approximately -80°C. After freeze-drying was completed, dry weights for the

organs were recorded.

Samples were sent to the CSIR in Stellenbosch for analysis of heavy metal
concentrations. Due to the small sample sizes and weights of some of the organs, inductively
coupled plasma mass spectrometry (ICP-MS) was used to determine heavy metal
concentrations in these samples. Results were then compared with recommended limits from
the Department of Environmental Affairs (2010) and Govind and Madhuri (2014) in order to
determine if the levels small mammals within the reserve are exposed to are above or below

what is considered safe.

2.4 Data analysis

Statistical analyses of all data were done using Statistica 13 (StatSoft Inc. 2015). A
Generalized Linear Model (GLZ) with a Poisson distribution and log link function was run to
determine whether sampling session or site were predictors for any of the measured variables
and therefore whether or not data could be pooled. A GLZ was also used to assess whether
maturity may have been a predictor for heavy metal concentrations in order to decide whether

data sets for these two categories of maturity could be combined.

As the data were not normally distributed, non-parametric statistical tests were used.
Differences in heavy metal concentrations, as well as differences in morphological

characteristics of the captured individuals were compared across various heavy metal
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concentration levels in soil and vegetation from each of the four sites using a Kruskal-Wallis
H test. Spearman rank correlations were used to identify any relationships between heavy

metal levels and morphological and physiological features of the captured rodents.

Ratios of organ mass to total body mass were calculated for each of the euthanased
individuals using both the wet and dry masses of organs (Pereira et al. 2006). These ratios
were then divided by the amount of each heavy metal present in the organ of the individual
rodents and correlated with heavy metal concentrations in the vegetation using Spearman
rank correlations in order to identify any relationships between heavy metal levels ingested

by rodents and their physiology. Significance levels for all tests were set at p<0.05.
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CHAPTER 3: RESULTS

3.1 Soil and vegetation analysis

Iron (Fe) was found in the highest concentration across all sites in both the soil and
the vegetation (Table 1). Zinc (Zn) in the soil and vegetation, as well as Cu and Pb in the soil
were also present in relatively high concentrations compared to other heavy metals in the
Krugersdorp Game Reserve (Table 1). Concentrations of Pb, As and Cu in the soil in the
reserve are already exceeding recommended safe levels for oral and dermal intake by humans
(DEA 2010; Govind and Madhuri 2014). No strong relationships existed between any of the
concentrations of heavy metals tested for in the soil and their counterparts or other heavy
metals in the vegetation in the Krugersdorp Game Reserve (p>0.05). No significant
differences were found between sites in terms of heavy metal contamination levels in the soil

(p>0.05), or in the vegetation (p>0.05).

Heavy metals in the vegetation were highest at site 2 (As, Cu, Pb and Zn) and 4 (Fe),
while the majority of the heavy metals tested were highest in the soil at site 3 (U, As, Cu, Zn)
(Table 1). The majority of heavy metals tested for exceeded the maximum recommended
exposure levels as recommended by DEA (2010), Govind and Madhuri (2014) and ATSDR

(2016), particularly those from sites 2 and 3.



Table 1. Heavy metal concentrations (mg-kg) during the dry season in soil and
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vegetation samples from four sample sites in the Krugersdorp Game Reserve with

comparison to maximum recommended daily exposure in soil and vegetation for

humans and animals (DEA 2010; Govind and Madhuri 2014; ATSDR 2016).

Govind DEA ATSDR
Site &
Madhuri
(g per | (mg-kg™) | (mg-kg
1 2 3 4 day) ~day™)

Heavy Metal (mg-kg™)
Uranium in soil 9.60 2.60 17.61 1.50 0.20
Uranium in vegetation | 0.19 0.50 0.40 0.14
Arsenic in soil 18.00 11.00 44.00 8.00 15.00 0.0003
Arsenic in vegetation 0.70 2.70 0.80 0.60
Cadmium in soil 0.50 0.50 0.50 0.50 5.00 7.50 0.0002
Cadmium in vegetation | 0.10 0.10 0.10 0.10
Copper in soil 60.00 30.00 82.00 30.00 2500.00 16.00
Copper in vegetation 8.20 12.00 8.80 8.90
Iron in soil 40900.00 | 14750.00 | 23350.00 | 62850.00
Iron in vegetation 2100.00 | 4010.00 | 614.00 5550.00
Lead in soil 27.00 12.00 22.00 20.00 10.00 20.00
Lead in vegetation 1.63 4.35 0.62 1.81
Zinc in soil 149.00 63.00 314.00 95.00 240.00 0.30
Zinc in vegetation 50.00 64.00 35.00 29.00
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3.2 Small mammal species occurrence and morphology

Three small mammal species were captured across the four sites between September
2016 and January 2017: the Angoni vlei rat (Otomys angoniensis), four-striped mouse
(Rhabdomys pumilio), and multimammate mouse (Mastomys natalensis). Rhabdomys pumilio
and O. angoniensis were found only at some sites, and only a small number of these two
species were captured. A total of three Rhabdomys individuals were caught at sites 1, 3 and 4,
and a total of five Otomys individuals were captured at sites 3 and 4. Mastomys natalensis
was found at all four sites and made up the majority of the sample. Therefore, all statistical
analyses and comparisons of morphological data across sites were applied only to data related
to the 21 juvenile and 39 adult individuals of this species. Juveniles were found at only three

of the four sites (sites 1, 3 and 4).

A GLZ showed that neither trapping session nor site were predictors for
morphological measurements or heavy metal concentrations. Accordingly, data from the two
sessions were pooled for further analysis. A significant difference was found between the
body mass (Wald y?(1)=4.1638, p=0.0412), body length (Wald %2(1)=5.2502, p=0.02195)
hind foot (Wald y2(1)=5.1036, p=0.0239) and tail lengths (Wald y?(1)=5.4427, p=0.0197) of
adult and juvenile Mastomys, and between maturity and heavy metal levels in the soil and
vegetation (U in soil: Wald %2(1)=0.8367, p=0.3603; U in veg: Wald x%(1)=0.0017,
p=0.9674; As in soil: Wald ¢2(1)=0.9735, p=0.3238; As in veg: : Wald y?(1)=0.5324,
p=0.4656; Cu in soil: Wald y?%(1)=0.8423, p=0.3587; Cu in veg: Wald y2(1)=0.5741,
p=0.4486; Fe in soil: Wald »?(1)=0.0057, p=0.9399; Fe in veg: Wald 3?(1)=0.4543,
p=0.5003; Pb in soil: Wald %?(1)=0.3853, p=0.5348; Pb in veg: Wald y2(1)=1.3081,
p=0.2527; Zn in soil: Wald %?(1)=1.2334, p=0.2667; Zn in veg: Wald ?(1)=0.5006,

p=0.4793). Therefore, data for juveniles and adults were analysed separately. Comparisons of
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morphological features for juveniles showed no significant difference across the three sites
they were found at (Figures 3 and 4). While features such as average juvenile body mass,
body length, and tail length appear to increase at sites furthest from the mine, no significant
difference was found between the sites for body mass (H2=1.0213, p=0.6001), body length

(H2=4.5298, p=0.1038), tail length (H2=4.4071, p=0.1104) or hind foot length (H2=4.0280,
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Figure 3. Mean (xSE) body length, tail length, and hind foot length for juvenile Mastomys at

sites in Krugersdorp Game Reserve.
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Figure 4. Mean (xSE) body mass for juvenile Mastomys at sites in Krugersdorp Game

Reserve.

Figures 5 and 6 show the average measurements for the morphological characteristics
of adult Mastomys individuals at each of the four study sites. When comparing only the adult
captured Mastomys individuals at each site, the average body mass as well as hind foot, tail
and body length of individuals at site 3 was higher than at the other three sites (Figures 5 and
6). The average measurements for all morphological characteristics of Mastomys at site 4
were also higher than those of individuals at sites 1 and 2 (Figures 5 and 6). There was
however no significant difference between the body mass (H3=2.6283, p=0.4525), body
length (H3=2.3105, p=0.5105), tail length (H3=5.2584, p=0.1538) and hind foot length

(H3=4.5637, p=0.2067) of adult Mastomys at each of the four study sites.
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Figure 5. Mean (xSE) body mass for adult Mastomys at four sites in Krugersdorp Game
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Figure 6. Mean (£SE) body length, tail length, and hind foot length for adult Mastomys at

four sites in Krugersdorp Game Reserve.
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Body length in Mastomys juveniles was significantly correlated with all heavy metals

(U, As, Cu, Fe, Pb and Zn) measured in the soil and the vegetation in the reserve (Table 2).

Body mass decreased with an increase in U, As, Cu, Pb, and Zn in the soil, as well as U, As,

and Zn in the vegetation (Table 2). Cu, Fe and Pb in the vegetation, and Fe in the soil

correlated positively with an increase in body length as concentrations of these heavy metals

increased (Table 2). The levels of U and As in the vegetation were positively correlated with

tail length, while Fe in the soil was negatively correlated with this morphological

characteristic (Table 2).

Table 2. Correlation values for heavy metals and morphological characteristics of

Mastomys juveniles at Krugersdorp Game Reserve

Medium Body feature Heavy metal r D
Uranium -0,4455 0,0429
Arsenic -0,4455 0,0429
. Copper -0,4455 0,0429
Soil Body length Iron 0,4455 0,0429
Lead -0,4734 0,0302
Zinc -0,4455 0,0302
Uranium -0,4455 0,0429
Arsenic -0,4455 0,0429
Body length Copper 0,4455 0,0429
Vegetation Iron 0,4455 0,0429
Lead -0,4455 0,0429
Zinc -0,4734 0,0302
Uranium -0,4455 0,0429
Arsenic -0,4455 0,0429
Body mass Copper -0,4455 0,0429
Lead -0,4734 0,0302
Soil Iron 0.4455 0.0429
Zinc -0,4455 0,0429
Uranium -0,4455 0,0429
Vegetation Body mass Arsenic -0,4455 0,0429
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Copper 0,4734 0,0302

Vegetation Body mass Iron 0,4455 0,0429
Lead 0,4455 0,0429

Zinc -0,4734 0,0302

Vegetation Tail length Uranium 0.3279 0.0416
Arsenic 0.3279 0.0416

Soil Tail length Iron -0.3279 0.0416

3.3 Tissue samples

Despite relatively high average concentrations of tested heavy metals in question
being found in the spleens of the rodents compared to the other organs used in this study
(Figures 7-10), no significant relationships were discovered between heavy metals in the soil
or vegetation and heavy metal concentrations in the spleens or kidneys of Mastomys sp. in the
reserve. No significant differences in heavy metal levels were found across the four sites for
any of the heavy metals tested for in the soil or vegetation (U in soil: Wald x?(1)=0.5188,
p=0.8198; U in veg: Wald ¢?(1)=0.0776, p= 0.7806; As in soil: Wald x?(1)=0.0011,
p=0.9733; As in veg: Wald y2(1)=0.1589, p=0.6901; Cu in soil: Wald 5?(1)=0.0749,
p=0.7843; Cu in veg: Wald %?(1)=0.0138, p=0.9066; Fe in soil: Wald (1) =0.4048,
p=0.5246; Fe in veg: Wald %2(1)=0.3424, p=0.5585; Pb in soil: Wald y2(1)=0.1034,
p=0.7478; Pb in veg: Wald x?%(1)=0.1335, p=0.7149; Zn in soil: Wald x?(1)=0.0212,
p=0.8843; Zn in veg: Wald y2(1)=1.1032, p=0.2935). In the case of heavy metals in the
tissues of rodents, no significant difference was found between any of the four sites when
heavy metal levels in the spleen (As: Wald x%(1)=0.4361, p= 0.5090; Cd:Wald 5?(1)=0.4361,
p= 0.5090; Pb: Wald »%(1)=0.0311, p=0.8599; U: Wald 32(1)=0.4361, p=0.5090; Ni: : Wald

74(1)=0.4141, p=0.5199; Cu: Wald 3*(1)=0.0824, p=0.7741; Zn: Wald 2(1)=0.0910,



36

p=0.7629), liver (As: Wald ¢2(1)=2.0472, p= 0.1525; Cd: Wald 5?(1)=3.8389, p=0.0501; Pb:
Wald %(1)=2.3984, p=0.1215; U:Wald 3%(1)=1.1614, p=0.2812 0.5090; Ni: Wald
v2(1)=0.0010, p=0.9743; Cu: : Wald %2(1)=0.0092, p=0.9234; Zn: Wald 3*(1)=0.2763,
p=0.5991), or kidneys (As: Wald x%(1)=1.2109, p= 0.2712; Cd: Wald %%(1)=1.2196, p=
0.2694; Pb:Wald 32(1)=2.3211, p=0.1276; U:Wald 32(1)=0.8014, p= 0.3707; Ni: Wald
¥2(1)=0.5056, p=0.4771; Cu: Wald x2(1)=0.0682, p=0.7940; Zn: Wald ¥2(1)=0.0074,

p=0.9317) were compared.

While no statistical relationships were found between levels of heavy metals in the
soil and vegetation, or site and heavy metal levels in the tissue samples, the average heavy
metal levels in the spleens of rodents at site 2 are higher than all other sites (Figures 7-10). At
sites 1 and 4, the highest levels of these heavy metals were also detected in the animals’
spleens. Site 3 however exhibited the highest concentrations of heavy metals, particularly Zn,
in the livers and kidneys studied individuals (Figure 9). This trend is mirrored by heavy metal
concentrations in the soil and vegetation (Table 1), as peaks in levels in the vegetation
correspond to the high levels of heavy metals found in the spleens of individuals from sites 1,
2 and 4, while the Zn and Cu levels in the soil correspond to a peak in Zn and Cu in the

kidneys of mice from site 3.
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Figure 7. Average (£SE) heavy metal concentrations in spleen, liver, and kidneys of rodents

from site 1 in Krugersdorp Game Reserve.
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Figure 8. Average (xSE) heavy metal concentrations in spleen, liver, and kidneys of rodents

from site 2 in Krugersdorp Game Reserve.
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Figure 9. Average heavy metal concentrations in spleen, liver, and kidneys of rodents from

site 3 in Krugersdorp Game Reserve.
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site 4 in Krugersdorp Game Reserve.
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3.4 Observations

Observations made during the dissection of the organs from the fifteen euthanased
individuals revealed additional physical impacts. While one individual from site 1 did exhibit
an extremely soft and pulpy right kidney, most noticeable organ abnormalities were found in
individuals from site 3. The livers of two individuals from site 3 were clearly irregular, based
on previous rodent dissections and comparisons to other individuals in the study. One
individual’s liver had a slight yellow colouration and was speckled in appearance, while
another individual’s liver had white spots on it. Although the four sites were not significantly
different statistically, the observations made during the dissection stage suggest that rodents
at site 3 encountered these additional physical ailments. As heavy metals in the soil (U, Zn,
As and Cu), as well as Zn levels in the livers and kidneys were highest at this site and above
recommended maximum exposure levels (Table 1), it could be suggested that toxicity from
these may have resulted in liver disease and necrosis. Externally, several of the trapped
rodents across all four sites exhibited growths on their skin, usually on their backs and

stomach areas.
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Figure 12. Mastomys individual with abdominal growths indicated.
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CHAPTER 4: DISCUSSION

Mining and associated activities have a significant impact on the health of a variety of
components of an environment. Primary contamination of air, water, soil and vegetation can
lead to further contamination of the environment and negative impacts on the health of
animals living in the ecosystem (Sanchez-Chardi and Nadal 2007; Peng et al. 2009). Small
mammals are known to be strongly affected by polluted and contaminated environments, as
their small body sizes, habitat use and often specialised diets allow for heavy metals to be
absorbed through ingestion and burrowing processes in relatively high quantities compared to
other animals (Fritsch et al. 2010; van den Brink et al. 2011). Despite being sensitive to
environmental conditions (Espinosa-Reyes et al. 2010), rodents possess the ability to adapt to
changing environments, have shorter generation times than other small mammals and are able
to survive in damaged ecosystems (Gorbunova et al. 2008; Auffray et al. 2009; Espinosa-
Reyes et al. 2010). All of these traits make rodents ideal bioindicators for studies on the

effect of heavy metal contamination on small mammals.

This study aimed to investigate the impacts of heavy metal contamination on the
morphology and physiology of small mammals in the Krugersdorp Game Reserve. This was
achieved by comparing several morphological characteristics, as well as organ masses and
characteristics between rodents from sites throughout the reserve, along a contaminated water

source.

A number of heavy metals occur naturally within the environment (Alloway 2013),
but anthropogenic activities such as mining have resulted in a massive increase in the
concentrations of heavy metals in many areas around the world (Bhattacharjee et al. 2016).
Although the presence of heavy metals such as Fe, Ni, Zn and Cu are important for the

healthy function of an environment, an excess or shortage of these metals could result in
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negative effects on the function of food webs, ecosystems and natural resources (Lokeshwari
and Chandrappa 2006). As there are a number of ways that heavy metals can accumulate in
soils and vegetation (for example, through aerial particles from gasses, or through AMD
mobilising them into water and sediment sources) (Clemens and Ma 2016), one cannot

always be certain as to what the origins of the total heavy metal content in an organism are.

4.1 Soil and vegetation patterns

Due to their presence in the atmosphere, metals such as Ni, Cd, Zn and Pb are often
found in soils and vegetation samples (Lagerwerff and Specht 1970). Copper, along with Zn
and Cd, are more easily taken up by plants than other heavy metals such as Pb (Kabata-
Pendias 2004; Angelova et al. 2010). The composition and amount of heavy metals in the
vegetation are usually determined by their concentration within the soil, as well as the ability
of plants to absorb these metals (Alloway 1995; Angelova et al. 2010). Studies have shown
that trees as far away as 20km from a smelter contained high concentrations of Zn (4500
ppM) in their dried foliage (Buchauer 1973). Although Pb is relatively immobile, and not
readily absorbed by plants and animals, pollution by this heavy metal is particularly
widespread (Alloway 1995; Kesler and Simon 2015). During mining processes, small
particles of lead oxides and sulphates are formed. These are more soluble than Pb itself, and
are able to penetrate deeper into soils through precipitation (Kesler and Simon 2015). It is
therefore possible that the high levels of Pb, Zn, and Cu in the soil and vegetation in the
Krugersdorp Game Reserve exist due to the high availability of these metals in the

atmosphere and the ability for soils and plants to absorb them.

In the Krugersdorp Game Reserve, extremely high levels of several heavy metals

were found in some of the vegetation tested. In particular, levels of U, As, Cu and Zn in the
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soil at site 3 were much higher than their counterparts at other sites. Levels of Fe in the soil
and vegetation were particularly high at site 4, while Pb in the soil was highest at site 1. This
suggests that grasses from the reserve may be accumulating large amounts of heavy metals
such as Fe and Zn, which are known to negatively affect the health of a number of mammal
species through poisoning (Rascio and Navari-1zzo 2011). While plants are known to
accumulate heavy metals naturally through a variety of processes, including atmospheric
absorption (Cataldo and Wildung 1978), soil remains one of the primary ways in which
vegetation accumulates high levels of heavy metals. As plants are capable of absorbing
nutrients, sulphides, metals and other substances from water and soil, it stands to reason that
the high levels of heavy metals found in the vegetation within the reserve are likely a result of
the environmental contaminants originating from a combination of these features (Cataldo

and Wildung 1978; Nazir et al. 2015; Thakur et al. 2016).

4.2 Impact of heavy metals on rodent morphology

Exposure to high levels of heavy metals has an impact on a number of morphological
features of small mammals. Different heavy metals also have different effects on these
animals. For example, while increased levels of lead in the environment have been found to
result in increased body mass by increasing fat reserves (Klosinska 1996; Phelps and McBee
2010), exposure to other heavy metals such as cadmium and arsenic results in decreased body
mass (Perugini et al. 2014). While no strong relationship existed between heavy metals and
the body mass of Mastomys individuals in the Krugersdorp Game Reserve, adults from sites
further away from the mine tended to have higher body weights than those closer to the

source of contamination (Figure 7).
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It is likely that, in Mastomys individuals, stronger relationships are seen between
heavy metal concentrations in the soil and morphological characteristics due to the ability of
heavy metals to leach into the soil. Although rodents are usually exposed to heavy metals
primarily through eating vegetation, the captured individuals in this study also burrow
(Massawe et al. 2008; Meliyo et al. 2014), which means that they are directly exposed to
high concentrations of heavy metals through contact with the skin, as well as through
ingestion when grooming themselves (van den Brink et al. 2010; Gall et al. 2015). This
method of exposure could explain why heavy metals in the soil correlate more strongly with
Mastomys morphological features than contaminants in the vegetation. This relationship has
been studied by Latha and Basha (2015), who found that earthworm species that burrow in
heavy metal contaminated soils suffer heavy metal toxicity, resulting in impaired burrowing
functionality, and by Bryan and Uysal (1978), who found that ingestion of heavy metals in
soils by the burrowing bivalve (Scrobicularia plana) could provide an indication of estuary
health. Some burrowing mammals such as the European mole (Talpa europaea) (Godfrey
and Crowcroft 1960; Haeck 1969) and the common vole (Microtus arvalis) (Lange et al.,
2004) create tunnels and hillocks of contaminated substrate which, along with absorption into
their own bodies, is then distributed to other areas where it can result in toxicity to more

animals (Wijnhoven et al. 2006).

Animals exposed to high levels of heavy metal contamination and pollution are
generally expected to have smaller morphological features such as body mass and body
length than those from less contaminated sites (Sanchez-Chardi et al. 2007). As there was no
significant difference between the heavy metal levels across the four sites in the reserve, it is
not surprising that morphological results did not differ much across captured individuals in
the reserve either. It is possible that the rodents in the study are able to tolerate higher levels

of contamination (Nunes et al. 2001), resulting in less obvious morphological differences



45

between individuals from sites containing higher levels of contamination. Despite no
literature focusing on the specific relationship between heavy metal contamination and body
or tail length of rodents, some authors have studied the impact of heavy metal contamination
on the early development of different species, including birds and fish, and have found that
metals associated with mining often affect the development of embryos and wings in animals

living near to the source of contamination (Dauwe et al. 2006; Jezierska et al. 2009).

The average body mass of Mastomys individuals between the ages of 1-6 months
(weaning to fully grown) ranges from 20-54g, depending on sex (Jackson and van Aarde
2003). Average body length ranges from 90-120mm, with tail length ranging between 80-
100mm and hind foot length measuring between 19-23mm for individuals during this period.
Adult individuals in this study averaged between 34.57-43.33g for body mass, 8.86-9.83cm
for body length, 6.83-8.00cm for tail length and 1.94-2.13cm for hind foot length. While
these morphological measurements are within the average growth rate limits for the species,
they are lower than the average adult measurement for individuals from uncontaminated sites
(Jackson and van Aarde 2003). This suggests that individuals from the Krugersdorp Game
Reserve are generally smaller than Mastomys individuals that have not been exposed to heavy
metal contamination, a finding echoed by Sanchez-Chardi et al. (2009b) and Drouhot et al.

(2014) with reference to other rodents and study locations.

While no significant relationships were discovered between the contamination levels
of heavy metals in the soil or vegetation at any of the four study sites, nor between site, soil
and vegetation levels, certain heavy metals were found in relatively high concentrations. For
example, levels of As and Pb in the soil at the Krugersdorp Game Reserve exceeded the
recommended safe oral, topical, mucosal and dermal intake levels for animals according to
Govind and Madhuri (2014), which means the soil contains levels of these heavy metals in

excess of what a small mammal should be exposed to. High levels of U, As, Cu and Zn in the
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soil were found at site 3, while site 2 showed high levels of As, Pb, and Zn in the vegetation.
These trends are echoed by the tissue data in most cases, with average levels for all heavy
metals tested being the highest in the spleen at site 2, and average heavy metal levels in the

kidneys proving highest at site 3.

The high levels of heavy metals in the vegetation at sites 1, 2 and 4 have shown a link
to heavy metal concentrations in the spleens of individuals from these sites, likely because
dietary intake is the most common means of heavy metal accumulation in the body
(Demirbas 1999; Komarnicki 2000). It is suggested that animals ingest contaminated food
sources (grass) and heavy metals accumulate in the organs regardless of the biological needs
of the animal (Yilmaz 2003). Komarnicki (2000) found that there was a correlation between

Pb levels in the spleens of moles (Talpa europaea L.) and the levels present in their diet.

As the kidneys and livers are known to be severely affected by heavy metal
contamination (Sanchez-Chardi et al. 2009a; Sanchez-Chardi et al. 2009b), it is not
surprising that results from this study show high levels of heavy metals in these organs,
particularly at site 3. As the soil and vegetation levels for the majority of the heavy metals
tested for in the reserve peak at this site, it is likely that the individuals from this site have
bioaccumulated large amounts of the heavy metals into their systems through grooming,
feeding and suckling (Hunter and Johnson 1982; Gall et al. 2015). Previous studies have
found that while the peaks in heavy metal concentrations in the organs of small mammals
correlate to a degree with soil and vegetation data, the analyses of soil and vegetation does
not reflect the real bioavailability of the heavy metals (Hunter and Johnson 1982; Wren 1986;
Folkeson et al. 1990; Shore 1995; Komarnicki 2000). It is therefore possible that heavy
metals are not statistically correlated with rodent organs in this study, as some of the

available heavy metals have been lost through excretion and filtration processes.
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4.3 Adult and juvenile morphology

The morphology of the rodents in this study showed strong correlations with heavy
metal contamination. In particular, tail length and hind foot length were most significantly
correlated with the heavy metal levels in the soil and vegetation. Body length in juveniles was
strongly correlated with As, Cu, Fe, Pb, Zn, and U, although this may be because young mice
absorb and retain more heavy metals than adult mice (Sanchez-Chardi and Nadal 2007). No
significant relationships were found between any heavy metals and body mass of Mastomys
natalensis, although average body mass was higher at sites further away from the mine than

at sites closest to the mine.

Heavy metal contamination in small mammals manifests itself differently in various
species, and across age classes (Gall et al. 2015). The type of heavy metal that an animal is
exposed to also plays a large role in how different age groups respond to the contamination
(Sanchez-Chardi and Nadal 2007; Blagojevi¢ et al. 2012). In some cases, juveniles may be
more prone to adverse effects of heavy metals, while in other cases adults will be prone to
more toxic effects, as the pollutant has accumulated in their system over a number of years
(Sanchez-Chardi and Nadal 2007). For example, heavy metals such as Pb and Cd are known
to have a greater impact on adult rodents due to their ability to build up in the animal’s
system and accumulate to a level of toxicity over time. On the other hand, metals such as Cr
are known to be high in juvenile but low in adult wood mice, as they absorb less of this heavy
metal as they age (Sanchez-Chardi and Nadal 2007; Gall et al. 2015). As juvenile wood mice
have a higher energy requirement than adults, they accumulate larger amounts of metals
through the intake of food (Lopes et al. 2002; Sanchez-Chardi and Nadal 2007; Gall et al.

2015).
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In this study, morphological features of juvenile Mastomys natalensis were strongly
correlated with many more heavy metals than morphological features of adult Mastomys
individuals. Almost all heavy metals tested for in both the soil and vegetation (U, As, Cu, Pb,
Zn, and Fe) were significantly correlated with the body length, tail length and hind foot
length as well as body mass of juveniles, while only Fe, As, and U were correlated with adult
tail length. This suggests that juvenile Mastomys natalensis may be ingesting and storing a
larger amount of heavy metals, while adults are able to excrete larger amounts of these
metals, such as Cu and Ni (Blagojevic et al. 2012). There are however a variety of
explanations for the trends exhibited by juveniles, for example, placental transfer during
pregnancy, grooming, suckling and skin absorption could all contribute to the high levels of
heavy metals juveniles are exposed to (Hunter and Johnson 1982; van den Brink et al. 2010;

Gall et al. 2015).

4.4 Emerging patterns

Despite high levels of heavy metals being found in the spleens of rodents at the
reserve, no significant relationship was found between heavy metal concentrations in the
spleens of euthanased Mastomys individuals and any other tested variables. This is likely due
to the low weight of these organs and the small sample size of the study, as in all cases the
wet mass of the extracted spleen was below 1g and the mass of the freeze-dried organ was
below 0.15g. Although ICP-OES and ICP-MS are capable of detecting trace elements using
samples of 50mg (Packer et al. 2007), the efficiency of the test could still be compromised
due to low sample weights (S. Brown pers. comm.). In this study, the kidneys and livers of
rodents from site 3 in particular showed high concentrations of all heavy metals tested for,

while sites 1, 2 and 4 showed greater heavy metal accumulation in the animals’ spleen. When



49

compared with levels of heavy metals such as U, As, Cu and Zn in the soil, it can be seen that
there is a possible connection between heavy metal concentrations in the soil and those in the
organs within the reserve, particularly at site 3. Hultman et al. (1994) showed that the
accuracy of determining heavy metal concentrations from the spleens of mice is greatly
reduced compared to that of kidneys, due to the small mass of the spleens. Therefore,
although levels appear to be high in the spleens of these animals, it is difficult to state
anything conclusively about the effect that heavy metals could have on these organs, or on
the overall health of the Mastomys individual being studied, due to the small samples used for

the test.

The acidic nature of the digestive tract is known to provide easy transport for Cd ions
in food to animals (Ryu et al. 2004; Duca et al. 2013), resulting in the uptake of large
amounts of this heavy metal and possible associated health issues such as necrosis, apoptosis,
proliferation, growth inhibition or even cancer (Duca et al. 2013). The mechanisms leading to
high levels and prolonged exposure to cadmium (Cd) are known to result in kidney and liver
damage, lesions and hepatic necrosis (Andersen et al. 1988). In particular, kidneys are
negatively affected by cadmium toxicity (Johri et al. 2010), and often contain the highest
levels of Cd in the animal’s body, compared to other organs (Saygi et al. 1991). The kidneys
of euthanased Mastomys individuals from within the reserve, particularly those from site 1,

exhibited this trend when compared to the liver (Figures 8 to 11).

Although not statistically significant, Pb levels were generally high in the livers and
kidneys of Mastomys individuals within the Krugersdorp Game Reserve. This is not
surprising, as the target organs (i.e. liver and kidneys) of many small ground-dwelling
mammals from sites contaminated by heavy metals usually show increased levels of Pb and
Cd (Ma et al. 1991). As food is the primary means through which many mammals

accumulate heavy metals in their systems (Ma et al. 1991), vegetation in particular can play a
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significant role in the accumulation of heavy metals in rodents. Lead poisoning is a
toxicological problem that is most frequently diagnosed by veterinary professionals (Madején
2002). As previously mentioned, the small particle sizes of Pb oxides and sulphates may
contribute to the presence of Pb in a number of organs (Kesler and Simon 2015). Dieter et al.
(1993) found that Pb in more soluble forms (lead oxide and lead acetate) being fed to rats
resulted in higher concentrations of the heavy metal remaining in organs such as the liver and
kidneys. In a study conducted on wild rats in Ghana by Bortey-Sam et al. (2016), it was
found that Pb levels in the kidneys could cause structural and functional kidney damage in
6% of the individuals and cause intra-nuclear inclusion bodies and karyocytomegaly in the

proximal tubular cells in 29%.

Nickel concentrations in vegetation and the livers of Mastomys adults in the reserve
were positively correlated (r=0.05901; p=0.0206). It is possible that higher levels of Ni in the
vegetation lead to increased levels of Ni in the liver. In excess, Nickel is an extremely toxic
substance and is known to be carcinogenic and result in changes to the structure of plants and

environments (Eisler 1998).

As the main route of exposure of small mammals to heavy metals is through food (Ma
et al. 1991), vegetation samples were expected to be largely correlated with tissue samples
from the organs of Mastomys individuals within the Krugersdorp Game Reserve. This was
however not the case in this study, as no significant relationships were found between heavy
metal levels in vegetation samples and the organs of dissected individuals. It is possible that
this is due to Mastomys sp.’s diet, as a number of studies have shown that herbivorous small
mammals are less likely to accumulate heavy metals than carnivorous ones (Ma et al. 1991,
Hamers et al. 2006; Gall et al. 2015). Heavy metal levels in the vegetation were particularly
high at sites 1, 2 and 4. This trend is echoed in the contamination levels of the dissected

spleens from individuals at these sites (Figures 7, 8 and 10). As such, it is possible that these
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heavy metals are accumulating in the spleens of rodents in the reserve, as was the case in rats
studied by Buchman et al. (2001), where splenic concentrations of heavy metals after long

term parenteral nutrition were higher than in other organs tested, such as the liver.

Based on observations made during trapping sessions and the dissection of euthanased
individuals, it is likely that a number of rodents in the Krugersdorp Game Reserve suffer
from liver disease, necrosis and skin lesions (Damek-Poprawa and Sawicka-Kapusta 2003;
Sanchez-Chardi et al. 2009b). These results suggest that while heavy metal levels seem to
have the greatest impact on the spleens of small mammals closest to the mine, individuals
throughout the Krugersdorp Game Reserve are also strongly influenced by the contaminants
in the environment. During the dissection of the euthanased rodents, the organs of individuals
from site 3, one of the sites furthest from the source of contamination, exhibited abnormal
physiological characteristics. As heavy metal levels in the soil were particularly high at this
site, it is possible that the individuals from this site have accumulated higher amounts of
heavy metals than those elsewhere in the reserve through direct contact with highly
contaminated soil and are therefore more obviously affected by the high levels of heavy
metals in the environment in the form of growths and skin lesions. High accumulation of
heavy metals in the livers and kidneys at site 3 (Figure 9) could be reason for the
discolouration and distorted appearance of these organs, possibly indicating disease due to

exposure to heavy metals (Andersen et al. 1988).

4.5 Potential risks to small mammals in Krugersdorp Game Reserve

As the sample size for this study was relatively small, literature was used to provide

additional insight into possible risks that the small mammals within the reserve could be
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facing. Although limited data were acquired during this project, some trends were evident

and will be discussed further in context of previous studies and other literature.

The sites studied in the Krugersdorp Game Reserve were all contaminated by heavy
metals in both the soil and the vegetation. The entire reserve is therefore treated as an area
contaminated with heavy metals such as Pb, Zn, Ni, U, Fe, Cu, Cd and As. The presence of
these heavy metals in the soil, vegetation and organs of rodents in high levels within the
reserve (Table 1), means that heavy metals from the mine close to the reserve are indeed
affecting the environment and therefore likely the small mammals within the reserve as well

(Buchauer 1973; Jordan and Lechevalier 1975; Beyer et al. 1985).

Zinc, Cu and Fe are considered to be essential in the function and survival of living
organisms, unless found in high concentrations, when they can then become responsible for
producing toxic effects (Angelova et al. 2004). As Zn concentrations were particularly high
in the soil, vegetation and organ samples collected during this study, it is likely that small
mammals are particularly at risk of being negatively affected by this heavy metal. Examples
of mammalian diseases associated with Zn include cancer (Costello et al. 1999; Taylor et al.
2008) and kidney damage and necrosis (Damek-Poprawa and Sawicka-Kapusta 2003). The
small mammals in the Krugersdorp Game Reserve, having been exposed to high
concentrations of Zn, are likely to be affected by or are at risk of developing chronic illnesses
such as these. Cellular damage and inflammation are also a high risk due to the presence of
toxic heavy metals in the environment within the reserve (Gojova et al. 2007). The highest
levels of zinc in the vegetation and soil were at site 2 and 3 respectively. This pattern is
echoed by high levels of Zn in the spleens at site 2, as well as the liver and kidneys at site 3

(Table 1, Figure 9).
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While some heavy metals are necessary for normal growth and function, others such
as Pb and Cd are considered to be toxic elements (Shore and Rattner 2001). Cadmium and
lead toxicity has been proven to cause histopathological changes in rodents (Damek-Poprawa
and Sawicka-Kapusta 2003). Lead is known to be particularly harmful to the renal systems of
small mammals (Nolan and Shaikh 1992), although liver cirrhosis, damage to the nervous
system and anaemia are also side-effects of lead poisoning (Sheffield et al. 2001). As
relatively high levels of Pb were found in the soil and vegetation samples taken from the
reserve (Table 1), and strong correlations existed between this heavy metal and a number of
morphological features of the rodents studied (Table 2), it can be suggested that the small
mammals within the Krugersdorp Game Reserve are at risk of experiencing some of these
health issues. Tissue samples collected from Mastomys individuals within the reserve did
however not yield significant correlations to Pb, possibly due to the small sample size, a low
accumulation ratio of Pb based on shorter duration of exposure to the element (Fowler et al.
1980; Hirsch 1973), or lower levels of calcium in their diet (Bogden et al. 1991; Nolan and
Shaikh 1992), as higher levels of calcium in a rat’s diet have been shown to increase the
harmful effects of lead toxicity (Bogden et al. 1991). Despite no statically significant data
supporting the definite presence of lead toxicity in small mammals within the reserve,
observations made during dissections suggest that some of the individuals in the study may
have suffered from liver cirrhosis. In particular, individuals from site 1 were likely impacted
by Pb, as a high concentration of this heavy metal in the soil at this site may be connected to
high levels of Pb in the livers and kidneys of Mastomys individuals. As with other heavy
metals in the reserve, Pb peaks in the spleens of rodents at site 2, suggesting that Pb in the
vegetation is bioaccumulated by the animals studied. In the livers and kidneys of individuals

from site 1, Pb accumulation is higher than other sites (Figure 7).
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Damek-Poprawa and Sawicka-Kapusta (2003) showed that rodents from the wild
were more sensitive to heavy metals than those that were involved in laboratory experiments.
This is likely because wild populations have higher energy requirements due to the expenses
incurred by searching for food, providing food for offspring, defending territories, and
thermoregulation (Shore and Rattner 2001). It is suggested that less energy is possibly
devoted to detoxification in the field due to these actions (Damek-Poprawa and Sawicka-
Kapusta 2003). As the Krugersdorp Game Reserve is considered to be a natural environment,
rodents in the reserve are expected to conform to this trend, as they face the same tasks
requiring high energy use. Therefore, it is possible that the small mammal populations within
the reserve could be at risk of the effects of severe heavy metal toxicity due to their inability

to detoxify and excrete high levels of heavy metals from their system.

The apparent link between soil and vegetation results and the high levels of heavy
metals in the internal organs of rodents in the reserve suggest that the small mammals are
accumulating excessive amounts of heavy metals through dietary intake and direct exposure
to soil. Although studies have shown that levels of heavy metals in soil and vegetation
samples do not directly reflect the accumulation of heavy metals in organs (Hunter and
Johnson 1982; Wren 1986; Folkeson et al. 1990; Komarnicki 2000), the fact that peaks in soil
and vegetation correspond to peaks in tissue results in this study suggests that animals in the
reserve are at risk of heavy metal toxicity and organ disease, given observations made during
the dissection process, as well as patterns found between soil and vegetation data and heavy

metal presence in tissue samples.
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4.6 Conclusion

This study showed that rodents further from the source of heavy metal pollution (the
mine near the game reserve in this case), were not significantly less impacted by these
contaminants internally than those closest to the mine. As different heavy metal
concentrations were found in the soil, vegetation, and organs from rodents in the reserve
taken from sites varying distances from mine, it must be considered that the resulting heavy
metal pollution may still be accumulating in the surroundings at further sites, or that the
species composition with regards to riparian vegetation at these sites is allowing for lower
levels in the soil and animals by absorbing a large amount of heavy metals, so that lower
levels of these heavy metals are found in the soil and so that these particles are not readily

absorbed by the terrestrial plants (Turnau and Mesjasz-Przybylowicz 2003).

Various remediation efforts have been made to try to reverse the contamination and
AMD caused by the mining activities, although the AMD problem in the reserve remains
severe (Cobbing 2008). It is recommended that these efforts be monitored closely, and that
regular evaluations of water, soil, and vegetation quality be done in order to ensure that
animals within the Krugersdorp Game Reserve are not exposed to more harmful pollutants.
While it is recognised that remediation efforts are expensive and usually lengthy, the
monitoring is an essential way of ensuring that the animals within the reserve are not exposed

to contaminants that may cause disease and death.

4.7 Limitations to study

A small sample size existed for the majority of the study sites due to a low capture

rate. A number of possibilities exist for this, including; rodents avoiding traps altogether or
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after being caught once, study area being too small, high death or emigration rates of rodents
and extreme temperatures and drought (Krebs et al. 1996; Kovats 2003). During the sampling
period, very little rain was experienced. As drought could contribute to a low trap rate and the
ability of populations to grow and thrive, it is possible that this influenced the final sample

size (Lunney et al. 1987).

Unfortunately, due to budget restraints, only limited heavy metals could be tested for
within the soil, vegetation, and organ samples that were submitted for analysis Initially, it
was expected that soil and vegetation from sites furthest from the mine would contain the
lowest levels of heavy metals and the sites closest to the source of contamination would test
significantly higher for all heavy metals, forming a contamination gradient through the
reserve along the Tweelopies Spruit. As this was not the case and no statistical gradient was
present, limitations to conclusions that can be drawn about contaminated and minimally
contaminated sites existed, and literature had to be used to compare contamination levels.
Patterns which emerged in this study regarding contamination levels and possible links
between environmental components and tissue samples were related back to literature as no

statistically significant correlations were found between these factors and across sites.
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