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Highlights

*Essential element availability or deficiency difficult to establish in wildlife.
*Trophic level differences investigated non-invasively by faecal sampling.
«Patterns were evident within sites, but absolute values differed between sites.
*Species-specific and essential element interactions need further investigation.
*Broad application of a non-invasive approach for protected area management.

Abstract

The complex relationships that exist between terrestrial mammals and their habitats make African
ecosystems highly interactive environments. Anthropogenic activities including climate change have
altered geochemical cycles, which influence nutrient availability and deficiency at local, regional and
global scales. As synergistic and antagonistic interactions occur between essential elements at both
deficiency and excess concentrations, the differences in feeding strategy between trophically distinct
groups of terrestrial vertebrates are likely to influence the degree to which overall nutrient needs are
met or may be deficient. The overall aim of this study was to investigate and compare quantitative
differences of nine essential elements in terrestrial vertebrates occupying different trophic levels
within two protected areas; Tswalu Kalahari Reserve (TKR) and Manyeleti Nature Reserve (MNR)
South Africa, using faeces as an analytical matrix. Results from linear mixed effects models
highlight that concentrations varied widely between individuals. Overall, measured concentrations
above their respective means were evident for B and Mn in herbivores, Fe in omnivores and Cu,
Co, Fe, Se and Zn in carnivores. Measured concentrations of Mo and Ni did not differ significantly
between trophic groups. Although site-specific differences were evident for specific elements,
measured mean concentrations of B, Co, Cu, Fe, Mo, Ni, Se and Zn were significantly higher in
overall at the MNR study site compared to the TKR site. This is the first study to non-invasively
assess essential element concentrations across trophic levels in free ranging African wildlife
species within protected areas of the savannah biome. Combined with the assessment of
environmental matrices, this approach can be used as an effective diagnostic tool for the

assessment of animal welfare and the management of protected areas globally.
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1 Introduction

The substantial differences in geochemical heterogeneity combined with gradients in precipitation,
vegetation and climatic conditions result in nutrient availability or deficiency at different spatial
intensities at local, regional and global scales (McNaughton and Georgiadis 1986; Shorrocks and
Bates 2015). African soils are typically nutrient poor and soils with higher potential are generally
characterized by low pH and relatively low fertility (Steyn and Herselman 2005; Kabata-Pendias
2011). Coupled with anthropogenic activities that have altered geochemical cycles and the
biochemical balance of trace elements within the environment (Rzymski et al. 2015), the effects of
global climate change, including rising temperatures and CO; levels as well as an increase in woody
vegetation cover in savannah systems, may significantly alter ecosystem function and capacity
(Buitenwerf et al. 2012). In addition, these climate-induced variations in primary production patterns
can magnify nutrient disparities (Warne et al. 2010), which ultimately influence how individuals
allocate resources to various life history processes, how individuals interact with their environment,
and can cause cascading effects across trophic levels (Warne et al. 2012; Warne 2014). Complex
intrinsic and extrinsic dynamics including sex, age, life stage and exposure to environmental

stressors or infectious pathogens, influence an individual’s ability to acquire and assimilate nutrients



(Warne 2014). Periods of nutritional stress, such as drought (van Rooyen and van Rooyen 2017),
pregnancy, lactation (Van Der Kolk et al. 2008; Shannon et al. 2008; Keenan et al. 2013) and
maintenance of dominance status (van Rooyen 1993; Marshal et al. 2013) also alter individual
nutrient requirements and the ability to effectively process nutrients in the body. Additionally, an
incomplete understanding of the complex principles that govern element-specific, plant-specific
and vertebrate species-specific biological availability, metabolic requirements and interactions,
complicate essential element ecosystem assessments (Suttle 2012; Birnie-Gauvin et al. 2017;
Garcia-Barrera 2020). Nutrients at deficiency or toxicity levels can have long-term negative effects
on free-ranging wildlife, but are not always immediately apparent within a specific environment. Here
for the first time, we assess trace element concentrations across free-ranging African vertebrate
trophic groups within specific protected areas of South Africa’s mesic and arid savannah for

comparison.

Essential nutrients are by definition those necessary for survival. Roughly 60 nutrients exist in food
and in the body as constituents of bone, proteins, fats, enzymes, co-enzymes, nucleic acids and
other components are classified as essential (Baker 2008). Organically bound elements (carbon,
hydrogen, oxygen, nitrogen, sulphur and phosphorus) are the components of proteins,
carbohydrates and lipids that constitute the bulk of most dietary intake (Schulze-Makuch and Irwin
2005). Macro-mineral cations (calcium, magnesium, sodium and potassium) and anions
(phosphorus, chlorine and sulphur) are present as dissolved or precipitated inorganic compounds
(Averill and Eldredge 2011) and are vital for a wide range of physiological and biological processes
(Warne 2014) that include skeletal formation and maintenance (Weaver and Hill Gallant 2014),
neural transmission and energy production (Soetan et al. 2010). In contrast, fat and water soluble
vitamins, minerals as well as various trace and ultra-trace elements are required in much smaller
quantities, sometimes making it difficult to establish availability in the environment and the degree of
utilization by different species (Parker et al. 2009; Chellan and Sadler 2015).

Elements B, Co, Cr, Cu, Fe, I, Mg, Mn, Mo, Ni, S, Se, V and Zn are considered essential or probably
essential for biological and physiological functions in many terrestrial vertebrates (Frieden 1974;
Mills 1979). Selected elements form multiple components of enzymatic reactions, haemoglobin
synthesis (Abbaspour et al. 2014), mineral and hormone metabolism (ATSDR boron: 2010; Biatek et
al. 2019), maintenance of a healthy immune response (Smith et al. 2018) as well as bone and
connective tissue function, steroid hormone production and fertility (ATSDR manganese: 2012). The
chemical form in which an element is present in the environment determines its availability for
uptake by an organism (Kabata-Pendias 2011). The concentrations at which elements shift between
deficient, optimum and toxic are species-specific and specific for each element (Mehri 2020), but the
window between these states can be narrow (Tchounwou et al. 2012). Most living organisms have



developed various physiological mechanisms to facilitate the uptake of trace elements at
concentrations necessary for optimal biological and physiological function (Jaishankar et al. 2014;
Koller & Saleh 2018). These same mechanisms however, facilitate the uptake and retention of trace
elements above optimal concentrations, which can result in toxic effects (Mann et al. 2011), or
secondary deficiency of other trace elements and essential nutrients (Baker 2008). As essential
elements do not occur in isolation, numerous synergistic and antagonistic interactions occur at both

deficiency and excess concentrations (Garcia-Barrera 2020).

Terrestrial vertebrates must obtain essential nutrients from their environment or through dietary
intake at optimal levels to minimize the risk of deficiency or excess (Mehri 2020). Herbivores are
classified into broad groups according to the percentage of browse or graze in their diet
(McNaughton et al. 1998). Omnivorous mammals with a mixed diet have an advantage over other
groups given their ability to utilize a range of available food sources. The relative percentage of
various items included in an omnivorous diet is, however, influenced strongly by habitat, rainfall and
time of year (Skinner and Chimimba 2005). African carnivores have a large degree of dietary
overlap, but different species of carnivore target different prey spectrums (Hayward and Kerley
2008). These differences in feeding strategy between and within groups are likely to influence the
degree to which overall nutrient needs are met or deficient. To mitigate periods of nutritional stress
(Parker et al. 2009) as well as seasonal fluctuations in nutrient availability and species-specific
nutrient requirements (Scogings et al. 2015), terrestrial vertebrates have adopted a number of
alternative strategies. Seasonal migration (Lennox et al. 2016) was used by numerous species, but
is no longer possible in many areas given the increase in habit fragmentation (Meretsky et al. 2011;
Ferguson and Hanks 2012). Dietary flexibility is employed by animals at all trophic levels to meet
seasonal changes in nutrient availability (Codron et al. 2007; Hayward and Kerley 2008; Klare et al.
2010; Davidson et al. 2013; Hoffman et al. 2016; Abraham et al. 2019; Straver and Hempson 2020;
Beukes et al. 2020). Additionally, coprophagy (Eloff and van Hoven 1980; Reading et al. 2017),
osteophagy (Hutson et al. 2013) and geophagy (Engel 2007) are adaptive mechanisms that provide

an alternative avenue for accessing nutrients.

Traditional risk assessment of South African protected areas and wildlife species are often invasive
and have typically focused on potentially toxic elements that enter the environment through
anthropogenic sources (Gummow et al. 1991; Ferreira and Pienaar 2011; Nel et al. 2015; Lewis
2017; du Preez et al. 2018a). In contrast and despite the extensive body of research supporting the
fact that essential elements at both deficient and toxic concentrations are capable of causing
deleterious health effects in free-ranging wildlife, little attention has been directed towards examining
ecosystem integrity and the availability of these nutrients within specific protected areas. Given this
gap in savannah ecosystem management knowledge, this study aimed to non-invasively assess



concentrations of selected essential trace elements B, Co, Cu, Fe, Mn, Mo, Ni, Se, and Zn in free
ranging African herbivore, omnivore and carnivore trophic groups (Table S1) using faeces as an
analytical matrix. In addition, we compare overall trace element utilization between trophic groups in

two explicitly different protected areas within South African arid and mesic savannah.

2 Materials and methods

21 Study sites

The £ 22 497 ha Manyeleti Nature Reserve (MNR), situated at S 24°64’80” and E 31°52'63” in the
Mpumalanga Lowveld of South Africa, was established in 1963 from land previously dedicated to
pastoral activities by indigenous populations. The MNR shares unfenced borders with the Kruger
National Park to the east, the Sabi Sand Game Reserve to the south and the Associated Private
Nature Reserves to the northwest (MTPA 2015) and forms part of the Kruger National Park western
boundary, which abuts a number of growing rural communities. Manipulation of game movements
through provision of artificial water is not used as a management tool on this property and nutrient
supplements are not provided, given animals can migrate freely across unfenced boundaries to the
north, east and south (Personal communication A Webster — Mark Bourne). Mean temperatures
range from 7-22 °C in the dry winter months and 18-40 °C in the wet summer months with annual
rainfall between 500-700 mm (World weather online Skukuza 2020). The Nwaswitsontso and
Mthlowa Rivers drain the northern and central regions, filling the main catchment dams in the centre
of the reserve. The Phungwe, Mhluwati and Tswayini Rivers drain the southern regions (Cronje et
al. 2005).

Tswalu Kalahari Reserve (TKR) is a fenced reserve situated at S 27°29'61” and E 22°39°43” in the
arid Northern Cape Province of South Africa and consists of the Korannaberg (£ 101 000 ha) and
Lekgaba (x 20 000 ha) sections. Prior to the establishment of the reserve in 1998, land use
practices on these owner-managed properties were restricted to domestic livestock farming and
hunting. Although natural seasonal pans are present on the property, rotational use of borehole
supplied water points are used to manipulate the movement of game to a limited degree. Given the
influence of unpredictable rainfall patterns on vegetation biomass in the region, the potential for
nutrient deficiency is somewhat mitigated by the provision of supplement salt and mineral blocks
(Supplementary material Table S2) throughout the reserve (Personal communication A Webster -
Wouter Jordaan). Mean temperatures range from 5-24 °C in the dry winter months and 22-37 °C in
the wet summer months with a mean annual rainfall of around 325mm (World weather online
VanZylsrus 2020). Mountain streams provide seasonal access to water but major rivers do not drain

the reserve (van Rooyen and van Rooyen 2017).



2.2 Sample collection

Fresh faecal matter from 12 herbivorous (n = 194), 2 omnivorous (n = 50) and 7 carnivorous (n =
137) terrestrial species (Table S1) within mesic and arid savannah protected areas was collected.
Each faecal deposit was homogenised in situ before collection of sub-samples from the centre of the
faecal pile to avoid contamination by urine, soil or vegetation (Ganswindt et al. 2002). Multiple faecal
boli and pellets from monogastric and ruminant herbivores respectively were subsampled from
observed defecation events. Although fresh carnivore faecal samples could be collected
opportunistically from observed defecation events around kills or dens, in most cases tracks and
other sign around overnight faecal deposits left by nocturnal carnivores and porcupine were used to
locate and identify faecal samples belonging to various species (Liebenberg 1991a, 1991b). All
faecal samples were collected from soil/grass substrate except Steenbok (Raphicerus campestris),
which had to be uncovered after burial. All faecal samples were collected using gloves,
subsequently placed into individual sampling containers (~20 g), labelled and frozen at - 20 °C. All
samples were collected with the approval of the University of Pretoria Research and Animal Use and
Care Committee (Reference EC043-18 and EC043-18-A1) and the South African Department of
Agriculture, Forestry and Fisheries (DAFF-18/02/2019). The MNR site lies within the “infected zone”
for the control of Foot and Mouth Disease (FMD) in South Africa. As a result, faecal subsamples
from all samples collected were transported under Red Cross Veterinary Permit to the Agricultural
Research Council, Trans-boundary Animal Diseases facility at the Onderstepoort Veterinary
Research campus for testing prior to removal from the MNR site. Upon receipt of negative FMD
results and termination of fieldwork, frozen faecal samples were transported under Red Cross
Veterinary Permit to the University of Pretoria’s Endocrine Research Laboratory for preparation and

subsequent diagnostic testing.

2.3 Sample preparation and digestion for ICP-MS analysis

Faecal samples were lyophilized at -50 °C for 5-8 days. Dried faecal samples from all species were
subsequently pulverized by hand or using a ceramic grater to homogenise and separate any
undigested material and sieved through a plastic-mesh (37 micron) strainer to remove large particles
of bone, sinew and vegetation. Individual herbivore and carnivore (+ 0.3 g) samples were microwave
digested (MARS® -5) in 6.5 ml (65%) HNOz: 0.5 ml (30%) HCI (US EPA 2007). Post-digestion, de-
ionized water was added to make 50 ml final volume of each sample.

24 Trace element analysis

Trace element analyses was performed on an Agilent 7900 quadrupole Inductively Coupled Plasma-
Mass Spectrometer (ICP-MS) equipped with a High Matrix Introduction system and Agilent Mass
Hunter software (version 4.4) for instrument control and data processing (Agilent Technologies
2009). Detailed parameters for method quantification, adjustments and validation are outlined in



(Webster et al. 2021, under review) and in (Webster et al. 2021a) for analysis of environmental
samples. In brief, Argon as the dilution gas was added before sample introduction into the plasmas.
Helium collision cell mode using the 4" generation Octopole Reaction System was used for analysis
of element isotopes "'B, %°Mn, %6Fe, %°Co, %°Ni, ®Cu, %2Zn, **Mo. Inter-element corrections were
made for possible isobaric interferences of high ''°Sn on '"°In used as internal standard. Hydrogen
reaction gas was used to measure "®Se to improve sensitivity and remove the dual-charged
interference from '%8Gd observed in some samples during initial investigation. Optimization for

sensitivity and low oxide ratios (CeO/Ce < 0.3%) was performed daily.

25 Analytical quality control

Respective sets of digestions included dual quality controls of a blank acid mixture and a matrix-
suitable Certified Reference Material obtained from the National Institute for Science and
Technology, Gaithersburg, USA. NIST 1573a tomato leaf (~ 0.3 g) and NIST 1577c bovine liver (~
0.2 g) were used as controls for herbivore and carnivore faecal sample digestions respectively. In
addition, every third set of carnivore digestions contained (~0.3 g) of NIST 1573a tomato leaf CRM
control to ensure consistency throughout the digestion sequence of carnivore faecal samples.
Accuracy (% recovery) and precision (% RSD) of replicate measurements for certified reference
material controls fell within 20% of expected value at lower concentrations and 15% at higher

concentrations for all elements except Al (UNODC 2009).

2.6 Data analysis

All statistical analyses were conducted using the R software: v 3.6.1 (R Core Team 2019). In total,
381 faecal samples were collected from 21 different terrestrial mammal species belonging to three
groups (herbivore, omnivore and carnivore) at two geographically different sites (MNR and TKR)
(Table S1). To balance the comparison between sites and groups, species present at both sites
were selected for evaluation. In the event a given species was present at only one site (e.g.
Meerkat/Brown hyaena) a similar surrogate species (e.g. Dwarf mongoose/Spotted hyaena)
representing the same group and similar trophic position was selected at the other site. Descriptive
statistics for all measured essential elements were determined using all samples from each species
and evaluated at each site. Consequently, seven outliers that produced extensive compression of
scale for a specific element, thus obscuring specific differences between species’ boxplots within
animal groups, were identified and removed, one by one, before further analyses. To facilitate visual
comparison, the scales of measure for each essential element were homogenized (mean = 1),
dividing each variable by its mean. Subsequently, plots were created to compare relative

concentrations of elements within animal groups and at each site (ggplot2 R package).



Before testing for differences between groups and/or between sites, all possible individual effects
were numerically and graphically assessed. To account for the variability of measured element
concentrations between species, species (or similar species) were treated as blocks (‘block’ variable
in Table S1). Following a 3-way ANOVA randomized block design that considered ‘sites’ and
‘groups’ as respective fixed effect factors and ‘blocks’ as a random effect factor, a linear mixed-
effects model assuming heterogeneous variances and including an interaction effect between ‘sites’
and ‘groups’ was built for each essential element and estimated by maximum likelihood (nmle and
car R-packages). Using these estimated models (summary of fitted models Table S3), marginal and
conditional means and standard errors (SE) were determined for groups and sites using the
predicted marginal means method (emmeans R-package). Mean differences between groups or
sites were investigated by applying Tukey’s pairwise post-hoc test (multcomp R-package). Basic
results are reported as mean + standard error of the mean (SE) and statistical significance was
determined at the p < 0.05 (Table 1).



Table 1. Estimates for essential element concentrations between animal groups overall (left) and between sites for any group (right). Note:
Overall differences between groups are shown on the left of the table. Comparisons between sites (overall and in any group) and between groups (within
each site) are shown on the right. Within row letter subscripts a, b indicate a significant difference between sites (P<0.05) and within column letter
superscripts a, b, ¢ indicates significant differences between groups (P<0.05).

Element Group n Overall Gr n Mﬁgﬁliﬂs’;R j ?r n -Il\-nse":lei g: j IGr
B Overall n Mean + SE | 188 17763.8 £ 3401.2 193 13106.5 * 3292.3 ,
Herbivore 194 28973.1 £ 3706.3 ° 94 34508.7 + 4307.8 b P 100 23437.6 + 3529.2 a®
Omnivore 50 15034 + 7783.6 2 25 16829.5 + 7847.8 b P 25 13238.5+7811.9 a ®
Carnivore 137 2298.4 + 4896.7 69 1953.3 + 4895.8 a ? 68 2643.5 + 4906.5 a ?
Co Overall n Mean + SE | 188 2761.2+2431 193 1224 £ 193.5 .
Herbivore 194 1376.9+181.4 2 94 1838 + 205.5 b 2 100 915.8 +175.2 a®
Omnivore 50 2161.9 £ 470 * 25 2960.6 + 590.6 b 2P 25 1363.1 + 488.1 a®
Carnivore 137 2438.9+2859 P 69 3484.8 + 375.3 b P 68 1393 + 260.8 a ®
Cu Overall n Mean *SE | 188 29363 £ 2571.5 193 17785.9 £ 1315.8 .
Herbivore 194 13486.2 £ 1098 2 94 13000.3 + 1099.1 a? 100 13972 + 1167 a?
Omnivore 50 19472.8 £2944.8 2 25 24485.2 + 4139.8 b P 25 14460.4 + 2498.9 a ®
Carnivore 137 37764.4 + 3666.4 ° 69 50603.4 + 6416 b © 68 24925.4 + 2824 a®
Fe Overall n Mean £ SE | 188 3958.5+354 193 2979.4 £323 .
Herbivore 194 1903 + 320.1 @ 94 2135 + 338.9 b 2 100 1671 + 316.5 a?
Omnivore 50 3639.7 +761.4 * 25 4070.1 £ 850.2 a ® 25 3209.3 £ 784.7 a ®
Carnivore 137 4864.2 £ 475.7 ° 69 5670.4 + 538.9 b P 68 4057.9 £ 472.2 a P
Mn Overall n Mean £ SE | 188 196.6 £16.4 . 193 219.7 £20.5 .
Herbivore 194 2935+17.8 ® 94 2522 +171 a® 100 334.8+227 b P
Omnivore 50 197.9+404 25 166.4 + 38.6 a 25 229.3+52.1 a ®
Carnivore 137 133+23.1 @ 69 171.1 £+ 25.3 p 2 68 95 + 23.7 a ?
Mo Overall n Mean £ SE | 188 491.8+57.2 193 340.4 £48.5 ,
Herbivore 194 304.5+50.1 @ 94 356.2 + 55.7 b 2 100 252.7 +49.7 a®
Omnivore 50 4498 +113.2 @ 25 532.1+125.5 b 2 25 367.5+114.2 a?
Carnivore 137 494.1+79.6 2 69 587.1 + 103.1 b 2 68 401.2+75.2 a ?
Ni Overall n Mean + SE | 188 92729%819 193 6182.3 £588.8 .
Herbivore 194 7641.1 £ 649.1 @ 94 8082.2 + 749.1 a ? 100 7200 + 723.3 a®
Omnivore 50 8944.8 + 1480.3 2 25 11547.2 + 2024.7 b 2 25 6342.5 + 1283.7 a®
Carnivore 137 6596.8 £ 941.7 @ 69 8189.3 £+ 1172.9 p 2 68 5004.3 + 974.4 a ®
Se Overall n Mean *SE | 188 52671 193 362.8 £67.3 a
Herbivore 194 202.6 +69.8 @ 94 246.9+70.6 b 2 100 158.3 £+ 69.9 a?
Omnivore 50 385.1 £ 158.2 25 506.5 + 166.3 b 2P 25 263.7 + 156.3 a ®
Carnivore 137 745.5+104.2 ° 69 824.5+112.6 b P 68 666.4 + 106.9 a®
Zn Overall n Mean £ SE | 188 303474 £ 45940.3 193 190583 * 38607.5 a
Herbivore 194 61526.4 + 39202.6 2 94 49162.4 £ 39192.4 a? 100 73890.3 + 39278.5 b ?
Omnivore 50 202354.2 + 93812 @ 25 307670.7 £ 109329 b 2P 25 97037.6 + 88830.9 a?
Carnivore 137 477204.9 + 62603.3 ° 69 553588.8 + 74200.5 b P 68 400821 + 63096 a®




3 Results

31 Essential element differences between animal groups

Overall, essential element concentrations were variable between individuals and between trophic
groups (Figure 1). Measured concentrations of specific elements were >6x higher than their
respective means in some individuals. Specifically B and Mn in herbivores, Fe in omnivores and
Cu, Fe, Se and Zn in carnivores presented the median concentration in their respective trophic
groups above the overall mean. In contrast to measured mean concentrations of B and Mn that
were significantly higher in herbivores compared to carnivores, Co, Cu, Fe, Se and Zn
concentrations were significantly higher in carnivores (Table 1: left). In omnivores, overall mean
concentrations of these seven elements with the exception of Cu were not significantly different
from those determined in either herbivores or carnivores. While mean concentrations of Cu in
omnivores were similar to those measured in herbivores, they were significantly lower than in
carnivores. Measured concentrations of Mo and Ni did not differ significantly between trophic

groups.
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Figure 1. Essential trace element concentrations measured in herbivorous (white), omnivorous
(light grey) and carnivorous (dark grey) mammals from relative to the mean for both TKR and MNR
sites (dashed line). Box represents the upper (3rd) and lower (1st) quartiles and dark lines within
boxes represent median values. Whiskers represent minimum and maximum values excluding
outliers. All outliers (excluding seven that obscured differences in animal groups) were included in

the analysis and are represented by points.
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3.2 Comparison of essential elements in animal groups within and between sites

Despite the provision of mineral blocks throughout the reserve at the TKR site (Table S2), overall
measured mean concentrations of B, Co, Cu, Fe, Mo, Ni, Se and Zn were significantly higher
across trophic groups at the MNR study site (Figure 2). Statistical differences for each element
between sites can be seen in Table 1: right. Although mean Mn concentrations did not differ
significantly between sites, Mn and B were significantly higher in herbivores than in carnivores
within both sites. In contrast, mean concentrations of Cu, Fe, Se and Zn were significantly higher in
carnivores than in herbivores at both sites. Measured Cu and Zn concentrations were also
significantly higher in carnivores compared omnivores at the TKR site. At the MNR site however,
mean Cu concentrations differed significantly between trophic groups (carnivore > omnivore >
herbivore) while mean concentrations of Zn in carnivores and herbivores did not differ significantly
to those measured in omnivores. At the MNR site, Co concentrations were significantly higher in
carnivores compared to herbivores, but did not differ between trophic groups at the TKR site.
Measured concentrations of Mo and Ni did not differ between trophic groups at either site.
Although general trends can be established for certain elements within the trophic groups, absolute

values for the same elements are different between sites.
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Figure 2. Measured essential element concentrations in sites (MNR: left, TKR: right) in herbivorous (white), omnivorous (light grey) and

carnivorous (dark grey) mammals relative to the mean for both sites (dashed line). Box represents the upper (3rd) and lower (1st) quartiles,

Dark lines within boxes represent median values. Whiskers represent minimum and maximum values excluding outliers. All outliers (excluding

seven that obscured differences in animal groups) were included in the analysis and are represented by points.
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4 Discussion

African savannahs support the highest diversity of ungulate (Du Toit and Cummings 1999) and
large carnivore (Hayward and Kerley 2008) species compared to any other continent. Despite
distinct physiological and morphological differences between animal groups, sub-partitioning of
food resources within groups is an important mechanism for the sharing of community resources
(McNaughton et al. 1998; Du Toit and Cummings 1999; Owen-Smith et al. 2015). The non-invasive
assessment of faecal concentrations has previously been used to assess range quality (Grant et
al. 2000), dietary preference (Codron et al. 2007) and the nutritional status (Leslie et al. 2010) of
herbivorous wildlife. Here, for the first time, we assess and compare trace element concentrations
across free-ranging African vertebrate trophic groups within specific protected areas of South

Africa’s mesic and arid savannah.

When essential element utilization was compared overall between herbivore, omnivore and
carnivore groups at both sites, B and Mn measured concentrations were significantly higher in
herbivores than in carnivores. Boron and Mn are both naturally occurring elements in the
environment. Although B and Mn can enter the environment through various anthropogenic
sources, B is naturally present in numerous silicate minerals found in different soil types (Parks
and Edwards 2005), while Mn is naturally abundant in oxide, carbonate and silicate minerals found
in soil, water and food (Milatovic et al. 2011). Measured concentrations of B at both sites were
higher in sampled vegetation than in sediment (Webster et al. 2021), indicating that herbivores and
omnivores to some extent are more likely to accumulate excess levels of this element than
carnivores. The reproductive system and developing foetus are most sensitive to B-toxicity
(ATSDR 2010). Final consumers exposed to elevated B concentrations may be at the risk of
compromised developmental and biochemical processes (Fang et al. 2016), but at what levels this

occurs in specific wildlife species is uncertain.

Measured environmental Mn concentrations were higher overall at the MNR site than at the TKR
site (Webster et al. 2021), but Mn concentrations in herbivores were higher at both sites compared
to carnivores, which may indicate comparable utilization of resources between sites to access
specific nutrients. A study on Angolan giant sable antelope (Hippotragus niger variani) highlights
the selective utilization of termite mounds, rich in several minerals and trace elements as a result
of Macrotermes activity, for geophagous activities to supplement sodium and other mineral intake
(Baptista et al. 2013). Although the specific use of termite mounds was not observed, geophagous
activities were observed on numerous occasions in multiple species at both sites during the study.
Between sites, an overall pattern emerges that shows the highest concentrations in herbivores

followed by omnivores and carnivores, indicating that concentrations of these elements are either
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more available for absorption in the herbivore gut or, that through certain behaviours, herbivores

are able to gain access to higher Mn concentrations than other groups.

Overall, measured concentrations of Se, Co, Cu, Fe, and Zn were significantly higher in carnivores
than in other groups, but on closer inspection site-specific differences in concentrations between
elements were more obvious. Measured mean concentrations of Se were significantly higher in
carnivores than in herbivores at both sites. Selenium is unevenly distributed within South Africa
(van Ryssen 2001) and often occurs at low concentrations in soil and vegetation, frequently at
levels below those required for optimum function in terrestrial herbivores (Flueck et al. 2012). The
biological interactions between Se and iodine (lI) are important for normal thyroid hormone
metabolism and deficiency in Se can lead to secondary deficiency of |, which in turn can lead to
abortions, stillbirths, increased juvenile mortality and infertility (Shchedrina et al. 2010).
Concentrations in plants are dependent on Se chemical speciation and environmental chemistry
(Flueck et al. 2012). When present in the soil, Se replaces sulphur (S) and is incorporated into the
structure of amino acids. Under these conditions, Se is considered to be in its organic form and is
readily absorbed in the digestive tract of foraging animals. Subsequent metabolism in the liver
results in the formation of selenocysteine amino acids, which are present in muscle tissue and

therefore the source of Se for carnivores (Suttle 2010).

At the MNR site, Co concentrations were significantly higher in carnivores than herbivores, but did
not differ between groups at the TKR site. As early as the 1930s, soils of Aeolian origin in Australia
were found to be Co-deficient, resulting in naturally occurring diseases in domestic ruminants
(Constable et al. 2016). This was the first indication that Co played an important role in ruminant
digestion, and that it was necessary for the synthesis of vitamin Bs2, which serves as a growth
factor for many ruminal microorganisms (Suttle 2010). Additionally, Co is a co-factor for the
conversion of fermentation by-products to glucose in the liver and kidneys (Waterman et al. 2017).
An assessment of environmental sediment and vegetation at the TKR site, the majority of which is
situated on soils of Aeolian origin (van Rooyen and van Rooyen 2017), confirms the lower
abundance of Co at this site than the MNR site (Webster et al. 2021). Despite the inclusion of Co in
mineral blocks at the TKR site, low abundance of this element may be a cause for concern,
particularly in herbivores. The higher concentrations of Co found in carnivores at the MNR site may
be synonymous with vitamin B4, content obtained from a muscle and organ tissue diet. It is worth
noting that Co concentrations measured in omnivores were closer to those measured in carnivores
than herbivores at each site and this may be representative of the flesh component in their diet
during the dry season when seeds, fruit and insects are not as abundantly available as they are in

the wet season.
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Deficient and excess co-occurrence of between Fe, Cu and Zn can affect absorption and
bioavailability of each other. For example excess dietary intake of Fe antagonizes Zn and Cu in the
intestinal mucosa, while deficiency causes anaemia (Hooser 2018). Dietary Zn concentrations in
excess can negatively impact Fe homeostasis by reducing Cu availability, while Zn deficiency
impairs the rate of protein synthesis and transport in the blood (Constable et al. 2016). Copper
concentrations above optimal levels impede intestinal absorption of Fe and Zn, while Cu deficiency
obstructs the mobilization of iron reserves from the liver, causing anaemia (Suttle 2012). Although
environmental deficiencies of Zn and Cu, noted specifically in crop production, are widespread
across South Africa (ARC-ISCW 2005), measured concentrations of Cu, Fe and Zn were
significantly higher in carnivores compared to herbivorous groups at both sites. A further significant
distinction in measured Cu concentrations was evident between carnivores > omnivores >
herbivores at the MNR site. Higher concentrations of Zn are expected in carnivores given its
functions in skeletal muscle (FOA/WHO 2001) and bone maintenance (Yamaguchi 2009). A recent
study of Bearded Vultures (Gypaetus barbatus) revealed relatively high content of Fe and Zn in
faecal material from an osteophagous diet (Margalida et al. 2020). Myoglobin, the Fe-rich oxygen
storage protein, is a key component of muscular tissue (FOA/WHO 2001) while Fe and Cu are
major components of blood-rich organs such as the kidney, liver, lungs and heart (Ahmad et al.
2018), which form a substantial part of a carnivorous diet. At the MNR site, measured Cu
concentrations in omnivores were also significantly higher compared to herbivores. Omnivores
such as Black-backed jackal (Canis mesomelas) at the MNR site may have an advantage over
those at the TKR site. Higher densities of other carnivores and larger lion prides provide access to

kills on a more regular basis and greater opportunities for blood rich meals.

As this study was conducted in the dry season, nutrient deficiencies would be more pronounced
than during times of higher rainfall. The Aeolian sediments of the southern Kalahari are known to
be deficient in essential nutrients (Thomas and Shaw 1990; Wang et al. 2007), and despite nutrient
supplementation at the TKR site, species within the reserve may be at greater risk of deficiency
interactions than those at the MNR site, particularly during times of higher nutrient requirement or
nutrient stress. Our findings demonstrate that measured essential element concentrations were
highly variable between individuals, a finding consistent with other studies (Wenting et al. 2020)
and somewhat expected given the different use of resources within and between trophic groups.
Key findings highlight that concentration gradients differed between sites and are specific to a site
given the influence of geological signatures, management approaches and other extrinsic factors.
Given the lack of guidelines for essential elements within specific regions, it is unclear at this stage
whether measured concentrations in various trophic groups equate to deficiency or toxicity within a
site. Local and regional geochemical differences, historical land use, prior and current

management approaches, anthropogenic influences from surrounding areas, species composition
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as well as species-specific differences are important factors that influence nutrient availability and

aquisition and need to be further investigated.

5 Conclusion

This study provides insights into essential element concentration utilization by terrestrial mammals
occupying different trophic levels in African savannahs for the first time. Long-term datasets that
account for seasonal variation in trace element availability, fluctuations in trace element
concentrations over time and in response to factors associated with climate change such as rising
temperatures, an increased woody component and associated changes in species composition
within savannahs, pollution and other anthropogenic factors would be extremely valuable in
establishing upper and lower range limits for these nutrients as well as a disturbance gradient
within sites. Coupled with the assessment of potentially toxic elements and environmental
concentrations, this approach could form the foundation for an effective diagnostic tool that can be
used to assess and monitor animal welfare as well as the management and maintenance of

ecosystem integrity within specific protected areas.
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