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ABSTRACT 

The African savanna supports a high diversity of ungulate species that have intrigued 

scientists for a long time. Fluctuating densities across space and time suggest 

ungulate populations are predominantly regulated by climatic conditions. In South 

Africa, most conservation areas are relatively small and likely impose limitations to 

resource acquisition by ungulates.  The rationale of this thesis is to explore the 

variables causing population fluctuations in co-existing species, along with 

understanding the difference in their spatial distribution and segregation patterns in 

the North-West province of South Africa. The study includes 17 years (1999-2015) of 

data collected across 13 protected areas via aerial surveys during the dormant 

season. I used N-mixture models to improve estimation of population abundance of a 

rare species (black rhino) from replicated aerial surveys while accounting for imperfect 

detection. Generalized linear models and spatial occupancy models were used to 

determine factors affecting distribution and habitat partitioning of ungulates across the 

landscape. Ungulate habitat selection and occupancy was predominantly influenced 

by topography. For example, low-lying habitats were favoured by most ungulates 

during the dry season, probably because of the longer retention of soil moisture and 

higher forage quantity in areas lower down the catena during the dormant season.  

High heterogeneity in turn, were more important to mixed and bulk feeders e.g. impala, 

zebra. Spatial occupancy of ungulate groups was not directly related to the species 

richness in a feeder group. Pilanesberg had the lowest occupancy of all three groups 

despite having the highest number of species suggesting spatial avoidance or 

resource partitioning within each group. Spatial segregation was highest in sites with 

the highest species diversity. Within-group spatial segregation occurred within all three 

groups between similar sized along with between species of varying body size across 
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all sites except Molopo. Species interactions within ungulate assemblages are 

complex and varies with changing environmental conditions. For the effective 

conservation of ungulate populations, the specific ecological context needs to be 

considered.   Additional ecological factors e.g., predation, resource availability and 

management variables e.g., fire, water availability and fences are equally important 

influences on the viability of ungulate populations of small fenced conservation areas.  

Key terms: Ungulates; Aerial surveys; N-mixture models; Abundance; Population 

dynamics; Distribution; Detection probability; Habitat partitioning; Spatial occupancy; 

North West Province. 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

PUBLICATIONS  

The following work from this thesis has been published in peer-reviewed journal: 

 

Chapter 2 

Kidwai Z., Jimenez J, Louw C.J., Nel H.P. and Marshal J.P. 2019. Using N-

mixture models to estimate abundance and temporal trends of black 

rhinoceros (Diceros bicornis L.) populations from aerial counts. Global 

Ecology and Conservation:  https://doi.org/10.1016/j.gecco.2019.e00687  

 

My contribution to the paper included design of study, collection, extraction of 

sampled data from North West Parks and Tourism Board (NWPTB) for years 

between 1999 and 2015 and collection of meteorological data from NASA 

Prediction of Worldwide Energy Resources (POWER). I statistically analysed 

and interpreted the data, and drafted the abstract, introduction, methods, 

results, discussion and conclusion sections of the paper. Co-authors read, 

edited, and made suggestions to improve the overall paper. 

IN PREPARATION 

The following data chapters have not been submitted for publication. 

Chapter 3 

Kidwai Z., Louw C.J., Nel H.P. and Marshal J.P. Landscape scale predictors of 

ungulate habitat use in the North West Province, South Africa. 

 

I designed the study, collected and extracted the field survey data from North 

West Parks and Tourism Board (NWPTB), Normalized Difference Vegetation 

Index (NDVI) from Moderate Resolution Imaging Spectrometer (MODIS), land 

cover data from South African National Land cover Data and digital elevation 

models from USGS Science based catalog for years between 1999 and 2015. 

I statistically analysed and interpreted the data, and drafted the abstract, 

introduction, methods, results, discussion and conclusion sections of the paper. 

Co-authors read, edited, and made suggestions to improve the overall chapter. 

 



8 
 

Chapter 4 

Kidwai Z., Doser J., Louw C.J., Nel H.P. and Marshal J.P. Spatial occupancies, 

community richness and spatial segregation patterns among ungulates in the 

North West Province, South Africa 

 

I designed the study, collected the field survey data from North West Parks and 

Tourism Board (NWPTB). I also extracted Normalized Difference Vegetation 

Index (NDVI) from Moderate Resolution Imaging Spectrometer (MODIS), soil 

nutrients data from ISRIC World Soil Information, land cover data from South 

African National Land Cover Data and digital elevation models from USGS 

Science based catalogue for years between 1999 and 2015. I statistically 

analysed and interpreted the data, and drafted the abstract, introduction, 

methods, results, discussion and conclusion sections of the paper. Co-authors 

read, edited, and made suggestions to improve the overall chapter. 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Table of contents 

Chapter 1. General introduction ......................................................................................... 19 

1.1. Introduction .................................................................................................................. 19 

1.1.1. Background…………………………………………………………………………...…20 

1.1.2. Foraging behaviour in ungulates…………………………………………….………..22 

1.1.3. Ungulate distribution patterns………………………………………………………….22 

1.2. Study area ................................................................................................................... 24 

1.2.1. Study sites……………………………………………………………………………….27 

1.2.1.1. Borakalalo National Park ................................................................................ 27 

1.2.1.2. Vaalkop Dam Nature Reserve ....................................................................... 28 

1.2.1.3. Pilanesburg National Park .............................................................................. 29 

1.2.1.4. Kgaswane Mountain Reserve ........................................................................ 30 

1.2.1.5. Madikwe Game Reserve ................................................................................ 31 

1.2.1.6. Boskop Dam Nature Reserve ........................................................................ 32 

1.2.1.7. Molemane Eye Nature Reserve ..................................................................... 33 

1.2.1.8. Botsalano Game Reserve .............................................................................. 34 

1.2.1.9. Mafikeng Game Reserve ............................................................................... 35 

1.2.1.10. Wolwespruit Dam Nature Reserve ............................................................... 36 

1.2.1.11. Bloemhof Dam Nature Reserve ................................................................... 37 

1.2.1.12. S.A. Lombard Nature Reserve ..................................................................... 38 

1.2.1.13. Molopo Game Reserve ................................................................................ 39 

1.3. Rationale for the research ........................................................................................... 40 

1.3.1.  Research focus…………………………………………………………………………40 

1.3.2. Research question and objectives……………………………………………………41 

1.4. Research design and methods .................................................................................... 42 

1.5. Organisation of thesis .................................................................................................. 45 

1.6. References .................................................................................................................. 46 

Chapter 2. Using n-mixture models to estimate abundance and temporal trends of black 

rhinoceros (Diceros bicornis l.) Populations from aerial counts .................................... 64 

2.1. Abstract ....................................................................................................................... 65 

2.2. Introduction .................................................................................................................. 66 

2.3. Material and methods .................................................................................................. 69 

2.3.1. Study sites……………………………………………………………………………….69 

2.3.2. Data collection…………………………………………………………………………..71 

2.3.3. Data analysis……………………………………………………………………………72 



10 
 

2.4. Results ........................................................................................................................ 77 

2.4.1. Model selection………………………………………………………………………….77 

2.4.2. Detection, population size and trend………………………………………………….79 

2.4.3. Goodness of fit…………………………………………………………………………..80 

2.4.4. Simulations……………………………………………………………………………...81 

2.4.5. Comparison rmg id and n-mixture estimates………………………………………..82 

2.5. Discussion ................................................................................................................... 82 

2.6. Acknowledgements ..................................................................................................... 85 

2.7. References .................................................................................................................. 85 

2.8. Supplementary material .............................................................................................. 93 

Chapter 3. Landscape scale predictors of ungulate habitat partitioning in the North 

West Province, south africa. ............................................................................................. 111 

3.1. Abstract ..................................................................................................................... 111 

3.2. Introduction ................................................................................................................ 112 

3.3. Material and methods ................................................................................................ 115 

3.3.1. Study area……………………………………………………………………………...115 

3.3.2. Data collection…………………………………………………………………………117 

3.2.2.1. Habitat variables .......................................................................................... 117 

3.3.3. Data analysis:………………………………………………………………………….119 

3.4. Results ...................................................................................................................... 120 

3.4.1. NDVI, heterogeneity and habitat types………………………………………...……122 

3.4.2. Elevation, slope and aspect………………………………………………………….124 

3.4.3. Distance from surface water and roads……………………………………………..125 

3.5. Discussion ................................................................................................................. 126 

3.5.1. NDVI, heterogeneity and habitat types………………..……………………………127 

3.5.2. Elevation, slope and aspect………………………………………………………….129 

3.5.3. Distance from surface water and roads…………………………………………….130 

3.6. Conclusion ................................................................................................................. 132 

3.7. References ................................................................................................................ 133 

3.8. Supplementary material ............................................................................................ 147 

Chapter 4. Spatial occupancies, community richness and spatial segregation patterns 

among ungulates in the North West Province, south africa .......................................... 151 

4.1. Abstract ..................................................................................................................... 151 

4.2. Introduction ................................................................................................................ 152 



11 
 

4.3. Material and methods ................................................................................................ 156 

4.3.1. Study sites……………………………………………………………………………..156 

4.3.1.1. Pilanesberg National Park ............................................................................ 157 

4.3.1.2. Mafikeng Game Reserve ............................................................................. 157 

4.3.1.3 Bloemhof Dam Nature Reserve .................................................................... 157 

4.3.1.4. Molopo Game Reserve ................................................................................ 158 

4.3.2. Data collection…………………………………………………………………………158 

4.2.3. Data analysis…………………………………………………………………………..161 

4.4. Results ...................................................................................................................... 165 

4.4.1. Environmental factors influencing ungulate spatial occupancy…………………..165 

4.5. Discussion ................................................................................................................. 177 

4.5.1. Factors affecting spatial distribution of ungulates………………………………….178 

4.5.1.1. Hypothesis: ruminant species select areas of high ndvi, soil nutrients and lower 

heterogeneity relative to non-ruminant species ........................................................ 178 

4.5.1.2. Hypothesis: grazing and non-ruminant species select areas of low elevation 

and avoid slopes while browsers prefer high elevation and slopes .......................... 178 

4.5.1.3. Hypothesis: survey efforts positively affect detections of large sized species 

across all feeder groups ............................................................................................ 179 

4.5.1.4. Hypothesis: ungulates prefer areas closer to surface water ........................ 180 

4.5.1.5. Hypothesis: ungulates generally prefer areas away from dirt roads ............ 180 

4.5.2. Group richness and occupancies……………………………………………………181 

4.5.2.1. Hypothesis: species diversity within a feeder group correlates with level 

of occupancy ........................................................................................................... 181 

4.5.3. Spatial associations across feeder types……………………………………………181 

4.5.3.1. Hypothesis: species diversity promotes spatial segregation ........................ 181 

4.5.3.2. Hypothesis: within their respective groups; grazer and browser species 

spatially segregate, and is most distinct among species of similar body size ........... 182 

4.6. Conclusion ................................................................................................................. 183 

4.7. Reference .................................................................................................................. 184 

4.8. Supplementary material ............................................................................................ 199 

Chapter 5. Synthesis and conclusion .............................................................................. 203 

5.1. Contributions ............................................................................................................. 204 

5.1.1. Novel approach for the methods used in ungulate ecology………………………204 

5.1.2. Identification of factors affecting ungulate distributions and habitat use………..207 

5.2. Implications ............................................................................................................... 210 

5.3. Research needs/gaps identified ................................................................................ 212 



12 
 

5.3.1. Growth rate and demographic studies………………………………………………212 

5.3.2. Additional covariates inclusion……………………………………………………….213 

5.3.3. Change in land use land cover (lulc) studies……………………………………….214 

5.4. Reference .................................................................................................................. 214 

5.5. Supplementary material ............................................................................................ 224 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

List of figures 

Figure 1.1: Map of North West Province highlighting the study sites .................................... 26 

Figure 1.2: Average precipitation and minimum and maximum temperatures for the study 

areas in the NW Province (NASA POWER, 2020). ................................................... 27 

Figure 1.3: Major Vegetation types in Borakalalo Nature Reserve ....................................... 28 

Figure 1.4: Major Vegetation types in Vaalkop Dam Nature Reserve .................................. 29 

Figure 1 5: Major Vegetation types in Pilanesberg Nature Reserve ..................................... 30 

Figure 1.6: Major Vegetation types in Kgaswane Mountain Reserve ................................... 31 

Figure 1.7: Major Vegetation types in Madikwe Game Reserve (NWPTB, 2020) ................. 32 

Figure 1.8: Major Vegetation types in Boskop Dam Nature Reserve (NWPTB, 2020) ......... 33 

Figure 1.9: Major Vegetation types in Molemane Eye Nature Reserve (NWPTB, 2020) ...... 34 

Figure 1.10: Major Vegetation types in Botsalano Game Reserve (NWPTB, 2020) ............. 35 

Figure 1.11: Major Vegetation types in Mafikeng Game Reserve (NWPTB, 2020) .............. 36 

Figure 1.12:Major vegetation types in Wolwespruit Dam Nature Reserve (NWPTB, 2020) . 37 

Figure 1.13: Major habitat types in Bloemhof Dam Nature Reserve (NWPTB, 2020) .......... 38 

Figure 1.14: Major vegetation types in SA Lombard Nature Reserve (NWPTB, 2020) ........ 39 

Figure 1.15: Major vegetation types in Molopo Game Reserve (NWPTB, 2020).................. 40 

Figure 2.1: Details of geographic locations and land use land cover (LULC) categories in the 

study sites (NWPTB, 2018) ....................................................................................... 71 

Figure 2.2: Black rhino group sighted in the bushveld during the aerial counts in Madikwe 

Game Reserve (Source: NWPTB, 2015) .................................................................. 72 

Figure 2.3: Predictions using model averaging from the best-fit models (ΔAICc<2). Top: 

probability of detecting black rhino in Madikwe and Pilanesberg depending on Julian 

date. Bottom left: detection probability by Site. Bottom right: growth rate vs. rainfall. 

Mean estimates are in black and their 95% confidence intervals are in grey ........... 79 

Figure 2.4: Average estimated abundance of Black Rhinoceros Diceros bicornis in Madikwe 

and Pilanesberg in 1999-2015 and Ricker model fit (dashed). Bars represent 95% 

confidence intervals on abundance estimates .......................................................... 80 

 



14 
 

Figure A.1: Evolution of black rhino in Madikwe and Pilanesberg using the maximum yearly 

counts. ....................................................................................................................... 94 

Figure A.2: Graphical assessment of model fit by parametric bootstrapping. The dashed line 

is the observed statistic. The histogram approximates the expected sampling 

distribution ............................................................................................................... 100 

Figure C.1: Average estimated abundance of Black Rhinoceros Diceros bicornis in Madikwe 

and Pilanesberg in 1999-2015 using DDSR. Bars represent 95% Bayesian credible 

intervals on abundance estimates ........................................................................... 108 

Figure 3.1: Map of North West Province highlighting the study sites .................................. 116 

Figure 3.2: Map showing spatial grid placement on Pilanesberg National Park ................. 119 

Figure 3.3: Predicted estimates (± 95% confidence interval) of ungulate habitat use in relation 

to the site variables: NDVI, heterogeneity and habitat type, across the study sites in 

the NW  Province, South Africa. Only significant relations (<0.001) are graphed. The 

dashed line indicates the reference level ‘Closed woodland’. ................................. 123 

Figure 3.4: Predicted estimates (± 95% confidence interval) of ungulate habitat use in relation 

to the site variables: elevation, slope and aspect, across the study sites in the NW 

Province, South Africa. Only significant relations (<0.001) are graphed. The dashed 

line indicates the reference level ‘East (ern)’ aspect. .............................................. 124 

Figure 3.5: Predicted estimates (± 95% confidence interval) of ungulate habitat use in relation 

to the site variables: distance from water and distance from the road across the study 

sites in the NW Province, South Africa. Only significant relations (<0.001) are graphed.

 ................................................................................................................................ 126 

Figure 3.6: Graphical representation of habitat partitioning between ungulate species ..... 127 

Figure 4.1: Map of North West Province highlighting the study sites .................................. 156 

Figure 4.2: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Pilanesberg National Park from 

a spatial MSOM. Panel (a) shows posterior richness means and panel (b) shows 

predicted occurrence probability for ungulates in each group. ................................ 170 

Figure 4.3: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Mafikeng Game Reserve from a 

spatial MSOM. Panel (a) shows posterior richness means and panel (b) shows 

predicted occurrence probability for ungulates in each group. ................................ 171 



15 
 

Figure 4.4: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Bloemhof Dam Nature Reserve 

from a spatial MSOM. Panel (a) shows posterior richness means and panel (b) shows 

predicted occurrence probability for ungulates in each group. ................................ 172 

Figure 4.5: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Molopo Game Reserve from a 

spatial MSOM. Panel (a) shows posterior richness means and panel (b) shows 

predicted occurrence probability for ungulates in each group. ................................ 173 

Figure 4.6: Residual covariance matrix for individual species spatial co-ocurrence in the four 

study sites. Star (*) represents significant level <0.001. ......................................... 176 

Figure 4.7: Relation between spatial correlation coefficients and body mass of ungulate groups 

from Pilanesberg, Mafikeng, Bloemhof and Molopo. Within-groups relations of 

difference in body mass and spatial correlation coefficient for grazers, browsers and 

non—ruminants are shown. .................................................................................... 177 

Figure S4.1: Candidate model community-level (for grazer, browser and non-ruminant groups) 

posterior median estimates with 95% credible intervals for site (β) and detection (α) 

covariates in the four study sites. Dashed line represents the reference level “0”... 199 

Figure S4.2: Candidate model species-level (within grazer, browser and non-ruminant groups) 

posterior median estimates with 95% credible intervals for site (β) covariates in the 

four study sites. Dashed line represents the reference level “0”……………………..200 

Figure S4.3: Candidate model species-level (within grazer, browser and non-ruminant groups) 

posterior median estimates with 95% credible intervals for detection (α) covariates in 

the four study sites. Dashed line represents the reference level “0”. ...................... 201 

Figure S4.4: Relation between spatial correlation coefficients and body mass of ungulate 

species within groups from Pilanesberg, Mafikeng, Bloemhof and Molopo. 

Comparable”, “Larger” and “Smaller” refers to the body mass of the species mentioned 

on the top (red hartebeest, duiker, zebra etc.) in relation to all others within the group.

 ................................................................................................................................ 202 

Fig S5.1: Changes in species abundance from the years 1999-2015 based on ‘Ni’ values from 

the best-fit N-mixture models (ΔAICc<2). A: Species with increasing populations; B: 

Species with comparatively stable populations; C: Species with decreasing 

populations .............................................................................................................. 225 

Fig S5.2: Predictions using model averaging from the best-fit models (ΔAICc<2). Probability 

of detecting ungulates in 13 study sites depending on Julian date. Estimates of 95% 



16 
 

confidence intervals are in grey constructed from the model using the function ‘predict’ 

in unmarked. Group A: the species with decreasing detection probabilities with 

changing Julian Date. Group B: The species with increasing detection probabilities with 

changing Julian Date ............................................................................................... 225 

Fig S5.3: Predictions using model averaging from the best-fit models (ΔAICc<2). Probability 

of detecting ungulates by site with 95% confidence intervals using the function ‘predict’ 

in unmarked. ........................................................................................................... 226 

Fig S5.4: Relation between detection probability and a) Body Size, b) Survey effort and c) 

social behaviour of 27 ungulate species across 13 study sites of the NW Province. 

Overall, the regression model accounts for 92.92% of variance in species detection 

probability and is a significant fit to the data (F (4, 22) = 9.73, p < 0.001) .............. 227 

Fig S5.5: Growth vs rainfall predictions using model averaging from the best-fit models 

(ΔAICc<2) using the function ‘predict’ in unmarked.  Mean estimates are in black and 

their 95% confidence intervals are in grey. ............................................................. 227 

 

 

 

 

 

  

 

 

 

 

 

 



17 
 

List of tables 

Table 2.1. Covariates used to model abundance, recruitment, survival (or growth rate) and 

probability of detection using a binomial mixture model in Pilanesberg and Madikwe 

(South Africa), 1999–2015. ....................................................................................... 73 

Table 2.2: Model selection results. A) Initial abundance; B) Detection probability and C) 

Dynamics selection. Number of sites = 2. Number of years=17 Covariates considered: 

Rainfall (R), Temperature (T), Site (Site), Fly time (Ft) and Julian Date (Jd). Model 

selection based on Akaike's Information Criterion (AIC), number of parameters 

(nPars), the difference AICc from the best fit models (ΔAICc<2), model weights 

(AICwt), and cumulative model weights (cltvWt). ...................................................... 77 

Table 2.3: Model averaged parameter estimates for each covariate and the associated 

standard errors (*) Growth rate and carrying capacity are estimated using the Ricker 

models. ...................................................................................................................... 78 

Table 2.4: Root-mean-square error (RMSE) from the population parameter estimates through 

simulations. Simulations are based on our parameters estimates from the null models 

for Ricker and constant dynamics, for M ∈ {2, 5, 10} spatial replicates (sites). We also 

compare the RMSE from estimates and from raw count data (using the maximum from 

three yearly replicates). One hundred simulations of each case were conducted. 

Parameters: lambda: initial abundance; gamma: recruitment rate (constant) or growth 

rate (Ricker); omega: apparent survival probability (constant) or equilibrium abundance 

(Ricker) and p: detection probability. ......................................................................... 81 

Table S3.1. The most parsimonious generalized linear models representing the coefficients 

that were used to determine the log-odd ratios for landscape selection by ungulates at 

the NW Province, South Africa, 2018. ..................................................................... 147 

Table 4.1. Ungulate species categorisation into groups of grazer, browser and non-ruminants 

based on foraging behaviour reported in previous research studies. ...................... 159 

Table 4.2. Model results of three best predictive models from spOccupancy with 10,000 

MCMC iterations for spatial distribution of three ungulate groups across four sites in 

the NW Province, South Africa. ............................................................................... 166 

Table 4.3. Best-selected model’s community-level estimates (95% credible intervals). µβ0 is 

the community-level intercept of site covariates (slope, elevation, NDVI, 

heterogeneity). µα0 is community-level intercept of detection covariates (survey 

efforts, distance from water, and distance from roads). µβ1, µβ2, µβ3, µβ4 are the linear 

and quadratic effects of elevation, slope; µβ5, µβ6 are the linear effects of NDVI and 



18 
 

heterogeneity. µα1, µα2 are the linear and quadratic effects of survey efforts; µα3, µα4 are 

the linear effects of distance from water and distance from road respectively. 

𝜏𝛽, 02 ,𝜏𝛽, 12,𝜏𝛽, 32, 𝜏𝛽, 42 and 𝜏𝛽, 52  are community-level variances for site 

covariates and 𝜏𝛼, 02 , 𝜏𝛼, 12  and 𝜏𝛼, 22  are community-level variances for the 

detection covariates for the three ungulate groups across four sites in NW Province.

 ................................................................................................................................ 167 

Table 4.4. Candidate model species-level occupancy estimates (95% credible intervals) for 

ungulate species in the three groups (grazer, browser and non-ruminant) across NW 

Province, South Africa. Ψ (Psi) = is the probability of occurrence of species i at site j.

 ................................................................................................................................ 174 

Table S5.1. Abundance estimates (±95% CIs) of 27 species of ungulates in NW Province 

obtained through the best model in N-mixture models. Where Nmax is the maximum 

number of individuals of a species detected in one survey session. ....................... 224 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

CHAPTER 1. General Introduction 

1.1. INTRODUCTION 

The global rise in the human population over the last century have caused 

considerable declines in large herbivore populations throughout the African continent, 

largely due to progressive contraction of their natural habitats (Vrba & Schaller, 2000; 

Vié et al., 2009; Craigie et al., 2010; García-Marmolejo et al., 2013; Venter et al., 

2014). However, species are not equally affected e.g. declines are most evident for 

roan antelope (Hippotragus equinus), sable antelope (Hippotragus niger), tsessebe 

(Damaliscus lunatus), eland (Taurotragus oryx) (Ogutu & Owen-Smith, 2003; Dunham 

et al., 2004; Ogutu et al., 2011, Marshal et al., 2016), greater kudu (Tragelaphus 

strepsiceros), waterbuck (Kobus elipsiprimnus) and warthog (Phacochoerus 

africanus) (Ogutu & Owen-Smith, 2003) across different nature reserves in Africa. 

Numbers of other species remained stable, or increased e.g., zebra (Equus burchelli), 

impala (Aepyceros melampus), giraffe (Giraffa camelopardalis) and blue wildebeest 

(Connochaetes taurinus) (Ogutu & Owen-Smith, 2003). Studies aimed at 

understanding the drivers of ungulate population change are required to advance 

conservation decisions and to avoid population explosions or sudden population 

crashes. Furthermore, gaining insight into the habitat requirements of competition 

sensitive species could help maintain the integrity of the ungulate diversity in an 

ecosystem. 

Contractions in geographical range are commonly associated with the decline of a 

species (Gaston, 1994; Gaston et al., 1998; Holt et al., 1997; Harnik, 2011). 

Establishing the ecological factors structuring spatial distributions is therefore 

inherently important from a conservation perspective. Ungulates are ecosystem 

architects as they provide some of the crucial ecological services including seed 
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dispersal and nutrient recycling (Hobbs, 1996). Therefore, sustaining healthy ungulate 

populations is critical to health of the ecosystem they inhabit (Bro-Jørgensen, 2016). 

Several factors structure ungulate distribution and density (Illius & O’Connor, 2000; 

Maffei & Taber, 2003; Redfern et al., 2003; Rivero et al., 2005; Owen-Smith & Mills, 

2006; Keuroghlian & Eaton, 2008). Amongst others, these factors include rainfall (Coe 

et al., 1976; Fritz & Duncan, 1994; Owen-Smith, 2000; Ogutu et al., 2008), soil 

nutrients (Bell, 1982), geology (Fritz et al., 2002), predation and of course, competition 

(Wang et al., 2006; Owen-Smith, 2006; 2008; Rotella et al., 2009; Bateman et al., 

2012; Koons et al., 2015). Numerical responses of large ungulate populations to 

environmental conditions are not always similar across the species specturm, because 

foraging adaptations and adaptations to minimize predation risk differ among species 

(Sæther, 1997; Hopcraft et al., 2010). Furthermore, long-term data sets are required 

to compare factors influencing distributions of a species across the landscape 

(Eberhardt, 1988). Despite extensive research on ungulate populations, scientific 

archives lack in-depth research on ecological determinants of ungulate habitat 

partitioning and spatial segregation patterns in multi-species environments, other than 

for the species with any evident conservation or economic importance (Gaillard et al., 

1998; Wittemyer et al., 2013).  

1.1.1. Background 

Global environmental changes, including those of climate, continental drift, and  sea 

levels has influenced distribution patterns of a number of animal species, driving 

evolutionary change (Sepkoski, 1976), global changes in biodiversity patterns 

(Ricklefs, 2004; Harrison & Cornell, 2008; Thomas et al., 2008) and even mass 

extinction (Hallam & Wignall, 1999; Peters, 2008). Ungulates have been one of the 

most abundant herbivore mammals since the Cenozoic era (ca. 65 million years ago 
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(Ma) to present) found throughout the world except the continents of Antarctica and 

Australia (Saarinen, 2019). Ungulates include species from the orders Artiodactyla 

(even-toed; e.g., pigs, antelopes, hippos and giraffes) and Perissodactyla (odd-toed; 

e.g., rhinos, zebras and horses). Due to the presence of high skeletal material, fossil 

preservation of ungulates has been more reliable than other smaller animals resulting 

in a rich fossil record (Janis et al., 1998; Darroch et al., 2014). This is probably also 

the reason that they are taxonomically one of the better understood groups of 

terrestrial mammals (Alroy, 2003).  

Being such a diverse group, it is hardly surprising that the ungulate taxonomic 

classification has been frequently updated and corrected, (Groves & Grubb, 2011). 

More than 250 species of modern ungulates are recognized globally (Wilson & 

Reeder, 2005) under the clade “Ungulata”, out of which almost 90 ungulate species 

are found in Africa alone (Leuthold, 1977). The group cover a vast range in body-size, 

extending from a small buck weighing 3-4kg all the way up to hippos and  rhinos, 

weighing more than 1000 kg (Estes, 1991), no doubt a consequence of the varied 

habitat across Africa (Leuthold, 1977). Co-existence and spatial segregation of this 

varied group has been the focus of many scientific studies for a while (see Li et al., 

2022). This study therefore, aims to provide some new insights on co-existence and 

spatial segregation of ungulate populations within small fenced conservation areas 

(<10,000 km2). Ungulate populations in these areas are also influenced by 

management interventions. Understanding the factors allowing co-existence and 

spatial segregation are therefore, important to develop objective based management 

strategies for ungulate species including harvests and species recovery strategies. 
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1.1.2. Foraging behavior in ungulates 

Ungulates have undergone a series of adaptations over geological time, which 

enabled them to change their diet (Illius, 1997; Mendoza et al., 2002; Saarinen, 2019). 

Although most of the ungulates are herbivores (including grazers, browsers and mixed 

feeders), it also consists of some omnivorous groups such as Suidae (i.e. pigs) 

(Benton, 1993; Janis et al., 1998; Saarinen, 2019). Small sized ungulates space use 

is determined by predation risk and a more selective diet compared to large grazers 

(Hopcraft et al., 2012). Therefore, ungulate body size plays an important role in their 

spatial distribution across landscapes (Jarman, 1974; Botkin et al., 1981; Bell, 1982; 

Hopcraft et al., 2010) along with defining their group size (Jarman, 1974). Ungulates 

are heterogeneously distributed across landscapes according to the availability of 

resources (McNaughton, 1988). Recent studies suggested that the landscape 

changes also affect population dynamics of ungulates (Anderson et al., 2006; Hopcraft 

et al., 2010; Seydack et al., 2012; García-Marmolejo et al., 2015). It is therefore 

important to investigate species-specific and site-specific species responses to 

ecological factors for strategizing management interventions.  

1.1.3. Ungulate distribution patterns 

Ungulate species throughout the world are now restricted to ranges much smaller than 

their historical range, reportedly due to habitat fragmentation (Smith & Fowler, 1981; 

Vieira-Fragoso, 1999; Morris, 2002; García-Marmolejo et al., 2013). However, 

isolating all the factors responsible for ungulate population fluctuations is challenging 

because they often are interdependent or operate over varying temporal scales 

(Fowler, 1981). Studies concerned with the temporal dynamics of vertebrates range 

from being mainly descriptive to those exploring causal mechanisms of observed 

dynamics, the latter of which have much scope for future research (Caughley & Gunn, 
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1993; Owen-Smith, 2000; Turchin, 2003; Brotz et al., 2012; Chakraborty et al., 2013). 

Interspecific competitionhas received considerable attention as a potential driver of 

population regulation (Mccullough, 1999; Arsenault & Owen-Smith, 2002; Barabás et 

al., 2016; Deliberato, 2017). Even so, population level responses to competition 

remains sparse, possibly, because habitat modifications obscure any evidence related 

to competition (Mccullough, 1999). Furthermore, the population dynamics of wildlife 

populations are very context dependent, most notably linked to the species under 

consideration and the ecological conditions they are exposed to (Sæther, 1997; 

Hopcraft et al., 2010). 

Although, temporal fluctuations in abundance in response to climatic fluctuations and 

growth rate should predominate in ungulate populations (Sæther, 1997; Gaillard et al., 

1998; 2000), some previous studies suggested that predation is the most important 

determinant driving ungulate abundance and community structure (Jeffries & Lawton, 

1984; McNaughton & Georgiadis, 1986; Shipley, 1999). Predation not only causes 

mortality, but also structure space use of prey species, and thus modify the extent of 

resource overlap. Predator presence therefore alters the intensity of competition 

between different species (Roughgarden & Feldman, 1975; Glasser, 1979; 1982; Holt, 

1984).  

Rainfall and associated primary production in vegetation largely dictates ungulate 

biomass (Coe et al., 1976; McNaughton et al., 1989; Mduma et al., 1999; Ogutu et al., 

2008; 2014). Soil nutrients, seasonal fluctuations in resource availability and 

landscape barriers further impose limitations to ungulate distribution patterns (Bell, 

1982; East, 1984; Seagle & McNaughton, 1992; Fritz & Duncan, 1994; Gaillard et al., 

2000; Coulson et al., 2005; Anderson et al., 2006; 2010; Bleich et al., 2010; 

Bayarbaatar, 2016).  
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There is a dearth of literature on the response of large mammal population 

distributions to various ecological drivers (Craigie et al., 2010). Studies, aimed at 

identifying the main drivers of ungulate spatial distributions at landscape scales are 

important for the implementation of sound species- and site-specific management 

strategies (Tuljapurkar & Caswell, 1997; Gaillard et al., 1998).  

The current study encorporates a range of study sites, with and without large 

predators, and a broad spectrum of environmental conditions across the North West 

province. Consequently, the spatial distribution of ungulates in predator free sites are 

driven by environmental factors and possibly competition. Research on some of the 

ungulate species found in the landscape were conducted in only a few of these study 

sites (e.g., Madikwe, Pilanesberg and Kgaswane) (see Brockett, 2002; Hrabar & du 

Toit, 2005; Marshal et al., 2016; Louw et al., 2019). However, most of the reserves in 

the landscape remain unexplored for multi species ungulate interactions. Additionally, 

most of the currently available African ungulate research was conducted in 

comparatively larger reserves (>10,000 km2) such as Kruger National Park (see 

Redfern et al., 2003; Dunham et al., 2004; Seydack et al., 2012; Rigoudy et al., 2022) 

or from Serengeti National Park and Serengeti ecosystem (see Mduma et al., 1999; 

Anderson et al., 2010; Hopcraft et al., 2012; Hunninck et al., 2020). The study 

contributes towards filling gaps in existing literature on factors structuring the spatial 

distribution of ungulate communities in smaller reserves across a heterogeneous 

landscape, and hopefully contribute towards conservation practices involving 

ungulates in the North-West (NW) Province.  

1.2. STUDY AREA 

The study was conducted in the North-West Province of South Africa (between latitude 

of 24°15’S to 28°15’S and longitude of 22°30’E to 28°30’E) comprising of 13 Nature 
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Reserves (including three dams) namely (from east to west): Borakalalo National Park, 

Vaalkop Dam Nature Reserve, Pilanesberg National Park, Kgaswane Mountain 

Reserve, Madikwe Game Reserve, Boskop Dam Nature Reserve, Molemane Eye 

Nature Reserve, Botsalano Game Reserve, Mafikeng Game Reserve, Wolwespruit 

Nature Reserve, Bloemhof Dam Nature Reserve, SA Lombard Nature Reserve and 

Molopo Game Reserve (Figure 1.1). The landscape of the province changes from 

plains in the west to mountains in the east. The altitude of the region ranges from 

1,000 m mean above sea level (masl) in the plains to 2,000 m masl in the mountains 

with mostly plains with pans in the center. Presence of flat terrain and undulating plains 

with scattered hills, lowlands, and parallel hills are characteristic features of the 

northeastern portion of the province (Goslar et al., 2008). 

The entire area faces nearly year-round sunshine. August through March are the 

region's summer months, with sporadic afternoon thunderstorms. The area has a 

rainfall range of 300 mm to 700 mm annually due to which it is considered as an “arid 

region”. The rainfall gradient increases from west to east and south to north with a 

slight increased gradient at the central interior (Kruger & Nxumalo, 2017). 

Temperature in summer ranges between 22°C and 34°C while the average winter 

temperature ranges from 2°C to 20°C in a single day (Goslar et al., 2008) (Figure 1.2).  

Three broad categories of vegetation are found across the region (Acocks, 1988) 

consisting of the 61 total vegetation types (Goslar et al., 2008). Bushveld is restricted 

to the north-eastern region that consists of Mixed, Sour and Sourish-mixed veld 

interspersed with Bankenveld and Turf Thornveld type. Central region is uniformly 

composed of mixed vegetation with equal proportion of dry and sandy Cymbopogon-

Themeda veld having Sourish-mixed bushveld in the north. The most arid region of 
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the province, the western region, mainly consists of Kalahari Thornveld (Spickett et 

al., 2011).  

The NW Province is extremely rich in biodiversity. More than 130 mammals, 300 birds, 

25 amphibians, 50 reptile species and 3,000 plant species are distributed across the 

province. To conserve these species, protected areas have been set up in different 

parts of the province which contributes to an area of about 2,833 km2 and this figure 

amounts to a little over 2% to the total land area of the province (Goslar et al., 2008). 

 

Figure 1.1: Map of North West Province highlighting the study sites 
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Figure 1.2: Average precipitation and minimum and maximum temperatures for the study 

areas in the NW Province (NASA POWER, 2020). 

1.2.1. Study Sites 

1.2.1.1. Borakalalo National Park  

Borakalalo National Park (hereafter Borakalalo) is situated approximately 60 km north 

of Brits (27° 49’E latitude and 25° 9’S longitude). It consists of more than 140 km2 of 

mixed and sourish mixed bushland (Brown et al., 1997). It lies along the banks of the 

Moretele River with 8 km2 of Klipvoor Dam on one side (Greyling & Huntley, 1984; NW 

Read, 2015; Gordon-Cumming, 2017) and a riverine forest on the other (Brown et al., 

1995). It encompasses plains to gentle slopes in the landscape (Brown et al., 1996) 

leading to an altitude averaging between 960 m to 1172 m mean above sea level 

(masl.) (Brown, 1998; Gordon-Cumming, 2017). Average monthly temperature ranges 

between 19°C to 31°C and average annual rainfall is 552 mm (NASA POWER, 2020). 

The reserve consists of a wide variety of antelopes, giraffe, white rhino (Ceratotherium 

simum), leopard (Panthera pardus) and numerous smaller mammalian species (North 

West Parks, 2015). Over 350 species of birds are recorded in this reserve, including 
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the rare golden Plover (Pluvialis fulva) (Chittenden, 2007; NWPTB, 2020). The reserve 

is also home to the nationally threatened reptilian species of African python (Python 

natalensis) (NW READ, 2015). 

 

Figure 1.3: Major Vegetation types in Borakalalo Nature Reserve (NWPTB, 2020) 

1.2.1.2. Vaalkop Dam Nature Reserve  

This Dam (27° 25'E latitude, 25° 20'S longitude) is located 54 km north of Brits near 

Beestekraal and north-east of Rustenburg. The Vaalkop dam nature reserve (hereafter 

Vaalkop) with a size of 40 km2 is made up of three parts, one of which (of an area 

800ha) has been set aside as a bird sanctuary and is not open to general public. 

Vegetation of the reserve is typically bushveld comprising of mixed Acacia thornveld 

and broadleaf woodland (Birdlife, 2018). The average temperature in this area is 20°C 

(NASA POWER, 2020) with an elevation range of 969 m to 1,130 m masl. 

(Topographic maps, 2020) and average annual rainfall of 566 mm (NASA POWER, 

2020). The reserve is usually an attraction for bird watchers and anglers (NWPTB, 

2020). Over 300 bird species have been recorded from this area. Large mammalian 

species such as impala, red hartebeest and zebra are also reported from the nature 

reserve (Nel, 2018). 
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Figure 1.4: Major Vegetation types in Vaalkop Dam Nature Reserve (NWPTB, 2020) 

1.2.1.3. Pilanesburg National Park  

Pilanesberg National Park (hereafter Pilanesberg) is situated in the region of Bojanala 

in the North West Province and encompasses an area of about 550 km2 (25° 15'S 

latitude, 27° 6'E longitude). The geological landscape was formed ca. 1,300 million 

years ago by a crater that was produced by volcanic eruptions (by a now-extinct 

volcano), and fringed by a group of concentric hills (Carruthers, 2011). The park lies 

between a transition zone of the Kalahari and sour bushveld (Acocks, 1988). The 

vegetation is a mix of open grassland to thickets of Vachellia and broad-leaf bushveld 

species (Hrabar & du Toit, 2005; Louw et al., 2019). The average annual rainfall 

received by the park lies in the range of 600-700 mm with the average annual 

temperature in the range of 15°C to 30°C (NWPTB, 2020). Nearly twenty-five species 

of the large mammals occur in Pilanesberg which includes lion, cheetah (Acinonyx 

jubatus), leopard, brown hyena (Hyaena brunnea), elephant, springbok (Antidorcas 

marsupialis), hippopotamus (Hippopotamus amphibious), black (Diceros bicornis) and 

white rhino, and crocodile (Crocodylus niloticus) (NWPTB, 2020). 
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Figure 1 5: Major Vegetation types in Pilanesberg Nature Reserve (NWPTB, 2020) 

1.2.1.4. Kgaswane Mountain Reserve  

Kgaswane mountain reserve (27° 11' E latitude, 25° 43’S longitude), covers an area 

of 45 km2 and is situated north of the the town of Rustenburg comprising of a varied 

habitat of quartzite mountain peaks along with vleis (wet grassland) on the northern 

slopes of the Magaliesberg. It has an elevation in the range of 1,230–1,660 m masl. 

The reserve (hereafter Kgaswane) consists of high-elevation plateaus descending 

towards an alluvial soil and marshland basin resulting in formation of a wetland (Nel, 

2000; Marshal et al., 2016). Vegetation consists of a mixture of vleis, grassland, open 

shrubland and woodland (Parrini & Owen-Smith, 2010). The reserve is home to a 

number of large herbivores including antelopes such as kudu, blesbok (Damaliscus 

pygargus), duiker (Sylvicapra grimmia), bushbuck (Tragelaphus scriptus), mountain 

reedbuck (Redunca fulvorufula), klipspringer (Oreotragus oreotragus), and waterbuck 

along with small to medium sized predators such as leopard,  aardwolf (Proteles 

cristata), caracal (Caracal caracal) and black-backed jackal (Canis mesomelas) (Nel, 

2018). 
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Figure 1.6: Major Vegetation types in Kgaswane Mountain Reserve (NWPTB, 2020) 

1.2.1.5. Madikwe Game Reserve  

The Madikwe game reserve (24° 45'S latitude 26° 16'E longitude) is known to be one 

of the biggest game reserves of South Africa with an area of more than 600 km2. The 

reserve (hereafter Madikwe) is situated next to the Botswana border in the far north of 

North West Province (NWPTB, 2020). Madikwe is composed of a mixture of large 

open woodlands and grasslands which is divided in the middle by the rocky hills of 

“Rant van Tweedepoort” and bordered in the south by mountains of Dwarsberg. 

Majority of the vegetation of the reserve can be classified as Sourish Mixed Bushveld 

(Acocks, 1988) with the dominating Vachellia species in the tree-shrub layer from 

medium-low to tall-growing flora. The most peculiar feature of this area is the presence 

of scattered isolated hills otherwise known as “inselbergs” that has risen abruptly from 

the otherwise flat terrain (NWPTB, 2020). The area receives an average annual rainfall 

of around 500 mm per annum and the temperature here ranges from 3°C - 32°C 

(NASA POWER, 2020). More than 60 large mammalian species are found in this 
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reserve that includes lion (Panthera leo), elephant (Loxodonta africana), both black 

and white rhinoceros, leopard and African buffalo (Syncerus caffer) (Nel, 2018).  

 

Figure 1.7: Major Vegetation types in Madikwe Game Reserve (NWPTB, 2020) 

1.2.1.6. Boskop Dam Nature Reserve  

This nature reserve (27° 08'E latitude, 26° 33'S longitude) has an area of 30 km2 of 

continued mosaic of sour grasslands constituting Bankenveld (Acocks, 1988). It is 

located 20 km north of the Potchefstroom town in the valley of Moori river. The climate 

of the area usually ranges from having temperatures of -1°C (May – September) to 

32°C (during October-January) with dry frosty winters and wet summers (Bredenkamp 

et al., 1994). Boskop dam nature reserve (hereafter Boskop) faces average annual 

rainfall of around 600 mm (Bezuidenhout & Bredenkamp, 1990) The reserve holds 

rocky, non-arable shallow soils (Louw, 1951) with a mixture of shale, lava, quartzite 

ridge, dolomitic limestone, few faults and a diabase dyke in its complex geology 

(Annandale & Nealer, 2011; Barnard et al., 2013). The reserve is home to large 

mammalian species such as springbok, black wildebeest (Connochaetes gnou), 

blesbok, red hartebeest and zebra (Nel, 2018). 



33 
 

 

Figure 1.8: Major Vegetation types in Boskop Dam Nature Reserve (NWPTB, 2020) 

1.2.1.7. Molemane Eye Nature Reserve  

The Molemane eye nature reserve (27° 11'E latitude 25° 43'S longitude) is situated at 

an altitude range of 1,474-1,540 m masl on the Lichtenburg-Zeerust Road, around 10 

km from Ottoshoop covering an area of almost 50 km2 (Leitner, 2013; NWPTB, 2020). 

Vegetation in the Molemane eye nature reserve (Molemane) is composed of Kalahari 

grassland and acacia thorn scrub or sour mixed bushveld (Acocks, 1988; Newbery & 

van Heerden, 2002) over undulating terrain. The soil mainly consists of dolomite and 

chert (Mucina & Rutherford, 2006). Temperature of the reserve ranges from -5°C in 

the winters to 35°C in the summers. The average annual rainfall received by the area 

is around 600 mm (NASA POWER, 2020). The reserve has good numbers of 

ungulates such as zebra, blesbok, warthog and African buffalo (Knoop et al., 2009; 

Leitner, 2013).  
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Figure 1.9: Major Vegetation types in Molemane Eye Nature Reserve (NWPTB, 2020) 

1.2.1.8. Botsalano Game Reserve  

Located at 18 km north of the Ramatlabama border post on Botswana border (to the 

west of Mafikeng), Botsalano game reserve (25° 42'E latitude, 25° 33'S longitude) 

covers an area of 58 km2 (NWPTB, 2020) with an elevation range of 1,320 m to 1,440 

m masl (Birdlife, 2015). Vegetation of Botsalano game reserve (hereafter Botsalano) 

is represented by a mix of wide-ranging grassland and Vachellia woodlands also called 

as Klerksdorp Thornveld (Mucina & Rutherford, 2006). Geology of the reserve 

comprises of rocky and shallow soils interspersed with deep sandy loam with quartz 

and limestone (Munyati & Moeng, 2015). The climate in this reserve is generally mild 

to very hot in summers with a possibility of winter nights being extremely cold. The 

area receives an annual average rainfall of around 500 mm (Birdlife, 2015). The 

Reserve is home to over 200 bird species with records of a few globally threatened 

species including Cape Vulture (Gyps coprotheres), Kori Bustard (Ardeotis kori), 

Secretary bird (Sagittarius serpentarius) (Birdlife, 2015). The major large mammalian 
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species in the reserve include African buffalo, zebra, red hartebeest (Alcelaphus 

caama) and white rhinoceros (Nel, 2018). 

 

Figure 1.10: Major Vegetation types in Botsalano Game Reserve (NWPTB, 2020) 

1.2.1.9. Mafikeng Game Reserve  

With an area of 48 km2, Mafikeng Game Reserve (25° 43' E Latitude, 25° 52' S 

longitude) established in 1992 (Brockett, 2002), is located almost in the upper middle 

part of North West Province (Seitlhamo, 2011). Elevation of the Mafikeng game 

reserve (hereafter Mafikeng) ranges form 1,260 – 1,420 m asl. with a flat terrain 

(Seitlhamo, 2002). An underlying layer of lava with andesitic composition (Mucina & 

Rutherford, 2006) features a considerable part of the reserve. The climate in this area 

is mild to hot (15°C - 35°C), with the possibility of winter nights being extremely cold 

(Seitlhamo, 2011). The average annual rainfall in the area is around 550 mm. The 

vegetation of this reserve is described as mixed bushveld by Acocks (1988), and dry 

Cymbopogon-Themeda veld by Mucina and Rutherford (2006) with dominant 

woodland species being Rhus lancea and Vachellia while Cymbopogon plurinodis, 

Themeda triandra Enneapogon scoparius, Elionuris muticus, and Heteropogon 
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contortus being the dominant grass species (Adcock, 1991). The reserve comprises 

of a good populations of game animals including zebra, white rhino, gemsbok (Oryx 

gazela), African buffalo, ostrich (Struthio camelus) and giraffe (Nyirenda et al., 2016).  

 

Figure 1.11: Major Vegetation types in Mafikeng Game Reserve (NWPTB, 2020) 

1.2.1.10. Wolwespruit Dam Nature Reserve  

This Wolwespruit dam nature reserve (26° 16'E latitude 27° 24'S longitude) is one of 

the least known nature reserves in the North West Province (NWPTB, 2020). Located 

upstream on the Vaal River, at a distance of 130 km from the Bloemhof Dam, the 

Wolwespruit dam nature reserve (hereafter Wolwespruit) has an area of 23 km2 with 

an average elevation between 1,554 and 1,664 m masl. (Topographic maps, 2020). 

Temperature of the region ranges from 9°C - 26°C and the area receives an annual 

average rainfall of 490 mm (NASA POWER, 2020). The reserve comprises of a 

riverine bush habitat stretched throughout its length. Although small, the reserve 

comprises of a number of large herbivores such as kudu, impala, black wildebeest, 

red hartebeest, blesbok and zebra (Nel, 2018).  
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Figure 1.12:Major vegetation types in Wolwespruit Dam Nature Reserve (NWPTB, 2020) 

1.2.1.11. Bloemhof Dam Nature Reserve  

The Bloemhof dam nature reserve (25° 39'E latitude and 27° 40’S longitude) is located 

320 km from Johannesburg and 4 km east of Bloemhof city. The size of the Bloemhof 

dam nature reserve (hereafter Bloemhof) is 250 km2 with an open Kalahari scrub 

vegetation called as Kimberly Thornveld (Mucina & Rutherford, 2006) and influx of 

water in the dam from Vall river (NWPTB, 2020). Climate in this reserve is usually mild 

to hot (12°C – 26°C) (Shafir & Oldewage, 1992) in summers but can be cold in winter 

nights (NASA POWER, 2020). The area receives an average annual rainfall of 480 

mm (NASA POWER, 2020). Bloemhof comprises of a wide variety of game species 

such as springbok, black wildebeest, eland and gemsbok (Nel, 2018) and more than 

250 species of birds including breeding colonies of White-backed Vultures (Gyps 

africanus) (Birdlife, 2018). 
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Figure 1.13: Major habitat types in Bloemhof Dam Nature Reserve (NWPTB, 2020) 

1.2.1.12. S.A. Lombard Nature Reserve  

This reserve (25° 30’E latitude, 27° 35’S longitude) is located at about 17 km west of 

Bloemhof with an area of approximately 42 km2 (van Zyl, 1965; Buys & Dott, 1991) 

and an altitude of 1283 m (van Zyl, 1965; Rechav, 1986). The topography of the 

reserve (hereafter SA Lombard) consists of a small area of open Kalahari grassland 

on an undulating flood plain. Vegetation in some areas are represented by Kalahari 

thornveld dominated by trees and shrubs such as a few species of Vachellia, Rhus 

lancea, Pentzia incana, Chrysocoma cenuifolia and Tarchonanthus camphoratus 

while other areas by open Cymbopogon-Themeda grasslands (van Zyl, 1965; Rechav, 

1986; Acocks, 1988; Buys & Dott, 1991). The area experiences wide fluctuations in 

temperature ranging from -10°C in winters to almost 40°C in summers. The reserve 

receives average annual rainfall in the range of 400-550 mm. The reserve hosts good 

population of ungulates including eland, black wildebeest, impala, red hartebeest, 

springbok and zebra (Rechav, 1986). 



39 
 

 

Figure 1.14: Major vegetation types in SA Lombard Nature Reserve (NWPTB, 2020) 

1.2.1.13. Molopo Game Reserve  

With an area of 240 km2, the Molopo game reserve (22° 57'E latitude 25° 48'S 

longitude) is located in the far west side of the province, near Vostershoop and next 

to the Botswana border marked by a part of Molopo river (van Niekerk, 2011). The 

elevation of the reserve (hereafter Molopo) is 1,000 m masl (van Niekerk, 2014). This 

remote reserve has a unique arid savanna habitat with grassland and thornveld dunes 

named as Molopo Bushveld with dominant tree species of Acacia and Boscia tree 

species (Mucina & Rutherford, 2006). The climate in the area is characterized by 

extreme high and low temperatures with a range between -7°C to 35°C (van Niekerk, 

2011) and average annual rainfall of 333 mm (Coleman & Downs, 2009). Deep red 

soils are found in the area with sand dunes near drainage valleys (van Niekerk, 2011). 

The reserve is home to a diverse group of mammals including Cheetah, caracal, blue 

wildebeest, eland, gemsbok, kudu, zebra, red hartebeest, impala, waterbuck, brown 

hyena and warthog (Nel, 2018). More than 120 species of birds have also been 

recorded from this reserve which includes breeding pairs of martial eagles, bateleur 
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(Terathopius ecaudatus), and tawny eagles (Aquila rapax). Two common vulture 

species in the reserve are lappet faced vultures (Torgos tracheliotos) and white-

backed vultures (Birdlife, 2018). 

 

Figure 1.15: Major vegetation types in Molopo Game Reserve (NWPTB, 2020) 

1.3. RATIONALE FOR THE RESEARCH 

1.3.1. Research Focus 

Co-existence in multi-species ungulate assemblages in African ecosystems has 

intrigued scientists for a long time and is an active area of ongoing research. Spatial 

distribution of resources, i.e., landscape heterogeneity has an overriding positive effect 

on the viability of wildlife populations (Hobbs & Gordon, 2010) because of the buffering 

effect of low quality patches. This can be further enhanced by frequent planned fires, 

as is regularly done by managers.  The current research thesis will focus on identifying 

and evaluating various biotic and abiotic drivers influencing ungulate population 

dynamics and spatial distributions across a range of environmental settings in order 

to improve current knowledge. The study aims to investigate the factors structuring the 

spatial distribution of ungulate species. Spatial occupancy forms part of this goal and 
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hopefully the findings from this study will facilitate the interpretation of the varied long-

term growth rates of ungulate populations; across both species and sites in the NW 

Province to help the management establish informed harvesting protocols. Gradual 

population declines of habitat-specific species in smaller game reserves (Seydack et 

al., 2012) suggest inadequate knowledge persists throughout the conservation 

fraternity regarding the preferred microclimate of ungulate species within which they 

can persist. It is quite conceivable that some protected areas do not equally meet the 

spatial requirements for individual species, where species with large spatial 

requirements are likely to be impacted most. 

The purpose of this research is to identify the ecological drivers of ungulate space use 

in smaller fenced conservation areas (<10,000 km2) in South Africa, across ecological 

gradients. The objective, furthermore, is to compare habitat partitioning between 

ungulates and their occupancy patterns across the landscape, and in particular, to find 

plausible explanations for the disparities in spatial occupancies and segregation 

across sites. It is certainly possible that some protected areas do not optimally provide 

for the spatial requirements across all species, with some species normally inhabiting 

large home range sizes most likely to be impacted negatively. 

1.3.2. Research Question and Objectives 

The present study intends to identify important environmental drivers affecting 

changes in population distribution across NW landscape. Environmental drivers 

considered included rainfall, temperature, soil nutrients and landscape features. The 

study further aimed to use spatial data in GIS platforms to assess the importance of 

spatial segregation as a mechanism allowing coexistence in ungulate societies.  

Conservative management regimes keep populations at low densities, and thus limit 

investigations concerned with population performance to contributions from climatic 



42 
 

fluctuations and environmental structure. Investigating spatial occupancy helps to 

identify factors limiting their spatial distribution, which ultimately impacts at the 

population level. It is difficult to establish whether current growth rates are linked to 

spatial constraints, a distinct possibility given the variability in growth rates, spatially 

and across the species spectrum. The major focus of the overall study is to determine 

the environmental drivers influencing distributions of co-existing ungulate populations. 

The following objectives were accordingly formulated: 

1. To estimate precise population abundance and detection probability of 

ungulates from aerial counts.  

2. To evaluate the major environmental determinants of habitat partitioning for 

ungulates in the North-West Province. 

3. To determine the major environmental variables driving spatial distributions, 

spatial occupancy levels, and segregation patterns of ungulate species 

across landscapes. 

I formulated hypothesis for each objective based on previous literature and tested 

them through model selection by finding the most parsimonious descriptive model of 

ungulate distributions based on temporal and spatial factors. I expected species to 

respond more towards spatial factors than temporal factors. However, this might not 

be the case when ungulate density increases, at which point, species are likely to 

become less selective (Rosenzweig, 1991).   

1.4. RESEARCH DESIGN AND METHODS 

Various monitoring techniques are carried out for large mammals depending on the 

objectives of the study (McComb et al., 2010). These include some direct methods 

such as line transects (Buckland et al., 2001), aerial counts (Norton-Griffiths, 1978; 

Oswald, 1982; Gasaway et al., 1986; Unsworth et al., 1994), and indirect methods 



43 
 

such as pellet/scat counts (Fuller, 1991) track counts (Wilson & Delahay, 2001). These 

methods are then associated with appropriate survey analysis software to get desired 

results (e.g. DISTANCE (Thomas et al., 2010)).   

Aerial surveys have been carried out since the mid-1950s across the African continent 

(Jachmann, 2002). One of the downsides of using an aerial count against ground 

transects is the higher probability of inaccuracies in abundance estimation (Jachmann, 

2001; 2002; Terrill Paterson et al., 2019), that can be corrected through the use of 

double counts based on the model of mark-recapture (Caughley, 1974) or using 

Peterson estimate (Seber, 1982; Caughley & Sinclair, 1994) and deriving a correction 

factor (Caughley & Grice, 1982; Graham & Bell, 1989; Caughley & Sinclair, 1994; 

Jachmann, 2001). Another cost-effective way is using unbiased population models 

(e.g. Peterson 2019; see Kidwai et al., 2019) that accounts for imperfect detections 

(Royle, 2004) by using the survey counts that are replicated both over time and space 

(Kéry et al., 2009).  

Estimating the probability of a species using certain habitat features in a given area 

and time, by modelling landscape use, is a crucial and increasingly widespread 

approach in research and management (Nielson & Sawyer, 2013; Jarnevich et al., 

2015; Wisdom et al., 2020; Li et al., 2022; Singh et al., 2022). Analyses at the species 

community scale have recently progressed due to statistical advancements and the 

growing availability of data from various taxa (Devarajan et al., 2020). One such widely 

applied class of community models is the hierarchical multi-species occupancy model. 

Multi-species occupancy modelling (MSOM) offers a way to measure biodiversity while 

taking into consideration various sources of uncertainty, inaccurate detections, and 

imperfect sampling methods (MacKenzie et al., 2002; Tyre et al., 2003; Dorazio & 

Royle, 2005, Gelfand et al., 2005). In MSOM, the community pool of capture histories 
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as well as the species-specific capture histories in combination can be used to quantify 

effects of covariates at both the individual species and community-level. Additionally, 

it produces estimates (with fully propagated uncertainty) of occupancy probability that 

are species-specific as well as community-level summaries like species richness 

(Dorazio & Royle, 2005; Doser et al., 2022) that can be used to inform the modelled 

parameters for each species. Such an approach is particularly helpful for modelling 

rare or hard-to-detect species with lower detection probabilities, which are frequently 

found in non-invasive surveys (Zipkin et al., 2010).  

The data in the current study was collected through Arial surveys each year in late 

July to August (late dry season) with a four-seater Bell Jet Ranger II helicopter (Nel, 

2018). Survey counts spanned the years 1999-2015. A half strip width of 250 m 

(depending on the reserve and terrain), was surveyed, giving a total strip width of 500 

m.  The flying heights varied between 60 m to 100 m while the flying speed was 

maintained at an average of 90 kilometres per hour (Nel, 2018). The data includes the 

game audit data set consisting of harvest, removal and introduction figures across all 

the study sites over the study period.  

Three replicate count sessions were conducted at the larger reserves e.g., Madikwe, 

Pilanesberg, Borakalalo, Kgaswane and Molopo under the management of the North 

West Parks and Tourism Board. For other reserves such as Boskop, Wolwespruit, 

Bloemhof, SA Lombard, Mafikeng, Botsalano, Molemane, and Valkop (Bultfontein & 

La Boheme areas) two replicates for the counts were carried out. This decision was 

taken by the executive management as a result of an agreement between the Board 

and Auditor-general. Surveys was not conducted in the years 2016 and 2017 due to 

funding constraints (Nel, 2018). 
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1.5. ORGANISATION OF THESIS 

This thesis has been written as three separate scientific papers bookended by an 

introduction, and a conclusion with synthesis of key findings. Chapter two has been 

published in a peer reviewed journal, and Chapter three and Chapter four are written 

as stand-alone manuscripts which have not been submitted for publication. 

Chapter one provides introduction to the study which includes the background of 

ungulate populations and previous similar studies carried out across the globe. This 

chapter also describes rationale, methodology and the objectives of the study along 

with descriptive account of the study area. 

Chapter two explores the use of N-mixture models in estimating population 

abundance and detection probabilities of ungulate species from aerial counts. The 

chapter advocates on the precision of N-mixture models in estimating population 

abundance, and emphasizes on its use for determining harvest quota of ungulate 

species in the NW Province.  

Chapter three focuses on assessing the important environmental factors driving 

habitat partitioning in ungulate groups across the NW Province. The chapter used 

generalized linear mixed models to explore relationships between ungulate detections 

and ecological drivers. Key factors were identified for each of the species and their 

relationships across the study sites were evaluated.  

Chapter four describes the role of variables in spatial occupancy of ungulates in 

selected sites of NW Province with varying rainfall. Ungulate groups were created 

based on their feeding behaviour for carrying out the study. Multi-species occupancy 

modelling was used to draw conclusions of ungulate spatial occupancies and species 
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richness in the study sites. The chapter also deals with identifying co-occurrence and 

segregation patterns between individual ungulate species across the study sites. 

Finally, in Chapter five I synthesize the key findings of the thesis and the implications 

for the conservation and management of ungulates in the NW Province. I also highlight 

research gaps and considerations for management interventions of various ungulate 

groups in the thirteen conservation reserves of the NW Province. 
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2.1. ABSTRACT 

Inaccurate estimates of animal populations may lead to flawed management 

interventions; therefore, it is essential to understand the status and population trend 

of a species in order to plan its management efficiently. Aerial surveys are considered 

a useful method for estimating the population size of large conspicuous animals 

inhabiting large areas, but raw count data from aerial surveys usually underestimate 

population sizes due to imperfect detection. The use of N-mixture models with aerial 

count data provides a useful tool to estimate the population sizes while taking 

detection probability into account. As a study case we used aerial surveys conducted 

for monitoring black rhinoceros (Diceros bicornis) in Madikwe Game Reserve and 

Pilanesberg Nature Reserve (South Africa) during 1999 - 2015, and we analysed data 

with a dynamic extension of the N-mixture model. We estimated 0.078 - 0.098 and 

0.139 - 0.142 individuals/km2, respectively, and we found evidence for density 

dependence in both reserves with a carrying capacity of 0.122 (0.102-0.142) 

individuals/100 km2. Based on simulations used to assess precision of the estimates, 

root-mean-square error model (RMSE) estimates was significantly smaller than those 

for the raw maximum counts. The N-mixture models provide a promising approach to 

estimate population size, trends and demographic characteristics of large conspicuous 

mammals such as black rhinoceroses. Such analysis can provide estimates that are 

more accurate than raw counts. In addition, use of model covariates that affect a 

species' population parameters can provide useful information for their conservation 

and management. 

Keywords: Aerial survey; black rhinoceros; dynamic N-mixture models; South Africa. 
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2.2. INTRODUCTION 

Reliable information on the status of animal populations is essential to inform decision-

making processes, assess the degree of compliance with planned conservation and 

management goals, or avoid undesirable outcomes from interventions (McCarthy & 

Possingham, 2007; Nichols & Williams, 2006). Inaccurate population estimates can 

lead to errors in establishing population status and setting conservation goals that limit 

the ability to determine the effects of management actions (Wiest et al., 2019). 

However, knowledge of the population sizes, especially for those that are elusive or 

distributed over large areas at low density, can be technically difficult to obtain or be 

expensive (Skalski, 1994). In such cases, given limited resources for monitoring 

wildlife populations, there is a need for both effective and cost-efficient survey methods 

(Parker et al., 2011). 

Species of African rhinoceroses, the white rhino (Ceratotherium simum) and the black 

rhino (Diceros bicornis), are prime examples of this challenge. They typically occur at 

low density in protected areas administered by government and private owners 

(Walpole et al., 2001). The black rhinoceros, in particular, is among the ungulates that 

are threatened globally (Ferreira et al., 2017). The species is classified as “critically 

endangered” (Emslie, 2012) because of the demand for rhino horn, mainly from Far 

Eastern markets (Martin, 1991). Although intraspecific variation of black rhinoceros is 

still on debate (Moodley et al., 2017), of the 7-8 originally described subspecies, three 

have been declared “extinct” by the International Union for Conservation of Nature 

(IUCN) (Amin et al., 2006; Emslie, 2012). Over the last two decades, the remaining 

subspecies have been declining throughout the continent (Amin et al., 2006) despite 

the anti-poaching efforts (Cromsigt et al., 2002; Gakahu, 1993; Hrabar & du Toit, 

2005).  
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The conservation status of the South African subspecies is still a key concern 

(Cromsigt et al., 2002; Ferreira et al., 2017). In 1930, there were an estimated 110 D. 

b. minor in South Africa in two populations of Hluhluwe-iMfolozi Park and Mkhuze 

Game Reserve of KwaZulu-Natal (KZN). With protection, active management and 

translocations to expand range and numbers, by the end of 2015 there were 54 

breeding populations conserving an estimated 1,580 animals (Emslie & Adcock, 

2016). However, after the most recent upsurge of poaching that started in 2008, from 

2010-17 D. b. minor has actually suffered the highest poaching (551 reported) 

compared to 260 for the approximately equally numerous D.b.bicornis and 134 for the 

rarer D. b. michaeli (Southern African Development Community Rhino Management 

Group (SADC RMG), personal communication, April 4, 2019). 

Continued monitoring of black rhino populations need not only evaluate the efficiency 

of anti-poaching efforts, but also provide information on population dynamics. In black 

rhinos, density-dependent social constraints such as territorial and antagonist 

behaviours (Adcock, 1994) contribute to population regulation (Hanski, 1990; 

Lundberg et al., 2000; Sæther, 1997). Resource availability per individual is reduced 

at high population densities, affecting survival, natality and age at maturity (Hrabar & 

du Toit, 2005; Sæther, 1997). In addition, many rhino populations are small and 

fragmented: ca. 75% of the reserves in Kenya, Namibia, and South Africa have <50 

animals (Berger, 1994) such that genetic diversity loss and environmental stochasticity 

are serious threats (Hrabar & du Toit, 2005; Mduma et al., 1999; Owen-smith, 1990; 

Sinclair et al., 1985). Black rhino conservation practices typically seek to maximise the 

population growth by relying on a meta-population structure (Ferreira et al., 2017; 

Foose et al., 1993; Hrabar & du Toit, 2005). This requires detailed knowledge of 

population size, trend and demographic rates. 
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The status of populations is usually monitored by individual identification (ID) based 

monitoring by SADC RMG (e.g. to provide information on mortalities, calving, 

removals, poaching, individuals missing and presumed dead). ID based monitoring is 

recommended for black rhino given the additional value of demographic data that can 

be obtained. However, intensive helicopter block counts are more common for 

population estimation of large mammals in areas where ID-based monitoring is not 

logistically feasible (Caughley, 1977; Brockett, 2002; Ferreira et al., 2011; 2017, 

(Williams et al., 2017). Detection probability of animals, however, can be highly 

variable and is always lower than one. Use of raw count data from aerial surveys, 

therefore, usually underestimates population size (Caughley, 1977; Steinhorst & 

Samuel, 1989). Many authors have developed procedures for estimating visibility bias 

and corrections to population estimators (Hone, 2008; Jachmann, 2002; King et al., 

1985; Ottichilo, 1999), and these are also used in aerial surveys of black rhinos 

(Ferreira et al., 2011; Mackie et al., 2013). Moreover, overestimation of abundance 

can occur from double counting or false positives (Schmidt, 2005) which can also 

underestimate survival probabilities in relation to environmental covariates (Gimenez 

et al., 2008; MacKenzie et al., 2017; Martin et al., 1995; Nichols & Williams, 2006; Tyre 

et al., 2003) while overestimating the extinction and turnover rates (Moilanen, 2002; 

Nichols et al., 1998).  

In this study, we used data from aerial surveys of black rhinos, conducted in two 

reserves, Pilanesberg and Madikwe, South Africa, to estimate the population sizes 

and temporal trends between 1999 and 2015. To accommodate imperfect detection, 

we used N-mixture models that estimate abundance and detection probability 

simultaneously without identification of individuals in the populations (Royle, 2004). N-

mixture models are rarely used with aerial count data in South Africa to estimate 
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wildlife abundance (but see Lyet et al., 2016). The objective of this study was to 

demonstrate the use of N-mixture models to improve precision of abundance 

estimates, and comparing those results with established estimates from RMG ID 

based monitoring methods. 

2.3. MATERIAL AND METHODS 

2.3.1. Study Sites 

Madikwe Game Reserve (henceforth Madikwe) is approximately 60 000 ha in extent 

and is one of the largest game reserves in South Africa. It is situated close to the 

Botswana border in the far north of North West Province (24° 45'S 26° 16'E). The 

vegetation of the reserve is composed of large open woodlands and grasslands, 

divided by the “Rant van Tweedepoort” Hills in the middle of the reserve, and bordered 

by the Dwarsberg Mountains in the south (NWPTB, 2018). The majority of the reserve 

is “Sourish Mixed Bushveld” (Acocks, 1988), with a tree-shrub layer of medium-low to 

medium-high growth and tall-growing Vachellia (previously Acacia) species being the 

most dominant (Figure 2.1). The main features of this area are the scattered inselbergs 

or isolated hills abruptly rising from otherwise flat plains (NWPTB, 2018). The climate 

in this region can be divided into the rainy season (October – April) and the dry season 

(May – September). The area receives rainfall of <500 mm per annum and 

temperature in the reserve vary from 3°C - 32°C (NWPTB, 2018). The reserve is a 

home to around 66 large mammalian species including lion (Panthera leo), leopard 

(Panthera pardus), rhinoceros (both black, and white), elephant (Loxodonta africana) 

and buffalo (Syncerus caffer); along with more than 300 species of resident and 

migrant birds. Black rhinos were reintroduced in the area in 1992. 

Pilanesberg Nature Reserve (henceforth Pilanesberg; 25° 15' 42.12"S, 27° 6' 2.88"E) 

covers an area of 55,000 ha and is situated in the Bojanala Region of the North West 
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Province. Geologically, the area is formed by a crater of a long-extinct volcano that 

was produced by volcanic eruptions ca. 1,300 million years ago and fringed by a few 

concentric ridges or rings of hills (Carruthers, 2011). The park is in the transition zone 

between the dry Kalahari and wetter low-veld vegetation, commonly referred to as 

“Sour Bushveld” (Acocks, 1975). The habitat comprises of Vachellia and broad-leaf 

bushveld, varying from open grassland to thickets (Hrabar & du Toit, 2005) (Figure 

2.1). The reserve receives annual rainfall in the range of 600 – 700 mm, with most of 

that falling during a dominant rainy season (October - April) followed by dry season 

from May to September. Highly variable annual rainfall can produce frequent droughts 

in some years (Farrell et al., 1978; McCarthy & Rubidge, 2006; Mucina & Rutherford, 

2006; Carruthers, 2011). The average annual temperature in the area ranges from 

15°C - 30°C (NWPTB, 2018). About 24 species of the larger mammals occur in 

Pilanesberg including lion, leopard, elephant, black and white rhino, buffalo, springbok 

(Antidorcas marsupialis), brown hyena (Hyaena brunnea), impala (Aepyceros 

melampus), cheetah (Acinonyx jubatus), sable antelope (Hippotragus niger), giraffe 

(Giraffa camelopardalis), zebra (Equus quagga) and hippo (Hippopotamus 

amphibious). Nineteen black rhinos were reintroduced to Pilanesberg from 1981 to 

1983 and a further five animals were added in 1989 (Adcock et al., 1998). A recent 

increase in rhino poaching has been described in this area (NWPTB, 2015). 
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Figure 2.1: Details of geographic locations and land use land cover (LULC) categories in the 

study sites (NWPTB, 2018) 

The black rhino populations in Madikwe and Pilanesberg both are considered by the 

IUCN “Key”: critical for the survival of the species, in the type “Key 2”: population 

increasing or stable and N = 51-100 (Emslie & Brooks, 1999). 

2.3.2. Data collection 

Three annual replicate aerial surveys were conducted from 1999-2015 during the late 

dry period (July to October) by using a four-seat Bell Jet Ranger II helicopter with all 

doors removed. The time between two replicate surveys varied between 1-7 days. The 

survey team consisted of a pilot, a data recorder and one observer on each side. The 

survey covered the entire area of both the reserves by flying 500 m wide transects at 

90 km/h and 60-100 m above ground (Nel, 2015). Data recorded included locations of 

all observed individuals, date and time of each observation, and flight time of the 

survey summed over by year (sum of the three replicate surveys). 
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Figure 2.2: Black rhino group sighted in the bushveld during the aerial counts in Madikwe 

Game Reserve (Source: NWPTB, 2015) 

2.3.3. Data analysis 

We used an N-mixture model to estimate species abundance from count data while 

accounting for imperfect detection (Royle, 2004). This model depends on data from 

survey counts that are replicated both in space and over time (Kéry et al., 2009) 

which are necessary to enabled estimation of detection probability. This information 

was used to get the real abundance (λ) from a local variation in the abundance (Ni) 

at i sites using j temporal counts. There are two linked processes: 

1. Ecological. The species has a local abundance in i sites (Ni) with latent abundance 

λ that is described by a Poisson distribution 

Ni ~ Poisson(λ) 

2. Observation. We observed yij (counts) from the Ni (individuals in each i sites) in 

each j temporal replicates with a detection probability p, which is described by a 

binomial distribution: 

yi,j | Ni ~ Binomial(Ni, p) 
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Thus, the N-mixture model simply consist of two linked generalized linear models. 

Inputs to the model are the replicate counts, which then yields estimates of the 

parameters of the ecological (abundance) and the observation processes (detection 

probability) (Kéry & Schaub, 2012). In this study we used a dynamic N-mixture or multi-

season model that is a robust-design generalized form of N-mixture model (Royle, 

2004) for open populations (Dail & Madsen, 2011). The covariates we used in the 

model are those that could influence the detection process: survey effort (total flight 

duration per year), Julian date (with a quadratic term), site (as a factor, characterizing 

different reserves) and the interaction terms. For population growth rate, we used 

climate covariates: annual rainfall and temperature (NASA, 2018) (Table 1). 

Table 2.1. Covariates used to model abundance, recruitment, survival (or growth 

rate) and probability of detection using a binomial mixture model in Pilanesberg 

and Madikwe (South Africa), 1999–2015. 

Covariate 
Sample-unit 

specific 
measurement 

Mean Range Rationale 

Site Factor - - 
We can expect different detection probability 
between sites, due to vegetation cover and 
geomorphological attributes 

Climate 
Average  annual 

rainfall (mm) 
547.8 

268.5-
835.8 

Inter-calving intervals decreased with an 
increase in rainfall (Berkeley & Linklater, 
2010; Hrabar & du Toit, 2005). We can 
expect changes in recruitment 

 Average  annual 
temperature (ºC) 

20.8 19.0-22.6 

A positive relationship was observed 
between the percentage of calves born each 
month and mean monthly temperature 
(Freeman et al., 2014) 

Fly time 
Hours of flight 
(site by year) 

19.6 14.1-24.0 
As time of flight increase, we can expect the 
detection of black rhino also increase 

Julian date 
Ordinal day of 

the year 
235 205-287 

We can expect a variation in detection in the 
time of year counts were conducted 
(Brockett, 2002) 

We began by assessing the assumptions of the N-mixture model. The first is that the 

population is geographically and demographically closed within the replicates in a year 
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and a given site (in this case, a reserve). In our study, primary periods were years, 

over which the population was assumed to be open to gains and losses, while the 

three annual replicate surveys (secondary periods) were obtained within a sufficiently 

short time that the local population was assumed to be closed to births, deaths and 

movement. The second assumption is that individuals are counted only once per 

survey. Third, animal detections are independent of each other; otherwise, this issue 

must be addressed using a beta-binomial rather than a binomial observation model 

(Martin et al., 2011) that account for correlated detections of individuals. Finally, 

density dependence in vital rates, if present, must be explicitly modelled (Bellier et al., 

2016) to consider this specific dynamic. Based on the biology of black rhinos, the 

fenced nature of the reserves, and methods of data capture, the first three 

assumptions are likely reasonable, although limited double-counting could lead to the 

estimation (Link et al., 2018). Moreover, we considered density dependence that could 

potentially exist (Hanski, 1990; Hrabar & du Toit, 2005; Lundberg et al., 2000; Sæther, 

1997). Bellier et al. (2016) described the bias that may occur with density dependence 

and environmental stochasticity when estimating survival and recruitment, and they 

compared the use of four Dail-Madsen models in a Bayesian approach: 1) no density 

dependence (DM), 2) density dependence on survival (DDS), 3) density dependence 

on recruitment (DDR) and 4) density-dependence on both survival and recruitment 

(DDSR). To assess these models, they performed simulations, and adjusted the four 

models using cross-simulations. Bellier et al. (2016) concluded that accurate estimates 

of abundance and detection probability were possible without accounting for density 

dependence, but that recruitment, growth rate, or survival would be biased without 

explicitly modelling the density-dependent process. 
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To fit the N-mixture model, we used the unmarked package (Fiske & Chandler, 2011) 

in R (R Core Team, 2018), which provides a unified modelling framework for 

hierarchical models. It has been developed to separately model explanatory variables 

of both a latent abundance or occurrence, as well as on a conditional detection 

process. Unmarked also including tools for data exploration, model fitting, model 

criticism, post-hoc analysis, and model comparison (Fiske & Chandler, 2011). The 

computational cost of analysing models using unmarked is significantly lower than 

using the Bayesian approach. 

Data were modelled using maximum likelihood methods with the function pcountOpen, 

specifically written to handle the Dail and Madsen model in unmarked (Chandler & 

King, 2011). For model selection, we followed a three-step process (Hostetler & 

Chandler, 2015) using the Akaike Information Criteria (AIC) (Akaike, 1974) corrected 

for small sample sizes (AICc) for model selection (Burnham & Anderson, 2002). First, 

we selected three models of initial abundance for the response variable (count data) 

by comparing the performance of Poisson, zero-inflated Poisson and Negative 

Binomial models. Second, we compared a set of candidate models with covariates 

that might affect the detection process. Third, we compared between four possible 

models with different population dynamics from unmarked: constant, trend, auto-

regressive and Ricker and Gompertz models. Ricker and Gompertz models allowed 

us to evaluate density dependence (Hostetler and Chandler, 2015), although the 

authors warn about the need for additional studies on their validity in certain cases. 

The Ricker model (Ricker, 1954; 1958) is a discrete population model that gives the 

expected number (or density) of individuals Nt, in year t as a function of the number of 

individuals in the previous year:  
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𝑁[𝑖,𝑡] = 𝑁[𝑖,𝑡−1] ∙ 𝑒𝛾(1−
𝑁[𝑖,𝑡−1]

𝜔
)
 

Where gamma (γ) is the maximum instantaneous population growth rate. Omega (ω) 

is either a parameter that describe the apparent survival rate (deaths and emigrations) 

in constant, trend and autoregressive models, or the equilibrium abundance (carrying 

capacity) in density-dependent models. The models require an integer value 

specifying the upper bound used in the integration (K). In our study, this upper bound 

was set at K=130, large enough so that it did not affect the models results.  

We estimated annual abundance using empirical Bayes methods (ranef) from 

unmarked and demographic parameters using the best-supported models (based on 

AIC comparisons) following the rules of ΔAIC< 2 asserted by Burnham and Anderson 

(2002) to make a multi-model inference on coefficients. We used the predict function 

from unmarked to produce plots of estimated relationships with the predictors for each 

covariate. We used the parametric bootstrap approach to obtain p-values from sums 

of squares (SSE), Chi-square and Freeman-Tukey fit statistics that quantify the fit of 

a model to a data set, and as a measure of the goodness of fit of the N-mixture selected 

model. We simulated 1,000 bootstrap samples for each fit assessment. A dispersion 

parameter (ĉ) was calculated as the ratio of the observed fit statistic to the mean of 

the simulated distribution. Because the evidence of different density-dependence 

types, we compared our results in unmarked with the approach from Bellier et al 

(2016). Based on the previous knowledge from black rhino, we can expect density-

dependent survival and recruitment (DDSR) (Hanski, 1990; Sæther, 1997; Hrabar & 

du Toit, 2005; Lundberg et al., 2000). We fitted this specific model using Nimble (de 

Valpine et al., 2017; NIMBLE Development Team, 2018) to compare results in DDSR 

model and in unmarked. 
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We also used N-mixture simulations to test the reliability of our results, show the 

relationship between the number of spatial replicates (sites) and accuracy of 

parameters estimates, and to compare the model outputs with the raw data (maximum 

counts). We employed modified versions of the original scripts from Chandler (2018). 

To simulate populations we used similar parameters to those obtained from the null 

models using our data in two different population dynamics scenarios: Ricker (λ=62; 

γ=0.2; ω=88; p=0.6) and constant (λ=58; γ=21; ω=0.73; p=0.6) with 2, 5 and 10 spatial 

replicates (sites). We also compared the population average from 1999-2015 in 

Madwike and Pilanesberg using the N-mixture approach and the ID monitoring from 

SADC RMG (personal communication, April 4, 2019), assuming those ID estimates 

were not biased. In the results, we present estimates and 95% confidence intervals 

(CI), unless otherwise stated. 

2.4. RESULTS 

2.4.1. Model selection 

For initial abundance, the negative binomial distribution was more strongly supported 

than the Poisson and zero-inflated Poisson (Table 2.2A). The best-supported models 

for detection included the covariates Site, Julian Date (including the quadratic term) 

and the interaction term Site x Julian Date (Table 2.2B). Models with density-

dependent dynamics were better supported than constant, trend, or autoregressive 

models. The best-supported full model was a Ricker model with Rainfall as covariate 

for growth rate (Table 2.2C). All models of Table 2.2C were used for multimodel 

inference on coefficients (Table 2.3). Complete R codes and data are in Appendices 

A and B.  

Table 2.2: Model selection results. A) Initial abundance; B) Detection probability 

and C) Dynamics selection. Number of sites = 2. Number of years=17 Covariates 
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considered: Rainfall (R), Temperature (T), Site (Site), Fly time (Ft) and Julian 

Date (Jd). Model selection based on Akaike's Information Criterion (AIC), 

number of parameters (nPars), the difference AICc from the best fit models 

(ΔAICc<2), model weights (AICwt), and cumulative model weights (cltvWt). 

 

Table 2.3: Model averaged parameter estimates for each covariate and the 

associated standard errors (*) Growth rate and carrying capacity are estimated 

using the Ricker models. 

  Mean SE 

Detection 
  

Intercept p(.) 0.10 0.21 

p(SiteB) 1.16 0.23 

p(Julian date) 0.14 0.07 

p(Julian date^2) -0.10 0.04 

p(Julian date*SiteB) -0.43 0.15 

Growth Rate:   

Intercept γ(.) -0.96 0.56 

 γ(Rain) 0.67 0.63 

 γ(Temp) -0.06 0.19 

Carrying Capacity: 
  

Intercept ω(.) 4.29 0.08 

 nPars AIC ΔAICc AICwt cltvWt 

 
A. Initial Abundance  

 

Negative Binomial λ(.)γ(.)ω(.) [Const.]p(.) 5 684.37 0 0.95 0.95 

Poisson λ(.)γ(.)ω(.)[Const.]p(.) 4 690.74 6.37 0.04 0.99 

ZIP  λ(.)γ(.)ω(.)[Const.]p(.) 5 692.75 8.38 0.01 1 
 

B. Detection Probability 
 

λ(.)γ(.)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd) 9 645.09 0 0.71 0.71 

λ(.)γ(.)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 10 646.90 1.81 0.29 0.99 

λ(.)γ(.)ω(.)[Const.]p(Site+Jd+I(Jd^2) 8 655.09 10.01 0.01 1 

 
C. Dynamics 

 
λ(.)γ(R)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 10 642.70 0.00 0.46 0.46 

λ(.)γ(R+T)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 11 644.47 1.77 0.19 0.65 

λ(.)γ(.)ω(.)[Const]p(Site+Jd+I(Jd^2)+Site*Jd) 9 644.62 1.92 0.18 0.83 

λ(.)γ(.)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 9 644.64 1.93 0.17 1 
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2.4.2. Detection, population size and trend 

The relation between Julian date and detection probability shows that detection 

declines in September and October, during early green-up of woody vegetation. 

Detectability was close to one in Pilanesberg for the earliest dates, while it was 

approximately 0.8 in Madikwe at the same time and diminished thereafter. There was 

a difference in detectability between both reserves: at the end of September, 

detectability decreased in both areas, although more markedly in Pilanesberg (Figure 

2.3 and Table 2.3).  

 

Figure 2.3: Predictions using model averaging from the best-fit models (ΔAICc<2). Top: 

probability of detecting black rhino in Madikwe and Pilanesberg depending on Julian date. 

Bottom left: detection probability by Site. Bottom right: growth rate vs. rainfall. Mean estimates 

are in black and their 95% confidence intervals are in grey  

There is some support for effects of precipitation and temperature on growth rate, 

although it is weak (Table 2.3). Population size in Madikwe and Pilanesberg showed 

similar dynamics (Figure 2.4), with a density range of 0.078 - 0.098 and 0.139 - 0.142 
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individuals/km2, respectively. Carrying capacity based on the Ricker model in 

unmarked (Figure 2.4 and Table 2.3) was estimated as 73.07 (60.99 - 85.14) 

individuals, or a density of ca. 0.122 (0.102 - 0.142) individuals/100 km2. The 

population size estimates using the model DDSR in a Bayesian approach (Bellier et 

al. 2016) are somewhat similar to those obtained using the unmarked model (Results 

in Appendix C vs Abundance in Appendix A). The average difference in estimates 

between Bayesian vs unmarked approaches was 2.2 (1.57 - 6.84) individuals 

(positive) for Madikwe, and 1.80 (4.45 - 0.07) individuals for Pilanesberg (negative).  

 

Figure 2.4: Average estimated abundance of Black Rhinoceros Diceros bicornis in Madikwe 

and Pilanesberg in 1999-2015 and Ricker model fit (dashed). Bars represent 95% confidence 

intervals on abundance estimates 

2.4.3. Goodness of fit 

The bootstrap p-values for the best-fit model based on the SSE, Freeman-Tukey, and 

Chi-square statistics were 0.66, 0.69 and 0.67, respectively, suggesting that our model 

provided an adequate fit to the data (Figure A.2 in Appendix A). The value of ĉ (ratio 

of observed/expected) was 0.73, indicating a slight under-dispersion. 
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2.4.4. Simulations 

Using a simulated time span of 20 years (Table 2.4 and Appendix C), the estimate of 

initial abundance (λ) using N-mixture models had root-mean-square error (RSME) 

values substantially lower than using maximum yearly counts. For density-dependent 

and constant dynamics, the RMSE was reduced by half if we used ten spatial 

replicates instead of two. The accuracy of the detection probability estimate was high 

in both the constant and the Ricker models; however, in the simulation with density 

dependence, the accuracy of growth rate was lower than for the constant model. 

Table 2.4: Root-mean-square error (RMSE) from the population parameter 

estimates through simulations. Simulations are based on our parameters 

estimates from the null models for Ricker and constant dynamics, for M ∈ {2, 5, 

10} spatial replicates (sites). We also compare the RMSE from estimates and 

from raw count data (using the maximum from three yearly replicates). One 

hundred simulations of each case were conducted. Parameters: lambda: initial 

abundance; gamma: recruitment rate (constant) or growth rate (Ricker); omega: 

apparent survival probability (constant) or equilibrium abundance (Ricker) and 

p: detection probability. 

  RICKER CONSTANT 

M Parameter Simulated 
RMSE 

Simulated 
RMSE 

Estimates Counts Estimates Counts 

2 

lambda (λ) 62.00 6.75 22.36 58.00 7.38 23.19 

gamma (γ) 0.20 0.15  21.00 8.93  

omega (ω) 88.00 10.23  0.73 0.12  

P 0.60 0.05  0.60 0.09  

5 

lambda (λ) 62.00 5.12 20.74 58.00 6.16 17.10 

gamma (γ) 0.20 0.08  21.00 5.11  

omega (ω) 88.00 6.71  0.73 0.06  

P 0.60 0.04  0.60 0.04  

10 

lambda (λ) 62.00 4.00 21.93 58.00 3.58 21.00 

gamma (γ) 0.20 0.05  21.00 3.07  

omega (ω) 88.00 5.44  0.73 0.04  

P 0.60 0.03  0.60 0.03  
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2.4.5. Comparison RMG ID and N-mixture estimates  

The range in RMG ID estimates for Madikwe was 27 - 82 with an average (1999-2015) 

of 56.5. For the N-mixture estimates, the minimum was 46.8 (40-54), the maximum 

was 83.5 (75-92), and the average (1999-2015) was 69.0 (53-85). The N-mixture 

average estimate was 22.2% higher. The RMG estimates for Pilanesberg ranged from 

48 to 66 with an average of 56.0. The N-mixture estimates had a minimum of 55.6 (51-

60), a maximum of 84.9 (80-90), and an average (1999-2015) of 71.09 (61-81). N-

mixture average estimate was 26.7% higher than of RMG.  

2.5. DISCUSSION 

The density estimates we obtained from this study were between 0.078 and 0.154 

rhinos/km2 which are similar to the density estimates reported in Pilanesberg (0.076 

individuals/km2) by Adcock et al. (1998), who also pointed out that this population was 

then still below its ecological carrying capacity. Model selection of the N-mixture model 

also allowed us to confirm that density-dependent processes were evident for these 

populations of black rhino. AIC supported density-dependent models, with three of the 

four best models including Ricker distributions (Table 2.3). This selected distribution 

described a rapidly growing population with a horizontal asymptote of 0.122 (0.102 - 

0.142) individuals/km2 (Figure 2.4). The estimates of population size and support for 

density dependence that we obtained using the DDSR model were similar (see Figure 

2.4 and Figure C1 from Appendix C) to those based on model selection in unmarked.  

While the growth rate estimates from our model require cautious interpretation (Bellier 

et al., 2016), we found evidence that rainfall has had a positive effect on the growth 

rate (Figure 2.3, Table 2.3). Therefore, it is expected that rainfall positively influences 

black rhino populations. For instance, Berkeley and Linklater (2010) indicated that 
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rainfall and, therefore, range conditions around conception influence seasonal 

conception rates and seasonal and annual progeny sex ratios.  

In general, estimates from N-mixture models could be improved by using more spatial 

replicates (Knape & Korner-Nievergelt, 2015), although short time series from many 

sites can yield estimates of similar accuracy as long series from few sites (Bellier et 

al., 2016), as in our study. This is consistent with the results of our simulations (Table 

2.4 and Appendix C). Furthermore, the use of more covariates would give further 

insights on the population responses to different observational and environmental 

conditions. 

The use of N-mixture models with aerial count data may provide an instrumental 

framework for species management, which would allow managers to obtain better 

population estimates. Even in complex situations like those involving density 

dependence and environmental stochasticity, abundance and detection probability 

can be more accurately estimated, as demonstrated by our simulation. To improve the 

accuracy of vital rates estimates we could use a Bayesian N-mixture approach, select 

the appropriate type of density-dependence (DDR, DDS or DDSR) (Bellier et al., 2016) 

and also use informative priors. Vital rate estimates could be also addressed using 

identification-based models or even integrated population models (e.g. combining 

spatial capture-recapture and count models) that have important advantages 

compared to conventional analyses (Schaub et al., 2007) to obtain unbiased 

estimates. 

About the differences of detection probability between reserves, SDAC RMG using ID 

monitoring (personal communication, April 4, 2019) found that a greater proportion of 

the population is counted in Pilanesberg than Madikwe, as we found 
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using N-mixture model (Figure 2.3). In contrast, the differences in abundance between 

RMG ID and N-mixture estimates were unexpected. If we assume RMG ID are 

unbiased, the differences could lie in the execution of the aerial surveys. Accidental 

double-counts can lead to overestimation because a substantial bias arises with only 

a slight violation of model assumptions (Link et al., 2018). Another cause of bias could 

be an unmodeled source of variation in detection (e.g. observer experience). In the 

future, such biases could be minimized through proper planning, training and 

execution. Furthermore, integrated population models (IPM) or N-mixture models that 

incorporate false positives and false-negatives could reduce the effect of double-

counting (Chambert et al., 2016). The use of those models is an attractive and simple 

approach to estimate densities of large mammals besides black rhino in the region, 

and they facilitate working at scales that are relevant for conservation and 

management. Aerial counts of large mammals, and the application of N-mixture 

models, would improve population size estimates, and provide more accurate 

knowledge of population trends and uncertainty of estimates. It should be noted that 

according our simulations (Table 2.4) even with high detection probability, the use of 

raw counts could mask substantial fluctuations in population sizes. In our simulations, 

using a detection probability of 0.6 and three replicates, maximum counts are biased 

at a 30%. Furthermore, an additional advantage of using dynamic N-mixture models 

is the possibility to include covariates as potential predictors of recruitment, survival 

and species abundance. Evaluating the relationship between potential covariates and 

demographic vital rates could provide more comprehensive information, which could 

aid in identifying threats to a species and could be targeted by the policy-making 

authorities.  
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2.8. SUPPLEMENTARY MATERIAL 

Supplementary information for “Using N-mixture model to accurately estimate 

abundance and population trend of black rhinoceros (Diceros bicornis L.) from 

aerial counts” 

Appendix A: R + unmarked script 

Zaara Kidwai, José Jiménez, Cornelius J. Louw, H. P. Nel and Jason P. Marshal 

Table of Contents 
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Set working directory 

setwd('C:/…/') 

Load packages 

library(unmarked) 

## Loading required package: reshape 

## Loading required package: lattice 

## Loading required package: parallel 

## Loading required package: Rcpp 

Read data 

# Replicated aerial counts data 

ymat<-read.table('BlackRhino.txt', header=FALSE) 

Naive estimate 
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y<-matrix(0,ncol=17, nrow=2) 

for(i in 1:2){ 

  for(j in 1:17){ 

    y[i,j]<-max(ymat[i,(j+(j-1)*2)],ymat[i,(j+1+(j-1)*2)],ymat[i,(j+2+(j-1)*2)]) 

  } 

} 

 

plot(1999:2015,y[1,],pch=16, ylim=c(0,80), cex=1.25, type='b', 

  xlab="Year", ylab="Naive population estimate") 

points(1999:2015, y[2,], cex=1.25, type='b') 

legend(2009.5,18, lty=1, lwd=c(2,1), pt.cex = 1.25, pch=c(16,1), col=c('black','bla

ck'), 

  cex=1.25, legend=c('Madikwe','Pilanesberg'), bty='n') 

 

Figure A.1: Evolution of black rhino in Madikwe and Pilanesberg using the maximum yearly 

counts. 

Covariates 

Ft<-data.matrix(read.table('flyTimeRhino.txt', header=FALSE)) 

Jd<-data.matrix(read.table('julianDate.txt', header=FALSE)) 

Rm<-data.matrix(read.table('removal.txt', header=FALSE)) 

Rainfall<-data.matrix(read.table('rainfall.txt', header=FALSE)) 

temp<-data.matrix(read.table('temp.txt', header=FALSE)) 

Model in unmarked 

Site-specific covariates 
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sc <- data.frame(Site = c('A','B'))  # A: Madikwe; B: Pilanesberg 

Observation-specific covariates 

oc <- list( 

    Obs = matrix(1:51, nrow=2, ncol=51, byrow=TRUE), 

    Jd = Jd)       # Julian date 

Yearly-site covariates 

ysc <- list( 

    Ft = Ft,       # Fly time 

    Rainfall = Rainfall, 

    temp=temp, 

    Rm=Rm)         # Removal 

Setting data 

umf <- unmarkedFramePCO(y=ymat, 

                        siteCovs=sc, 

                        obsCovs=oc, 

                        numPrimary=17, 

                        yearlySiteCovs=ysc) 

Standardize covariates 

yearlySiteCovs(umf) <- scale(yearlySiteCovs(umf)) 

obsCovs(umf) <- scale(obsCovs(umf)) 

Take a look 

summary(umf) 

## unmarkedFrame Object 

##  

## 2 sites 

## Maximum number of observations per site: 51  

## Mean number of observations per site: 51  

## Number of primary survey periods: 17  

## Number of secondary survey periods: 3  

## Sites with at least one detection: 2  

##  

## Tabulation of y observations: 

## 20 22 23 24 26 27 28 29 30 31 32 34 35 36 37 38 39 40 41 42 43 44 45 46 47  
##  1  1  1  2  5  1  3  2  3  1  3  1  1  2  3  5  1  2  5  2  3  4  2  4  3  

## 48 49 50 51 52 53 54 55 56 57 58 59 61 62 63 65 66 68 70  

##  6  1  1  1  6  2  2  1  3  1  2  3  1  1  1  1  3  3  2  

##  

## Site-level covariates: 

##  Site  

##  A:1   

##  B:1   

##  

## Observation-level covariates: 

##       Obs                Jd          

##  Min.   :-1.6901   Min.   :-1.6193   

##  1st Qu.:-0.8619   1st Qu.:-0.7576   

##  Median : 0.0000   Median :-0.2999   

##  Mean   : 0.0000   Mean   : 0.0000   

##  3rd Qu.: 0.8619   3rd Qu.: 0.7906   

##  Max.   : 1.6901   Max.   : 2.7966   

##  

## Yearly-site-level covariates: 

##        Ft             Rainfall             temp               Rm          

##  Min.   :-2.4017   Min.   :-2.20460   Min.   :-2.1972   Min.   :-0.5465   

##  1st Qu.:-0.6145   1st Qu.:-0.66175   1st Qu.:-0.6620   1st Qu.:-0.5465   

##  Median :-0.2780   Median : 0.08646   Median :-0.1920   Median :-0.5465   

##  Mean   : 0.0000   Mean   : 0.00000   Mean   : 0.0000   Mean   : 0.0000   
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##  3rd Qu.: 0.4061   3rd Qu.: 0.71364   3rd Qu.: 0.7604   3rd Qu.: 0.2981   

##  Max.   : 1.8936   Max.   : 2.27295   Max.   : 2.2267   Max.   : 2.8318 

Fit open models for abundance: lambda (= abundance), gamma (= gains or 
recruitment), omega (= survival), p (= detect) 

# Null model 

fm.0.P <- pcountOpen(~1, ~1, ~1, ~1, data=umf, 

  mixture='P', K=130, control=list(trace=TRUE), start=c(4,3.1,1,1)) 

fm.0.ZIP <- pcountOpen(~1, ~1, ~1, ~1, data=umf, 

  mixture='ZIP', K=130, control=list(trace=TRUE), start=c(4,3.1,1,1,0)) 

fm.0.NB <- pcountOpen(~1, ~1, ~1, ~1, data=umf, 

  mixture='NB', K=130, control=list(trace=TRUE), start=c(4,3.1,1,1,0)) 

 
 
brm0<- fitList('Poisson'              =fm.0.P, 

               'ZIP'                  =fm.0.ZIP, 

               'Negative Binomial'    =fm.0.NB) 

modSel(brm0) 

##                   nPars    AIC delta AICwt cumltvWt 

## Negative Binomial     5 684.37  0.00 0.946     0.95 

## Poisson               4 690.74  6.37 0.039     0.99 

## ZIP                   5 692.75  8.38 0.014     1.00 

(lam <- exp(coef(fm.0.NB, type='lambda'))) 

## lam(Int)  

## 57.82012 

(gam <- exp(coef(fm.0.NB, type='gamma'))) 

## gamConst(Int)  

##      20.46591 

(om <- plogis(coef(fm.0.NB, type='omega'))) 

## omega(Int)  

##   0.732117 

(p <- plogis(coef(fm.0.NB, type='det'))) 

##   p(Int)  

## 0.601168 

 

fm.1 <- pcountOpen(~1, ~1, ~1, ~Site, umf,  

  dynamics="constant", 

  mixture='NB', start=c(4,0,0,0,0,2), K=130) 

fm.2 <- pcountOpen(~1, ~1, ~1, ~Jd+I(Jd^2), umf, 

  dynamics="constant", 

  mixture='NB', start=c(4,0,0,0,0,0,2), K=130) 

fm.3 <- pcountOpen(~1, ~1, ~1, ~Site+Jd+I(Jd^2), umf,   

  dynamics="constant", 

  mixture='NB', start=c(4,3.5,0,0,1,0,0,20), K=130) 

fm.4 <- pcountOpen(~1, ~1, ~1, ~Site+Jd+I(Jd^2)+Site*Jd, umf,  

  dynamics="constant", 

  mixture='NB', start=c(4,0,0,0,0,0,0,0,2), K=130) 

fm.5 <- pcountOpen(~1, ~1, ~1, ~Site*Jd+Site+Jd+I(Jd^2)+Ft, umf, 

  dynamics="constant", 

  mixture='NB', start=c(4,0,0,0,0,0,0,0,0,2), K=130) 

 

Model selection. Detection 

brm1<- fitList('lam(.)gam(.)om(.)p(.)'                           = fm.0.NB, 

               'lam(.)gam(.)om(.)p(Site)'                        = fm.1, 

               'lam(.)gam(.)om(.)p(Jd+I(Jd^2)'                   = fm.2, 

               'lam(.)gam(.)om(.)p(Site+Jd+I(Jd^2)'              = fm.3, 

               'lam(.)gam(.)om(.)p(Site+Jd+I(Jd^2)+Site*Jd)'     = fm.4, 

               'lam(.)gam(.)om(.)p(Site+Jd+I(Jd^2)+Site*Jd+Ft)'  = fm.5) 

 

modSel(brm1) 
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##                                                nPars    AIC delta   AICwt   cuml

tvWt 

## lam(.)gam(.)om(.)p(Site+Jd+I(Jd^2)+Site*Jd)        9 644.62  0.00 7.0e-01     0.

70 

## lam(.)gam(.)om(.)p(Site+Jd+I(Jd^2)+Site*Jd+Ft)    10 646.36  1.74 3.0e-01     1.

00 

## lam(.)gam(.)om(.)p(Site+Jd+I(Jd^2)                 8 657.01 12.39 1.4e-03     1.

00  

## lam(.)gam(.)om(.)p(Site)                           6 669.67 25.05 2.6e-06     1.

00 

## lam(.)gam(.)om(.)p(Jd+I(Jd^2)                      7 670.54 25.91 1.7e-06     1.

00 

## lam(.)gam(.)om(.)p(.)                              5 684.37 39.75 1.6e-09     1.

00 

 

 

Model selection. Abundance 

 

brmD<- fitList(# No covariates in gamma 

               'lam(.)gam(.)om(.)[Const]p(Site+Jd+I(Jd^2)+Site*Jd)'                

= fm.6, 

               'lam(.)gam(.)om(.)[Trend]p(Site+Jd+I(Jd^2)+Site*Jd)'                

= fm.7, 

               'lam(.)gam(.)om(.)[Autoreg]p(Site+Jd+I(Jd^2)+Site*Jd)'              

= fm.8, 

               'lam(.)gam(.)om(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd)'               

= fm.9, 

               # Rainfall as covariate in gamma 

               'lam(.)gam(Rainfall)om(.)[Const]p(Site+Jd+I(Jd^2)+Site*Jd)'         

= fm.10, 

               'lam(.)gam(Rainfall)om(.)[Trend]p(Site+Jd+I(Jd^2)+Site*Jd)'         

= fm.11, 

               'lam(.)gam(Rainfall)om(.)[Autoreg]p(Site+Jd+I(Jd^2)+Site*Jd)'       

= fm.12, 

               'lam(.)gam(Rainfall)om(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd)'        

= fm.13, 

               # Rainfall and Temperature as covariates in gamma 

               'lam(.)gam(Rainfall+temp)om(.)[Const]p(Site+Jd+I(Jd^2)+Site*Jd)'    

= fm.14, 

               'lam(.)gam(Rainfall+temp)om(.)[Trend]p(Site+Jd+I(Jd^2)+Site*Jd)'    

= fm.15, 

               'lam(.)gam(Rainfall+temp)om(.)[Autoreg]p(Site+Jd+I(Jd^2)+Site*Jd)'  

= fm.16, 

               'lam(.)gam(Rainfall+temp)om(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd)'   

= fm.17) 

 

 

modSel(fitList(fm.6,fm.7,fm.8,fm.9,fm.10,fm.11,fm.12,fm.13,fm.14,fm.15,fm.16,fm.17)

) 

 

## 

##       nPars    AIC delta   AICwt cumltvWt 

## fm.13    10 642.70  0.00 0.38874     0.39 

## fm.17    11 644.47  1.77 0.16068     0.55 

## fm.6      9 644.62  1.92 0.14883     0.70 

## fm.9      9 644.64  1.93 0.14799     0.85 

## fm.14    11 645.90  3.20 0.07853     0.92 

## fm.10    10 646.14  3.43 0.06983     0.99 

## fm.7      8 653.24 10.54 0.00200     1.00 

## fm.11     9 653.92 11.22 0.00142     1.00 

## fm.8      9 655.25 12.54 0.00073     1.00 

## fm.15    10 655.92 13.22 0.00052     1.00 

## fm.12    10 655.95 13.25 0.00052     1.00 

## fm.16    11 657.93 15.23 0.00019     1.00 

## Warning message: 

## In fitList(fm.6, fm.7, fm.8, fm.9, fm.10, fm.11, fm.12, fm.13, fm.14,  : 
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##  Your list was unnamed, so model names were added as object names               

 

backtransform: 

gamma_int    <- backTransform(linearComb(fm.13, type="gamma", coefficients=c(1,0)))

; gamma_int 

## Backtransformed linear combination(s) of Growth Rate estimate(s) 

##  

##  Estimate    SE LinComb (Intercept) Rainfall 

##     0.348 0.212   -1.05           1        0 

##  

## Transformation: exp 

gamma_rain   <- backTransform(linearComb(fm.13, type="gamma", coefficients=c(0,1)))

; gamma_rain 

## Backtransformed linear combination(s) of Growth Rate estimate(s) 

##  

##  Estimate   SE LinComb (Intercept) Rainfall 

##      2.52 1.33   0.924           0        1 

##  

## Transformation: exp 

p_int     <- backTransform(linearComb(fm.13, type="det", coefficients=c(1,0,0,0,0))

); p_int 

## Backtransformed linear combination(s) of Detection estimate(s) 

##  

##  Estimate     SE LinComb (Intercept) SiteB Jd I(Jd^2) SiteB:Jd 

##     0.528 0.0518   0.113           1     0  0       0        0 

##  

## Transformation: logistic 

p_Site    <- backTransform(linearComb(fm.13, type="det", coefficients=c(0,1,0,0,0))

); p_Site 

## Backtransformed linear combination(s) of Detection estimate(s) 

##  

##  Estimate     SE LinComb (Intercept) SiteB Jd I(Jd^2) SiteB:Jd 

##     0.757 0.0417    1.14           0     1  0       0        0 

##  

## Transformation: logistic 

p_Jd      <- backTransform(linearComb(fm.13, type="det", coefficients=c(0,0,1,0,0))

); p_Jd 

## Backtransformed linear combination(s) of Detection estimate(s) 

##  

##  Estimate     SE LinComb (Intercept) SiteB Jd I(Jd^2) SiteB:Jd 

##     0.534 0.0183   0.136           0     0  1       0        0 

##  

## Transformation: logistic 

p_Jd2     <- backTransform(linearComb(fm.13, type="det", coefficients=c(0,0,0,1,0))

); p_Jd2 

## Backtransformed linear combination(s) of Detection estimate(s) 

##  

##  Estimate     SE LinComb (Intercept) SiteB Jd I(Jd^2) SiteB:Jd 

##     0.475 0.0107 -0.0987           0     0  0       1        0 

##  

## Transformation: logistic 

p_SiteXJd <- backTransform(linearComb(fm.13, type="det", coefficients=c(0,0,0,0,1))

); p_SiteXJd 

## Backtransformed linear combination(s) of Detection estimate(s) 

##  

##  Estimate     SE LinComb (Intercept) SiteB Jd I(Jd^2) SiteB:Jd 

##     0.393 0.0348  -0.435           0     0  0       0        1 

##  

## Transformation: logistic 

Abundance 

black.rhino<-ranef(fm.13)  # To get all 

bup(black.rhino) 
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##          [,1]     [,2]     [,3]     [,4]     [,5]     [,6]     [,7] 

## [1,] 46.82095 48.92527 53.82453 64.01512 61.00254 75.75705 76.74588 

## [2,] 59.13389 62.31687 76.27861 65.56049 77.92541 84.36233 84.91844 

##          [,8]     [,9]    [,10]    [,11]    [,12]    [,13]    [,14] 

## [1,] 83.51075 69.45007 66.84770 75.70615 69.17260 72.30242 81.91210 

## [2,] 74.55045 61.33134 56.74073 55.61481 83.05397 76.64556 68.38189 

##         [,15]    [,16]    [,17] 

## [1,] 80.25660 75.97449 71.29647 

## [2,] 67.01282 74.99584 79.76157 

Confidence intervals 

# To get confindence intervals 

low.Mad<-confint(black.rhino)[1,1,] 

hig.Mad<-confint(black.rhino)[1,2,] 

low.Pil<-confint(black.rhino)[2,1,] 

hig.Pil<-confint(black.rhino)[2,2,] 

Goodness of fit 

fitstats <- function(fm) { 

    observed <- getY(fm@data) 

    expected <- fitted(fm) 

    resids <- residuals(fm) 

    sse <- sum(resids^2) 

    chisq <- sum((observed - expected)^2 / expected, na.rm=TRUE) 

    freeTuke <- sum((sqrt(observed) - sqrt(expected))^2) 

    out <- c(SSE=sse, Chisq=chisq, freemanTukey=freeTuke) 

    return(out) 

} 

 

(pb <- parboot(fm.13, fitstats, nsim=1000, report=2, parallel=FALSE)) 

 chisquare test statistic 

(c.hat <- pb@t0[2] / mean(pb@t.star[,2])) # c-hat as ratio of observed/expected 

load("pb.RData") 

 

par(mfrow=c(2,2)) 

par(mar = c(5.00, 

            5.00, 

            2.00, 

            1.00)) 

hist(pb@t.star[,1], xlab="SSE", col="lightgrey", 

  font.lab=2, cex.lab=1, main="") 

abline(v=pb@t0[1], lty=2, lwd=2) 

par(mar = c(5.00, 

            1.00, 

            2.00, 

            2.00)) 

hist(pb@t.star[,2], xlab="Chisq", col="lightgrey", 

  font.lab=2, cex.lab=1, main="") 

abline(v=pb@t0[2], lty=2, lwd=2) 

par(mar = c(5.00, 

            5.00, 

            1.00, 

            0.00)) 

hist(pb@t.star[,3], xlab="freemanTukey", col="lightgrey", breaks=15, 

  font.lab=2, cex.lab=1, main="") 

abline(v=pb@t0[3], lty=2, lwd=2) 
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Figure A.2: Graphical assessment of model fit by parametric bootstrapping. The dashed line 

is the observed statistic. The histogram approximates the expected sampling distribution 
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Supplementary information for “Using N-mixture model to accurately estimate 

abundance and population trend of black rhinoceros (Diceros bicornis L.) from 

aerial counts” 

Appendix B: Data 
Zaara Kidwai, José Jiménez, Cornelius J. Louw, H. P. Nel and Jason P. Marshal 

 

 

 Counts Date 

 Madikwe Pilanesberg Madikwe Pilanesberg 

1999 24 48 10/08/1999 18/08/1999 

1999 23 46 12/08/1999 19/08/1999 

1999 20 48 15/08/1999 21/08/1999 

2000 26 50 08/08/2000 12/08/2000 

2000 22 48 09/08/2000 14/08/2000 

2000 24 52 10/08/2000 15/08/2000 

2001 28 52 04/09/2001 10/09/2001 

2001 26 54 05/09/2001 11/09/2001 

2001 30 56 07/09/2001 12/09/2001 

2002 30 52 03/08/2002 10/08/2002 

2002 26 56 04/08/2002 12/08/2002 

2002 32 48 06/08/2002 14/08/2002 

2003 28 63 04/08/2003 07/08/2003 

2003 26 68 05/08/2003 09/08/2003 

2003 30 59 06/08/2003 11/08/2003 

2004 40 68 04/08/2004 12/08/2004 

2004 38 66 06/08/2004 14/08/2004 

2004 36 70 07/08/2004 15/08/2004 

2005 40 68 09/08/2005 17/08/2005 

2005 38 66 10/08/2005 20/08/2005 

2005 36 70 11/08/2005 21/08/2005 

2006 45 59 20/08/2006 13/08/2006 

2006 43 61 22/08/2006 18/08/2006 

2006 47 57 24/08/2006 21/08/2006 

2007 29 48 25/07/2007 11/08/2007 

2007 31 52 07/08/2007 13/08/2007 

2007 37 46 09/08/2007 16/08/2007 

2008 41 43 22/08/2008 12/08/2008 

2008 27 44 24/08/2008 16/08/2008 

2008 28 47 25/07/2008 21/08/2008 

2009 41 46 14/09/2009 26/08/2009 

2009 35 44 20/09/2009 30/08/2009 

2009 46 32 25/09/2009 05/09/2009 
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2010 38 65 29/08/2010 18/09/2010 

2010 34 42 02/09/2010 23/09/2010 

2010 38 51 06/09/2010 26/09/2010 

2011 42 66 30/08/2011 25/07/2011 

2011 43 59 01/09/2011 27/07/2011 

2011 32 62 08/09/2011 30/07/2011 

2012 39 53 06/09/2012 31/07/2012 

2012 49 54 08/09/2012 04/08/2012 

2012 48 58 14/09/2012 11/08/2012 

2013 44 56 09/09/2013 07/08/2013 

2013 41 52 14/09/2013 12/08/2013 

2013 44 53 17/09/2013 19/08/2013 

2014 45 58 16/09/2014 28/08/2014 

2014 38 52 17/09/2014 08/09/2014 

2014 37 55 18/09/2014 14/09/2014 

2015 37 41 23/09/2015 05/10/2015 

2015 29 47 26/09/2015 08/10/2015 

2015 41 26 30/09/2015 15/10/2015 
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Supplementary information for “Using N-mixture model to accurately estimate 

abundance and population trend of black rhinoceros (Diceros bicornis L.) from 

aerial counts” 

Appendix C: DDSR approach-R + Nimble model 

Zaara Kidwai, José Jiménez, Cornelius J. Louw, H. P. Nel and Jason P. Marshal 

Table of Contents 

Set working directory ...................................................................................................................... 103 
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Model .............................................................................................................................................. 104 

Bundle data ..................................................................................................................................... 105 

Data ................................................................................................................................................ 105 

Constants ........................................................................................................................................ 105 

Inits ................................................................................................................................................. 105 

Parameters monitored .................................................................................................................... 105 

Running the model .......................................................................................................................... 105 

Plot .................................................................................................................................................. 107 

 

Set working directory 

setwd('C:/…/') 

Read data 

# Replicated aerial counts data 

ymat<-read.table('BlackRhino.txt', header=FALSE) 

 

ymat1<-data.matrix(ymat[,c(seq(1,51, by=3))]) 

ymat2<-data.matrix(ymat[,c(seq(2,51, by=3))]) 

ymat3<-data.matrix(ymat[,c(seq(3,51, by=3))]) 

 

y<-array(0,c(2,17,3)) 

y[,,1]<-ymat1 

y[,,2]<-ymat2 

y[,,3]<-ymat3 

 

# Julian date 

Jd<-data.matrix(read.table('julianDate.txt', header=FALSE)) 

 

Jd1<-data.matrix(Jd[,c(seq(1,51, by=3))]) 

Jd2<-data.matrix(Jd[,c(seq(2,51, by=3))]) 

Jd3<-data.matrix(Jd[,c(seq(3,51, by=3))]) 

 

JD<- array(0,c(2,17,3)) 

JD[,,1]<-Jd1 

JD[,,2]<-Jd2 

JD[,,3]<-Jd3 

 

JD<-(JD-mean(JD))/sd(JD) 

 

# Rainfall 
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Rainfall<-data.matrix(read.table('rainfall.txt', header=FALSE)) 

Rainfall<- (Rainfall-mean(Rainfall))/sd(Rainfall) 

Model 

library(nimble) 

## nimble version 0.6-13 is loaded. 

## For more information on NIMBLE and a User Manual, 

## please visit http://R-nimble.org. 

##  

## Attaching package: 'nimble' 

## The following object is masked from 'package:stats': 

##  

##     simulate 

## define the model 

code <- nimbleCode({ 

  # Priors and constraints 

  alpha1 ~ dnorm(0,.01) 

  alpha2 ~ dnorm(0,.01) 

  alpha3 ~ dnorm(0,.01) 

  gamma0 ~ dnorm(0,0.01) 

  gamma1 ~ dnorm(0,0.01) 

 

  for(g in 1:G) { 

    for(t in 1:T){ 

      log(mean.r[g,t])<- gamma0 + gamma1*Rain[g,t] 

    } 

  } 

 

  beta1 ~ dunif(-1, 1) 

  sigma1 ~ dunif(0, 2) 

  tau1 <- 1/pow(sigma1, 2) 

  mean.phi ~ dunif(0, 1) 

  mphi <- log(mean.phi/(1-mean.phi)) 

  beta2 ~ dunif(-1, 1) 

  sigma2 ~ dunif(0, 2) 

  tau2 <- 1/pow(sigma2, 2) 

 

  for(g in 1:G) { 

    p0[g] ~ dunif(0, 1) 

    for(t in 1:T) { 

      for(k in 1:K) { 

        logit(p[g,t,k]) <- p0[g] + alpha1*JD[g,t,k] + 

                           alpha2*p0[g]*JD[g,t,k] + 

                           alpha3*JD[g,t,k]*JD[g,t,k] 

      } 

    } 

  } 

 

  lambda ~ dunif(0.1, 200) 

  # Likelihood 

  # Initial population size 

  for (g in 1:G){ 

    N[g,1] ~ dpois(lambda) 

 

    # State process 

    for (t in 1:(T-1)){ 

      S[g,t] ~ dbin(phi[g,t], N[g,t]) 

      R[g,t] ~ dpois(N[g,t] * r[g,t]) 

      N[g,t+1] <- S[g,t] + R[g,t] 

      # Density-dependence and environmental stochasticity in recruitment 

      lr[g,t] <- log(mean.r[g,t]) + beta1*(N[g,t]-Nm)+ eps1[g,t] 

      r[g,t] <- exp(lr[g,t]) 

      eps1[g,t] ~ dnorm(0, tau1) 

      # Density-dependence and environmental stochasticity in survival 

      lphi[g,t] <- mphi + beta2*(N[g,t]-Nm) + eps2[g,t] 

      phi[g,t] <- 1/(1+exp(-lphi[g,t])) 

      eps2[g,t] ~ dnorm(0, tau2) 
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    } 

    # Observation process 

    for (t in 1:T) { 

      for(k in 1:K) { 

        y[g,t,k] ~ dbin(p[g,t,k], N[g,t]) 

      } 

    } 

  } # g 

}) 

Bundle data 

y: count at site i and time t (3 replica) 

T: nb of years 

G: nb of sites 

Data 

data <- list(y = y, JD=JD, Rain=Rainfall) 

Constants 

constants<-list(T = dim(y)[2], G = dim(y)[1], K=dim(y)[3], 

                Nm=mean(as.matrix(y))) 

Inits 

# Initial values for recruits R 

ya<-apply(y, c(1,2), sum) 

R1<-as.matrix(ya)[,-1] 

 

 

inits  <-  list(mean.phi=runif(1,0.6,1), 

                beta1 =runif(1,-1,-.1), 

                beta2 =runif(1,-1,-.1), 

                sigma1=runif(1,0.01,0.5), 

                sigma2=runif(1,0.01,0.5), 

                gamma0=runif(1, -1, 1), 

                gamma1=runif(1, -1, 1), 

                p0=runif(2,0.5,1), 

                alpha1=runif(1,0.1,1), 

                alpha2=runif(1,0.1,1), 

                alpha3=runif(1,0.1,1), 

                lambda = runif(1,20,200), 

                R=R1+2) 

Parameters monitored 

params <- c('N') 

Running the model 

Rmodel <- nimbleModel(code=code, constants=constants, 

  data=data, inits=inits) 

## defining model... 

## building model... 

## setting data and initial values... 

## running calculate on model (any error reports that follow may simply reflect mis

sing values in model variables) ...  

## checking model sizes and dimensions... This model is not fully initialized. This 

is not an error. To see which variables are not initialized, use model$initializeIn

fo(). For more information on model initialization, see help(modelInitialization). 

## model building finished. 

Cmodel <- compileNimble(Rmodel) 

## compiling... this may take a minute. Use 'showCompilerOutput = TRUE' to see C++ 

compiler details. 

## compilation finished. 
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mcmcspec<-configureMCMC(Rmodel, monitors=params, thin=10) 

 

pumpMCMC <- buildMCMC(mcmcspec) 

CpumpMCMC <- compileNimble(pumpMCMC, project = Rmodel) 

## compiling... this may take a minute. Use 'showCompilerOutput = TRUE' to see C++ 

compiler details. 

## compilation finished. 

## Output: 

library(coda) 

library(lattice) 

 

 

samplesList <- runMCMC(CpumpMCMC, niter = 1000000, 

                nburnin = 50000, nchains = 3) 

## runMCMC's handling of nburnin changed in nimble version 0.6-11. Previously, nbur

nin samples were discarded *post-thinning*.  Now nburnin samples are discarded *pre

-thinning*.  The number of samples returned will be floor((niter-nburnin)/thin). 

## running chain 1... 

## |-------------|-------------|-------------|-------------| 

## |-------------------------------------------------------| 

## running chain 2... 

## |-------------|-------------|-------------|-------------| 

## |-------------------------------------------------------| 

## running chain 3... 

## |-------------|-------------|-------------|-------------| 

## |-------------------------------------------------------| 

samples<-rbind(as.matrix(samplesList[1][[1]]), 

               as.matrix(samplesList[2][[1]]), 

               as.matrix(samplesList[3][[1]])) 

 

summary(mcmc.list(as.mcmc(samplesList[[1]]), 

                  as.mcmc(samplesList[[2]]), 

                  as.mcmc(samplesList[[3]]))) 

##  

## Iterations = 1:95000 

## Thinning interval = 1  

## Number of chains = 3  

## Sample size per chain = 95000  

##  

## 1. Empirical mean and standard deviation for each variable, 

##    plus standard error of the mean: 

##  

##                  Mean       SD  Naive SE Time-series SE 

## N[1, 1]     48.996800 4.016824 7.524e-03      2.454e-02 

## N[2, 1]     64.991228 3.529405 6.611e-03      1.814e-02 

## N[1, 2]     52.196811 4.444757 8.326e-03      2.564e-02 

## N[2, 2]     70.089498 4.000707 7.494e-03      2.195e-02 

## N[1, 3]     53.725337 4.364536 8.176e-03      2.948e-02 

## N[2, 3]     81.633632 4.707205 8.817e-03      2.527e-02 

## N[1, 4]     63.695375 5.784458 1.084e-02      2.819e-02 

## N[2, 4]     73.479151 4.335836 8.122e-03      2.386e-02 

## N[1, 5]     65.004863 6.075275 1.138e-02      3.052e-02 

## N[2, 5]     87.113344 4.826542 9.041e-03      2.609e-02 

## N[1, 6]     79.492274 6.420902 1.203e-02      3.238e-02 

## N[2, 6]     93.773807 4.924628 9.225e-03      2.841e-02 

## N[1, 7]     79.815589 6.042792 1.132e-02      3.155e-02 

## N[2, 7]     93.900175 4.691508 8.788e-03      2.718e-02 

## N[1, 8]     84.594228 5.565000 1.042e-02      3.334e-02 

## N[2, 8]     82.098046 4.379125 8.203e-03      2.413e-02 

## N[1, 9]     73.585109 6.472541 1.212e-02      3.194e-02 

## N[2, 9]     67.960025 3.964758 7.427e-03      2.071e-02 

## N[1, 10]    69.394747 5.310787 9.948e-03      2.990e-02 

## N[2, 10]    62.891789 3.664322 6.864e-03      1.898e-02 

## N[1, 11]    75.828298 6.461543 1.210e-02      4.615e-02 

## N[2, 11]    62.418639 3.869993 7.249e-03      2.261e-02 

## N[1, 12]    69.835744 5.124600 9.599e-03      3.527e-02 

## N[2, 12]    88.754253 5.715589 1.071e-02      3.127e-02 

## N[1, 13]    73.959053 5.240570 9.816e-03      3.674e-02 
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## N[2, 13]    86.464414 6.229117 1.167e-02      3.166e-02 

## N[1, 14]    82.426519 5.967147 1.118e-02      4.333e-02 

## N[2, 14]    76.584337 4.865995 9.115e-03      2.602e-02 

## N[1, 15]    79.824007 6.431038 1.205e-02      4.809e-02 

## N[2, 15]    75.181126 4.356704 8.161e-03      2.375e-02 

## N[1, 16]    75.376225 6.698769 1.255e-02      4.793e-02 

## N[2, 16]    82.322088 4.647306 8.705e-03      2.490e-02 

## N[1, 17]    71.054639 7.839797 1.469e-02      5.494e-02 

## N[2, 17]    85.082228 8.976498 1.681e-02      3.572e-02 

##  

## 2. Quantiles for each variable: 

##  

##                  2.5%       25%       50%       75%      97.5% 

## N[1, 1]     41.000000 46.000000 49.000000 52.000000  5.700e+01 

## N[2, 1]     59.000000 63.000000 65.000000 67.000000  7.300e+01 

## N[1, 2]     44.000000 49.000000 52.000000 55.000000  6.100e+01 

## N[2, 2]     63.000000 67.000000 70.000000 72.000000  7.900e+01 

## N[1, 3]     45.000000 51.000000 54.000000 57.000000  6.200e+01 

## N[2, 3]     74.000000 78.000000 81.000000 84.000000  9.200e+01 

## N[1, 4]     53.000000 60.000000 64.000000 67.000000  7.600e+01 

## N[2, 4]     66.000000 70.000000 73.000000 76.000000  8.300e+01 

## N[1, 5]     53.000000 61.000000 65.000000 69.000000  7.700e+01 

## N[2, 5]     79.000000 84.000000 87.000000 90.000000  9.800e+01 

## N[1, 6]     67.000000 75.000000 79.000000 84.000000  9.200e+01 

## N[2, 6]     86.000000 90.000000 93.000000 96.000000  1.050e+02 

## N[1, 7]     68.000000 76.000000 80.000000 84.000000  9.200e+01 

## N[2, 7]     86.000000 91.000000 93.000000 96.000000  1.050e+02 

## N[1, 8]     73.000000 81.000000 85.000000 88.000000  9.500e+01 

## N[2, 8]     75.000000 79.000000 82.000000 85.000000  9.200e+01 

## N[1, 9]     61.000000 69.000000 73.000000 78.000000  8.700e+01 

## N[2, 9]     61.000000 65.000000 68.000000 70.000000  7.700e+01 

## N[1, 10]    59.000000 66.000000 69.000000 73.000000  8.000e+01 

## N[2, 10]    57.000000 60.000000 63.000000 65.000000  7.100e+01 

## N[1, 11]    64.000000 71.000000 76.000000 80.000000  8.900e+01 

## N[2, 11]    56.000000 60.000000 62.000000 65.000000  7.100e+01 

## N[1, 12]    60.000000 66.000000 70.000000 73.000000  8.000e+01 

## N[2, 12]    79.000000 85.000000 88.000000 92.000000  1.010e+02 

## N[1, 13]    64.000000 70.000000 74.000000 77.000000  8.400e+01 

## N[2, 13]    76.000000 82.000000 86.000000 90.000000  1.000e+02 

## N[1, 14]    71.000000 78.000000 82.000000 86.000000  9.400e+01 

## N[2, 14]    69.000000 73.000000 76.000000 79.000000  8.800e+01 

## N[1, 15]    67.000000 75.000000 80.000000 84.000000  9.300e+01 

## N[2, 15]    68.000000 72.000000 75.000000 78.000000  8.500e+01 

## N[1, 16]    63.000000 71.000000 75.000000 80.000000  8.900e+01 

## N[2, 16]    74.000000 79.000000 82.000000 85.000000  9.300e+01 

## N[1, 17]    57.000000 66.000000 71.000000 76.000000  8.700e+01 

## N[2, 17]    69.000000 79.000000 84.000000 91.000000  1.040e+02 

 

Plot 

ps.dep.mat1 <- samples[,c(seq(1,34,by=2))] 

ps.N1 <- ps.dep.mat1[,grep("N", colnames(ps.dep.mat1))] 

 

ps.dep.mat2 <- samples[,c(seq(2,34,by=2))] 

ps.N2 <- ps.dep.mat2[,grep("N", colnames(ps.dep.mat2))] 

 

Years<-1999:2015 

par(mar = c(5.50, 

            5.00, 

            5.00, 

            3.00)) 

plot(Years, colMeans(ps.N1), type="p", ylim=c(20, 120), pch=16, cex=2, 

     font.lab=2, cex.lab=1.25, 

     xlab="Year", ylab="Population size") 

segments(Years, apply(ps.N1, 2, quantile, prob=0.025), 

         Years, apply(ps.N1, 2, quantile, prob=0.975)) 

points(Years+.1, colMeans(ps.N2), type="p", ylim=c(15, 150), 
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     xlab="Year", ylab="Population size", pch=1, cex=2) 

segments(Years+.1, apply(ps.N2, 2, quantile, prob=0.025), 

         Years+.1, apply(ps.N2, 2, quantile, prob=0.975)) 

 

legend(2009.5,35, lty=1, lwd=c(1,1), pt.cex = 2, pch=c(16,1), 

  col=c('black','black'), 

  cex=1.25, legend=c('Madikwe','Pilanesberg'), bty='n') 

 

Figure C.1: Average estimated abundance of Black Rhinoceros Diceros bicornis in Madikwe 

and Pilanesberg in 1999-2015 using DDSR. Bars represent 95% Bayesian credible intervals 

on abundance estimates 
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Supplementary information for “Using N-mixture models to estimate 

abundance and temporal trends of ungulate populations from aerial 

counts:  a case study of black rhinoceros (Diceros  bicornis L.)” 
 

Appendix D: Simulations 
 

Zaara Kidwai, José Jiménez, Cornelius J. Louw, H. P. Nel and Jason P. Marshal 
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Constant 
 
 

# Simulate constant model with M=2 (sites) J=3 (secondary samples),  
# T=20 (primary periods) and detection probability p=0.7  
 
sim <- function(lambda=50, gamma=0.5, omega=0.8, p=0.7, M=10, T=20, J=3)  
{  

y <- matrix(NA, M, J*T)  
N <- matrix(NA, M, T)  
S <- G <- matrix(NA, M, T-1)  
N[,1] <- rpois(M, lambda)  
for(t in 1:(T-1)) {  

S[,t] <- rbinom(M, N[,t], omega)  
G[,t] <- rpois(M, gamma)  
N[,t+1] <- S[,t] + G[,t]  
}  

N <- N[,rep(1:T, each=J)]  
y[] <- rbinom(M*J*T, N, p)  
y<-list(y,N)  
return(y)  

}  
 
 
 
library(unmarked)  
## Loading required package: reshape  
## Loading required package: lattice  
## Loading required package: parallel  
## Loading required package: Rcpp  
nsim <- 100  
simout <- matrix(NA, nsim, 5)  
colnames(simout) <- c('lambda', 'gamma', 'omega', 'p', 'count')  

 
 

for(i in 1:nsim) 
{ 

 
cat("sim:", i, 

"\n") 
 

lambda <- 

58 
 

gamma <- 21     # Recruitment 

rate 
 

omega <- 0.73   # Apparent survival 

probability 
 

p <- 

0.6 
 

T <- 

20 
 

y.sim <- sim(lambda, gamma, omega, p, 
T=T) 

 
umf <- unmarkedFramePCO(y = y.sim[[1]], 
numPrimary=T) 
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m <- pcountOpen(~1, ~1, ~1, ~1, umf, 
K=120, 

 
starts=c(log(lambda), log(gamma), plogis(omega), 
plogis(p)), 

 
se=TRUE

) 
 

e <- 

coef(m) 
 

simout[i, 1:2] <- 
exp(e[1:2]) 

 
simout[i, 3:4] <- 
plogis(e[3:4]) 

 
simout[, 5] <-  

apply(cbind(y.sim[[1]][,1],y.sim[[1]][,2],y.sim[[1]][,3]),1,max) 
 

cat("mle = ", simout[i,], 

"\n") 
 

}  
 

 

Ricker 
 
 

# Simulate Ricker model with M=2 (sites) J=3 (secondary samples),  
# T=20 (primary periods) and detection p=0.7  
# detection probability 0.7  
library(unmarked)  
sim <- function(lambda=1, gamma=0.1, omega=1.5, p=0.7, M=5, T=20, J=3)  
{  

y <- N <- matrix(NA, M, J*T)  
N[,1] <- rpois(M, lambda)  
for(t in 2:T) {  

N[,t] <- rpois(M, N[,t-1]*exp(gamma*(1-N[,t-1]/omega)))  
}  
N <- N[,rep(1:T, each=J)]  
y[] <- rbinom(M*J*T, N, p)  
y<-list(y,N)  
return(y)  

}  
 
 
nsim <- 100  
simout <- matrix(NA, nsim, 5)  
colnames(simout) <- c('lambda', 'gamma', 'omega', 'p', 'count')  
for(i in 1:nsim) {  

cat("sim:", i, "\n")  
lambda <- 62  
gamma <- 0.2  
omega <- 88  
p <- 0.6  
y.sim <- sim(lambda, gamma, omega, p)  
umf <- unmarkedFramePCO(y = y.sim[[1]], numPrimary=20)  
m <- pcountOpen(~1, ~1, ~1, ~1, umf, K=120, dynamics="ricker",  

starts=c(log(lambda), log(gamma), log(omega), plogis(p)),  
se=TRUE)  

e <- coef(m)  
simout[i, 1:3] <- exp(e[1:3])  
simout[i, 4] <- plogis(e[4])  
simout[, 5] <-  apply(cbind(y.sim[[1]][,1],y.sim[[1]][,2],y.sim[[1]][,3]),1,max)  
cat("  mle =", simout[i,], "\n")  
}  
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CHAPTER 3. Landscape scale predictors of ungulate habitat use in the North 

West Province, South Africa. 

3.1. ABSTRACT 

Ungulate space use is generally focused towards optimizing resource acquisition, and 

minimizing predation risk. Considering the broad spectrum of environmental 

conditions, including varying size of study sites, investigation into habitat selection 

responses is warranted. These might differ across sites depending on resource 

availability. Forage quantity and quality are key components structuring habitat 

partitioning by ungulates, yet there are multiple additional factors to be considered. 

Locations across the landscape of eleven species of grazing ungulate were recorded 

from 2000-2015 across 13 study sites during the dry season. Environmental variables 

were fitted to 16 models to investigate their effect on ungulate habitat use and 

partitioning. Zebra and red hartebeest were among the most widely distributed 

species. Habitat partitioning between ungulates was found to be structured mainly by 

differences in preference for forage quality (e.g., sable vs impala), heterogeneity (e.g., 

wildebeest vs red hartebeest), elevation (e.g., springbok vs buffalo), difference in 

habitat type (e.g., eland vs blesbok), reliance on surface water (e.g., zebra vs 

gemsbok) and avoidance of roads (e.g., zebra vs black wildebeest). Multiple ecological 

variables influence ungulate landscape use in the North West Province of South Africa, 

and their importance are perhaps amplified within the confines of small protected 

areas. Examining their contribution towards habitat use across the species spectrum 

provides insight into niche partitioning and coexistence among multi-species 

communities.  

 



112 
 

3.2. INTRODUCTION 

Ungulates utilize space in order to optimize resource acquisition (including mitigating 

intra- and interspecific competition) and to minimize predation risk (Thaker et al., 

2011). Doing so requires balancing nutritional gains with energetic costs e.g., 

thermoregulation, and energy expenditure related to foraging activities at landscape 

scales (Maloiy et al., 2009; Cain et al., 2006). Ungulate space use is structured by 

multiple biotic and abiotic factors (Milner et al., 1999; Maffei et al., 2002; Maffei & 

Taber, 2003; Rivero et al., 2005; Keuroghlian & Eaton, 2008; García-Marmolejo et al., 

2013) but are generally considered to be dictated by resource availability (Senft et al., 

1987; Macandza et al., 2004; 2012; Treydte et al., 2013). Seasonal variation in forage 

biomass and quality in African Savannas are considerable, with resource limitations 

reaching annual bottlenecks during the late dormant season (Owen-Smith, 2002). 

Resource heterogeneity in turn is shaped largely by landscape attributes (Stilwell et 

al., 2020) e.g., elevation (Anderson et al., 2006; Cromsigt & Olff, 2006), slope gradient 

(Bailey et al., 1996), fire (Allred et al., 2011), edaphic factors (soil depth, fertility, and 

pH), and are further modified by foraging activities of ungulates themselves (Anderson 

et al., 2006).  

Co-existence among multispecies assemblages is achieved through niche partitioning 

and are most evident in the adaptive radiation into grazers, browsers, and mixed 

feeders (East, 1984; Holt, 1984; Prins & Olff, 1998; Voeten & Prins, 1999; García-

Marmolejo et al., 2013; Deliberato, 2017). Further niche partitioning within each feeder 

type occurs through morpho-physiological adaptations e.g., dental structure (Mendoza 

et al., 2002) and gut anatomy (Illius, 1997; Janis, 2008), and digestive physiology. 

High spatial variation in grass biomass and quality exists across landscapes (Waide 

et al., 1999; Adler et al., 2011; Grace et al., 2016; Chen et al., 2018). For example, in 
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bottomlands, grass is more plentiful and stays greener for longer into the dormant 

season (Bell, 1971; Wilmshurst et al., 1999) compared to areas higher up the catena. 

Slope gradient (Bailey et al., 1996) and surface water requirements (Redfern et al., 

2003; Ogutu et al., 2014) also shape the habitat partitioning of ungulate populations 

(Solomon & Leak 1994; Lee et al., 2005). Certain species may furthermore only be 

found in areas with a favorable microclimate, to a large extent determined by slope 

and aspect in particular (Hennenberg & Bruelheide, 2003; Bennie et al., 2008).  

Competition is minimized through spatial segregation (Kröger & Rogers, 2005; Odadi 

et al., 2011; Mariotti et al., 2020a). Ungulate species preferring medium to tall grass 

communities are at a disadvantage wherever consumer biomass is relatively high 

(Duncan et al., 2012). For example, red hartebeest and blue wildebeest commonly 

avoid zebra (Clutton-Brock et al., 1982; Mishra et al., 2004; Deliberato, 2017; Mariotti 

et al., 2020a; Mariotti et al., 2020b). Therefore, obligate grazers within the ungulate 

guild require large tracts of land to mediate resource limitation at local scales, when 

considering the above arguments, rendering them particularly susceptible to habitat 

fragmentation (see Skarpe, 1991; Kiffner & Lee, 2019). Anthropogenic factors have 

restricted ungulate movements and affected their distribution across a range of spatial 

scales (Feldhamer et al., 1986; Rooney, 2001; Licona et al., 2011), mainly due to the 

fencing in of protected areas, which means that resource availability is limited in both 

space and time (Hayward & Kerley, 2009). Studies aimed at identifying factors driving 

habitat use and resource partitioning are important in order to make informed 

management decisions (Tuljapurkar & Caswell, 1997; Gaillard et al., 1998) especially 

in South Africa where small protected areas predominate, and are commonly well 

below 100,000 ha (some < 5,000 ha) in size. 
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My objective was to estimate the major environmental determinants influencing 

resource partitioning of the ungulate populations in the North-West province. Small 

area size in dormant season conceivably could impose foraging limitations that would 

otherwise be absent in more open systems (Macandza et al., 2012). Findings that 

contradict expectations would then serve as motivation for further exploration. I 

therefore predict that 1) NDVI would be the major determinant of habitat partitioning 

for selective feeders e.g., wildebeest, red hartebeest (Mariotti et al., 2020a), blesbok 

(Furstenburg, 2016b) and sable (Owen-Smith et al., 2013), while, it will be less evident 

for bulk feeders such as zebra and buffalo (Seydack et al., 2012) or mixed feeders 

such as eland (Jarman, 1974), gemsbok (Lehmann et al., 2013), impala (Dunham, 

1982), and springbok (Jarman, 1974). In parallel, 2) spatial distribution across the 

species spectrum negatively correlates with elevation and slope, driven largely by the 

longer retention time of soil moisture and forage biomass in bottom lands during the 

dry season (Frank et al., 1998; Hopcraft et al., 2010; Fynn et al., 2015; Bell, 1971; 

Wilmshurst et al., 1999). Higher biomass would suit tall grass feeders e.g., red 

hartebeest (Mariotti et al., 2020a), bulk feeders e.g., zebra and buffalo (Seydack et al., 

2012) 3). Species considered sensitive to competition e.g., red hartebeest (Deliberato, 

2017), sable (Marshal et al., 2016) are expected to utilize areas farther from surface 

water where foraging impact on vegetation is lower. Gemsbok and eland should follow 

this prediction due to their low surface water requirements (Skinner & Chimimba, 2005; 

Lehmann et al., 2013; Furstenburg, 2016a). For species highly dependent on surface 

water e.g., wildebeest, zebra (Macandza et al., 2012) and blesbok (Furstenburg, 

2016b), we expect their distribution to negatively correlate with distance from surface 

water. 4) It was further expected that ungulate distribution correlate negatively with 

distance from roads due to the perceived risk that humans pose to ungulate species. 



115 
 

5) Considering the aridity of the study region, aspect is expected to influence soil 

moisture content and hence, areas with western aspects will be avoided by ungulate 

species in general. 6) Finally, we predict that species presence generally conforms to 

habitat preferences as reported in literature.  

Soil nutrient availability was not considered for analysis. While this might be a 

limitation, elevation, slope, and NDVI arguably captures environmental heterogeneity 

adequately for the purposes of the investigation.   

3.3. MATERIAL AND METHODS 

3.3.1. Study Area 

The study was carried out in 13 protected areas in South Africa's North-West (NW) 

Province (lat: 24°15’- 28°15’ S, long: of 22°30’ - 28°30’ E) (Figure 3.1). Altitude in the 

area ranges from 1,000 m to 2,000 m masl (Goslar et al., 2008). The temperature 

stays within a consistent range of 22°C to 34°C in the summer, to 2°C to 20°C from 

May to July (Goslar et al., 2008). The region is considered “arid” due to its annual 

rainfall range of 300 mm to 700 mm from west to east (Kruger & Nxumalo, 2017). 
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Figure 3.1: Map of North West Province highlighting the study sites 

The region is characterized by a broad spectrum of vegetation types from Bankenveld 

and Turf Thornveld bushveld with scattered Sourish-Mixed veld in the north-east, to 

uniformly mixed in the center with an equal amount of dry and sandy Cymbopogon-

Themeda veld and Kalahari Thornveld dominating in the western and driest region 

(Spickett et al., 2011). 

The region is incredibly diverse with about 70 species of the large mammals including 

elephant (Loxodonta Africana), black rhinoceros (Diceros bicornis), white rhinoceros 

(Ceratotherium simum), hippopotamus (Hippopotamus amphibious), African buffalo 

(Syncerus caffer), giraffe (Giraffa camelopardalis), plains zebra (Equus quagga), sable 

antelope (Hippotragus niger),  springbok (Antidorcas marsupialis), impala (Aepyceros 

melampus), lion (Panthera leo), leopard (Panthera pardus), cheetah (Acinonyx 

jubatus), and brown hyena (Hyaena brunnea) to name a few (Goslar et al., 2008; 

Power et al., 2019). 
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3.3.2. Data Collection 

Data in the current study was collected by conducting three yearly replicated aerial 

surveys with a four-seat Bell Jet Ranger II helicopter (with all doors removed) from 

1999 to 2015 during the late dry season (July to October). The total strip width of each 

survey was 500 m at 90 km/hr. with a flying height between 60-100 m. The GPS 

coordinates of ungulate sightings, date and time of each observation, and survey effort 

was recorded for each flight every year. Aerial estimations conducted in dry season 

not only increase counting precision, but also helps with understanding the effect of 

resource partitioning between species due to limited resource availability (Chase et 

al., 2015). 

3.2.2.1. Habitat variables: 

I used Normalized Difference Vegetation Index (NDVI) as a proxy to variability in food 

quality (Hunninck et al., 2020). To add the NDVI as one of the covariates, I acquired 

the freely available raster file from MODIS13Q1 NDVI with a spatial resolution of 250 

m x 250 m from the U.S. Geological Survey website (earthexplorer.usgs.gov). 

Moreover, I downloaded the images for the specific months (August to October) and 

years (1999–2015) of the study, georeferenced to overlay them directly in ArcGIS 

Desktop 10.8 (ESRI, 2020) and extract values for the specific sites. Heterogeneity was 

calculated by using MODIS NDVI image for each year. Raster was created with a 

spatial resolution of 250 m through computing the average difference in absolute 

values between the NDVI value of each pixel and the NDVI values of the eight pixels 

surrounding it (see Mariotti et al., 2020a) for each year by using QGIS 3.16.1 (QGIS, 

2020). Habitat type raster was collected from open source 2020 South African 

National Land Cover Data (www.egis.environment.gov.za). The Digital Elevation 

Model (DEM) for the province was acquired from USGS Science based catalog 
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(Verdin, 2017). ‘Spatial analysis’ tool of ArcGIS Desktop 10.8 was used to create raster 

files for slope and aspect data from the DEM files. The extracted Aspect values was 

then converted into eight main directions (North, North-East, East, South-East, South, 

South West, West, North-West) in Microsoft Excel following Burrough and McDonell 

(1998). GPS location of the perennial water sources and GPS tracks of the internal 

roads was provided in the form of shapefiles by the NWPTB management for 

calculating distance from water and roads. 

Each study area was divided into 2 x 2 km grids to gather the presence/ absence data 

of each species from each grid, each year (Figure 3.2). To reduce observational bias, 

I introduced a 400 m buffer at each GPS location of each species sightings (or group 

center) for every year (following Deliberato, 2017). After data extraction through 

‘spatial join’ in ArcGIS 10.8, each grid came up with total sightings or blank records 

(no sightings). The final data was transformed into presence/absence (0/1) format by 

setting blanks to ‘zero’ and sighting totals to ‘one’The grid for each location was also 

used to extract the raster data for all covariates using ‘zonal statistics’ in ArcGIS 

Desktop 10.8. Distance from water and distance from road for each study site was 

calculated from the grid center with “Near” analysis tool in ArcGIS Desktop 10.8. Each 

returning ‘0’ or ‘1’ data for each species in the dataset for each replicate, each year 

was eventually fed in the model with corresponding covariates. 



119 
 

 

Figure 3.2: Map showing spatial grid placement on Pilanesberg National Park 

3.3.3. Data Analysis: 

To investigate the effect of environmental variables on ungulate habitat partitioning at 

a landscape scale, 16 generalized linear mixed models (GLMMs) with a binomial error 

distribution was fitted to spatial distributions of each species. The analysis was done 

using ‘lme4’ package (Bates et al., 2014) in software R (R Core Team, 2020). The 

response variable was the presence/ absence data of ungulates. Eight independent 

factors (fixed effects) were considered for the analysis after conducting a collinearity 

test to ensure non-collinearity. Two factors were categorical (habitat type and aspect) 

and six continuous (NDVI, heterogeneity, slope, elevation, distance from water source 

and distance from the road). Study sites and grids were used as the random effect 

that were integrated out using the Laplace approximation. Interactions between factors 

were also tested for e.g., between geographical factors (slope, elevation and aspect), 

NDVI with heterogeneity and heterogeneity with habitat type. 
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I scaled all the continuous variables to have a mean of zero and a standard deviation 

of one in order to make them comparable (Burnham & Anderson, 2002). The 

"AICcmodavg” package (Mazerolle & Mazerolle, 2017) was used to conduct model 

selection corrected for small sample bias (AICc). The best model was selected on the 

basis of the lowest AICc value (Anderson, 2008). For the best model, I calculated the 

predicted log odds ratios and associated 95% confidence intervals for each significant 

variable. Model's goodness of fit was also evaluated using log likelihood values (van 

Opheusden et al., 2020). The 'jtools' package in R was used to create predictions and 

plots (Long & Long, 2017). 

3.4. RESULTS 

A total number of 11 species of grazing ungulates was recorded from 902 grids during 

the aerial survey from 2000-2015 across the 13 study sites.  Zebra and red hartebeest 

were the only species found on all sites. The maximum number of sightings were 

recorded for zebra (n = 4196) followed by impala (n = 3459) and blue wildebeest (n = 

3107), while, the lowest number were for the sable (n = 352) (Table 3.1). The most 

parsimonious models included NDVI (in interaction with heterogeneity for blesbok and 

sable), elevation (in interaction with slope for five species), distance to water, and 

distance to road as the major influencing factors for habitat partitioning of ungulates. 

An interaction between habitat type and heterogeneity was found in the most 

parsimonious habitat partitioning models for six species. 

Table. 3.1. AICc model results of the three best predictive models for the 

probability of presence of ungulate species across the North West Province, 

South Africa. 

# Model k logLik AIC ΔAIC df wi 
 Black Wildebeest Connochaetes gnou  (obs. = 11,405)       

m3 
NDVI + Elevation + Habitat*Heterogeneity + Distance 
from water + Distance from the road 

16 -545 1138 0 18 0.917 
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m11 
NDVI + Slope*Elevation + Habitat*Heterogeneity + 
Distance from water + Distance from the road 

18 -546.4 1142.8 4.8 25 0.083 

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from water + Distance from the road   

23 -565.2 1156.4 18.4 13 <0.001 

 Blesbok Damaliscus pygargus (obs. = 5,660)       

m13 
NDVI*Heterogeneity + Elevation + Habitat + Distance 
from the road 

12 -845 1736 0 14 0.850 

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road + Distance from water 

23 -847.5 1741 5 26 0.070 

m2 
NDVI*Heterogeneity + Slope + Elevation + Habitat +  
Aspect + Distance from water + Distance from the road 

21 -849.5 1742.9 6.9 23 0.026 

 Blue Wildebeest Connochaetes taurinus (obs. = 23,271) 

m5 
NDVI + Slope*Elevation + Heterogeneity + Aspect + 
Distance from water  14 -2360.5 4761 0 16 0.947 

m2 
NDVI*Heterogeneity + Slope + Elevation + Habitat +   
Aspect + Distance from water + Distance from the road 21 -2364.5 4766.9 5.9 23 0.049 

m4 
Slope + Elevation + Habitat + Heterogeneity + Aspect + 
Distance from water + Distance from the road 19 -2363.8 4771.7 10.7 22 0.005 

 Buffalo Syncerus caffer (obs. = 13,609)       

m5 
NDVI + Slope*Elevation + Heterogeneity + Aspect + 
Distance from water  

14 -1826.5 3685.1 0 16 0.998 

m6 
NDVI + Slope   + Elevation + Aspect + Distance from 
water*Distance from the road 

14 -1833.2 3698.4 13.4 16 0.001 

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road + Distance from water 

23 -1823.9 3699.8 14.7 26 <0.001 

 Eland Taurotragus oryx (obs. = 14,023)       

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road + Distance from water 

23 -2530 5114.1 0 27 0.850 

m7 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road 

24 -2532.7 5117.5 3.4 26 0.150 

m3 
NDVI + Elevation + Habitat*Heterogeneity + Distance 
from water + Distance from the road 

16 -2546.5 5132.9 18.9 20 <0.001 

  Gemsbok Oryx gazela (obs. = 6,868)       

m11 
NDVI + Slope*Elevation + Habitat*Heterogeneity + 
Distance from water + Distance from the road 

18 -2106.5 4257 0 22 0.880 

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road + Distance from water 

23 -2109.6 4263.3 6.3 27 0.120 

m3 
NDVI + Elevation + Habitat*Heterogeneity + Distance 
from water + Distance from the road 

16 -2116.7 4273.4 16.5 20 <0.001 

 Red Hartebeest Alcelaphus caama (obs. = 16,691)       

m4 
Slope + Elevation + Habitat + Heterogeneity + Aspect + 
Distance from water + Distance from the road 

19 -3023.1 6092.2 0 21 0.680 

m2 
NDVI*Heterogeneity + Slope + Elevation + Habitat + 
Aspect + Distance from water + Distance from the road 

21 -3025.8 6093.7 1.5 23 0.320 

m6 
NDVI + Slope + Elevation + Aspect + Distance from 
water*Distance from the road  

14 -3050.6 6133.3 41.1 16 <0.001 

 Impala Aepyceros melampus (obs. =50,929)       

m11 
NDVI + Slope*Elevation + Habitat*Heterogeneity + 
Distance from water + Distance from the road 

18 -2597.6 5239.2 0 22 0.898 

m3 
NDVI + Elevation + Habitat*Heterogeneity + Distance 
from water + Distance from the road 

16 -2602.8 5245.6 6.4 20 0.037 

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from water + Distance from the road 

23 -2595.9 5245.7 6.5 27 0.035 

 Sable Hippotragus niger (obs. = 1,609)       

m9 
NDVI*Heterogeneity + Elevation + Habitat + Distance 
from water  

10 -566.8 1177.7 0 22 0.740 
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m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road + Distance from water 

23 -577.3 1180 2.3 12 0.200 

m3 
NDVI + Elevation + Habitat*Heterogeneity + Distance 
from water + Distance from the road 

16 -574.8 1183.6 5.9 15 0.060 

 Springbok Antidorcas marsupialis (obs. = 10,168)       

m11 
NDVI + Slope*Elevation + Habitat*Heterogeneity + 
Distance from water + Distance from the road 

18 -1685 3414 0 22 0.996 

m2 
NDVI*Heterogeneity + Slope + Elevation + Habitat + 
Aspect + Distance from water + Distance from the road 

21 -1689.5 3425.1 11.1 23 0.004 

m4 
Slope + Elevation + Heterogeneity + Habitat + Aspect + 
Distance from water + Distance from the road 

19 -1698 3438 23.9 21 <0.001 

 Zebra Equus burchelli (obs. = 34,156)       

m1 
NDVI + Elevation + Habitat*Heterogeneity + Aspect + 
Distance from the road + Distance from water 

23 -3190.4 6430.7 0 25 0.935 

m3 
NDVI + Elevation + Habitat*Heterogeneity + Distance 
from water + Distance from the road 

16 -3200.6 6437.3 6.6 18 0.035 

m11 
NDVI + Slope*Elevation + Habitat*Heterogeneity + 
Distance from water + Distance from the road 

18 -3199.1 6438.3 7.6 20 0.021 

# = Model identification number; obs. = no. of individuals observed; k = number of parameters in the 

model; logLik = log Likelihood estimate; AICc = Akaike’s information criterion corrected for small-sample 

bias; ΔAICc = difference between model AICc and that of the lowest model; wi= model probability 

(Akaike weight); * = interaction with main effects; NDVI = normalized difference vegetation index; 

Habitat = Habitat type. 

 

3.4.1. NDVI, heterogeneity and habitat types 

Black wildebeest, blue wildebeest, gemsbok, and springbok were all drawn to greener 

vegetation, while this was not apparent for buffalo, Impala and zebra (Figure 3.3). The 

other species that showed weak and non-significant positive response to NDVI were 

blesbok, eland and sable (Table S3.1).  Blue wildebeest, eland, impala and sable used 

areas with higher heterogeneity, while red hartebeest preferred areas with lower 

heterogeneity. Although weak (p>0.05), black wildebeest showed a preference for 

heterogeneity, interacting with “grassland” habitat type (log odds = 0.44 ± 0.28). 

Gemsbok showed a weak avoidance of highly heterogeneous habitat, while, buffalo, 

springbok and zebra showed a weak preference for heterogeneous habitat. 

Blesbok preferred ‘grassland’ (log-odds = 0.60 ± 0.18) over other habitat types. Eland 

and springbok preferred ‘open woodland’ habitat type (log-odds = 0.42 ± 0.06 and 1.43 

± 0.39 respectively), while gemsbok preferred ‘shrubland’ and avoided ‘barren land’ 



123 
 

(log-odds = 0.39 ± 0.07 and -19.26 ± 6.27 respectively). There was weak evidence 

(p>0.05) of zebra preferring “open woodland”, “shrubland” and “grassland” habitat to 

the others (log-odds = 0.68 ± 0.44, 0.88 ± 0.67 and 0.36 ± 0.24 respectively). Similarly, 

sable showed a weak preference (p>0.05) to “open woodland” (log-odds = 4.43 ± 

1.88), “grassland” (log-odds = 3.45 ± 1.90) and “waterbodies” (log-odds = 4.27 ± 2.45). 

Red hartebeest showed a weak positive preference (p>0.05) for “grassland” (log-odds 

= 0.33 ± 0.12). Evidence of weak (p>0.05) preference for “grassland” habitat (log-odds 

= 0.99 ± 0.55) was also found for impala (Table S3.1). 

 

Figure 3.3: Predicted estimates (± 95% confidence interval) of ungulate habitat use in relation 

to the site variables: NDVI, heterogeneity and habitat type, across the study sites in the NW 

Province, South Africa. Only significant relations (<0.001) are graphed. The dashed line 

indicates the reference level ‘Closed woodland’. The covariates in each species-specific plot 

are represented by symbols: = NDVI,  = Heterogeneity,  = Habitat Type. Habitat type 

codes: 1 = Closed woodland, 2 = Open woodland, 3 = Shrubland, 4 = Grassland, 5 = Water 

bodies (rivers, dams, wetlands) 6 = Barren Land, 7 = Cultivated areas 
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3.4.2. Elevation, slope and aspect 

Eland, gemsbok and sable utilized higher elevations, while blesbok, buffalo and zebra 

favored lower elevations. Red hartebeest preferred lower elevations with reduced 

slopes. Impala and springbok showed a weak positive relation to elevation (p>0.05), 

while weak evidence of black- and blue wildebeest avoiding high elevation was found. 

Springbok preferred areas with lower slopes. There was weak evidence of blue 

wildebeest, impala and buffalo avoiding slopes. However, slopes had a weak positive 

influence on habitat use of gemsbok. Blue wildebeest, eland and zebra avoided the 

northwest aspect (log odds = -2.23 ± 0.91, -4.15 ± 1.42 and -2.81 ± 1.05 respectively), 

while buffalo and red hartebeest preferred areas with a southeast aspect (log odds = 

0.87 ± 0.28 and 0.40 ± 0.27 respectively) (Figure 3.4; Table S3.1).  

 

Figure 3.4: Predicted estimates (± 95% confidence interval) of ungulate habitat use in relation 

to the site variables: elevation, slope and aspect, across the study sites in the NW Province, 

South Africa. Only significant relations (<0.001) are graphed. The dashed line indicates the 
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reference level ‘East (ern)’ aspect. The covariates in each species-specific plot are 

represented by symbols: = Elevation,  = Slope,  = Aspect. Aspect codes: ‘E’= East, 

‘N’=North, ‘NE’=Northeast, ‘NW’=Northwest, ‘S’=South, ‘SE’=Southeast, ‘SW’=Southwest, 

‘W’=West. 

3.4.3. Distance from surface water and roads 

Both the species of wildebeest along with red hartebeest, impala, springbok and zebra 

preferred to stay close to the water sources. However, gemsbok distribution correlated 

negatively with distance from surface water (Figure 3.5). Buffalo and eland showed a 

weak negative relation with distance to surface water. Distance from roads appeared 

to be important in habitat selection, and influenced eight species:  black wildebeest, 

blesbok, gemsbok and red hartebeest avoided roads while eland, springbok and 

zebra, preferred areas closer to the roads. Impala showed a weak preference (p>0.05) 

towards habitats near roads (Table S3.1). 
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Figure 3.5: Predicted estimates (± 95% confidence interval) of ungulate habitat use in relation 

to the site variables: distance from water and distance from the road across the study sites in 

the NW Province, South Africa. Only significant relations (<0.001) are graphed. The covariates 

in each species-specific plot are represented by symbols: = Distance from water,  = 

Distance from road. 

3.5. DISCUSSION 

The findings of the study highlight important differences in habitat selection across the 

species spectrum. The importance of NDVI varied across the species spectrum and 

possibly reflects on low levels of productivity during the dormant season. Low-lying 

areas (bottomlands) where preferred by the majority of species, where forage 

abundance and greenness persisted for longer into the dormant season. Yet, there 

were exceptions, suggesting habitat varied sufficiently across the landscape, and 

feeding adaptations were sufficient across the species spectrum to allow the spatial 
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segregation of species. Distance from surface water appears to be important in 

structuring spatial partitioning and our findings are broadly consistent with species-

specific surface water dependence from literature. Proximity to roads appears to 

further structure habitat partitioning of species.  

 

Figure 3.6: Graphical representation of habitat partitioning between ungulate species 

In general, selective species favored green forage while mixed and bulk feeders traded 

off quality with quantity. Mixed feeders were found in habitats closer to roads and they 

partitioned habitats with other mixed feeders through difference in elevation and 

habitat type. 

3.5.1. NDVI, heterogeneity and habitat types 

Our results suggest the relative importance of greenness varied among species. It was 

identified as important for both wildebeest species, gemsbok and springbok (Figure 

3.3), a result consistent with earlier studies where short, green grasses i.e., grazing 

lawns are preferred by black wildebeest (Cromsigt & Olff, 2006; Codron & Brink, 2007; 

Seydack et al., 2012; Deliberato, 2017; Mariotti et al., 2020b; McNaughton, 1984; 

Skead, 1980; Skinner & Chimimba, 2005; Martin et al., 2015). Furthermore, even 

though the relation was not significant (p>0.05), the only habitat type that black 
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wildebeest preferred according to the best-fit model was “grassland” habitat, with 

heterogeneity as an interaction term. Blue wildebeest have a more flexible diet by 

comparison, despite being morphologically similar (Deliberato, 2017; Mariotti et al., 

2020b). They similarly preferred greener vegetation, and heterogeneous 

environments. However, in this study, heterogeneity was calculated from NDVI values 

at a 250 m scale of resolution, and NDVI values depend on both the biomass of the 

vegetation as well as the degree of greenness. Therefore, pixels with greater tree 

cover have higher values than pixels with more grass cover (Pettorelli et al., 2005; van 

Bommel et al., 2006; Mariotti et al., 2020a). This could be explained by the greater 

dependence on shade by blue wildebeest (Lease et al., 2014). Blesbok favored 

grassland habitat with weak evidence of grass greenness and heterogeneity 

structuring their distribution. Similar to blue wildebeest, blesbok are shade dependent, 

which appears to be important for its survival and reproduction (Furstenburg, 2016b). 

Red hartebeest prefers habitat with limited disturbance through foraging activities from 

con-specifics i.e., medium to tall grassland (Venter & Child, 2016) and our results are 

consistent with these notions. NDVI was not identified as important for buffalo and 

zebra, and is consistent with their bulk feeding strategy (Seydack et al., 2012; Mariotti 

et al., 2020a; Mariotti et al., 2020b) requiring trade-offs between forage quantity and 

quality. Springbok and eland preferred open woodland habitats with forage of high 

NDVI and heterogeneity, a finding consistent with earlier studies (Jarman, 1974; 

Cerling et al., 2003; Codron et al., 2005; Wallington et al., 2007; Hein et al., 2008; 

Furstenburg, 2012), especially in the late dry season (D’Ammando et al., 2015) when 

browse becomes an important component in their diet. Consistent with literature, NDVI 

was not identified as important in impala distribution. Space use correlates with 

heterogeneity though, which similarly aligns with their status as mixed feeders 
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(Jarman, 1974; Dunham, 1982) and ability to switch to lower quality mixed diet during 

the dry season (Hunninck et al., 2020). Sable preferred heterogeneous open 

woodlands, grasslands and waterbodies in the study sites with greener forage, as 

predicted, which is consistent with earlier studies (Estes, 1991; Skinner & Chimimba, 

2005; Magome et al., 2008). Gemsbok, contrastingly, selected for high NDVI, 

preferring shrubland habitat, while their occurrence negatively correlated with 

heterogeneity. This finding is not consistence with earlier studies (Relton, 2016; 

Lehmann et al., 2020). This may be due to the opportunistic foraging strategies by 

gemsbok (Lehmann et al., 2015).  

3.5.2. Elevation, slope and aspect 

Bottomlands generally have higher forage biomass than areas higher up the catena 

during the dormant season (see Wilmshurst et al., 1999). Higher biomass in turn 

means a higher proportion of the grass layer consists of fiber (Bell, 1971) assuming 

grazing lawns have not established. Considering the conservative management 

policies maintained in North West Parks, the finding that species most dependent on 

forage quantity (buffalo and zebra) prefer bottom lands during the dry season is not 

surprising and in agreement with my hypothesis. The finding is consistent with those 

of Bell (1971) and Wilmshurst et al. (1999). There was weak evidence of both species 

of wildebeest preferring low-lying areas as expected. Blesbok also preferred grazing 

lawns as it an extremely selective grazer, and avoid slopes and rocky terrain (see 

Furstenburg, 2016b). Earlier studies indicate red hartebeest prefer lower elevations 

and plains near mountain slopes with tall grass communities (see Mariotti et al., 2020a; 

Furstenburg, 2009). Gemsbok distribution, contrastingly, correlated with elevation and 

slope, suggesting a competition avoidance strategy. Gemsbok switches between 

suitable habitats, in response to temporal variations in resource availability, and are 
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not slope or elevation sensitive (Lehmann et al., 2020; Furstenburg, 2022). The current 

finding therefore further suggests their foraging strategy involves reduced dependence 

on the grass layer during the dormant season (see Selebatso et al., 2018). Sable 

preferred higher elevations, possibly to avoid competition from conspecifics. However, 

previous studies have also reported sable avoiding high fiber content in bottomland 

foliage (Bell, 1971; 1984; le Roux, 2010). Different elevations support different forage 

types (Zhang et al., 2021), which allows mixed feeders to adaptively forage along 

elevation gradients (Furstenburg, 2012). Therefore, preference for higher elevations 

by eland further reflect on a reduced dependence on grass during the dormant season. 

Springbok avoided steep slopes in the current study, which contrasts with earlier 

studies (Furstenburg, 2023). A plausible explanation is that slope aspect has an 

overriding influence on greenness (Kumari et al., 2020) and potentially increase 

thermoregulatory costs in ungulates. Generally, across arid regions, the eastern and 

western slopes get equal sunlight but the afternoon sun in the western aspect makes 

it much warmer than the eastern one. Similarly, during the late dry season in the 

southern hemisphere, the sun’s east-west trajectory occurs through the northern 

aspect and thus the southern aspect is much cooler (Obiwulu et al., 2022). Therefore, 

as predicted buffalo and red hartebeest distribution were concentrated around the 

southeast aspect of the NW Province. Blue wildebeest, eland and zebra similarly 

avoided the northwestern aspect.  

3.5.3. Distance from surface water and roads 

As predicted, black wildebeest, blue wildebeest, red hartebeest, impala, springbok and 

zebra preferred areas close to surface water. Previous studies have suggested that 

proximity to water sources increase predation risk (De Boer et al., 2010; Louw et al., 

2022). However, most of the study sites in the current study are devoid of large 
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predators (Nel, 2018) which could explain the current findings. Results for springbok 

were rather surprising considering their low water requirements (Nagy & Knight, 1994). 

However, a plausible explanation is their preference for shorter grass swards that are 

commonly found near surface water (see Smit et al., 2007). Gemsbok are well adapted 

for arid environments (Smithers, 1983; Harris et al., 2015; Cain et al., 2017) and have 

developed a number of physiological and behavioral adaptations, voluntarily raising 

body temperature, slowing metabolic rate to reduce frequent water requirement and 

selective foraging (Lehmann et al., 2013; 2015; Harris et al., 2015; Cain et al., 

2017; Furstenburg, 2022). This explains their negative association with surface water. 

Eland distribution weakly correlated with surface water proximity, which was rather 

surprising. Intake of dietary water compensates for water loss but has a seasonal 

component (see Kihwele et al., 2020). The contradictory findings about surface water 

and eland space use in earlier studies (see Western, 1975; Woodall & Skinner, 1993; 

Taylor, 1968; Kihwele et al., 2020) perhaps reflect on seasonal shifts in water 

dependence of eland, which in turn depends on the site-specific plant phenology.    

We predicted all species to avoid roads due to human presence or traffic (Leblond et 

al., 2013; Gaynor et al., 2018). Our results suggest mixed feeders (eland, springbok, 

impala and zebra) favor habitat closer to roads, while selective feeders (wildebeest, 

blesbok, gemsbok, sable and red hartebeest) preferred areas away from roads. Water 

runoff from roads may generate greener vegetation along the roadside attracting 

herbivores towards the road (Trombulak & Frissell, 2000; Tsalyuk et al., 2019) but this 

depends on some early precipitation during the late dry season. We could find no 

plausible explanation for this disparity between mixed feeders and selective grazers. 

The results might well be spurious.  
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3.6. CONCLUSION 

The study confirms that ungulate space utilization is structured by multiple 

environmental factors. The results of this study broadly correspond with current 

knowledge of the biology of the spectrum of species considered. The reader is 

reminded that census data were collected during the dormant season and results 

reflect on resource limitations most likely to affect resource partition between 

species.  Even though high-quality grass and water source proximity should act as a 

key resource for attracting large herbivores (Parrini & Owen-Smith, 2010; Fynn et al., 

2015), other factors sometimes play a bigger role in species distribution across a 

landscape. Although some species in the current study shared common behavioral 

attributes, the relative importance of environmental factors on their distribution pattern 

varied. While the same best model largely applies to most species, the relative 

importance of factors differed. As predicted, NDVI was selected as a significant 

predictor for habitat use in the best model of species foraging selectively. Species 

more dependent on forage biomass relied on mixed, low-quality forage, and 

accordingly selected areas with lower NDVI. Similarly, heterogeneity significantly 

influenced habitat preference of species commonly found in large herds, which is in 

accordance with earlier research (Murray & Illius, 1996). As predicted, red hartebeest 

occurrence negatively correlated with heterogeneity. Gemsbok, a species well 

adapted to drier environments (Lehmann et al., 2013), was the only species where 

occurrence negatively correlated with distance from water. Considering the study sites 

are situated in an arid region, the significance of slope aspect to ungulate distributions 

is most interesting. Further studies are required to determine if food or 

thermoregulatory costs ultimately drives avoidance of northwest aspects. 
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Habitat selection is a hierarchical process and predominantly occur at landscape 

scales (see Wilmshurst et al., 2000). The relation between habitat selection and 

population density is well established (Rosenzweig, 1991). Spatial distribution in 

conservatively managed populations is reflects on the extent of competition, with intra-

specific competition promoting dispersal, and interspecific competition promoting 

spatial segregation (and potentially reduced space use). Interpreting the effects of 

various variables are challenging and can seldom be evaluated in isolation and can 

also be obscured by confounding effects. For example, habitat comprised of trees and 

grass, complicates NDVI estimation, while less so when consisting of a grass layer 

only. Ultimately, the current results suggest a combination of ecological variables 

determines ungulate space use in the North West Province, most notably NDVI and 

slope. Predation risk and competition from conspecifics were not considered in the 

current study and should be given due consideration in similar studies where large 

predators occur.  
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3.8. SUPPLEMENTARY MATERIAL 

 

Table S3.1. The most parsimonious generalized linear models representing the 

coefficients that were used to determine the log-odd ratios for landscape 

selection by ungulates at the NW Province, South Africa, 2018. 

 

Black Wildebeest m3  Blesbok m13 

Coefficients 
 

Coefficients 
 

Estimate 
Std. 
Error 

z 
value 

Pr(>|z|)  Estimate 
Std. 
Error 

z 
value 

Pr(>|z|) 

(Intercept) -21.963 4.366 
-

5.031 
0.000  (Intercept) -9.322 1.859 -5.015 0.000 

NDVI 1.646 0.421 3.910 <0.001  NDVI 0.431 0.368 1.172 0.241 

Elevation -0.468 0.283 1.655 0.098  Elevation -0.784 0.281 2.788 <0.001 

HB2 -2.885 1.298 
-

2.223 
0.026  HT -0.508 0.431 -1.179 0.239 

HB3 -0.855 1.235 
-

0.692 
0.489  HB2 -2.675 0.959 -2.789 0.005 

HB4 0.443 0.979 0.452 0.651  HB3 -0.743 1.066 -0.697 0.486 

HB5 -2.960 1.169 
-

2.533 
0.011  HB4 0.605 0.186 0.740 <0.001 

HB7 -37.345 15.884 
-

2.351 
0.019  HB5 -1.182 0.983 -1.202 0.230 

HT -1.691 0.699 
-

2.417 
0.016  HB6 -1.302 2.558 0.509 0.611 

DW -2.803 1.055 
-

2.656 
<0.001  HB7 -2.672 1.292 -2.067 0.039 

DR 32.483 6.286 
-

5.167 
<0.001  DR 15.338 2.692 -5.698 <0.001 

HB2:HT -1.748 0.758 2.305 0.021  NDVI:HT 0.334 0.200 1.670 0.095 

HB3:HT -1.346 0.873 1.543 0.123       

HB4:HT 0.449 0.287 3.043 0.002       

HB5:HT -0.928 1.462 
-

0.634 
0.526       

HB7:HT -85.466 37.778 
-

2.262 
0.024       

Blue Wildebeest m5  Buffalo m5 

Coefficients 
 

Coefficients 
 

Estimate 
Std. 
Error 

z 
value 

Pr(>|z|)  Estimate 
Std. 
Error 

z 
value 

Pr(>|z|) 

(Intercept) 1.497 0.312 4.795 0.000 
 (Intercept) -1.796 0.733 -2.451 0.014 

NDVI 
0.403 0.151 

-
2.668 <0.001 

 NDVI 
-0.551 0.178 3.093 <0.001 

Slope 
-0.812 0.174 

-
4.665 0.122 

 Slope 
-0.106 0.209 -0.507 0.612 

Elevation -0.363 0.157 2.307 0.021 
 Elevation -0.981 0.216 4.549 <0.001 

HT 
0.753 0.151 

-
4.972 <0.001 

 HT 
0.473 0.343 -1.380 0.168 

Aspect N 
-0.833 0.814 

-
1.023 0.306 

 Aspect N 
0.207 1.195 0.173 0.862 

Aspect NE 
-1.808 0.602 

-
3.003 0.003 

 Aspect NE 
0.635 0.625 1.016 0.310 

Aspect NW 
-2.233 0.905 

-
2.467 <0.001 

 Aspect NW 
-0.488 1.088 -0.448 0.654 

Aspect S 
0.037 0.277 

-
0.135 0.893 

 Aspect S 
-0.346 0.291 -1.189 0.234 

Aspect SE 
0.048 0.266 

-
0.180 0.857 

 Aspect SE 
0.873 0.282 -3.094 <0.001 
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Aspect SW 
-0.534 0.338 

-
1.580 0.114 

 Aspect SW 
-0.084 0.351 0.240 0.810 

Aspect W 
-0.031 0.473 

-
0.065 0.948 

 Aspect W 
-0.200 0.408 0.490 0.624 

DW 
-0.574 0.084 

-
6.798 <0.001 

 DW 
-0.182 0.103 -1.761 0.078 

Slope:Elevation 
-0.374 0.118 

-
3.177 0.001 

 Slope:Elevation 
0.569 0.176 3.226 0.001 

Eland m1  Gemsbok m11 

Coefficients 
 

Coefficients 
 

Estimate 
Std. 
Error 

z 
value 

Pr(>|z|)  Estimate 
Std. 
Error 

z 
value 

Pr(>|z|) 

(Intercept) -2.093 0.758 
-

2.760 
0.006  (Intercept) -3.814 1.264 -3.018 0.003 

NDVI 0.211 0.122 1.725 0.085  NDVI 0.424 0.159 2.672 <0.001 

Elevation 0.490 0.120 4.070 <0.001  Slope -0.308 0.221 -1.394 0.163 

HB2 0.428 0.060 
-

1.320 
<0.001  Elevation 0.761 0.153 4.979 <0.001 

HB3 -0.669 0.639 
-

1.047 
0.295  HB2 0.254 0.628 0.404 0.686 

HB4 -0.437 0.416 
-

1.049 
0.294  HB3 0.396 0.071 -0.507 <0.001 

HB5 -1.850 0.564 
-

3.284 
<0.001  HB4 0.208 0.606 0.343 0.732 

HB6 -7.867 11.962 
-

0.658 
0.511  HB5 -1.182 0.727 -1.626 0.104 

HB7 -8.231 4.246 
-

1.938 
0.053  HB6 -19.260 6.273 -2.122 <0.001 

HT 0.630 0.220 
-

2.865 
<0.001  HB7 -7.218 11.359 -0.635 0.525 

Aspect N 0.127 0.712 0.178 0.859  HT -0.690 0.265 -2.605 0.009 

Aspect NE -2.494 1.101 
-

2.266 
0.023  DW 1.273 0.235 -5.409 <0.001 

Aspect NW -4.151 1.415 
-

2.933 
<0.001  DR 7.589 1.079 -7.030 <0.001 

Aspect S 0.427 0.268 1.593 0.111  Slope:Elevation 0.671 0.148 4.531 0.000 

Aspect SE 0.022 0.268 0.083 0.934  HB2:HT -0.279 0.320 -0.873 0.383 

Aspect SW -0.183 0.317 
-

0.578 
0.563  HB3:HT 0.584 0.428 1.364 0.173 

Aspect W -0.178 0.397 0.449 0.653  HB4:HT 0.704 0.268 2.627 0.009 

DW -0.430 0.184 
-

2.333 
0.020  HB5:HT -1.019 0.706 -1.444 0.149 

DR -4.461 0.672 
-

6.642 
<0.001  HB6:HT -38.644 20.176 -1.915 0.055 

HB2:HT -0.005 0.252 
-

0.021 
0.983  HB7:HT -11.212 38.748 -0.289 0.772 

HB3:HT 0.123 0.347 0.355 0.722       

HB4:HT 0.538 0.210 2.557 0.011       

HB5:HT -2.500 1.201 
-

2.081 
0.037   

    

HB6:HT -18.565 41.846 
-

0.444 
0.657   

    

HB7:HT -23.639 14.938 
-

1.583 
0.114   

    

Red Hartebeest m4  Impala m11 

Coefficients 
 

Coefficients 
 

Estimate 
Std. 
Error 

z 
value 

Pr(>|z|)  Estimate 
Std. 
Error 

z 
value 

Pr(>|z|) 

(Intercept) -1.770 0.810 
-

2.186 
0.029  (Intercept) -1.358 1.105 -1.229 0.219 

Slope -1.319 0.171 
-

7.709 
<0.001  NDVI -0.550 0.185 2.980 <0.001 

Elevation -1.020 0.143 7.129 <0.001  Slope -0.457 0.196 -2.339 0.019 

HT -0.888 0.146 
-

6.079 
<0.001  Elevation 0.383 0.158 2.425 0.015 

HB2 0.813 0.447 
-

1.819 
0.069  HB2 -0.050 0.578 -0.087 0.930 
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HB3 -0.783 0.659 
-

1.188 
0.235  HB3 -0.827 1.094 -0.756 0.450 

HB4 0.325 0.123 
-

0.769 
0.442  HB4 0.991 0.557 1.780 0.075 

HB5 -1.914 0.550 
-

3.480 
0.001  HB5 0.491 0.832 0.591 0.555 

HB6 -0.119 1.551 0.077 0.939  HB6 -58.240 1463.947 -0.040 0.968 

HB7 -1.465 0.773 
-

1.895 
0.058  HB7 -4.419 13.097 -0.337 0.736 

Aspect N 0.680 0.803 0.848 0.397  HT 0.934 0.298 -3.131 <0.001 

Aspect NE -2.301 0.871 
-

2.642 
0.008  DW -0.569 0.196 -2.902 <0.001 

Aspect NW -2.102 1.234 
-

1.703 
0.089  DR -1.838 0.812 -2.263 0.024 

Aspect S 0.400 0.279 1.435 0.151  Slope:Elevation -0.116 0.143 -0.815 0.415 

Aspect SE 0.403 0.273 0.744 <0.001  HB2:HT 0.154 0.340 0.454 0.649 

Aspect SW -0.081 0.336 0.241 0.810  HB3:HT 1.868 1.984 0.942 0.346 

Aspect W -0.487 0.413 
-

1.177 
0.239  HB4:HT 0.220 0.286 0.771 0.441 

DW -0.922 0.194 
-

4.743 
<0.001  HB5:HT -2.047 1.751 -1.169 0.242 

DR 4.844 0.780 
-

6.210 
<0.001  HB6:HT -204.649 4758.156 -0.043 0.966 

      HB7:HT -15.174 46.093 -0.329 0.742 

Sable m9  Springbok m11 

Coefficients 
 

Coefficients 
 

Estimate 
Std. 
Error 

z 
value 

Pr(>|z|)  Estimate 
Std. 
Error 

z 
value 

Pr(>|z|) 

(Intercept) -7.145 2.306 
-

3.099 
0.002  (Intercept) 

-1.027 0.864 -1.188 0.235 

NDVI 0.385 0.258 1.490 0.136  NDVI 0.456 0.184 2.485 <0.001 

Elevation 1.621 0.319 5.085 <0.001  Slope -2.050 0.333 -6.157 <0.001 

HB2 4.437 1.887 2.351 0.019  Elevation 0.463 0.218 2.119 0.034 

HB4 3.459 1.907 1.814 0.070  HB2 1.429 0.396 -2.491 <0.001 

HB5 4.272 2.452 1.742 0.081  HB3 -0.712 0.884 -0.806 0.420 

HB6 -11.218 1.760 
-

0.001 
0.999  HB4 

-0.519 0.495 1.050 0.294 

HT 2.868 1.092 
-

2.626 
<0.001  HB5 

-2.638 0.629 -4.195 <0.001 

DW -0.312 0.149 
-

2.095 
0.036  HB6 

-11.192 4.887 -2.290 <0.001 

NDVI:HT -0.488 0.228 
-

2.136 
0.033  HB7 

-5.742 4.446 -1.291 0.197 

     
 HT 0.686 0.285 -2.410 0.016 

      DW -0.166 0.262 -0.634 <0.001 

      DR -1.159 0.288 -4.022 <0.001 

      Slope:Elevation 0.025 0.240 0.105 0.916 

      HB2:HT 0.121 0.348 0.348 0.728 

      HB3:HT 0.285 0.495 0.575 0.565 

      HB4:HT 0.613 0.284 2.156 0.031 

      HB5:HT -0.892 0.798 -1.119 0.263 

      HB6:HT -25.584 16.889 -1.515 0.130 

      HB7:HT -1.660 17.073 -0.097 0.923 

Zebra m1   

Coefficients 

 

 
 

Estimate 
Std. 
Error 

z 
value 

Pr(>|z|) 

    

(Intercept) -2.235 0.756 
-

2.956 
0.003 
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NDVI -0.437 0.167 2.611 <0.001       

Elevation -0.823 0.172 4.776 <0.001       

HB2 0.676 0.449 
-

1.505 
0.132   

    

HB3 0.881 0.675 
-

1.306 
0.192   

    

HB4 0.365 0.244 
-

0.861 
0.390   

    

HB5 -1.271 0.603 
-

2.107 
0.035   

    

HB7 -1.900 0.957 
-

1.985 
0.047   

    

HT 0.430 0.258 
-

1.668 
0.095   

    

Aspect N 0.150 0.796 0.188 0.851       

Aspect NE -0.931 0.652 
-

1.428 
0.153   

    

Aspect NW -2.810 1.050 
-

2.676 
<0.001   

    

Aspect S 0.482 0.289 1.670 0.095       

Aspect SE 0.524 0.284 1.845 0.065       

Aspect SW -0.078 0.342 0.229 0.819       

Aspect W -0.588 0.415 1.416 0.157       

DW -1.395 0.200 
-

6.972 
<0.001   

    

DR -5.084 0.816 
-

6.234 
<0.001   

    

HB2:HT -0.553 0.303 
-

1.826 
0.068   

    

HB3:HT 0.157 0.416 0.376 0.707       

HB4:HT 0.356 0.251 1.418 0.156       

HB5:HT -0.424 0.447 
-

0.947 
0.343   

    

HB7:HT -4.372 3.179 
-

1.375 
0.169   

    

NDVI = Normalized difference vegetation index; HB2 = habitat type open woodland; HB3 = shrubland; 

HB4 = grassland; HB5 = waterbodies; HB6 = barren lands; HB7 = mines/quarries; HT = heterogeneity; 

Aspect N = aspect north; NE = northeast; NW = northwest; S = south; SE = southeast; SW = southwest; 

W = west; DW = distance from water source; DR = distance from road. 
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CHAPTER 4. Spatial occupancies, community richness and spatial segregation 

patterns among ungulates in the North West Province, South Africa 

4.1. ABSTRACT 

Spatial distributions of ungulates are influenced by resource availability, predation risk 

and species interactions, which in turn escalates to demographic processes driving 

population trajectories. In turn, population trajectories, negative or otherwise, 

essentially drive conservation decision processes. Most multi-species occupancy 

studies have included two or more interacting species. I assessed ungulate spatial 

occupancies, community richness and spatial segregation patterns of 26 species from 

aerial surveys in the North-West province of South Africa from 2000-2015 using multi 

species occupancy modelling through spOccupancy package in R. For the purpose of 

the study, ungulate feeder types were partitioned into ruminant grazers, ruminant 

browsers, and non-ruminants. Slope and elevation were found to be the major 

contributing factors of ungulate occupancy.  Spatial occupancy varied across sites 

from 52% to 66% across all feeder types. Spatial occupancy within feeder types also 

varied across sites, with ruminant grazers displaying the widest occupancy range 

across sites. Spatial segregation between species was directly associated with 

species richness irrespective of the size of the study area, suggesting competition 

avoidance i.e., resource partitioning.  Spatial segregation occurred among browsers 

of similar body size only in Pilanesberg and Mafikeng. Bloemhof and Molopo showed 

high co-occurrence among most species from all groups. This suggests interspecific 

competition is not important in driving space use, possibly because feeding strategies 

differ sufficiently to allow co-existence. 
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4.2. INTRODUCTION 

Ungulate spatial distributions across the landscape are fundamentally influenced by 

resource availability, predation risk (Coleman & Hill, 2014; McHugh et al., 2019), and 

mating opportunities (Spritzer et al., 2005; Herfindal et al., 2009; van Beest et al., 2013; 

Ofstad et al., 2016). Space use is shaped further by the species interactions (Pollock 

et al., 2014; Rota et al., 2016) most notably competition and facilitation, the latter of 

which appears to be more relevant within ungulate societies (see Arsenault & Owen-

Smith, 2011). Due in part to the growing concern over the potential impact of climate 

change on ungulate communities globally (Veldhuis et al., 2019; Devarajan et al. 

2020), species persistence has received considerable attention in literature (see 

Duncan et al., 2012). In parallel, wildlife populations are commonly reintroduced to 

wildlife sanctuaries (Venter et al., 2014), rendering species assemblages to artificial 

constructs (Simenstad et al., 2006; Venter et al., 2014). Incomplete information on the 

habitat requirements and historical range of species may result in unsuccessful 

reintroductions (Novellie & Knight, 1994; Castley et al., 2001). For these reasons, the 

mechanisms allowing coexistence, and the environmental factors influencing spatial 

occupancies of wild ungulate species, is of great importance, and acknowledged 

globally (see Li et al., 2022).  

African ungulate feeder types are commonly differentiated on the basis of the adaptive 

radiations in their feeding ecology. The anatomical structure of the digestive system 

naturally partitions large herbivores into ruminants (foregut fermenters) and non-

ruminants (hind-gut fermenters). Differences in feeding strategy associated with a 

range of morphological and physiological adaptations (Demment & van Soest, 1985) 

warrants a further distinction between grazers and browsers (Kiffner & Lee, 2019). 

Non-ruminant grazer ungulates e.g., zebra Equus quagga consume large quantities 
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of forage, are tolerant towards low-quality grass as their digestive systems, which 

allows a rapid passage of ingesta (Demment & van Soest, 1985; Duncan et al., 1990; 

Mariotti et al., 2020). This furthermore allows them to utilize landscapes more 

extensively compared to ruminant species aside from any contributions related to body 

mass (McNaughton, 1988; 1990; Owen-Smith, 1988; Duncan et al. 1990; Sinclair, 

2000). Ruminants, contrastingly, are reliant on forage of relatively high nutritional 

value, due to their limiting capacity to ingest large quantities of forage (Duncan et al., 

1990; Mariotti et al., 2020)  

Seasonal variation in primary productivity (Illius and O’Connor, 2000; Owen-Smith, 

2002) and landscape attributes influencing resource heterogeneity (Owen-Smith, 

2002; Cromsigt & Olff, 2006) and soil nutrients (Anderson et al., 2006) also shapes 

spatial distributions and spatial associations in ungulate assemblages. Bottomlands 

remain greener and forage more plentiful into the dormant season, leading to high 

grazer assemblages in the low-lying areas (Bell 1971; Wilmshurst et al., 1999; 

Selebatso et al., 2018). Contrastingly, the nutrient content of the browse layer is less 

affected by elevation, allowing browsers to occupy a range of habitats (Jarman, 1974; 

McNaughton & Georgiadis, 1986). Ungulates generally prefer habitat close to surface 

water (Solomon & Leak, 1994; Lee et al., 2005). High densities of prey near surface 

water, also attracts predators (Louw et al., 2022), while, the consumptive activities of 

high concentrations of ungulates near water modify vegetation structure (Murray & 

Illius, 2000). Selective feeders therefore tend to prefer habitat farther from surface 

water (Redfern et al., 2003; Ogutu et al., 2014). Ungulates also avoid roads due to the 

disturbance imposed by human activities (Leblond et al., 2013; Venter & Child, 2016). 

Body mass has an overriding influence on ungulate resource use (Prins & Olff, 1998; 

Kleynhans et al., 2011). Theory suggests spatial segregation to be commonly more 
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distinct between species of similar body mass (Sinclair, 1985; Hibert et al., 2010; 

Venter et al., 2014). Contrastingly, the indirect competition hypothesis (Clutton-Brock 

et al., 1982; 1987) predicts that ‘interspecific’ segregation occurs between different 

sized species while ‘intraspecific’ segregation occurs between males and females of 

sexually dimorphic species. Yet another viewpoint is that species interaction patterns 

change in response to changing metabolic requirements towards maturity (juvenile, 

sub-adult, adult) in their life cycle (Ruel & Ayres, 1999; Hart et al., 2016). With these 

opposing views on the importance of body mass contributing towards species co-

existence and spatial segregation, the relative importance of body mass in structuring 

spatial distributions at landscape scales most likely varies across space.  

Recent statistical breakthroughs and the expanding accessibility of data from many 

taxa have made analyses at the species community scale possible (Devarajan et al., 

2020). The hierarchical multi-species occupancy model (MSOM) is one of these 

frequently used classes of community models. Multi-species occupancy modelling 

provides an approach for measuring biodiversity that accounts for various sources of 

uncertainty, imperfect detection, and inaccurate sampling methods (MacKenzie et al., 

2002; Tyre et al., 2003; Gelfand et al., 2005). With fully propagated uncertainty, the 

community pool as well as species-specific capture histories can be used in MSOM to 

quantify the effects of covariates on both the individual species level and the 

community as a whole, while generating species-specific occupancy probability 

estimates, and estimate community-level summaries e.g., species richness. (Dorazio 

& Royle, 2005; Doser et al., 2022). Such an approach is particularly helpful for 

modelling rare or hard-to-detect species, which are frequently found in non-invasive 

surveys (Zipkin et al., 2010). 
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In the current study, I assessed ungulate spatial occupancies, community richness 

and spatial segregation patterns of species using data from the replicated aerial 

surveys conducted from 2000-2015 in four protected areas in the North-West (NW) 

province of South Africa. My study focusses on the late dry season when competition 

for resources is expected to be highest and spatial segregation is most evident 

(Macandza et al., 2012). Survey count data included 26 species of ungulates that were 

divided into grazers, browsers, and non-ruminants.  

Following the above-mentioned concepts, the objectives of the study were 1) to 

determine major environmental drivers influencing the spatial occupancy patterns of 

ungulate groups in the NW Province, where covariates considered were topography 

(slope and elevation), soil nutrients (soil nitrogen and pH), NDVI, heterogeneity, survey 

effort (length of a flight path), distance from water sources and from roads. 2) To 

identify species co-occurrence patterns across different study sites. The following 

hypothesis were formulated: 1) ruminant species select areas of high NDVI, soil 

nutrients and lower heterogeneity relative to non-ruminant species; 2) grazing and 

non-ruminant species select areas of low elevation and avoid slopes while browsers 

prefer high elevation and slopes; 3) Survey efforts positively affect detections of large 

sized species across all feeder groups since longer flight paths in a grid would result 

in higher detection of larger ungulates; 4) ungulates generally prefer areas closer to 

surface water, and 5) avoid dirt roads. Furthermore, 6) species diversity within a feeder 

group correlates with level of occupancy 7) species diversity promotes spatial 

segregation, 8) within their respective groups; grazer and browser species spatially 

segregate, and this segregation is most distinct among species of similar body size.  
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4.3. MATERIAL AND METHODS 

4.3.1. Study Sites  

The study was conducted in four protected areas in the NW Province of South Africa 

(between latitude of 24°15’S to 28°15’S and longitude of 22°30’E to 28°30’E) (Figure 

4.1). The province's landscape changes from plains to mountains from west to east. 

With largely plains and pans in the middle, the region's altitude ranges from 1,000 m 

mean above sea level (masl) to 2,000 m masl from plains to the mountains. The annual 

rainfall range of 300 mm to 700 mm classifying it as an ‘arid’ region (Mucina & 

Rutherford, 2006), with mean annual rainfall generally declining from east to west and 

from north to south (Kruger & Nxumalo, 2017). In contrast to the typical winter 

temperature, which can vary in a single day from 2°C to 20°C, the summer 

temperature maintains its steady range between 22°C and 34°C. (Goslar et al., 2008).  

 

Figure 4.1: Map of North West Province highlighting the study sites 
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4.3.1.1. Pilanesberg National Park 

At 25°15'S latitude and 27°6'E longitude, the park (henceforth ‘Pilanesberg’) is located 

in the Bojanala region of the province between the arid Kalahari and the wetter low-

veld vegetation or "Sour Bushveld" (Acocks, 1988) and covers an area of around 550 

km2. The vegetation composition characterizes a mix of open grassland to thickets of 

Vachellia and broad-leaf bushveld species (Hrabar & du Toit, 2005; Kidwai et al., 2019; 

Louw et al., 2019). Pilanesberg is home to nearly thirty different species of large 

mammals, including the lion (Panthera leo), leopard (Panthera pardus), cheetah 

(Acinonyx jubatus), African buffalo, elephant (Loxodonta Africana), springbok 

(Antidorcas marsupialis), sable antelope (Hippotragus niger), black rhinoceros 

(Diceros bicornis) and hippopotamus (Hippopotamus amphibious) among others 

(NWPTB 2020). 

4.3.1.2. Mafikeng Game Reserve 

The Reserve (henceforth ‘Mafikeng’; 25° 43' E Latitude, 25° 52' S Longitude) was 

founded in 1992 and encompasses an area of 48 km2 (Brockett, 2002). It is located 

almost in the upper middle part of North West Province (Seitlhamo 2011). An 

underlying layer of andesitic lava characterizes a significant portion of the reserve 

(Mucina & Rutherford 2006). The vegetation of the park is described as dry 

Cymbopogon-Themeda veld (Adcock, 1991; Mucina & Rutherford, 2006). The reserve 

is home to healthy populations of game species including gemsbok (Oryx gazela), 

African buffalo, ostrich (Struthio camelus), and giraffe (Giraffa camelopardalis) 

(Nyirenda et al., 2016). 

4.3.1.3 Bloemhof Dam Nature Reserve 

The Bloemhof Dam Nature Reserve (henceforth ‘Bloemhof’) is situated 4 km east of 

Bloemhof town and 320 kilometres from Johannesburg, at latitudes 25° 39'E and 27° 
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40'S. The reserve is 250 km2 in size and comprises of “Kimberly Thornveld”, an open 

Kalahari scrub vegetation (Mucina & Rutherford, 2006) with an inflow of Vall river water 

in the dam (NWPTB 2020). Numerous game species including blesbok (Damaliscus 

pygargus), black wildebeest (Connochaetes gnou), eland (Taurotragus oryx), and 

gemsbok are found here (Nel, 2018). 

4.3.1.4. Molopo Game Reserve 

The 240 km2 Molopo game reserve (22° 57'E latitude, 25° 48'S longitude) is in the 

province's extreme west, next to the Botswana boundary, which is demarcated by a 

portion of the Molopo River (van Niekerk, 2011). This remote reserve has a 

characteristic arid savanna habitat called ‘Molopo Bushveld’ featuring grassland and 

thornveld dunes with dominant tree species of Vachellia and Boscia tree species 

(Mucina & Rutherford 2006). Sand dunes and deep, red soils can be found nearby the 

reserve’s drainage valleys. The reserve is home to a wide variety of mammalian 

species, including cheetah, caracal (Caracal caracal), blue wildebeest (Connochaetes 

taurinus), red hartebeest and waterbuck (Kobus elipsiprimnus) (Nel, 2018). 

4.3.2. Data Collection 

From 2000 through 2015, during the late dry season (July to October), data for the 

current study were gathered by undertaking three yearly replicated aerial surveys 

utilizing a four-seat Bell Jet Ranger II helicopter (with all doors removed). Survey total 

strip width was 500 m, with a flying height range of 60 m to 100 m and a speed of 90 

km/h. The survey count data comprised of 26 species of ungulates. In every survey, 

flight's survey effort (GPS path in kilometres), GPS locations for ungulate sightings, 

and the time and date of each observation were recorded.  

Ungulate species in the survey were divided into grazer (GZ), browser (BW) and non-

ruminant (NR) feeding group for each study site. The groups were created only to 



159 
 

simplify the analysis and find broad patterns in richness and occupancies knowing that 

the broad distinction is too simplistic from morphological and evolutionary perspective 

(Codron et al., 2019; Kiffner & Lee, 2019). The ruminant ungulates were categorized 

according to their diet composition i.e., grazers (≥50% grass), browsers (≥50% dicots) 

(see Kiffner & Lee, 2019). While, all the ungulates outside of “Ruminantia” sub-order 

(Clauss & Rössner, 2014) were considered as non-ruminants (Table 4.1).  

Table 4.1. Ungulate species categorisation into groups of grazer, browser and 

non-ruminants based on foraging behaviour reported in previous research 

studies. 

Category Species 
Body 
Mass  
(kg)* 

Literature Reference 

BW Bushbuck (Tragelaphus scriptus) 43 Fischer & Linsenmair, 2001; Kiffner et al., 2017 

BW Duiker (Sylvicapra grimmia) 16 
Fischer & Linsenmair, 2001; Pettorelli et al., 
2009 

BW Eland (Taurotragus oryx) 560 Kiffner et al., 2016; Furstenburg, 2016ª 

BW Giraffe (Giraffa camelopardalis) 800 Kiffner et al., 2017 

BW 
Greater Kudu (Tragelaphus 
strepsiceros) 

220 Pettorelli et al., 2009 

BW 
Klipspringer (Oreotragus 
oreotragus) 

12 Bireda & Yihune, 2020 

BW Steenbok (Raphicerus campestris) 12 Furstenburg, 2008ª 

GZ 
Black Wildebeest (Connochaetes 
gnou) 

130 
Bukombe et al., 2016; Schuette et al., 2016; 
M’soka et al., 2017; Mariotti et al., 2020; 

GZ Blesbuck (Damaliscus pygargus) 70 Furstenburg, 2016b 

GZ 
Blue Wildebeest (Connochaetes 
taurinus) 

290 Seydack et al., 2012; Mariotti et al., 2020 

GZ Buffalo (Syncerus caffer) 325 
Rodgers, 1996; Waltert et al., 2008; Seydack et 
al., 2012; Kasiringua et al., 2019 

GZ 
Common Reedbuck  (Redunca 
arundinum) 

58 Waltert et al., 2008 

GZ Gemsbok (Oryx gazela) 260 Harris et al., 2015; Lehmann et al., 2013 

GZ Impala (Aepyceros melampus) 50 
Gaidet & Gaillard, 2008; Pettorelli et al., 2009; 
Hempson et al., 2015; Bukombe et al., 2016;  
Schuette et al., 2016 

GZ 
Mountain reedbuck (Redunca 
fulvorufula) 

29 Taylor & Skinner, 2006 

GZ 
Red Hartebeest (Alcelaphus 
caama) 

170 
Rodgers, 1996; Fischer & Linsenmair, 2001; 
Mariotti et al., 2020; Deliberato, 2017 

GZ Sable (Hippotragus niger) 235 
Pettorelli et al., 2009; Chirima et al., 2013; 
Kasiringua et al., 2019 

GZ Springbok (Antidorcas marsupialis) 38 Furstenburg, 2023; Hein et al., 2008 
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GZ Tsessebe (Damaliscus lunatus) 110 Furstenburg, 2016c 

GZ Waterbuck (Kobus elipsiprimnus) 250 Fischer & Linsenmair, 2001;Waltert et al., 2008 

NR Black Rhino (Diceros bicornis) 1100 Bian et al., 2013 

NR Bushpig (Potamochoerus larvatu) 69 Kihwele et al., 2020 

NR 
Hippopotamus (Hippopotamus 
amphibious) 

1650 Bempah et al., 2022 

NR Warthog (Phacochoerus africanus) 75 Treydte et al., 2006; Kihwele et al., 2020 

NR 
White Rhino (Ceratotherium 
simum) 

2300 Bian et al., 2013 

NR Zebra (Equus burchelli) 250 Deliberato, 2017; Kihwele et al., 2020 

* Average female body mass information was obtained from Estes (1991); GZ = Grazer; BW = Browser, 

NR = Non-ruminants 

Covariates: As a proxy for the variability in food quality, I employed the Normalized 

Difference Vegetation Index (NDVI) (Hunninck et al., 2020) for the survey months and 

years (2000–2015) of the study. From the U.S. Geological Survey website, I 

downloaded the freely available MODIS13Q1 NDVI raster file 

(earthexplorer.usgs.gov). MODIS (modis.gsfc.nasa.gov) uses images with a temporal 

resolution of 16 days and a spatial resolution of 250 m. High NDVI values describes 

continuous green vegetation (woodlands, cultivated grass fields) and low NDVI levels 

describe vegetation gaps, areas with brown vegetation, or places without vegetation 

(like water holes and bare soil) (van Bommel et al., 2006; Boyers, 2011; Deliberato, 

2017). I created heterogeneity raster files with a spatial resolution of 250 m from NDVI 

of each year by calculating the difference between absolute NDVI values of each pixel 

and average of eight pixels surrounding it (following Mariotti et al., 2020). ISRIC World 

Soil Information provided raster dataset of soil nutrients for each site, including organic 

carbon, calcium, sodium, potassium, nitrogen and soil pH, at a spatial resolution of 

250 m and a depth range of 0 to 30 cm (Hengl et al., 2015). North West Tourism and 

Parks Board (NWTPB) provided shape files for the perennial water sources and dirt 

roads inside the protected areas. The province's Digital Elevation Model (DEM) was 
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acquired from the USGS Science-based catalogue (Verdin, 2017). Using the ‘spatial 

analysis’ tool in ArcGIS Desktop 10.8 (ESRI, 2020), raster files for slope were 

generated from the DEM files of each site.  

Each study site was divided into 2 x 2 km grids to gather the presence/ absence data 

of the species from each replicate survey. In order to reduce observational bias, I 

introduced a 400 m buffer to each GPS location of the species sightings (following 

Deliberato, 2017). If a buffer would overlap in two adjoining cells, presence was 

marked for both of those cells through the ‘spatial join’ tool of ArcGIS Desktop 10.8. 

Once the data was extracted, each grid would come up with an entry of total sightings 

or blank records (no sightings). By setting blanks to zero and sighting totals to one, 

the final data was transformed into a presence/absence format. The grid for each 

location was also used to extract the data for soil nutrients, NDVI, heterogeneity, slope 

and elevation using ‘zonal statistics’ and length of flight path (survey effort) by 

‘intersect’ tool in ArcGIS Desktop 10.8. The grid centre was used to calculate distance 

from water and dirt roads in each study site through “Near” analysis tool in ArcGIS 

Desktop 10.8. Due to strong collinearity between soil nutrients (>0.8), only nitrogen 

and pH were used in the final models. 

To estimate predictions for group richness and species occupancy for each species 

across each site, finer grids of 100 x 100 meters were created to extract coordinates 

and site covariate data (soil nutrients, NDVI, heterogeneity, slope and elevation) 

demonstrating the “available” sites where the species occurrence could be predicted. 

4.2.3. Data Analysis 

I used multispecies occupancy modelling (MSOM) (Dorazio & Royle, 2005; Doser et 

al., 2023) to estimate the probability of the species (i) occurring within an area (j) 

sampled during our survey period/replicates (k), while accounting for the imperfect 
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detection of the species (MacKenzie et al., 2002).  I fit a separate multi-species 

occupancy model for each of the four nature reserves. Considering zi,j as the true 

presence (1) or absence (0) of a species i at site j, with j = 1, . . . , J and i = 1, . . . , N., 

the true species-specific occupancy process arises from a Bernoulli distribution 

following: 

zi,j ∼ Bernoulli(ѱi,j), 

logit(ѱ𝑖,𝑗) =xj
⊤
β

i
 +  w𝑖, 𝑗

∗  

where ψi,j is the occurrence probability of species i at site j. I modelled 𝜓𝑖, 𝑗 as a function 

of a set of site-specific covariates (including an intercept), x𝑗, a set of species-specific 

effects of the covariates (𝛽𝑖), and species-specific spatial random effect w𝑖, 𝑗
∗ . The 

species-specific regression coefficients (𝛽𝑖) are treated as random effects arising from 

a common distribution at the community level:  

βi ∼ Normal (µβ, Tβ), 

where community-level mean effects for each occurrence covariate effect (including 

the intercept) is represented by a vector µβ, while, Tβ is a diagonal matrix whose 

diagonal elements (τβ
2) represent the variability of each occurrence covariate effect 

among species within the community.  

I modelled the species-specific spatial random effect w𝑖, 𝑗
∗  using the spatial factor 

modeling approach described by Doser et al., 2023, which allows us to account for 

both spatial autocorrelation and species correlations after accounting for the effects of 

the covariates included in the model. In this approach, I model w𝑖, 𝑗
∗ as a linear 

combination of q of latent variables (i.e., factors) and their associated species-specific 

coefficients (i.e., factor loadings). More specifically, I had 

w𝑖, 𝑗
∗   =  𝜆𝑖𝑗

⊤w  , 
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where 𝜆𝑖 is a vector of species-specific coefficients from an N x q matrix Λ, and w𝑗 is 

a vector of spatial factors at site j. I modelled the spatial factors w𝑗 using a Nearest 

Neighbor Gaussian Process (NNGP; Datta et al., 2016), a computationally efficient 

approach for modeling spatial autocorrelation. This approach inherently accounts for 

residual correlations between species, and I can derive a residual interspecies co-

occurrence matrix Σ  =  ΛΛ⊤, which can be used to provide insight on residual species 

co-occurrence patterns. 

Finally, I explicitly accounted for imperfect detection by modeling the detection-non-

detection data conditional on the true species-specific occupancy process. Let 𝑦𝑖, 𝑗, 𝑘 

be the detection (1) or nondetection (0) of species i at site j during repeat visit k. I 

modelled 𝑦𝑖, 𝑗, 𝑘 according to: 

yi,j,k ∼ Bernoulli(pi,j,kzi,j ), 

logit(pi,j,k) = vi,j,k
⊤  αi , 

where pi,j,k is the probability of detecting species i at site j during replicate k (provided 

it is present at site j). It is calculated as a function of site and replicate-specific 

covariates (V) and a vector of species-specific regression coefficients (αi). Similar to 

the occurrence regression coefficients, the species-specific detection coefficients are 

also conceptualized as random effects generated from a common community-level 

distribution 

αi ∼ Normal (µα, Tα), 

where community-level mean effects for each detection covariate effect (including the 

intercept) is represented by a vector µα, while, Tα is a diagonal matrix whose diagonal 

elements (τα
2 ) represents the variability of each effect of detection covariate among 

species within the community (Doser et al., 2022). 



164 
 

I fitted the multi-species occupancy model with the spOccupancy package (Doser et 

al., 2022; 2023) in R (R Core Team, 2020). I used the default, vague prior distributions, 

details of which are available in Doser et al., 2022 and Doser et al., 2023. After 

checking for collinearity among covariates, six site-level covariates (slope, elevation, 

NDVI, heterogeneity, soil nitrogen, soil pH) with their quadratic terms and four 

detection covariates (survey effort, Julian date, distance from water and distance from 

road) and their quadratic terms were used for running a total of 25 models. I used 

backward-elimination strategy for model development. For the Markov chain Monte 

Carlo (MCMC) analysis, I ran three chains each with 10,000 iterations to achieve 

adequate convergence for each candidate model. I performed a posterior predictive 

check summarized with a Bayesian p-value as an assessment of model fit, where 

values around 0.5 indicated that the model fit adequately, and values less than 0.1 or 

greater than 0.9 suggested that the model did not fit the data well (Hooten & Hobbs, 

2015). Model selection was performed using the Widely Applicable Information 

Criterion also known as Watanabe Akaike Information Criterion (WAIC) with the best-

performing model having the lowest WAIC value (Watanabe, 2010). After fitting the 

models, I subsequently predicted occurrence probability of each species across each 

of the four protected areas through ‘predict’ function in spOccupancy. Along with 

calculating the probability of richness per group in a study site, occupancy with 

uncertainty for each individual species within a group was also calculated for each 

site. Finally, I generated and plotted the residual species covariance matrices to 

investigate the co-occurrence and segregation patterns between ungulate species per 

study site as a co-occurring species in the same locations (positive relation) or different 

locations (negative relation).  
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To investigate the influence of body mass on spatial segregation of ungulates in the 

most spatially segregated study sites, I conducted one-way analysis of variance 

(ANOVA). Body mass data was log transformed and difference in body mass was 

calculated between each species in each study site. The spatial correlation coefficient 

obtained from MSOM for each relation was then compared with the body mass 

difference for every group interaction and individual species interaction to find any 

patterns. This method was carried out to see if there are any visible patterns for 

species or groups of different body masses to co-exist or spatially segregate. The 

analysis was conducted between the groups (“Grazer - Browser”, “Browser - Non-

Ruminants” and “Grazer - Non-Ruminants”) and within the groups for a better 

understanding of spatial distribution patterns. Three class of body mass difference 

were created to view the graphs: “Smaller” (if the difference value is between -6.0 and 

-2.0), “Comparable” (if the difference value is between -2.0 and 2.0) and “Larger” (if 

the difference value is between 2.0 and 6.0). Tukey’s Honest Significant Difference 

(HSD) test was conducted as a post hoc analysis to examine the results between 

various groups.  

4.4. RESULTS 

The 2 km x 2 km grid size resulted in 156 grids for Pilanesberg, 26 grids for Mafikeng, 

203 grids for Bloemhof and 90 grids for Molopo. The highest number of species (24) 

were recorded from Pilanesberg (GZ = 11; BW = seven; NR = six) followed by 

Mafikeng (18; GZ = ten, BW = five; NR = three), Molopo (13; GZ = six; BW = five; NR 

= two) and Bloemhof (11; GZ = six; BW = three; NR = two).  

4.4.1. Environmental factors influencing ungulate spatial occupancy  

According to the best-selected model for each feeding group, slope, elevation (along 

with their quadratic term), NDVI and heterogeneity were the selected site covariates, 
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while survey efforts (along with its quadratic term), distance from water and distance 

from road, were the selected detection covariates significantly influencing species 

occupancies in the NW Province (Table 4.2). 

The grazer group from all sites strongly avoided slopes. The browser group occupancy 

was positively influenced by slope, NDVI and heterogeneity across sites. The non-

ruminant group occupied low-lying areas with high heterogeneity and areas closer to 

roads and water across the landscape (Table 4.3; Figure S4.1). Soil nutrients (nitrogen 

and pH) were not selected in the best-fit models for any groups. 

Table 4.2. Model results of three best predictive models from spOccupancy with 

10,000 MCMC iterations for spatial distribution of three ungulate groups across 

four sites in the NW Province, South Africa. 

Site Groups # Best model WAIC ΔWAIC k FT 

Pilanesberg 
 

Grazer 

6 Elevation + Slope + Slope^2 + Efforts + Efforts^2 2965.468 0 48 0.41  
10 Slope + NDVI + Efforts + Efforts^2 + JD + DW 2974.921 9.453 49  

 

12 
Elevation + Slope + Slope^2 + NDVI + Nitrogen + 
Efforts+ Efforts^2 + JD 

2983.691 18.22 55  

 

Browser 

7 Elevation + Slope + Efforts + DR 2463.315 0 22 0.49  

9 
Elevation + Slope + Slope^2 + Efforts + Efforts^2 + 
JD 

2469.712 6.39 32  

 
11 Elevation + Heterogeneity + DW + DR 2477.109 13.79 22  

 

Non- 
ruminant 

13 
Elevation + Slope + Slope^2 + Efforts + Efforts^2 + 
DR 

1751.734 0 46 0.44 
 

12 
Elevation + Slope + Slope^2 + NDVI + Nitrogen + 
Efforts + Efforts^2 + JD 

1758.110 6.37 55  

 
2 Slope + NDVI + Heterogeneity + Efforts + DW + JD 1763.677 11.94 36  

Mafikeng  

Grazer 

22 Elevation + Elevation^2 + Slope + Efforts 612.117 0 17 0.28  
10 Slope + NDVI + Efforts + Efforts^2 + JD + DW 617.405 5.29 18  

 
2 Slope + NDVI + Heterogeneity + Efforts + DW + JD 621.132 9.01 22  

 

Browser 

24 Elevation + Slope + Efforts 361.188 0 26 0.32  
8 Elevation + Slope + Slope^2 + Efforts + Efforts^2 364.899 3.71 28  

 
5 Elevation + Slope + NDVI + Efforts + JD 367.161 5.97 32  

 

Non 
ruminant 

15 Elevation + Slope + NDVI + Heterogeneity + DR 181.290 0 14 0.46  
4 Slope + Heterogeneity + Efforts + DW + DR 184.817 3.52 16  

 

12 
Elevation + Slope + Slope^2 + NDVI + Nitrogen + 
Efforts + Efforts^2 + JD 

193.779 12.49 18  

Bloemhof  

Grazer 
16 Elevation + Elevation^2 + Slope + Efforts + Efforts^2 775.861 0 24 0.36  
14 Elevation + Elevation^2 + NDVI + Efforts + DW 782.575 6.71 31  
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4 Slope + Heterogeneity + Efforts + DW + DR 786.664 10.80 28  

 

Browser 

11 Elevation + Heterogeneity + DW + DR 497.221 0 23 0.44  
8 Elevation + Slope + Slope^2 + Efforts + Efforts^2 505.513 8.29 15  

 

3 
Slope + Nitrogen + NDVI + NDVI^2 + Efforts + 
Efforts^2 + JD + JD^2 

508.312 11.091 49  

 

Non 
ruminant 

17 Slope + Slope^2 + DW + DR 398.371 0 18 0.36  

1 
Elevation + Slope + Heterogeneity + NDVI + Efforts 
+ DW + DR 

401.286 2.92 26  

 

12 
Elevation + Slope + Slope^2 + NDVI + Nitrogen + 
Efforts + Efforts^2 + JD 

404.211 5.84 32  

Molopo 
 

Grazer 

18 Elevation + Slope + Efforts + DW 953.024 0 31 0.35  
16 Elevation + Elevation^2 + Slope + Efforts + Efforts^2 957.022 3.99 35  

 
4 Slope + Heterogeneity + Efforts + DW + DR 965.134 12.11 44  

 

Browser 

20 Elevation + NDVI + DW + DR 959.381 0 35 0.25  
17 Slope + Slope^2 + DW + DR 963.856 4.47 33  

 
16 Elevation + Elevation^2 + Slope + Efforts +Efforts^2 967.538 8.15 28  

 

Non 
ruminant 

21 Elevation + Slope + Efforts + Efforts^2 + DW + DR 539.623 0 24 0.37  
16 Elevation + Elevation^2 + Slope + Efforts + Efforts^2 541.821 2.19 31  

 
5 Elevation + Slope + NDVI + Efforts + JD 548.410 8.78 48  

# = model identification number; NDVI = normalized difference vegetation index; JD = Julian Date; 

Efforts = Survey Efforts; DW = Distance from water; DR = Distance from road; k = effective number of 

parameters in the model; WAIC = Widely Applicable Information Criterion; ΔWAIC = difference between 

model WAIC and that of the best model; FT = Freeman Tukey Statistic for the best model. 

 

Table 4.3. Best-selected model’s community-level estimates (95% credible 

intervals). µβ0 is the community-level intercept of site covariates (slope, 

elevation, NDVI, heterogeneity). µα0 is community-level intercept of detection 

covariates (survey efforts, distance from water, and distance from roads). µβ1, 

µβ2, µβ3, µβ4 are the linear and quadratic effects of elevation, slope; µβ5, µβ6 are the 

linear effects of NDVI and heterogeneity. µα1, µα2 are the linear and quadratic 

effects of survey efforts; µα3, µα4 are the linear effects of distance from water and 

distance from road respectively. 𝝉𝜷,𝟎
𝟐  ,𝝉𝜷,𝟏

𝟐 ,𝝉𝜷,𝟑
𝟐 , 𝝉𝜷,𝟒

𝟐  and 𝝉𝜷,𝟓
𝟐   are community-level 

variances for site covariates and 𝝉𝜶,𝟎
𝟐  , 𝝉𝜶,𝟏

𝟐   and 𝝉𝜶,𝟐
𝟐   are community-level variances 

for the detection covariates for the three ungulate groups across four sites in 

NW Province. 
 

Pilanesberg Mafikeng Bloemhof Molopo 

  Occurrence         

 GZ BW NR GZ BW NR GZ BW NR GZ BW NR 

µβ0 
-0.75 
(-2.50,  
1.16) 

1.55 
(-0.78,  
3.58) 

0.59 
(-2.19,  
3.28) 

2.05  
(0.09, 
 4.02) 

1.88 
(-0.61,  
3.85) 

1.27 
(-2.3,  
4.62) 

1.37 
(-0.58, 
3.02) 

1.03 
(-1.42, 
3.25) 

0.03 
(-3.03, -

2.07) 

1.01  

(-1.63,  
3.43) 

3.16 
(-0.77, 
5.62) 

3.21 
(0.89, 
4.02) 
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µβ1 
1.19 
(0.39, 
1.99) 

-1.63 

(0.63,  
2.68) 

0.97 
(-0.79,  
2.64) 

-1.58 

(-2.19, 
 -0.04) 

-0.05 
(-1.24, 
1.83) 

0.08 
(-2.30, 
2.19) 

-0.65 
(-2.02,  
-0.66) 

0.09 
(-0.06,  
-0.12) 

- 

-0.46 

(-1.98, 
1.23) 

0.95 
(0.57,  
1.33) 

0.52 
(-0.67, 
2.31) 

µβ2 - - - 
-0.46 
(-1.71, 
0.96) 

- - 
1.16 

(-0.07, -
3.05) 

- - - - - 

µβ3 
-1.08 

(-1.85,  
 -0.32) 

0.73 
(0.31,  
1.15) 

-1.28 
(-2.63,  
-0.07) 

-1.06 
(-2.43, 
0.26) 

-1.85 

(-3.67, 
0.28) 

-0.09 
(-1.55, 
1.34) 

-0.08 
(-0.85, 
0.71) 

- 

-1.16 
(-2.35, 
 -0.12) 

-1.67 

(-2.04, -
0.68) 

- 

0.07 
(-1.06, 
1.19) 

µβ4 
-0.33 

(-0.69,  
0.01) 

- 

-0.48 
(-1.17,  
0.21) 

- - - - - 
1.82 

(-2.08, -
3.87) 

- - - 

µβ5 - - - - - 
-1.13  

(-3.77, 
2.22) 

- - - - 

2.76 
(0.28, 
3.83) 

- 

µβ6 - - - - - 
2.27 

(0.68, 
4.79) 

- 
0.78 

(0.18, 
1.91) 

- - - - 

Detection            

µα0 
1.12 

(0.33,  
3.06) 

0.02 
(-1.38,  
1.29) 

0.68 
(-0.78,  
1.97) 

1.15 

(0.11, 
2.18) 

0.55  

(-0.54, 
1.68) 

1.35  

(-0.45, 
2.68) 

0.44 
(-1.30, 
0.48) 

-0.31 

(-2.76, 
1.92) 

0.35 
(-1.31, 
1.78) 

1.25 

(0.26, 
2.53) 

1.23 
(-0.18, 
2.80) 

-0.65 
(-1.22, 
0.68) 

µα1 
0.37 

(0.11,  
0.63) 

-0.41 
(-0.89,  
-0.07) 

-0.19 
(-0.57, 
0.39) 

0.03 

(0.03, 
0.41) 

-0.57 

(-0.85, -
0.19) 

- 

0.51 
(0.19, 
1.31) 

- - 
-0.08 

(-0.66, 
0.53) 

- 

0.39 
(-0.84, 
1.21) 

µα2 
-0.07 

(0.02,  
0.21) 

- 

-0.33 
(-1.23,  
0.33) 

- - - 
0.03 
(-0.35, 
0.02) 

- - - - 
0.69 
(-0.25, 
1.34) 

µα3 
-0.06  
(-0.22, 
0.34) 

- - - - - - 

1.10  

(-0.23, 
2.39) 

-1.25  
(-1.38,  
-1.12) 

-0.02 
(-0.40, 
0.55) 

-0.06 

(-0.64, 
0.62) 

-1.75 
(-2.22,  
-0.68) 

µα4 - - 

-0.55 
(-0.82,  
-0.13) 

- - 
-0.86 
(-1.48,  -

0.12) 
- 

0.72 

(0.12, 
1.82) 

-1.78 

(-2.77,  
-0.17) 

- 

0.48  
(0.08,  
0.88) 

-0.44  
(-0.13,  
-0.75) 

Spatial Variance 

𝝉𝜷,𝟎
𝟐  

13.24 

(4.76, 
32.87) 

11.65 

(0.43, 
67.15) 

25.81 

(8.04, 
43.57) 

9.28 

(0.19, 
37.22) 

11.12 

(0.13, 
71.14) 

9.57 

(0.16, 
16.76) 

4.15 

(0.09, 
1.69) 

23.15 

(0.07, 
65.41) 

17.71 

(7.88, 
35.05) 

29.60 

(4.78, 
51.11) 

33.11 

(0.11, 
249.17) 

36.22 

(0.12, 
64.01) 

𝝉𝜷,𝟏
𝟐  

0.61 

(0.058, 
2.18) 

0.78 

(0.05, 
0.20) 

5.73 

(0.72, 
22.15) 

0.69 

(0.05, 
2.99) 

3.41 

(0.07, 
20.66) 

9.50 

(0.06, 
47.48) 

1.69 

(0.05, 
2.53) 

22.05 

(0.06, 
64.39) 

- 

2.43 

(0.08, 
12.74) 

1.40 

(0.04, 
10.15) 

5.90 

(0.06, 
43.43) 

𝝉𝜷,𝟐
𝟐  - - - 

2.63 

(0.05, 
15.08) 

- - 
2.25 

(0.05, 
0.55) 

- - - - - 

𝝉𝜷,𝟑
𝟐  

1.20 

(0.26, 
3.78) 

3.67 

(0.73, 
3.78) 

1.28 

(0.06, 
6.19) 

2.41 

(0.06, 
12.88) 

2.33 

(0.05, 
13.23) 

3.41 

(0.05, 
6.77) 

0.41 

(0.03, 
0.19) 

- 

3.05 

(0.05, 
23.98) 

0.16 

(0.03, 
0.65) 

- 

2.47 

(0.06, 
13.12) 

𝝉𝜷,𝟒
𝟐  

0.14 

(0.03, 
0.49) 

- 

0.26 

(0.03, 
1.08) 

- - - - - 
13.51 

(0.08, 
53.99) 

- - - 

𝝉𝜷,𝟓
𝟐  - - - - - 

21.86 

(0.08, 
56.61) 

- - - - 

1.43 

(0.04, 
8.22) 

- 

𝝉𝜷,𝟔
𝟐  - - - - - 

3.73 

(0.06, 
25.07) 

- 

35.70 

(0.08, 
62.87) 

- - - - 

𝝉𝜶,𝟎
𝟐  

1.12 

(0.33, 
3.06) 

3.80 

(0.78, 
11.61) 

2.97 

(0.58, 
11.47) 

0.64 

(0.47, 
1.72) 

1.46 

(0.13, 
6.21) 

3.07 

(0.07, 
18.11) 

5.96 

(0.97, 
20.93) 

3.26 

(0.22, 
14.70) 

2.82 

(0.05, 
15.55) 

3.95 

(0.88, 
14.96) 

3.40 

(0.64, 
13.41) 

34.61 

(0.04, 
50.30) 

𝝉𝜶,𝟏
𝟐  

0.07 

(0.02, 
0.20) 

0.16 

(0.03, 
0.56) 

0.19 

(0.03, 
0.71) 

0.13 
(-0.29, 
0.37) 

0.31 

(0.03, 
1.29) 

- 

0.24 

(0.03, 
1.03) 

- - 
0.42 

(0.06, 
1.56) 

- 

1.47 

(0.04, 
10.78) 

𝝉𝜶,𝟐
𝟐  

0.07 

(0.02, 
0.21) 

- 

1.06 

(0.06, 
5.67) 

- - - 
0.18 

(0.03, 
0.78) 

- - - - 
4.76 

(0.04, 
17.81) 

𝝉𝜶,𝟑
𝟐  

2.07 

(1.22, 
3.02) 

- - - - - - 

0.28 
(-0.17, 
0.76) 

2.19 

(0.05, 
12.54) 

0.29 

(0.03, 
1.42) 

0.04 
(-1.41, 
1.33) 

0.43 

(0.04, 
2.09) 

𝝉𝜶,𝟒
𝟐  - - 

0.15 

(0.03, 
0.60) 

- - 
0.75 

(0.04, 
5.07) 

- 

0.15 
(-0.28, 
0.61) 

2.14 

(0.03, 
13.08) 

- 
24.64 

(0.06, 
49.06) 

0.69 

(0.03, 
3.89) 
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GZ = Grazer, BW = Browser and NR = Non-ruminant; - = the parameter was not included in the best fit 

model. β0 and α0 = intercept; β1= elevation; β2 = elevation^2; β3 = slope; β4 = slope^2; β5 = NDVI; β6 

= heterogeneity; α1 = survey efforts; α2 = survey efforts^2; α3 = distance from water; α4 = distance 

from the road. ^2 = quadratic term of the covariate. 

4.4.2. Average ungulate group and species occupancies 

Average occupancy (±) Standard Error (SE) of the grazer group was highest in 

Bloemhof (0.72 ± 0.09) and lowest in Pilanesberg (0.42 ± 0.08). Average occupancy 

of the browser group was comparable throughout the landscape being relatively high 

in Molopo (0.65 ± 0.09) and lowest in Pilanesberg (0.60 ± 0.05). Average occupancy 

of the non-ruminant group was highest in Mafikeng (0.73 ± 0.13) and lowest in 

Bloemhof (0.53 ± 0.08) (Figure 4.2-4.5). Zebra had the highest occupancy in 

Pilanesberg (0.92-0.94), while the lowest occupancy was of gemsbok (0.01-0.15). 

Warthog (0.90-0.96), eland (0.92-0.94) and gemsbok (0.88-0.90) had the highest 

occupancies in Mafikeng, Bloemhof and Molopo respectively (Table 4.4; Figure 4.2-

4.4). 
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a)                                                                                   b)  

Figure 4.2: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Pilanesberg National Park from a spatial 

MSOM. Panel (a) shows posterior richness means and panel (b) shows predicted occurrence 

probability for ungulates in each group. 1=blue wildebeest, 2=buffalo, 3=common reedbuck, 

4=gemsbok, 5=red hartebeest, 6=impala,7=mountain reedbuck, 8=sable, 9=springbok, 

10=tsessebe, 11=waterbuck, 12=bushbuck, 13=duiker, 14=eland, 15=giraffe, 16=klipspringer, 

17=greater kudu, 18=steenbok, 19=black rhino, 20=bush pig, 21=hippopotamus, 22=warthog, 

23=white rhino, 24=zebra 
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a)                                                                                         b) 

Figure 4.3: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Mafikeng Game Reserve from a spatial 

MSOM. Panel (a) shows posterior richness means and panel (b) shows predicted occurrence 

probability for ungulates in each group. 1=black wildebeest, 2=blesbok, 3=buffalo, 4=common 

reedbuck, 5=gemsbok, 6=red hartebeest, 7=impala, 8=mountain reedbuck, 9=springbok, 

10=waterbuck, 11=duiker, 12=eland, 13=giraffe, 14=greater kudu, 15=steenbok, 16=warthog, 

17=white rhino, 18=zebra 
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a)                                                                                         b) 

Figure 4.4: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Bloemhof Dam Nature Reserve from a 

spatial MSOM. Panel (a) shows posterior richness means and panel (b) shows predicted 

occurrence probability for ungulates in each group. 1=black wildebeest, 2=blesbok, 

3=gemsbok, 4=red hartebeest, 5=impala, 6=springbok, 7=duiker, 8=eland, 9=steenbok, 

10=warthog, 11=zebra 
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a)                                                                                         b) 

Figure 4.5: Estimate of species richness and the associated uncertainty of the community of 

grazer, browser and non-ruminant groups across the Molopo Game Reserve from a spatial 

MSOM. Panel (a) shows posterior richness means and panel (b) shows predicted occurrence 

probability for ungulates in each group. 1=blue wildebeest, 2=gemsbok, 3=red hartebeest, 

4=impala, 5=springbok, 6=waterbuck, 7=duiker, 8=eland, 9=giraffe, 10= greater kudu, 

11=steenbok, 12=warthog, 13=zebra 
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Table 4.4. Candidate model species-level occupancy estimates (95% credible 

intervals) for ungulate species in the three groups (grazer, browser and non-

ruminant) across NW Province, South Africa. Ψ (Psi) = is the probability of 

occurrence of species i at site j. 

 
Pilanesberg Mafikeng Bloemhof Molopo  

Ψ 95% CI Ψ 95% CI Ψ 95% CI Ψ 95% CI 

Grazer n = 1349 n = 350 n = 457 n = 833 

Black Wildebeest ‒ ‒ 0.75 (0.69-0.80) 0.76 (0.74-0.79)          ‒ ‒ 

Blesbok ‒ ‒ 0.78 (0.74-0.83) 0.84 (0.82-0.86)          ‒ ‒ 

Blue Wildebeest 0.76  (0.74-0.78)           ‒ ‒ ‒ ‒ 0.84 (0.83-0.85) 

Buffalo  0.28 (0.24-0.33) 0.77 (0.71-0.83)          ‒ ‒ ‒ ‒ 

Common Reed 0.09 (0.04-0.14) 0.38 (0.28-0.48)          ‒ ‒ ‒ ‒ 

Gemsbok 0.08 (0.01-0.15) 0.63 (0.56-0.71) 0.86 (0.84-0.88) 0.89 (0.88-0.90) 

Red Hartebeest 0.44 (0.39-0.48) 0.69 (0.66-0.63) 0.74 (0.70-0.77) 0.84 (0.84-0.85) 

Impala 0.89 (0.88-0.90) 0.90 (0.87-0.93) 0.23 (0.03-0.43) 0.28 (0.28-0.34) 

Mount Reed  0.50 (0.48-0.52) 0.20 (0.03-0.38)           ‒ ‒ ‒ ‒ 

Sable 0.16  (0.08-0.25)           ‒ ‒  ‒ ‒ ‒ ‒ 

Springbok 0.30 (0.25-0.35) 0.82 (0.78-0.87) 0.86 (0.84-0.89) 0.53 (0.53-0.55) 

Tsessebe 0.50  (0.47-0.54)           ‒ ‒ ‒ ‒ ‒ - 

Waterbuck 0.57 (0.53-0.60) 0.54 (0.50-0.59)          ‒ ‒ 0.28 (0.28-0.34) 

Browser n = 1094 n = 157 n = 147 n = 901 

Bushbuck 0.25  (0.11-0.39)          ‒ ‒ ‒ ‒ ‒ ‒ 

Duiker 0.37 (0.31-0.42) 0.37 (0.28-0.48) 0.35 (0.31-0.40) 0.44 (0.39-0.49) 

Eland 0.72 (0.68-0.76) 0.64 (0.58-0.70) 0.93 (0.92-0.94) 0.83 (0.82-0.84) 

Giraffe 0.59 (0.46-0.62) 0.73 (0.65-0.80)          ‒ ‒ 0.63 (0.60-0.65) 

Klipspringer 0.68  (0.65-0.70)           ‒                       ‒ ‒ ‒ ‒ ‒ 

Greater Kudu 0.75 (0.74-0.76) 0.67 (0.63-0.72)          ‒ ‒ 0.66 (0.65-0.67) 

Steenbok 0.86 (0.83-0.89) 0.71 (0.65-0.77) 0.67 (0.62-0.72) 0.69 (0.68-0.70) 

Non-Ruminant n = 1076 n = 139 n = 147 n = 328 

Black Rhino 0.71  (0.69-0.74)           ‒ ‒ ‒ ‒ ‒ ‒ 

Bush pig 0.11   (0.03-0.19)           ‒ ‒ ‒ ‒ ‒ ‒ 

Hippo 0.24  (0.20-0.28)           ‒ ‒ ‒ ‒ ‒ ‒ 

Warthog 0.82 (0.80-0.85) 0.93 (0.90-0.96) 0.62 (0.60-0.65) 0.61 (0.60-0.62) 

White Rhino 0.44 (0.43-0.46) 0.55 (0.50-0.60)          ‒ ‒ ‒ ‒ 

Zebra 0.93 (0.92-0.94) 0.73 (0.66-0.80) 0.53 (0.52-0.54) 0.80 (0.78-0.81) 

n = number of detections (sighting of a group of animals together was counted as one detection); ‒ = 

species not recorded from the study site  

4.4.3. Spatial associations across the species spectrum  

Although spatial segregation between feeder types was not very distinct in the study 

sites, it was more prevalent in the most species diverse sites (Pilanesberg and 
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Mafikeng). Bloemhof and Molopo, however, showed maximum species co-occurrence 

(Figure 4.6).  

Evidence of spatial segregation within feeder groups was not consistent for grazers 

and browsers. For example, gemsbok spatially segregated from other grazers across 

the study sites, except at Bloemhof. Among browsers, duiker spatially segregated but 

not at Molopo. Impala and springbok spatially segregated from black wildebeest and 

gemsbok at Mafikeng but shared their spatial range with other grazing species 

elsewhere. Within the non-ruminant group, spatial segregation occurred between 

black rhino and white rhino, black rhino and hippo and black rhino and bush pig only 

in Pilanesberg (Figure 4.6). 

Results from one-way ANOVA (Figure 4.7) did not reveal many significant relations 

(p>0.05) amongst body mass difference and spatial correlation coefficient within 

groups in the study sites. Although weak, spatial segregation within browsers, between 

comparable sized species (e.g., duiker and steenbok) and between large and small 

sized non-ruminants (white rhino and bush pig) was found in Pilanesberg. Among 

grazers, spatial segregation by sable and gemsbok from other grazers of all body sizes 

was found (p<0.001). Furthermore, in Mafikeng, spatial segregation was found 

between browsers of similar size (e.g., duiker and steenbok) and between large-sized 

and small-sized grazers (e.g., waterbuck and common reedbuck), browsers (e.g., 

giraffe and steenbok) and non-ruminants (e.g., white rhino and zebra). Similarly, at 

Bloemhof, large sized browsers spatially segregate with small sized browsers (e.g., 

eland and duiker). However, at Molopo, spatial segregation was not evident within the 

three groups (Figure 4.7; Figure S4.4). 
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Figure 4.6: Residual covariance matrix for individual species spatial co-ocurrence in the four 

study sites. Star (*) represents significant level p<0.001. Comm Reed = Common Reedbuck, 

Black W = Black Wildebeest, Blue W = Blue Wildebeest, Mount Reed = Mountain Reedbuck. 

Colored band on the x-axis represents correlation coefficient gradient ranging from -1 to +1 

with zero being no relation. Size and transparency of the circles represent strength of the 

spatial co-occurence. Blank squares indicate no relation.  
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Figure 4.7: Relation between spatial correlation coefficients and body mass of ungulate groups 

from Pilanesberg, Mafikeng, Bloemhof and Molopo. Within-groups relations of difference in 

body mass and spatial correlation coefficient for grazers, browsers and non-ruminants are 

shown. GZ = grazers, BW = browsers and NR = non-ruminants. “Comparable”, “Larger” and 

“Smaller” refers to the different body mass class within group (GZ, BW or NR)  

4.5. DISCUSSION 

Spatial occupancy modelling confirmed that grazer species occupied areas of lower 

elevation, avoiding steep slopes, and close proximity to surface water.  As expected, 

browser species occupied areas of varying elevations, varying slopes and high-quality 

forage. Non-ruminants were found across a range of elevations, away from steep 

slopes and in heterogeneous sites, as expected. Survey effort increased detection of 

grazers and non-ruminants, while it decreased detection of browsers due to the 

presence of small-sized cryptic species in the browser group. Average spatial 

occupancy of all feeder groups was the lowest in Pilanesberg despite the fact that 

diversity for each feeder type (grazer = 11, browser = seven, non-ruminant = six) was 

the highest. Although weak, evidence of spatial segregation between similar sized 
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browsers were found only for Pilanesberg and Mafikeng. Bloemhof and Molopo 

showed no such spatial segregation patterns.  

4.5.1. Factors affecting spatial distribution of ungulates 

4.5.1.1. Hypothesis: Ruminant species select areas of high NDVI, soil nutrients and 

lower heterogeneity relative to non-ruminant species 

The distribution of ungulates across NW Province was mainly influenced by the 

topography of the study sites, contrary to suggestions by earlier studies that NDVI, 

distance from water source and soil nutrients are important environmental 

determinants (East, 1984; Deliberato, 2017; Mariotti et al., 2020; Reece et al., 2023). 

Similarly, heterogeneity was selected as an influencing factor for ungulate occupancy 

only for non-ruminants in Mafikeng and for browsers in Bloemhof. Aerial counts were 

conducted in the late dry season, when NDVI, heterogeneity and soil nutrient content 

may not vary much spatially, so that their importance most likely declines during the 

dormant season. Therefore, the importance of NDVI and heterogeneity to ruminants 

in comparison to non-ruminants could not be thoroughly established.  

4.5.1.2. Hypothesis: Grazing and non-ruminant species select areas of low elevation 

and avoid slopes while browsers prefer high elevation and slopes 

Slope and elevation were the principal factors affecting ungulate distributions in the 

four study sites. As predicted, grazer’s occupancy was negatively related to the slope, 

as grazer species prefer open low elevation habitat (Fryxell et al., 2005; Kiffner & Lee, 

2019; Mariotti et al., 2020). For example, buffalo and red hartebeest were generally 

found on lower elevations, while impala, a mixed feeder (Jarman, 1974; Dunham, 

1982; Hunninck et al., 2020), occupied areas at both high and low elevations. Giraffe 

and steenbok were also found at low elevations in Pilanesberg and Mafikeng, 

suggesting soil moisture differences across the elevation gradient also structure 
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spatial distribution of dicotyl species, all of which are not equally preferred by 

browsers. A number of species, for example, were not very selective of elevation: 

greater kudu and eland were found across a range of elevations and duiker occurred 

at higher elevations. A plausible explanation is that the root systems of grass species 

are shallow in comparison to those of dicotyls and hence the latter could persist across 

a range of elevations i.e., at least some species are less sensitive to moisture in the 

upper layers of soil (Lehmann et al., 2013; O'Brien et al., 2019).  Slope had a negative 

influence on the distribution of non-ruminants across all sites (Figure S4.1, S4.2). My 

findings agree with previous studies that suggested non-ruminants and grazing 

ruminants mainly prefer feeding on open plains at low elevations with low-gradient 

slopes (Owen-Smith, 1988; Estes, 1991; Shrader & Perrin, 2006; Deliberato, 2017).   

4.5.1.3. Hypothesis: Survey efforts positively affect detections of large sized species 

across all feeder groups 

Longer flight paths resulted in higher detection of species across all groups. However, 

browser species showed lower detections with longer flight paths in Pilanesberg. The 

browser group in Pilanesberg included small-bodied cryptic species e.g., bushbuck, 

duiker and steenbok that may be difficult to spot through aerial surveys in the areas 

with complex vegetation cover and closed habitats of Pilanesberg (Jarman, 1974; 

Janis, 2008; Mucina & Rutherford, 2006). Across all groups, small-bodied species 

detection (common reedbuck, mountain reedbuck, duiker and steenbok) correlated 

negatively with survey efforts (Figure S4.3), yet there were no consistent results for 

detection of species of large body size with longer flight paths, and the hypothesis was 

therefore rejected.  
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4.5.1.4. Hypothesis: Ungulates prefer areas closer to surface water 

Distance from water was not selected as an important covariate for ruminant ungulate 

distribution except with weak evidence for Bloemhof and Molopo. At Bloemhof, only 

the browser and non-ruminant groups preferred areas close to surface water (630.11 

± 59.27 m and 746.35 ± 60.34 m respectively). At Molopo, distance from surface water 

was an important determinant for all three feeder types (browser: 2510.67 ± 64.03 m, 

grazer: 2321.43 ± 48.32 m, non-ruminant: 1422 ± 86.54 m). Eland occupied areas 

farther from surface water in Bloemhof (5910.13 ± 67.23 m), while, it occupied areas 

close to surface water in Molopo (2358.61 ± 78.91 m). They have comparatively low 

surface water requirements (Skinner & Chimimba, 2005; Furstenburg, 2016a) but this 

is likely climate dependent hence the contrasting findings between Bloemhof and 

Molopo (the most arid study site).  

4.5.1.5. Hypothesis: Ungulates generally prefer areas away from dirt roads 

Distance from dirt roads contributed to the spatial occupancy of only browser and non-

ruminant groups. Contrary to predictions, browsers were detected closer to the dirt 

roads, but only at Pilanesberg (509.80 ± 34.32 m) and Molopo (367.36 ± 36 m). 

Disturbance imposed by tourism activities therefore do not seem to be an important 

determinant, at least at the frequency of tourists visiting these two study sites.  Eland 

and zebra occupied areas closer to dirt roads (698.75 ± 44.66 m and 318.58 ± 57.84 

m respectively). During the dormant season, occasional rainfall and associated run-

off provides green forage near roads (Ndibalema et al., 2008) and thus provides a 

plausible explanation why some ungulate species are attracted to roads. Why this was 

found for only two species is uncertain and additional investigations are needed to 

more thoroughly assess the influence of roads.  
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4.5.2. Group richness and occupancies 

4.5.2.1. Hypothesis: Species diversity within a feeder group correlates with level of 

occupancy 

Species richness within feeder groups was highest at Pilanesberg and lowest in 

Bloemhof. While the importance of rainfall and habitat heterogeneity as proximate 

factors contributing to species richness cannot be argued under ideal-free distribution 

scenarios, earlier introductions of game species into Pilanesberg (Anderson, 1986) 

might explain the high ungulate diversity at Pilanesberg. Despite the highest total 

number of species (24) and highest species richness within groups (grazer = 11, 

browser = seven, non-ruminant = six). Pilanesberg, had the lowest average across 

site occupancy of all the ungulate groups, indicating that occupancy of feeder groups 

did not correlate with species richness. The hypothesis was therefore rejected. 

Landscape structure, and a potentially strong link with predation risk, most likely 

explains much of this low occupancy in Pilanesberg (see Campos et al., 2013).  

Another plausible explanation is the spatial segregation amongst species of the same 

group (inter-specific competition) which limited the distribution of individual species 

(Reece et al., 2023) resulting in a lower occupancy level of individual species. Similarly, 

high occupancies in Bloemhof could be due to lower species richness, allowing larger 

landscape coverage and distribution of each species.  

4.5.3. Spatial associations across feeder types 

4.5.3.1. Hypothesis: Species diversity promotes spatial segregation 

In the study sites with high species diversity (Pilanesberg and Mafikeng), spatial 

segregation between species was most distinct, irrespective of the feeder group 

examined. The classical view is that landscape structure complexities contribute 

towards species diversity (Hanski, 1998; Rainey & Travisano, 1998; Amarasekare, 
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2003; Geyrhofer & Brenner, 2020). The history of species reintroductions aside, the 

findings is consistent with earlier views that suggests high landscape heterogeneity 

promotes species diversity. Classical views further suggest spatial segregation among 

species reduces competition and promotes species diversity (Chesson, 2000; 2013; 

Chen et al., 2020).  

4.5.3.2. Hypothesis: Within their respective groups; grazer and browser species 

spatially segregate, and this segregation is most distinct among species of similar 

body size  

Our results showed no consistent patterns of spatial segregation among species within 

any feeder group, and thus our hypothesis was rejected. Gemsbok spatially 

segregates from most other grazers due to their specific habitat requirements in drier 

environment (Harris et al., 2015).  Among browsers, duiker was the only species 

spatially segregating from other browsing species across the study sites. Duiker is 

found in grasslands only when adequate forbs and/or scatted woody shrubs are 

present with the grasslands (Furstenburg, 2008b). As they are highly selective, spatial 

segregation is probably a competition avoidance strategy. Non-ruminants spatially co-

existed in all sites except Pilanesberg, where black rhino, the only browsing non-

ruminant (Estes, 1991, Kiffner & Lee, 2019) spatially segregated from other grazing 

non-ruminants (Jarman, 1974; Kiffner & Lee, 2019).  

Evidence of spatial segregation within feeding groups was detected for a number of 

species of comparable body size. These include duiker and bushbuck, blue wildebeest 

and gemsbok, gemsbok and waterbuck. However, spatial segregation was also 

evident among white rhino and species with large differences in body size. Also, they 

co-occurred with hippo, a non-ruminant of similar body size.  At Bloemhof, duiker 

displayed negative co-occurrence with other species regardless of their body size or 
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feeder group, possibly a reflection of its highly selective foraging strategy 

(Furstenburg, 2008b). Evidence of the importance of body size in spatial segregation 

within feeder groups was not as strong compared to earlier studies studies (see Prins 

& Olff, 1998; Kleynhans et al., 2011), which suggests, other factors (life cycle stage, 

sex of the species etc.) may have contributed to spatial occupancy and segregation 

patterns (Ruel & Ayres, 1999; Hart et al., 2016). 

While the results of this study suggest spatial segregation as a mechanism of resource 

partitioning (Tilman, 1982) facilitates ungulate co-existence, occupancy of ungulates 

may change seasonally and with changing environmental conditions (Charles-

Dominique et al., 2016). It is interesting to note however, that no relation between 

reserve size and spatial segregation patterns was found. Other mechanisms need to 

be explored to advance our knowledge of community ecology such as niche 

separation through differing preferences for plant species, plant parts, and predation 

risk related to body size of the prey species (Hopcraft et al., 2010; du Toit & Olff, 2014). 

4.6. CONCLUSION 

The current study focussed on the environmental factors affecting ungulate species 

distribution across the NW Province and the spatial associations among species. 

Aerial surveys were conducted only in the late dry season each year, and hence the 

importance of elevation and slope should be interpreted within this context. Similarly, 

the irrelevance of NDVI throughout simply links to a lack of photosynthetic activities 

during the dormant season. Flight path, distance from surface water and dirt roads 

affected occupancy of ungulates. Despite the highest species diversity in the grazer 

group for all study sites, average occupancy of grazers was highest only in Bloemhof. 

This suggests that resources for grazers are generally more aggregated than for 

browsers during the dormant season. Lowest average occupancies across all groups 
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were found in Pilanesberg, despite the highest species diversity across all groups, 

suggesting individual spatial avoidance and/or resource partitioning among species 

within each functional group. Spatial segregation between species was closely 

associated with species richness irrespective of study area size. Mafikeng, for 

example, is one-fifth the size of Bloemhof, yet demonstrated high spatial segregation 

compared to Bloemhof, with its lower species diversity.  No consistent patterns of 

spatial segregation among species within any feeder group was found. However, 

spatial segregation within similar sized browsers was observed only in Pilanesberg 

and Mafikeng. Consistent with earlier views (see Tilman, 1982), this study 

demonstrates that co-existence with high ungulate diversity is possibly achieved 

through spatial segregation. However, occupancy data spanning annual cycles can 

provide further insights into co-existence and competition among ungulates. 

Furthermore, coexistence among species is highly context dependent so should be 

the management decisions aimed at promoting integrity of ungulate assemblages (see 

Champagne et al., 2021).  
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4.8. SUPPLEMENTARY MATERIAL  

 

 

Figure S4.1: Candidate model community-level (for grazer, browser and non-ruminant groups) 

posterior median estimates with 95% credible intervals for site (β) and detection (α) covariates 

in the four study sites. Dashed line represents the reference level “0”.     = no influence;     = 

weak influence;     = significant influence
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Figure S4.2: Candidate model species-level (within grazer, browser and non-ruminant groups) 

posterior median estimates with 95% credible intervals for site (β) covariates in the four study 

sites. Dashed line represents the reference level “0”.     = no influence;      = weak influence;          

     = significant influence.
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Figure S4.3: Candidate model species-level (within grazer, browser and non-ruminant 

groups) posterior median estimates with 95% credible intervals for detection (α) 

covariates in the four study sites. Dashed line represents the reference level “0”.    

     = no influence;    = weak influence;     = significant influence. 
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Figure S4.4: Relation between spatial correlation coefficients and body mass of 

ungulate species within groups from Pilanesberg, Mafikeng, Bloemhof and Molopo. 

Comparable”, “Larger” and “Smaller” refers to the body mass of the species mentioned 

on the top (red hartebeest, duiker, zebra etc.) in relation to all others within the group 
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CHAPTER 5. Synthesis and conclusion 

This chapter presents a synthesis of the research presented in empirical chapters two 

through four. The rationale for embarking on these regional ecological studies is two-

fold. Firstly, a sound understanding of ungulate population ecology is required to 

develop required strategies and policies to effectively manage and conserve ungulates 

and their associated biodiversity, as most ungulate species are poorly understood 

except the species of economic importance (Gaillard et al., 1998; Wittemyer et al., 

2013; Li et al., 2022). Secondly, ungulate behaviour changes with the changing 

environmental conditions (Champagne et al., 2021), which may indicate a requirement 

of specific policies for the same species in different management reserves. This 

suggests a critical need for an increased ecosystem specific knowledge in the light of 

changing environmental conditions across landscape. 

In an attempt to mitigate this knowledge gap, my objectives broadly included the 

design and implementation of multiple analytical studies in a relatively unexplored area 

of the North West (NW) province of South Africa. The aim was to: (1) explore the ways 

for precisely estimating ungulate population size from aerial counts (chapter two), (2) 

to understand the varying importance of environmental factors in structuring habitat 

utilization and partitioning at landscape scales (chapters three), and (3) to compare 

key spatial drivers of ungulate occupancies and co-occurrence patterns within different 

study sites across the landscape (chapter four). Space use by ungulates is governed 

by multiple drivers. While chapter 2 addressed the issue of observation error, chapter 

three aimed to identify environmental factors shaping distribution patterns. Chapter 

four aimed to look at spatial occupancy at a broad spatial scale and provide insight 

into the pervasive influences of competition and resource distribution.  
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Reducing observation error is essential in order to more accurately quantify population 

responses. Identifying variables important in habitat selection sheds light on fine-

scaled selection processes and provide clues on which variables might be limiting 

during the dormant season. Spatial occupancy sheds light on how resource 

availability, and competition shape spatial occupancy. This ultimately links with 

population trends, and future research should aim to establish how strong these links 

are. In this concluding section, I will summarize the results of my thesis and highlight 

a few insights that address some unmet research needs in the North West Province 

of South Africa. 

5.1. Contributions 

5.1.1. Novel approach for the methods used in ungulate ecology 

My study has contributed to the base knowledge of using N-mixture model for aerial 

counts while accounting for imperfect detection (chapter two) through package 

‘unmarked’ in RStudio (R Core Team, 2020). It also serves as a pioneer study for using 

multi species occupancy modelling approach through ‘spOccupancy’ package in R 

with aerial count data from multiple study sites across a landscape (chapter four) with 

which I uncovered unique patterns of regional ungulate occupancies and species co-

occurrence patterns. 

Inaccuracy in abundance estimates, which could be due to species size or GPS 

accuracy, may lead to errors in assessing the status of a species, which in turn could 

negatively influence improper setting of conservation goals (Wiest et al., 2019). 

Wildlife population estimates inherently have two constraints – errors associated with 

statistical estimation and practical difficulties of counting all the individual animals in a 

population (Thompson, 1992; Skalski, 1994; Thompson, 2004; Dail & Madsen, 2011). 

Additionally, population estimates for species that are elusive or spread over larger 
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areas with low ecological densities may turn out to be quite costly (Skalski, 1994; 

Morellet et al., 2009), as repeated surveys might be required to gather reliable data 

from a study area (Dail & Madson, 2011; Schmidt & Rattenbury, 2018). Furthermore, 

success of a monitoring technique has become a contributing factor for funding 

allocation to different conservation agencies (Stem et al., 2005; Torres et al., 2018). 

Population monitoring techniques are also affected by inadequacy of data, flawed 

study design, inappropriate use of statistics, unclear goals and lack of funds (Legg & 

Nagy, 2006; Nuno et al., 2013) along with environmental stochasticity (Harwood & 

Stokes, 2003). It is, therefore, extremely important to consider multiple possible 

limitations when designing a population monitoring study (Nuno et al., 2013). Cost 

effective survey methods for population monitoring is currently one of the major 

requirements in wildlife management (Parker et al., 2011). Therefore, finding a 

statistical tool to improve precision of species abundance estimates by addressing the 

errors associated with aerial counts would be extremely beneficial for monitoring and 

predicting species population trends for management interventions (Royle, 2004; 

Kidwai et al., 2019).  

Given the challenges of estimating population size from aerial counts, I developed N-

mixture models to accurately estimate ungulate populations and their detection 

probabilities from aerial counts and compared it with simulated data to check the 

reliability of the models. I also used multi-species occupancy modelling (MSOM) that 

takes various sources of uncertainty, inaccurate detections, and imperfect sampling 

methods into consideration (MacKenzie et al., 2002; Tyre et al., 2003; Dorazio & 

Royle, 2005; Gelfand et al., 2005) to determine occupancy of ungulates and their co-

occurrence patterns in the NW Province. Both of these approaches are considerably 
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novel in the field of ungulate ecology and provided useful insights for future research 

use. 

I found that negative binomial N-mixture models are a better fit for aerial count data of 

ungulates (chapter two). Even though the chapter focusses on black rhino case study, 

population estimation of 27 seven ungulate species was carried out using N-mixture 

model (Appendix S5). Black rhino data was used as a case study due to the availability 

of individual ID monitoring data obtained from Southern African Development 

Community’s Rhino Management Group (SADC RMG) for model result comparison 

and reliability testing. Removal through harvest, live sale or death however considered 

as a variable, was not selected in the best-fit models for any of the study species 

(Table S5.1). In general, seven species of ungulates showed increasing population 

trends, while 12 species demonstrated more or less stable trends, and eight species 

had declining population trends (Figure S5.1). Using MSOM I found variability in 

occupancy of ungulates in relation to study sites (chapter four).  Although the number 

of ruminant grazing species was highest in each study site, their average occupancy 

was lower than the other two groups in most locations due to some species occurring 

in extremely small scale at each site. Occupancy of browsers remained comparable 

in all study sites with a little higher occupancy in drier settings as browser species 

have to cover more ground in search of high-quality forage in drier environments 

(Hopcraft et al., 2010; Morellet et al., 2013; Fynn et al., 2015). Despite having the most 

diverse non-ruminant group, Pilanesberg had the lowest average spatial occupancy 

of non-ruminants mainly because, bush pigs made up only 11% of the overall non-

ruminant population. Furthermore, I found that sites with the highest species diversity 

had the most distinctive spatial segregation patterns between species irrespective of 
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the ungulate groups they belonged. I also found that the species segregation was not 

only dependent on body size, but also relates to feeding behaviour.  

Using N-mixture models for aerial count data to derive population estimates, could 

provide a statistically guided framework for species management (Kidwai et al., 2019). 

Another advantage of using N-mixture model is to include predictive covariates to 

suitably describe the population trend in terms of species abundance, recruitment and 

survival. By providing better insights on the potential predictors of recruitment, survival, 

abundance and detection in these models, policy makers are able to plan 

management strategies of the species accordingly. Similarly, in MSOM, the species 

capture histories can be used to quantify effects of covariates at both the individual 

species, and community-level, generate species-specific estimates of occupancy 

probability, and estimate community-level summaries such as species richness, all 

with fully propagated uncertainty (Dorazio & Royle, 2005; Doser et al., 2022). Such an 

approach is particularly helpful for modelling rare or hard-to-detect species with lower 

detection probabilities, which are frequently found in non-invasive surveys (Zipkin et 

al., 2010). Managers face a challenge in comprehending the nature of individual 

species and group interactions with one another in various settings and scales at 

which those interactions become crucial for strategic management. These modelling 

techniques therefore, provide an innovative approach to estimate such interactions. 

5.1.2. Identification of factors affecting ungulate distributions and habitat use  

My study has contributed towards a better understanding of the factors affecting 

ungulate detection probabilities (chapter two) habitat use (chapter three) and 

distribution (chapter four). My study has also contributed to the base knowledge of 

understudied regions in the NW Province in regards to ungulate population dynamics 

and habitat use.  
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I found that detection probabilities of ungulate species were affected by duration of the 

survey flight, body size, along with site and Julian dates (Figure S5.2 - S5.4). 

Interestingly all the species affected positively by duration of the flight, were either 

species with large groups (warthog and impala) or had a body mass of >190 kg or 

both (chapter two). Detections of most species declined in September and October, 

which is the start of greenery in the woody vegetation (Figure S5.2). However, 

detection probability for a few browsing species were comparatively high during that 

period due to their dependence on high quality nutrients available in those months 

(Jarman, 1974; Seydack et al., 2012). Rainfall was the only covariate selected for 

affecting growth rate of ungulates (Figure S5.5) as rainfall and range conditions around 

breeding seasons, may affect seasonal recruitment rates and the sex ratios of the 

young (Berkeley & Linklater, 2010). 

Although ungulate space use is controlled by numerous biotic and abiotic factors 

(Maffei et al., 2002; Maffei & Taber, 2003; Rivero et al., 2005; Keuroghlian & Eaton, 

2008; García-Marmolejo et al., 2013), they are generally considered to be constrained 

by resource availability (Senft et al., 1987; Macandza et al., 2004; 2012; Treydte et al., 

2013). African savannas exhibit significant seasonal variation in forage quantity and 

quality, with resource scarcities leading to annual bottlenecks during the dormant 

season (Owen-Smith, 2002). The landscape attributes also greatly impact resource 

heterogeneity (Stilwell et al., 2020) e.g., elevation (Anderson et al., 2006; Cromsigt & 

Olff, 2006), slope gradient (Bailey et al., 1996), fire (Allred et al., 2011), edaphic factors 

(soil depth, fertility, and nutrients), and are further altered by the feeding behavior of 

ungulates on the landscape (Anderson et al., 2006).  

I explored the extent to which topographical-vegetation interactions could plausibly 

explain divergent habitat use patterns in population performance of grazing ungulates 



209 
 

with diverse forage requirements in a semi-arid savanna system (chapter three). The 

results of this study are broadly consistent with what is currently known about the 

biology of the grazing ungulates being studied. Ungulates that were more reliant on 

high forage biomass and relied on a mixed diet of low-quality forage chose habitats 

with lower NDVI rather than areas with higher forage greenness. Species with 

preference for a selective habitat type preferred areas with low heterogeneity. 

Similarly, species well adapted to drier environments were found to avoid close 

proximity to water sources. All the species that selected aspect as an influencing factor 

for their habitat use, selected eastern aspects while avoiding western aspects entirely, 

due to the sun’s trajectory in the southern hemisphere causing the western aspect to 

be the hottest among the others. Most ungulate species were attracted to the 

bottomlands. This finding is consistent with the view that bottomlands retain their buffer 

resources during the dormant season to sustain ungulate populations (Bell, 1971; 

Wilmshurst et al., 1999). 

Habitat selections result in specific occupancy pattern in a species. Chapter four 

provides insight on the spatial occupancy of ungulate groups (grazer, browser and 

non-ruminants) and their co-occurrence patterns in four selected sites of the NW 

Province. I found that grazing and non-ruminant ungulate group occupancy largely 

depended on presence of open, low-lying habitats away from the slopes as suggested 

by previous studies (Jarman, 1974; Janis, 2008; Stewart et al., 2002; Fryxell et al., 

2005; Kiffner & Lee, 2019; Mariotti et al., 2020; Bempah et al., 2022). However, 

browser species were found to occupy lower elevations in the areas of high annual 

average rainfall because those locations have more productive sites during the 

dormant season to sustain populations most dependent on high quality forage (Frank 

et al., 1998; Hopcraft et al., 2010; Fynn et al., 2015). I demonstrated support for 
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browser and non-ruminant ungulates occupying areas closer to the dirt roads in the 

protected areas. Most species that were found to occupy patches closer to roads were 

either large bodied or are short grass specialists. As the rainfall run-offs provide 

nutritious roadside vegetation during the dormant season (Ndibalema et al., 2008), 

this finding is not surprising. 

High spatial segregation is directly related to high species diversity. Spatial 

segregation between ungulate groups did not show any specific pattern except within 

browsers in Mafikeng and Pilanesberg. There was weak evidence that body size 

differences between species promotes spatial segregation but not systematically 

based on similarity in size. Spatial avoidance was found within the browser group with 

species of similar size (e.g., Duiker and steenbok) in Pilanebserg and Mafikeng. Large 

sized grazer species spatially segregated from small-sized grazers (e.g., Black 

wildebeest and impala) in Mafikeng. Similarly, large bodied browsers and non-

ruminants spatially segregated from small-sized browsers (e.g., Kudu and duiker) and 

non-ruminants (Hippopotamus and bush pig) respectively. Molopo did not show such 

influence of body mass on spatial segregation, while spatial co-occurrences of species 

was most distinct in areas with lower ungulate diversity. 

5.2. Implications 

The results of my research demonstrate that regional ungulate conservation strategies 

require site-specific considerations that (1) are scale dependent, (2) incorporate 

topographical factors into their strategies, and (3) consider the species interactions in 

their approach. Additionally, (4) it has demonstrated that site occupancies are species 

and site specific across the landscape. 

In chapter two, I showed that precise populations estimates could be derived from 

inexpensive methods such as population modelling. The method could be extremely 
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helpful for management authorities that are actively carrying out yearly aerial counts. 

In general, using more spatial replicates could improve estimates from N-mixture 

models (Knape & Korner-Nievergelt, 2015). However, my simulation results suggest 

that estimates from short time series from many spatial sites return similar results as 

those from longer time series from a select few sites. Moreover, the addition of more 

variables might provide new insights into how the population reacts to various 

environmental conditions and how detection probability is affected. Simulations in the 

study revealed that using raw counts could conceal significant variations in population 

sizes even with high detection probabilities. Maximum counts revealed 30% biasness 

in our simulations with three replicates and a detection probability of 0.6. The script of 

the analysis and model codes were made publicly available, so that the management 

may easily incorporate them for estimating ungulate population using their future 

survey counts. As my study revealed that the detection probabilities of ungulate 

species in the NW Province decrease with the onset of wet season (September-

October), the aerial surveys should be planned accordingly to avoid detection related 

obstructions from the greener vegetation contributing to ‘observation error’. 

Currently, most wild ungulates in South Africa are found in fenced protected areas 

(Hayward & Kerley, 2009). Therefore, resource availability is constrained by the spatial 

constraints imposed by fences. However, due to the east-west precipitation gradient 

across the NW Province (Goslar et al., 2008), ungulates rely on different combinations 

of habitat variables across the study sites. My study (chapter three and chapter four) 

showed that the occupancy and habitat use of ungulates with even similar foraging 

requirements might vary depending on other available topographical and habitat 

variables. Most species were found to utilize grasslands, open woodland and habitats 

close to water sources. Furthermore, few grazing ungulates preferred heterogeneous 
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grasslands suggesting that the management decisions for prescribed fire should keep 

that in mind. My research identified species-specific and community-specific habitat 

requirements, both on-site and across landscapes, which might be incredibly useful in 

developing "species within a site" management frameworks.  

Species interactions appears to be another important determinant of species 

distribution, where spatial segregation was found between certain species. Increased 

species diversity was associated with a higher degree of segregation. Furthermore, 

while previous studies suggest similar body size drives spatial segregation (Sinclair, 

1985; Hibert et al., 2010; Venter et al., 2014), results from chapter four suggest 

species composition and diversity is more important i.e., spatial segregation might vary 

among species depending on the ecological context.  

5.3. Research needs/gaps identified 

This doctoral thesis provides some of the first comprehensive data on the ungulate 

ecology in the protected areas of NW Province. However, much work remains to be 

done in order to more comprehensively uncover the factors shaping ungulate 

population dynamics and diversity in the region.  

5.3.1. Growth rate and Demographic studies 

Firstly, along with covering population counts, demographic data also contribute 

towards a better understanding of population trajectories in the multi species 

environment (Raithel et al., 2007; Harris et al., 2008). Demographic data can be 

extremely helpful in determining the “health” of an ecosystem (Terrill Paterson et al., 

2019) and therefore, provide valuable insights to management interventions required 

at each site. Of key importance is time series of infant/ juvenile survival, the 

demographic rate(s) affected most when environmental conditions deteriorate.   

(Raithel et al., 2007; White et al., 2010; Eacker et al., 2017).  
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Although the use of N-mixture models provided population counts and growth rates of 

species, further research is warranted to uncover the drivers of growth rate variation 

of a species, both spatially and temporally. A critical assessment of growth rate is one 

of the cornerstone practices in conservation ecology (Petzoldt, 2017). Increased 

accuracy of yearly population growth provides scope for demographic inferences 

driving fluctuations in population abundance.   

5.3.2. Additional covariates inclusion 

Although the environmental variables included in this thesis provide sufficient support 

of their effect on spatial occupancy and habitat use of ungulates, some crucial 

ecological variables were not considered for the study. Across the African continent, 

rainfall and forage availability are perceived as the major limiting factors for ungulate 

population dynamics (Owen-Smith, 2008). However, my thesis could not find any 

apparent role of rainfall or temperature on population trends or patterns of ungulate 

distribution. The NW Province receives a gradient in average annual rainfall that 

decreases from east to west (Mucina & Rutherford, 2006), the effect of which is worth 

consideration for future studies.  

NW Province has only a few protected areas with large predators (NWPTB, 2020). 

Moreover, the degree to which a predator regulates a prey species is reliant on the 

size of the ungulate species relative to the size of the predator (Hopcraft et al., 2010; 

2012). In the areas where predators are absent, or at low densities, temporal 

fluctuations in resource availability is the most likely driver of fluctuations in densities, 

apart from occasional removals. Thus, I did not consider predation pressure in the 

current research. However, adding predator pressure could be an important aspect to 

compare in understanding ungulate distribution in predator rich and predator free 

environments.  
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5.3.3. Change in land use land cover (LULC) studies 

LULC change analysis is important to advance our understanding of the 

consequences of such change on the other components of the environment, including 

temporal changes in species composition (Giri et al., 2005; Anil et al., 2011). 

Irreversible land cover changes occur throughout the world (Foley et al., 2005) 

including South Africa (Meadows & Hoffman, 2002) due to increase in agricultural 

practices, deforestation, residential encroachment, and over grazing among many 

other reasons (Gillson et al., 2012). Therefore, fine-scale resolution landscape 

analysis using GIS and remotely sensed data (Urban et al., 1987; Turner, 1989; 

Prendergast et al., 1993; Anil et al., 2011) plays an important role in understating 

changing patterns. Therefore, it is of interest to conservation practitioners to detect 

changes in spatial occupancy of ungulates in response to changing land cover, 

seasonally as well as over larger temporal scales. This information could also feed 

into the knowledge base required to effectively conserve and manage ungulate 

species across the landscape of NW Province. 
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5.5. SUPPLEMENTARY MATERIAL 

Table S5.1. Abundance estimates (±95% CIs) of 27 species of ungulates in NW 

Province obtained through the best model in N-mixture models. Where Nmax is 

the maximum number of individuals of a species detected in one survey 

session. 

SPECIES BEST MODEL* NMAX N-MIXTURE MODEL 

   Abundance ±95% CI 

BLACK RHINO λ(.)γ(R)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 54 67 53-81 

BLACK 
WILDEBEEST 

λ(.)γ(R)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 310 372 356-388 

BLESBOK λ(.)γ(R+T)ω(.)[Ricker]p(Site) 116 161 151-171 

BLUE 
WILDEBEEST 

λ(.)γ(R)ω(.)[Ricker]p(Jd+I(Jd^2) 963 1138 
1035-
1242 

BUFFALO λ(.)γ(R)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 140 167 161-173 

BUSHBUCK λ(.)γ(.)ω(.)[Const.]p(Site) 15 29 21-38 

BUSHPIG λ(.)γ(.)ω(.)[Const.]p(Site) 10 33 17-49 

COMMON 
REEDBUCK 

λ(.)γ(.)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd) 23 24 21-27 

DUIKER λ(.)γ(R)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd) 9 14 9-18 

ELAND λ(.)γ(R)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 140 167 150-185 

GEMSBOK λ(.)γ(.)ω(.)[Ricker]p(Site) 243 256 241-270 

GIRAFFE λ(.)γ(R)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 61 72 71-74 

GREATER 
KUDU 

λ(.)γ(.)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 152 176 172-180 

RED 
HARTEBEEST 

λ(.)γ(R)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd) 169 205 170-241 

HIPPO λ(.)γ(.)ω(.) [Const]p(Site+Jd+I(Jd^2)+Site*Jd) 56 59 52-65 

IMPALA λ(.)γ(.)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 575 659 621-697 

KLIPSPRINGER λ(.)γ(.)ω(.)[Trend]p(Site+Jd+I(Jd^2)+Site*Jd) 43 69 65-74 

MOUNTAIN 
REEDBUCK 

λ(.)γ(.)ω(.)[Const.]p(.) 43 52 48-56 

NYALA λ(.)γ(.)ω(.)[Const]p(Site+Jd+I(Jd^2)+Site*Jd) 53 33 9-57 

SABLE λ(.)γ(.)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 34 39 37-40 

SPRINGBOK λ(.)γ(R)ω(.)[Ricker]p(.) 242 278 254-302 

STEENBOK λ(.)γ(.)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 18 24 18-30 

TSESSEBE λ(.)γ(R)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 76 78 76-80 

WARTHOG λ(.)γ(R)ω(.)[Const.]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 99 140 100-179 

WATERBUCK λ(.)γ(.)ω(.)[Const.]p(Site) 89 115 91-139 

WHITE RHINO λ(.)γ(R)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd) 96 98 92-103 

ZEBRA λ(.)γ(R+T)ω(.)[Ricker]p(Site+Jd+I(Jd^2)+Site*Jd+Ft) 426 467 425-509 

* R = Rainfall; T = temperature; JD = julian date, JD^2 = quadratic term of julian date 
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Fig S5.1: Changes in species abundance from the years 1999-2015 based on ‘Ni’ values from 

the best-fit N-mixture models (ΔAICc<2). A: Species with increasing populations; B: Species 

with comparatively stable populations; C:  Species with decreasing populations 

 

Fig S5.2: Predictions using model averaging from the best-fit models (ΔAICc<2). Probability 

of detecting ungulates in 13 study sites depending on Julian date. Estimates of 95% 

confidence intervals are in grey constructed from the model using the function ‘predict’ in 

unmarked. Group A: the species with decreasing detection probabilities with changing Julian 

Date. Group B: The species with increasing detection probabilities with changing Julian Date
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Fig S5.3: Predictions using model averaging from the best-fit models (ΔAICc<2). Probability of detecting ungulates by site with 95% 

confidence intervals using the function ‘predict’ in unmarked. 1=Bloemhof, 2=Borakalalo, 3=Boskop, 4=Botsalano, 5=Kgaswane, 6= 

Madikwe, 7=Mafikeng, 8=Molemane, 9=Molopo, 10=Pilanesberg, 11=SA Lombard, 12=Vaalkop, 13=Wolwespruit
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                           a)          b)                        c) 

Fig S5.4: Relation between detection probability and a) Body Size, b) Survey effort and c) 

social behaviour of 27 ungulate species across 13 study sites of the NW Province. Overall, 

the regression model accounts for 92.92% of variance in species detection probability and is 

a significant fit to the data (F (4, 22) = 9.73, p < 0.001) 

 

Fig S5.5: Growth vs rainfall predictions using model averaging from the best-fit models 

(ΔAICc<2) using the function ‘predict’ in unmarked.  Mean estimates are in black and their 

95% confidence intervals are in grey. 
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