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SUPPLEMENTARY TEXT

Text S1: Quantification of large herbivore abundance at Tswalu Kalahari Reserve
There are numerous methods to obtain estimates of animal population size with associated advantages and costs. When counting animals over large areas, such as at Tswalu Kalahari Reserve (TKR), aerial counts are often the preferred method. Aerial estimations, however, suffer from counting biases weighted to larger or more colourful animals, animals in herds or species that run from the aircraft (Jachmann, 2002). We therefore first validate aerial count data collected at TKR with ground-based methods that are more labour intensive to collect, but are less influenced by these biases. 
Principles of distance sampling
Here, we estimate large herbivore (>10kg) abundance at TKR using aerial and ground count data for the period 2021-2022 using the principles of ‘distance’ sampling, the foremost technique used to estimate population sizes in marine and terrestrial ecosystems (Buckland et al., 1993). In short, a survey region is sampled by an observer systematically travelling along transects, recording any animals detected. Upon sighting an animal, the observer records the distance of the animal to the current transect. The assumptions (i) that all animals directly on a transect are detected and (ii) that detection probability decreases with distance from a transect are made. Therefore, over time, as the observer records ‘enough’ animals, a probability of detection curve can be generated. To accurately generate probability of detection curves, it is essential that (i) animal species are not misidentified, (ii) that animals do not move relative to the observer (to prevent double-counting) and (ii) that distance measurements are exact. 
To transform the probability of detection curve into an estimate of animal abundance, statistical models are fitted to the raw data. These models provide an estimate of the number of animals that were statistically missed during transects. Models can range in complexity, although it should be noted that all models are only ever an approximation of the true detection fit. When smaller datasets are present, it is often useful to use expert judgement to select an appropriate model that makes logical sense (i.e. not to over-fit a model to the data). Once a model has been selected to represent the probability of detection, total animal abundance can be calculated by scaling the number of animals detected and statistically missed during transects, the total area surveyed during transects and the area of the reserve. Uncertainty estimates are generated based on how well the statistical model fits the data. 
Ground estimation (July-Aug 2021) 
To derive a ground-based estimate of large herbivore (>10kg) population sizes, we applied the ‘distance’ methodology. TKR is split into two sections separated by an electrified fence; Greater Korannaberg (92,231 ha) and Lekgaba (18,649 ha). The population size for each section was calculated independently. Ideally, transects should be straight lines placed randomly across the study region (Buckland et al., 1993). However, due to the negative ecological impact of off-road driving we utilised the pre-existing road network, which extensively covers the reserve. In many cases (e.g. along cut lines), roads were reasonably straight. However, in certain parts of the reserve (e.g. along mountain edges), transects were curved. 
Recent work highlights that curved transects can still produce accurate results, provided that the observed area is reduced accordingly (Hiby and Krishna, 2001). In total, we drove 60 transects ranging between 5.7-37.5km (μ = 16.7, σ =9.4). To account for differences in the ways animals use space across TKR, we aimed to disperse transects across as much of the reserve as possible. Effort was made to ensure that the total transect length in each of the five main habitat types present at TKR were driven proportionally to their area (van Rooyen and van Rooyen, 2017). Additionally, all transects were conducted between 7:30am and 11am to reduce issues related to animals migrating to waterholes during the middle of the day. 
During each transect, a Garmin 735XT GPS watch was used to track the route. To ensure observer consistency, the a Toyota Hilux moving at ~15km/hr driven by same driver (A. Abraham) was used throughout, and the same spotter (A. Webster) always stood elevated in the back. Upon spotting an animal, the vehicle was stopped immediately and the GPS location of the vehicle was recorded. Data pertaining to species, number of individuals, compass angle and distance from vehicle was collected. Distance from vehicle was calculated using an AOFAR HX-700N range finder. In the R statistical software v3.6.1, all data was transformed into UTM Zone 34S and minimum distance (m) of each animal observation to the driven transect was calculated using the gDistance function in the ‘rgeos’ package (Bivand and Rundel, 2019). 
To account for curves in the road, we calculated the effective length driven by creating a buffer around each transect and estimating the straight-line length of the total area (Hiby and Krishna, 2001). Buffer distances were calculated for each species individually using the 99th percentile minimum distance. Total transect length was 684.2km in the Greater Korannaberg section and 325.2km in the Lekgaba section. In total, the number of large herbivores (>10kg) counted in the Greater Korannaberg was 1658 individuals and 1361 individuals in Lekgaba. 
For each large herbivore species (>10kg) and reserve section, we fitted three detection function models to the minimum distance data using the ‘distance’ package (Miller et al., 2019). Following Thomas et al. (2010) we used (i) half-normal key with cosine adjustments, (ii) half-normal key with Hermite polynomial adjustments and (iii) hazard-rate key with simple polynomial adjustments. These three models fit most cases and rarely are other more complex models required (Thomas et al., 2010). To generate an estimate of population size for each species, we scaled fitted models by the total area (km2) of each section. For species that are never or rarely observed in mountain regions, we used the section area excluding mountain regions calculated using habitat shape files generated by van Rooyen and van Rooyen (2017). Each model provides a best estimate and uncertainty based on the quality of fit to the data. We used expert judgement to discard over- fitted models. Generally, this only occurred for rare species (e.g. sable, roan, impala) where observation datasets were small. Finally, a ‘best’ population size estimate was calculated by taking the mean across remaining models. Associated uncertainty was calculated using the minimum and maximum values across models. 
Aerial estimation (March 2021 and April 2022) 
Aerial count data was collected at TKR in March 2021 and April 2022, straddling our ground validation exercise. Census data was collected using an Augusta Westland 139 helicopter flying parallel transects at a height of 100ft AGL and speed of 50-60 knots. Four observers (two port, two starboard) and two recorders were used to count large herbivores (>10kg) from the helicopter. Observations are recorded at the point at which animals are perpendicular to the helicopter and classified into four distance categories (0-50m, 50-100m, 100-200m, 200-400m). Transects are spaced 800m apart to ensure that the entire area of TKR is recorded. Consequently, the data can be analysed using the same ‘distance’ methodologies outlined above for the ground transects. In order to generate probability of detection curves for the aerial data in 2021, individual animals within each distance band were randomly allocated an exact distance within that band using the ‘sample’ function in R statistical software v3.6.1. The same three detection functional models were then fitted to the data for each section and species combination using the ‘distance’ package (Miller et al., 2019). The same method was used to calculate the ‘best’ population size estimate and associated uncertainty. 
Ground and aerial population estimate comparison
This approach facilitated a comparison between ground-based and aerial estimates for the period 2021-2022 (Figure S1). Large herbivore groups (>10kg) have been categorised based on their response to the helicopter (Jachmann, 2002). It should be noted that the aerial survey was conducted in the early dry season (March-April), whilst the ground-truthing exercise was conducted in the late dry season (July-Sept) following off-site game removal in May 2021. Consequently, 2021 results presented here have been corrected for game removals, which affect gemsbok, eland, blue wildebeest, kudu, mountain zebra and plains zebra only. 
As the helicopter approaches, some species such as steenbok, kudu and giraffe tend to freeze, whilst others such as gemsbok, wildebeest and eland tend to run away. Consequently, due to the possibility of double counting, species that flee from the helicopter transects may have consistently higher counts in the aerial methodology. In general, however, there is a close relationship between methods in both sections (Greater Korannaberg R2 = 0.78; Lekgaba R2 = 0.71; Figure S1) and there do not appear to be appreciable differences between estimation methods across the freeze-run continuum (Figure S1). 
Notable discrepancies in estimated population abundances between methodologies include: 
· Eland: Higher estimates from aerial transects. Likely due to large herd-nature of eland, which can cause biases in model fit when data is collected over a relatively short period of time (Buckland et al., 1993). May also be influenced by animals running from helicopter (Jachmann, 2002). 
· Steenbok: Higher estimates from ground transects. Estimates are likely underestimated from the air, as steenbok are difficult to see. It is possible that not all individuals directly on the transect are observed as detections directly beneath the helicopter are difficult to see. 
· Mountain zebra and kudu: Higher estimates from aerial transects. These species utilise mountains for safety. Ground estimates are likely to be underestimates due to bias of road network to plains regions. 
Despite the notable discrepancies outlined above, it is clear that the aerial census data has been collected rigorously and provides an accurate reflection of large herbivore (>10kg) population sizes in TKR (Webster and Abraham 2021). . 


Text S2: Vegetation nutrient content at Tswalu Kalahari Reserve 
Plant nutrient content notably varies between grasses, forbs and woody plants (Kattage et al., 2021).
Nutrient concentrations for commonly-consumed plant species were therefore first collated from studies previously conducted at TKR, representing seven C3 and six C4 species (Cromhout, 2007; Abraham et al., in prep, Webster et al., 2021; Prayag et al., 2020; Helary et al., 2012). Foliar concentration data from collated studies was, however, biased towards the dry season. In addition, the southern Kalahari experiences significant inter-annual climate variability (e.g. precipitation), which can influence nutritional quality (Skarpe and Bergstrom, 1987). Consequently, we conducted an extensive field campaign (n = 230 plants) during October-November 2022 coincident with the first rainfall of the year, when plants are flushing new leaves. We selected samples of palatable grass species with obvious signs of grazing and five commonly consumed woody plants (Bosica albitrunca, Acacia meliferra, Grewia flava, Vachellia erioloba and Vachellia haematoxylon). Green leaves were separated from the sample and dried for 96 hrs. Samples were ground using a coffee grinder and measured for nutrient (Ca, P, Zn, Fe, Cu and Mn) content using a portable Bruker Tracer 5i X-Ray Fluorescence (pXRF). Each sample was measured three times using different parts of the sample. To ensure that plant nutrient values reported at TKR are broadly representative of longer-term trends, we compared mean reported values at TKR to other sites in the southern Kalahari (table S2). In general, reported plant nutrient concentrations were similar to nearby sites for both C3 and C4 plants (SI table S2). To best represent different years/seasons, plant concentration values used in this study were calculated as the mean across previously reported studies (dry season bias) and our own field collection (leaf flush bias).  




Text S3: Water quality surveys at Tswalu Kalahari Reserve
TKR commissioned multiple water quality assessments over the period 2000-2021. Assessments were made by African Water Solutions (October 2000), KLM Consulting Services (May 2017), KGH Applied Geological (June 2019; February 2020) and Clearwater Pumps (September 2019). Measurements were taken from surface waterholes and borehole pumped water used to supply waterholes. In total, 31 separate waterholes/boreholes were sampled (Greater Korannaberg n = 29; Lekgaba n = 2). Results for the concentration in mg litre-1 of sodium (Na), phosphorus (P), calcium (Ca), iron (Fe), zinc (Zn) and magnesium (Mg), copper (Cu) and manganese (Mn) were collated from individual reports. Where multiple measurements were reported for a waterhole/borehole, a mean value per waterhole was calculated. Finally, a mean value across all waterholes at TKR was calculated. Results are presented in Table S2.  


Text S4: Large herbivore (>10kg) body condition assessment
Examination of animal body condition can provide an external assessment of overall animal health. However, individual body condition varies throughout the year and is typically dependant on age, reproductive state (pregnant, lactating, rutting) and seasonal resource availability (Bourbonnais et al., 2016; Schiffmann et al., 2017). Despite the limitations of this approach (e.g. it is a subjective measure and difficult to quantify short-term changes in lipid content; Wilder et al., 2016), body condition scores are used extensively to assess animal fitness. The physical condition of an individual is strongly correlated to overall health (Schiffmann et al., 2017) and directly related to reproductive potential (Robbins et al., 2012), immune response (Møller et al., 1998; Sanchez et al., 2018), the ability to survive periods of nutritional stress (Verrier et al., 2011) and vulnerability to predation (Murray, 2002). For these reasons, non-invasive body condition scoring (BCS) systems are a widely accepted method for assessing the physical condition in livestock (Freitas et al., 2019). Such techniques have since been developed for and applied to specific wild ungulates of southern Africa, including buffalo (Ezenwa et al., 2009), impala (Munro and Skinner, 1979) and giraffe (Clavadetscher et al., 2021). 
Different BCS assessments are available and include composite (where individual body regions are scored and a sum or mean is calculated), algorithm (where a score is achieved by following a flow chart) and overview protocols (where a score is given based on overall appearance) (Schiffmann et al., 2017). As our BSC assessment was conducted during line transect surveys (see Text S1), there was limited time spent with individuals. Additionally, there was uncharacteristically long grass during the survey period. Consequently, overview protocols were the most suitable approach for BC assessment in this study. Our assessment was undertaken by an observer (AW) with >10 years professional experience observing wildlife in southern Africa. 
To ensure equal geographical representation and reduce bias from repeatedly measuring the same individual, body condition was evaluated during line transect assessments (see Text S1 for details on transect design) during the dry season (July-September 2021). Upon sighting an individual/group of animals, an overall impression of BC was obtained for each individual by assessing the presence/absence of soft tissue around bony anatomical structures including the shoulders, ribs, spine, hips and tail base, (Figure S2). Body condition scores between 1 (emaciated) and 5 (obese) were assigned to each individual after observation (Table S1). Where possible, additional factors such as coat condition (prominence of coat markings, coat condition, presence or absence of mange) and prominence of the dewlap were assessed. 
For rare species, where observation during ground transects was low (n<40), additional information was obtained from camera trap data collected at mineral licks (see Section 2.4 in the main text for details on camera trap deployment). To prevent bias in this additional camera trap data, which may arise due to repeat visits by the same individual/group, we standardised the length of all camera trap deployments and randomised the order of videos from which data was obtained. In total, 1865 BCS were obtained across large herbivore (>10kg) species at TKR.  






	Species
	Mass
(kg)
	Greater Korannaberg
	Lekgaba

	
	
	Aerial 
March 2021
	Aerial
April 2022
	Ground
July 2021
	Aerial
March 2021
	Aerial
April 2022
	Ground
July 2021

	White rhino (Ceratotherium simum)
	2196
	-
	-
	-
	-
	-
	-

	Giraffe (Giraffa camelopardalis)
	1118
	227 [204, 250]
	251 [226, 276]
	319 [200, 435]
	28 [25, 31] 
	25 [23, 28]
	55 [37, 73]

	Black rhino (Diceros bicornis)
	1000
	-
	-
	-
	-
	-
	-

	Eland (Taurotragus oryx)
	511
	536 [476, 598]
	257 [233, 281]
	87 [64, 110]
	80 [69, 90]
	62 [52, 72]
	45 [26, 65]

	Buffalo (Syncerus caffer)
	486
	23 [16, 30]
	27 [16, 42]
	45 [1, 89]
	-
	-
	-

	Plains zebra (Equus quagga)
	280
	10 [6, 15]
	8 [5, 10]
	4 [0, 8]
	208 [186, 229]
	118 [97, 139]
	103 [64, 145]

	Mountain zebra (Equus zebra)
	279
	454 [366, 553]
	569 [510, 642]
	17 [0, 33]
	74 [62, 86]
	93 [80, 106]
	41 [15, 67]

	Roan (Hippotragus equinus)
	264
	79 [61, 103]
	120 [99, 139]
	134 [72, 213]
	-
	-
	-

	Blue wildebeest (Connochaetes taurinus)
	220
	573 [538, 608]
	467 [446, 489]
	632 [518, 755]
	104 [84, 126]
	58 [47, 69]
	82 [54, 115]

	Sable (Hippotragus niger)
	211
	84 [71, 98]
	109 [88, 127]
	125 [85, 165]
	-
	-
	-

	Gemsbok (Oryx gazella)
	204
	1904 [1860, 1948]
	1719 [1634, 1787]
	1842 [1528, 2190]
	483 [461, 505]
	464 [385, 560]
	213 [174, 250]

	Kudu (Tragelaphus strepsiceros)
	202
	409 [345, 498]
	655 [496, 823]
	269 [124, 465]
	149 [117, 191]
	150 [132, 167]
	117 [62, 181]

	Red hartebeest (Alcelaphus buselaphus)
	150
	34 [19, 56]
	16 [10, 22]
	46 [24, 68]
	126 [110, 142]
	149 [130, 169]
	111 [82, 152]

	Warthog (Phacochoerus africanus)
	76
	372 [327, 435]
	528 [429, 632]
	466 [256, 735]
	15 [10, 21]
	37 [29, 46]
	2 [0, 5]

	Impala (Aepyceros melampus)
	49
	49 [39, 59]
	100 [80, 118]
	131 [33, 247]
	272 [256, 288]
	334 [282, 379]
	323 [237, 406]

	Springbok (Antidorcas marsupialis)
	35
	172 [159, 186]
	100 [83, 112]
	338 [202, 474]
	617 [555, 687]
	494 [462, 530]
	487 [376, 592]

	Baboon (Papio ursinus)
	30
	100
	100
	100
	150
	150
	150

	Common duiker (Sylvicapra grimmia)
	17
	174 [135, 231]
	105 [77, 145]
	69 [0, 138]
	184 [133, 249]
	162 [122, 213]
	47 [30, 65]

	Steenbok (Raphicerus campestris)
	11
	548 [479, 626]
	280 [11, 449]
	968 [760, 1197]
	294 [248, 350]
	162 [121, 214]
	424 [330, 519]


SUPPLEMENTARY TABLES
Table S1. Abundance estimates of large herbivore (>10kg) species at Tswalu Kalahari Reserve in 2021-2022 using aerial and ground-based count methodologies. Values in brackets represent minimum and maximum estimates. Ground-based estimates have been corrected for off-site wildlife removals that were conducted in May 2021, which affect gemsbok, eland, blue wildebeest, kudu, mountain zebra and plains zebra only. Baboon abundance estimated by Tswalu wildlife managers. Information pertaining to sensitive species (rhinos) has been omitted for security reasons. Some species (e.g. buffalo, roan and sable) only occur in the Greater Korannaberg section. 

Table S2. Mean values [range in brackets] of nutrient concentrations from sources at Tswalu Kalahari Reserve, measured in previous studies (Cromhout, 2007; Abraham et al., in prep, Webster et al., 2021; Prayag et al., 2020; Helary et al., 2012) and this study. For comparison, forage nutrient concentrations in the southern Kalahari are provided from Skarpe and Bergstrom (1987), Tolsma et al. (1987), Stepelberg et al. (2008) and Theart (2015). Values from Tolsma et al. (1987) were extracted using WebPlotDigitizer (https://apps.automeris.io/wpd/). 

	Source
	Location
	Ca
(mg kg-1)
	P
(mg kg-1)
	Na
(mg kg-1)
	Mg
(mg kg-1)
	Fe
(mg kg-1)
	Zn
(mg kg-1)
	Cu
(mg kg-1)
	Mn
(mg kg-1)

	
C4 plants
	Tswalu
(previous studies)
	3727
[2000-7600]
	568
[300-1000]
	345
[164-680]
	2454
[500-11200]
	194
[83-475]
	16
[5-35]
	6
[3.5-8.5]
	49
[23-69]

	
	Tswalu
(this study)
	9387
[3763–27023]
	848
[164-2565]
	
	
	630
[163-2291]
	40
[13-102]
	11.6
[5-28]
	260
[55-1465]

	
	Skarpe and Bergstrom (1987)
	3406
[2900-3956]
	768
[571-975]
	
	
	
	
	
	

	
	Tolsma et al. (1987)
	8733
[2237-19635]
	956
[123-2543]
	
	2671
[425-6450]
	440
79-1062]
	
	
	

	
	Stepelberg et al. (2008)
	6874
[6233-7213]
	900
[567-1350]
	
	
	
	
	
	

	
C3 plants
	Tswalu
(previous studies)
	30765
[29300-32230]
	1460
[1440-1480]
	176
[85-400]
	3800
[300-8000]
	301
[175-530]
	28
[25-30]
	5
[4-13]
	114
[50-190]

	
	Tswalu
(this study)
	18031
[3417-53607]
	1011
[241-4084]
	
	
	281
[82-1538]
	33
[10-114]
	7.8
[3-28]
	146
[27-922]

	
	Skarpe and Bergstrom (1987)
	12235
[7667-24000]
	1308
 [550-2500]
	
	
	
	
	
	

	
	Tolsma et al. (1987)
	16160
[8056-44850]
	1607
 [712-2454]
	115
[11-193]
	2347
[1118-4155]
	167
[56-391]
	24
[13-52]
	
	

	
	Stepelberg et al. (2008)
	15812
[9900-22950]
	1378
[825-1967]
	
	
	
	
	
	

	
	Theart (2015)
	16450
[7450-26480]
	1170
[750-1870]
	
	
	
	20
[13-47]
	
	

	Water
	Tswalu
(previous studies)
	38
[5-150]
	0.17
[0-1.67]
	24
[6-70]
	19
[3-91]
	0.06
[0-0.7]
	0
[0-0.0001]
	0.005
[0.001-0.1]
	0.07
[0.01-0.83]

	Anthropogenic salt lick
	Tswalu
(this study)
	4000
	75
	192000
	150
	100
	0.7
	
	

	Anthropogenic mineral lick
	Tswalu
(this study)
	120000
	60000
	55000
	3300
	600
	600
	150
	600



Table S3. Body condition scoring categories for assessment of herbivore health at Tswalu Kalahari Reserve

	Score
	Description
	Characteristics evaluated

	1
	Emaciated
	Animal is physically weak, disorientated and emaciated. 
Bony anatomical structures are prominent across the body
Complete absence of soft tissue or muscle

	1.5
	Very thin
	Emaciated but not weak – complete absence of soft tissue

	2
	Thin 
	Animal is thin, spine still prominent and ribs visible
Very little soft tissue evident on the rump, loin and shoulder
Evidence of muscle loss in the hind quarters

	2.5
	Borderline
	Hip bones, spine as well as 12th and 13th ribs still visible
Muscle atrophy noticeable over shoulders, loin and hindquarters
Soft tissue evident around hip bones

	3
	Healthy
	Spine, hip bones and tail head are covered with soft tissue
Muscle expression in shoulder, loin and hindquarters evident
Coat is intact and markings clear

	3.5
	Very healthy
	Animal has an overall smooth, sleek appearance 
Hind quarters are plump and full, ribs not visible
Coat is intact and has lustre

	4
	Fat
	Animal has a round, robust appearance with lustrous coat
Hind quarters and tail head are fully covered, dewlap prominent

	4.5
	Very fat
	Animal has a round, robust appearance. Bone structure is no longer visible. Fat cover over the body is thick and spongy and patchiness is likely. Brisket is full. Does not generally occur in wild populations.

	5
	Obese
	Bone structure is not visible. Fat encases the tailhead and mobility may be impaired by excessive fat. Does not generally occur in wild populations.






SUPPLEMENTARY FIGURES
[image: ]Figure S1: Comparison of large herbivore (>10kg) population estimates using aerial (light green) and ground (dark green) estimate methodologies for A) the Greater Korannaberg and B) Lekgaba sections of Tswalu Kalahari Reserve in 2021. Error bars represent maximum and minimum abundance estimates from fitted probability of detection models. Species are grouped along the freeze-run continuum outlined by Jachmann (2002). Species that frequently use mountain regions are denoted by a *. 


[image: ]

Figure S2. Photograph of a female sable antelope (Hippotragus niger) taken at Dedeben Pan on the Greater Korannaberg section of Tswalu Kalahari Reserve. Animal received a body condition score (BCS) score of 2: Note the prominent pins, hooks and ribs as well as depression at the tailhead indicating little storage of fat. Photo A. Abraham. 



[image: ]Figure S3. Daily intake of calcium (Ca), iron (Fe), magnesium (Mg) and manganese (Mn) from different nutrient pools by large herbivores (>10kg) at Tswalu Kalahari Reserve (TKR). Vertical lines represent optimal daily nutrient requirements for adult individuals at maintenance as suggested by Lintzenich et al. (1997).   


[image: ]
[bookmark: _GoBack]Figure S4. Relative use of salt and mineral licks when both lick forms are available for non-ruminant and ruminant species at Tswalu Kalahari Reserve. Numbers in white refer to total utilization by each group recorded from camera trap footage. A two sample t-test between the % mineral lick use between hindgut fermenters and ruminants is significant at p<0.001.  
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