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Abstract

Background

The distribution of resources can affect animal range sizes, which in turn may alter

infectious disease dynamics in heterogenous environments. The risk of pathogen exposure or the

spatial extent of outbreaks may vary with host range size. This study examined the range sizes of

herbivorous anthrax host species in two ecosystems and relationships between spatial movement

behavior and patterns of disease outbreaks for a multi-host environmentally transmitted

pathogen.

Methods

We examined range sizes for seven host species and the spatial extent of anthrax outbreaks

in Etosha National Park, Namibia and Kruger National Park, South Africa, where the main host

species and outbreak sizes differ. We evaluated host range sizes using the local convex hull

method at different temporal scales, within-individual temporal range overlap, and relationships

between ranging behavior and species contributions to anthrax cases in each park. We estimated

the spatial extent of annual anthrax mortalities and evaluated whether the extent was correlated

with case numbers of a given host species.

Results

Range size differences among species were not linearly related to anthrax case numbers. In
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Kruger the main host species had small range sizes and high range overlap, which may heighten

exposure when outbreaks occur within their ranges. However, different patterns were observed in

Etosha, where the main host species had large range sizes and relatively little overlap. The spatial

extent of anthrax mortalities was similar between parks but less variable in Etosha than Kruger.

In Kruger outbreaks varied from small local clusters to large areas and the spatial extent

correlated with case numbers and species affected. Secondary host species contributed relatively

few cases to outbreaks; however, for these species with large range sizes, case numbers

positively correlated with outbreak extent.

Conclusions

Our results provide new information on the spatiotemporal structuring of ranging

movements of anthrax host species in two ecosystems. The results linking anthrax dynamics to

host space use are correlative, yet suggest that, though partial and proximate, host range size and

overlap may be contributing factors in outbreak characteristics for environmentally transmitted

pathogens.

Keywords

Aepyceros melampus, Antidorcas marsupialis, Bacillus anthracis, Connochaetes taurinus,

disease transmission, Equus quagga, home range, Loxodonta africana, Syncerus caffer,

Tragelaphus strepsiceros
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Introduction

Infectious disease dynamics are influenced by the movements of animal hosts [1, 2].

Different host movement patterns can alter contact networks among individuals, affecting

transmission dynamics of directly transmitted diseases [3]. Moreover, animal hosts using a

heterogeneous landscape have different exposure risk to environmentally transmitted pathogens,

based on habitat types and landscape features [4, 5]. As a result, an understanding of animal

movement ecology is an important foundation to better understand disease dynamics.

The size of the area used is an important characteristic in animal movement studies [6], and

can be influenced by various factors, including age, sex, reproductive status, habitat, resource

availability, diet and body size [7-13]. The area used by an individual is often loosely referred to

as its “home range” [14], implying a defined area is used [15]. However, site fidelity—the

tendency to utilize the same area [16]—varies across species and individuals, and among

mammals, ungulates often have low site fidelity [17]. Since this study focuses on ungulate

herbivores, we use the term “range size” instead of home range, throughout. Movements of

ungulate herbivores may be nomadic, searching for resources across large ranges with few

revisitations, especially in unpredictable or resource-poor environments [18]; though within

these relatively nomadic species, individuals may be situationally territorial, occupying relatively

small ranges, such as males around conception periods [19].
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Comparing among and within species, larger host range size has been linked with higher

parasite richness or diversity across a variety of host taxa [20-26]. This positive correlation may

be due to increased pathogen transmission when larger range size increases the probability of

contacting more infectious individuals or areas [27]. However, smaller range sizes may also

heighten transmission of environmentally transmitted parasites due to repeated use of the same

high-risk areas. For example, territorial male Grant’s gazelle (Nanger granti) and Thomson’s

gazelle (Gazella thomsoni) utilize smaller ranges than their conspecifics without territories and

have higher intensities of gastrointestinal parasite infections [28]. Thus, range size may be

expected to influence disease transmission, but more research could help understand broad

patterns in relationships between range sizes and infections for a variety of host and parasite

taxa.

This study examines host range size patterns in the context of the disease anthrax. Anthrax

1s a multi-host, highly lethal and acute disease that kills infected hosts within a week of exposure

[29]. This environmentally transmitted disease infects mainly herbivorous mammals and is

caused by the bacterial pathogen Bacillus anthracis. Anthrax transmission relies upon host

exposure to spores present in environmental reservoirs such as anthrax carcass sites [30, 31]

(with biotic vectors contributing to cases in some systems [32, 33]). Though water can be

considered a transmission source for B. anthracis [34], point water sources are unlikely to be
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transmission reservoirs [30]. While environmental factors and host behavioral traits have been

associated with anthrax risk in a variety of ecosystems across the pathogen’s global range, these

are often quite different from one ecosystem to another, making general patterns of risk difficult

to discern [35-37].

Anthrax is endemic in both Etosha National Park, Namibia and Kruger National Park, South

Africa (Figure 1) [35]. Potential host species in these two parks include springbok (Antidorcas

marsupialis), impala (Aepyceros melampus), greater kudu (Tragelaphus strepsiceros), blue

wildebeest (Connochaetes taurinus), plains zebra (Equus quagga), African buffalo (Syncerus

caffer) and African elephant (Loxodonta africana) [35], with buffalo absent in Etosha and

springbok absent in Kruger. Both parks have semi-arid African savanna ecosystems and share

many animal species that are also potential anthrax hosts. However, Kruger has higher water

availability and vegetation productivity than Etosha [35, 38, 39], and the two parks have very

different patterns in anthrax infections [35]. Outbreaks in Etosha occur annually with typically

10 — 100 anthrax mortalities detected in an outbreak [35]. In contrast, sporadic large outbreaks in

Kruger can impact 100 — 1000 herbivorous mammals, occurring every 10 — 20 years [35].

Further, the most commonly infected species in Etosha is zebra, followed by springbok,

wildebeest and elephant, while there are rarely anthrax cases in kudu and impala [4, 35]. In

contrast, kudu and impala are the main host species in Kruger followed by buffalo, whereas
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zebra and elephant have relatively few cases, and wildebeest rarely contribute to anthrax

outbreaks [35].

Animal behavior is likely an important factor affecting anthrax transmission [35, 40, 41],

for example, zebra habitat selection and diet selection drive anthrax dynamics in Etosha [4, 42].

However, anthrax dynamics are also driven by more complex mechanisms [35] which possibly

involves interactions between hosts and the environment, food-web feedbacks [43], and biotic

vectors [32, 44], or other unknown driving factors. Host individuals may need to have multiple

contacts to contract the disease [45-47], and species with small range size have been suggested to

have heightened anthrax exposure [44], but no study has yet investigated this connection. Apart

from a potential change in exposure risk with different range sizes, the large range sizes of high

mobility species may also contribute to the spatial spread of an outbreak across a landscape [48,

49]. Despite the expectation that a sick animal might move less than a healthy animal, the

peracute to acute nature of this disease may preclude a period of sickness behavior prior to death.

As an example, movement trajectory indices for hippopotamus (Hippopotamus amphibius) in

Tanzania did not differ before and after anthrax infection [50]. Movements of infected animals

using large ranges may thus translocate B. anthracis beyond the initial outbreak area, extending

the spatial extent of an anthrax outbreak [44, 50]. Because of the potential effects of range size

on anthrax transmission, this study hence examines the range size of multiple host species to



139  explore the relationship between host range size and anthrax dynamics.

140 Our objectives were to investigate 1) if range size and within-individual range overlap

141  affected anthrax risk, and 2) if outbreak spatial extent was associated with high mobility host

142 species. We first estimated range sizes for seven potentially common anthrax host species at

143  three different temporal scales, using the local convex hull (LoCoH) method [51, 52]. We

144  compared temporal heterogeneity in animal space use among species, and evaluated whether

145  range size differed with species and park, and whether more commonly infected species in each

146  park utilized smaller ranges. We further investigated within-individual range overlap from one

147  month to the next as an indication for potential risk of repeated anthrax exposures, to evaluate

148  whether species having more anthrax cases also had higher range overlap. We then investigated

149  the spatial extent of anthrax mortalities in each park from decades of anthrax surveillance data.

150 We compared outbreak spatial extent with factors including total case numbers, number of

151  species affected, and case numbers in common host species in an outbreak, to evaluate potential

152  species contribution to outbreak extent. Sampling periods for the movement data varied with

153  species and parks, preventing us from directly comparing anthrax outbreaks with

154  contemporaneous host space use. However, the main host species in the two parks remained very

155  similar over years [35], providing an opportunity to examine the associations with basic animal

156  movement ecology. This study helps us advance our understanding of variation in anthrax
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transmission and the potential link with host space use across systems.

Methods

Study areas

Data for this study were collected in two national parks in southern Africa, Etosha and

Kruger (Figure 1), where anthrax primarily affects wild herbivores. In both parks anthrax is

considered an endemic disease, contributing to seasonal and annual herbivore mortality patterns,

with minimal interventions to reduce disease spread. Etosha is a semi-arid savanna (average

annual rainfall in the central Etosha: 358 mm [53]), with three seasons: wet season in January —

April, dry (early-dry) season in May — August, and semi-dry (late-dry) season in September —

December. Rainfall is strongly seasonal and occurs mainly between November and April, with

the greatest monthly rainfall occurring in January and February [54]. Animals rely on seasonal

water from rainfall, or perennial water at boreholes, artesian or contact springs [55]. Much of

Etosha is covered by mopane (Colophospermum mopane) shrubveld or treeveld, and open

grasslands along a large salt pan. Vegetation in Kruger is characterized by woody, shrubland and

open savannas [56], with higher canopy cover than Etosha. Kruger also has higher water

availability than Etosha (average annual rainfall in the far north of Kruger: 430 mm [57]), from

seasonal water and perennial boreholes, dams, springs, pools, and rivers flowing west-east [58].

In Kruger, the seasons based on rainfall occur one month earlier than Etosha: wet season in
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December — March, early-dry season in April — July, and late-dry season in August — November

[59]. Unlike Etosha, there is still occasional rainfall during the dry period in Kruger [56, 60].

Animal telemetry data

The study species considered here are the potential anthrax host species in the two parks,

including springbok, impala, kudu, blue wildebeest, zebra, buffalo and elephant (Figure 1) [35].

Although contributions to anthrax outbreaks vary with species and park (Table 1) [35], this group

of species represents the majority of anthrax cases observed in the two parks. We compiled

movement data from GPS (Global Positioning System) collars including newly collected and

previously published datasets on springbok from Etosha, common impala (4. m. melampus) and

buffalo from Kruger, and kudu, wildebeest, zebra and elephant from both parks between 2006 —

2020 (numbers, time periods and data sources in Table 2). Springbok and buffalo are only found

in one of these parks; there are black-faced impala (4. m. petersi) in Etosha, but no movement

data were available for this species. These tracked individuals in Etosha often utilized the anthrax

high incidence region (central Etosha; Additional file 3: Figure S1, S2 and S3) [46]; however, in

Kruger, only tracked impala, kudu and elephant stayed in or crossed the highest anthrax

incidence region in the far north of the park (Pafuri), whereas buffalo, zebra and wildebeest were

not tracked within the high-risk area (Additional file 3: Figure S1, S2 and S3) [46] due to

regionally restricted space use and limited data availability. Tracked individuals of kudu in

10
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Etosha and wildebeest, zebra and buffalo in Kruger were restricted to only adult females, other

species included adult males and females (Table 2).

Because of different sampling intensities and irregular intervals of the telemetry data, we

thinned the data to three readings a day for more comparable relocation data across different

species and tracking periods among species. We divided days into morning (6:00-12:00; GMT+1

for Etosha and GMT+2 for Kruger), afternoon (12:00-18:00) and night (18:00-6:00), and

extracted readings closest to 9:00, 15:00 and 24:00 for the three periods of a day for each

individual (following the same procedures as Huang et al. [4]). We then prepared three different

datasets for estimation of range size at bimonthly, monthly and seasonal scales. The bimonthly

scale has two intervals per month: days 1-15 and day 16 to the month’s end. After a lethal

exposure, herbivores are likely to die of anthrax within a few days to a week [29, 61]. Thus, a

bimonthly interval is an appropriate scale for analyses in regard to anthrax risk. However, due to

the low intensity of readings, we were limited to use longer intervals when comparing temporal

heterogeneity. For the preparation of the datasets, we removed a time interval from an individual

if its readings were fewer than two-thirds of the total possible readings of the interval (i.e., fewer

than 30, 60 and 240 for bimonthly, monthly and seasonal intervals, respectively). Because of the

inclusion criteria, the numbers of individuals as well as sample sizes varied among datasets.

Range size and overlap

11
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We used the three temporal datasets (at bimonthly, monthly and seasonal scales) to estimate

95% range sizes at the corresponding temporal scales. Comparing range sizes across temporal

scales may provide information on temporal heterogeneity in animal space use. For example, if

range sizes are similar across temporal scales, an individual may utilize a resident range and

rarely show nomadic behavior. We calculated 95% ranges using the LoCoH, because of the

potential boundaries of animal spatial distribution in the two parks, such as salt pans, rivers and

fence lines [51, 52]. To estimate range sizes, we used a-LoCoH (adaptive local convex hull),

with parameter a equal to maximum distance between two readings in the interval, since this a

value is close to optimal @ value for range estimation [51]. Moreover, we excluded individuals

with fewer than three different seasons of data from the seasonal dataset, to provide longitudinal

aspects of movements, and used this dataset to estimate range size and net squared displacement

(NSD). NSD measures squared distances between relocations and a starting location [62], and its

time-series provide information on animal trajectories [63]. To examine whether large range

sizes can be linked with long traveling distances, NSD was calculated for each individual starting

from the first time point of the data (Additional file 1: Supplementary Methods). We evaluated

whether range sizes varied with resource availability using a remotely sensed index of vegetation

greenness and biomass, Normalized Difference Vegetation Index (NDVI), to assess resource

availability. We extracted average NDVI values in seasonal 95% ranges and tested whether

12
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seasonal range size variation between the two parks could be described by species identity and

resource availability (Additional file 1: Supplementary Methods).

We used the monthly dataset to estimate within-individual range overlap from one month to

the next, by calculating the average proportion of an individual’s monthly 95% range which was

intersected by its range from the previous month (between zero and one) [64]. A high proportion

of overlap implies an individual repeatedly visits the same areas which were utilized in the

previous month. We evaluated range overlap at the monthly scale to have more readings to more

accurately estimate the overlap. We excluded individuals with fewer than six pairs of consecutive

months from the monthly dataset for range overlap estimation.

We tested the hypothesis that anthrax risk varies with range size by examining whether range

size or range overlap drove species anthrax incidence. We fit species contribution to anthrax

cases in each park (Table 1) to either species monthly average range size or range overlap using

linear regressions, despite small sample sizes (N = 5 species for Etosha; N = 6 species for

Kruger). Range sizes were square root transformed before fitting into the regressions due to their

skewness.

Spatial extent of anthrax mortalities

We investigated the spatial extent of anthrax mortality distribution by year, comparing the

two parks, and evaluated the effect of host species on the distribution of anthrax cases. Since

13
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animal mortality surveillance in both parks is opportunistic, biases likely exist against recording

anthrax deaths in smaller than larger species. In this study, anthrax mortality included anthrax

confirmed cases from blood smear examination, bacterial culture, or molecular diagnosis from

blood swabs, as well as anthrax suspected cases diagnosed by symptoms (i.e., blood exudation)

[29] in cases where no samples were collected. We obtained data on coordinates of individual

anthrax mortality events from 1996 to 2014 in Etosha and from 1990 to 2015 in Kruger through

the Etosha Ecological Institute and Office of the State Veterinarian in Kruger, respectively. We

used rainfall years from July to June (e.g., July 2006—June 2007 is the 2007 rainfall year) for

both parks, to capture most outbreaks occurring during these time periods.

We estimated spatial extent of annual anthrax mortalities. Although surveillance effort may

vary with years and regions, the mortality datasets can still provide useful estimates of the spatial

extent of the outbreaks. We first removed years with fewer than ten anthrax mortalities with

coordinates, to have enough cases to estimate ranges. We then calculated a 50% and 95% spatial

extent of anthrax mortalities using the LoCoH. To estimate extent, we used a-LoCoH (adaptive

local convex hull), with parameter a equal to maximum distance between two mortalities in the

same year. We evaluated whether spatial extent was related to number of cases, number of

species involved, and number of cases in common host species in each park. Common host

species here included springbok, blue wildebeest, plains zebra and African elephant in Etosha,

14
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and impala, greater kudu, zebra, African buffalo and elephant in Kruger (Table 1) [35].

Associations of spatial extent and with other factors were evaluated with linear regressions with

only one species in a model due to small sample sizes (N = 16 for Etosha; N = 13 for Kruger).

All of the analyses in this study were done using R v. 4.1.2 [65]. LoCoH and range overlap

calculations were performed using package amt [66], and linear regressions were performed

using package stats [65]. NDVI was downloaded from the National Aeronautics and Space

Administration (NASA) Land Processes Distributed Active Archive Center by package

MODIStsp [67], and processed by packages raster [68] and exactextractr [69]. Spatial data were

managed with packages sp [70, 71] and sf [72].

Results

Range size and overlap

Herbivore range sizes varied with species, parks, temporal scales, seasons, and possibly

sexes (Figure 2; Additional file 2: Table S1 and S2). For species occurring in both parks, range

sizes were larger in Etosha than in Kruger at any temporal scale or season (Figure 2), with

elephants having the largest ranges among species. In Etosha, kudu had smallest range sizes

among species, and in Kruger, impala, kudu and wildebeest had smaller ranges than other species

(Figure 2). Species with larger range sizes also generally had greater travel distances, shown with

NSD (Additional file 1: Supplementary Methods; Additional file 3: Figure S4) and mean daily

15
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displacement (Additional file 2: Table S3). For any species by park, range size became larger

when the temporal scales were larger, but for some species in Kruger, the differences in range

size among time scales were less obvious (e.g., impala and kudu; Figure 2a). Seasonal

differences in range size also varied with species or park (Figure 2b). Species range sizes in

anthrax seasons were not consistently smaller or larger than in other seasons (Figure 2b). For

example, springbok, kudu and buffalo used larger ranges in their anthrax seasons, while

wildebeest and elephant had smaller range sizes in their anthrax seasons (Table 1; Figure 2b).

Though not every species had data for both male and female individuals, sex modulated range

size for some species. For wildebeest in Etosha and kudu in Kruger, male individuals generally

used larger ranges than females (Figure 2). Male elephants used larger ranges than females in

Kruger, while range sizes of male elephants in Etosha had larger variation with some individuals

using relatively small areas (Figure 2). Herbivore ranges in Kruger were located in areas with

higher NDVI than in Etosha (Additional file 1: Supplementary Methods; Additional file 3:

Figure S5), because Kruger had higher NDVI values than Etosha (mean NDVI estimates in 2010

— 2020 from each park: 0.424 in Kruger versus 0.281 in Etosha, excluding its salt pans). Range

size was negatively associated with NDVI for browsing and grazing herbivores (but not mixed-

feeding herbivores; Additional file 1: Supplementary Methods; Additional file 2: Table S4;

Additional file3: Figure S6, S7 and S8). Larger body size also correlated with larger range size
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(except for springbok; Additional file 1: Supplementary Methods; Additional file 3: Figure S7).

Individuals of different species differed in their range overlap—in their repeated use of the

same areas. However, there were no consistent patterns in overlap for species occurring in both

parks, such that no park consistently had more overlap than the other (Figure 3). Impala and

kudu had higher range overlap than other species (Figure 3), with median overlap proportions

close to 0.5, indicating that they repeatedly utilized the same parts of their ranges from one

month to the next. Range overlap also varied with seasons, but no consistent patterns were

observed comparing the species or parks, or with anthrax seasonality (Additional file 3: Figure

39).

Comparing between herbivore ranging behavior and anthrax cases, no significant effect of

range size or overlap on species contributions to anthrax cases was detected in either park

(Figure 4; Additional file 2: Table S5), though the sample sizes were small.

Spatial extent of anthrax mortalities

The spatial extent of anthrax mortalities was similar between the two parks, although the

spatial extent in Kruger was more variable than in Etosha (Figure 5). The median extent of the

50% range in Etosha was larger than in Kruger, and extent medians of the 95% range were

similar between the parks (Figure 5). The results of linear regressions using the 50% and 95%

spatial extent were very similar (Figure 6), with wildebeest in Etosha as the only obvious

17
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difference. In Etosha we detected significant relationships in the spatial extent of anthrax

mortalities and the number of wildebeest (but not for the 50% spatial extent) and elephant cases,

and number of species contributing to the outbreak (Figure 6a; Additional file 2: Table S6). The

spatial extent of outbreaks in Etosha was not related to total number of cases detected or number

of cases of other common host species (Figure 6a; Additional file 2: Table S6). In Kruger, when

anthrax outbreaks occurred over a large spatial extent, there were also high numbers of cases and

species involved; spatial extent was positively linked with case numbers of kudu, buffalo and

elephant, but not with case numbers of impala or zebra (Figure 6b; Additional file 2: Table S6).

For those predictors showing significant relationships, their R-squared values were higher than

0.35 (Figure 6; Additional file 2: Table S6).

Discussion

This study provides insights on differences in range sizes for multiple herbivore species in

two savanna ecosystems with different anthrax outbreak patterns in southern Africa. Our goal

was to assess if host space use could be linked to anthrax dynamics at two different scales: 1) if

the main host species were those with smaller range sizes and more range overlap, and 2) if

outbreak spatial extent was associated with anthrax cases in highly mobile species. Herbivore

range sizes differed with species and parks, with individuals generally using larger ranges in

Etosha than in Kruger. Though the variation in range may be related to anthrax outbreak
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dynamics, there was no consistent pattern linking range size to anthrax mortality risk across the

two study systems, possibly due other factors not considered here. The spatial extent of anthrax

outbreaks was positively linked with case numbers of high mobility species with large ranges.

These species may play an important role in the spread of outbreaks on the landscape, in

particular species that may otherwise contribute relatively few cases to anthrax outbreaks, such

as elephant. Thus, while we did not detect a simple relationship between range size and anthrax

risk that applied across our two study systems, average range sizes of particular species may play

a role in the spatial extent of outbreaks.

Herbivores in Etosha used larger ranges than in Kruger across any temporal scales or

seasons considered, despite the movement data being assembled from different studies which

could have spatially or temporally confounding effects. The differences in range size for grazing

and browsing herbivores between the parks can be attributed to differences in resource

availability; for example, Etosha has lower water availability and lower vegetation productivity

than Kruger [35, 38, 39], and thus, herbivores may use larger areas in Etosha to access sufficient

nutritional resources.

Outbreak patterns and transmission mechanisms in wildlife-disease systems may vary

across locations and scales [35, 73], which makes it challenging to determine general risk

patterns across regions. While a larger range may mean a higher probability of encountering a
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high-risk area when risk is heterogeneously distributed across a landscape, small range size was

previously hypothesized to heighten anthrax risk [44]. Our findings indicate that anthrax cases

were not linearly associated with range size or range overlap. However, these range size

differences as well as differences in an individual’s amount of range overlap over time may have

implications for anthrax infection patterns between study areas. Commonly infected host species

(impala and kudu) in Kruger used smaller areas and had higher range overlap (Figure 2 and 3;

Additional file 3: Figure S9), implying that when outbreaks occur within their range, they are

likely to be exposed or repeatedly exposed to the pathogen, due to revisitations. While range

sizes appear to be potentially relevant to exposure in Kruger, in Etosha the same pattern was not

observed. In Etosha kudu had the smallest range sizes and highest range overlap but little

contribution to anthrax cases, while zebra, the most commonly infected host, utilized relatively

large ranges with intermediate range overlap.

Species differences in the contribution to anthrax outbreaks could be driven by differences

in host density, behavior, exposure, or susceptibility [4, 34, 35, 40, 74, 75]. While these factors

contribute to infection patterns, they cannot wholly explain the observed anthrax patterns, and

range size may potentially contribute to some of the variation observed. The lack of consistent

patterns may be attributed to a limited influence of range size on anthrax transmission or to other

factors that have a larger effect on exposure risk, such as variation in anthrax risk among habitats
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or differences in host susceptibility. Anthrax risk in Etosha is highest in grassland habitats [4]

that are rarely used by browsing hosts such as kudu, so there may be relatively little risk of

anthrax exposure for kudu in Etosha, regardless of their range sizes and degree of overlap.

Similarly, in Kruger, wildebeest had ranges sizes similar to impala and kudu, but this species is

rarely present in the highest anthrax incidence region, whereas wildebeest in Etosha regularly use

the high incidence area and contribute steadily to anthrax cases. Thus, understanding the spatial

scale of anthrax risk across a heterogeneous landscape is important in assessing risk to species

occurring in that landscape. These patterns suggest that whether herbivore species are the main

anthrax host species in a location is not simply a function of their range sizes or space use but is

modulated by other factors. These include degree of risk in the habitats they select [4, 76], the

behaviors conducted at high-risk sites for disease transmission [40] and their innate susceptibility

[29]. Nevertheless, our results from Kruger suggest that an evaluation of range size may improve

our understanding of infection dynamics.

The spatial extent of anthrax outbreaks was related to case numbers of some host species

(i.e., kudu, wildebeest, buffalo, and elephant) but not others (i.e., springbok, impala, and zebra)

in the two parks. The positive correlations in outbreak spatial extent with case numbers in certain

species could be because wider outbreaks occur when host species with high mobility (e.g.,

buffalo and elephant) are involved, especially in Kruger, where the ranges for some species are

21



391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

restricted by perennial rivers. Though elephant, as a secondary host species, has a limited

contribution to anthrax mortalities in both parks (< 10% of cases; Table 1), their large range sizes

as well as long-distance movement may facilitate outbreak spread over larger areas if they live a

few days after exposure, or if they release more spores into the environment due to their larger

body mass than small-bodied species such as springbok or impala. This pattern may also explain

why we observe more complex correlative relationships in the timing of cases between elephant

and other species in Kruger [35]. Notably, species showing positive correlations with outbreak

spatial extent tend to die of anthrax in dry seasons [35], suggesting the dry season outbreaks may

also be affected by changes in host susceptibility [77]. Another possible explanation for the

positive correlations between spatial extent and case numbers in particular species is that anthrax

mortality distributions differ with host species (Additional file 3: Figure S1). For example, kudu

and buffalo cases in Kruger and elephant cases in both parks do not always occur in the highest

incidence areas (central Etosha and northernmost Kruger), and as a result, larger spatial extent

can be observed when these species are involved in an outbreak (Additional file 3: Figure S2).

This pattern is more evident in Kruger, where more species and cases were affected when

outbreaks covered larger areas.

Transmission of environmentally transmitted pathogens can be affected by variation in the

host, the pathogen, and the environment [78]. When a pathogen can infect a wide range of host
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species, this adds even more complexity to understanding patterns and processes underlying

outbreaks. Previous work has shown the importance of host behavior, density, exposure

frequency, and immune response in affecting these outbreak patterns [4, 35, 40, 46, 79]. Results

of our study suggest that patterns in animal space use vary with species and park, attributed to

species feeding habits and body sizes, and differences in resource availability between the parks.

Though not every species following the same trend linking space use and anthrax outbreaks,

variation in herbivore space use may contribute to the disease dynamics, with small range sizes

potentially leading to higher anthrax risk in Kruger and larger range sizes contributing to larger

outbreak extent in both parks. The importance of space use alone, independent of other sources

of variation among hosts in their ecology, physiology, immunity, or behavior could be

disentangled with additional study. Our results suggest that linking host movements and disease

dynamics may be a fruitful avenue for future research, with implications beyond anthrax,

warranting future empirical and theoretical work to isolate the effects of host range size on

disease dynamics.

Conclusions

Our study shows that herbivore range size varies among species and within species, and that

this variation in range size may have implications for disease dynamics. Species with different

range sizes and range overlap may experience variation in anthrax exposure risk, dependent on
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spatial patterns in how risk is distributed across a landscape. This variation suggests that the

scale of exposure risk is important to consider in assessing disease risk to a species, and the

presence of disease in an area does not necessarily mean it is homogenously distributed across

that area. How pathogen reservoirs are distributed across a landscape—and how hosts interact

with those reservoirs when moving across those landscapes—is an important aspect of risk

assessment for wildlife diseases. We do find evidence that secondary host species with large

ranges and high mobility may facilitate the spread of an outbreak from a localized area out across

a landscape. While additional research could help isolate movement-specific aspects of disease

risk, our study shows that host range sizes and range overlaps have the potential to influence

disease outbreak dynamics.

Abbreviations

a-LoCoH: Adaptive local convex hull

GLMM: Generalized linear mixed model

GPS: Global positioning system

MODIS: Moderate Resolution Imaging Spectroradiometer

NASA: National Aeronautics and Space Administration

NDVI: Normalized Difference Vegetation Index

Declarations

24



445  Ethics approval and consent to participate

446 The permission to conduct this research was granted by Namibian National Commission on

447  Research, Science and Technology (authorization 2017070704) and South African National

448  Parks (HAUY1616). The permission to conduct the research on elephants in the Kruger was

449  granted by South African National Parks and the APNR (Project SS242). Ethical clearance

450 protocols for animal capturing were approved by the Institutional Animal Care and Use

451  Committee from the University at Albany (16-016, 18-013, 18-014, 18-015 and 20-001),

452  University of California, Berkeley (R217-0509B and R217-0511B) and Kruger National Park

453  (EA-191020-AUCC-ETHICS)

454  Consent for publication

455 Not applicable.

456  Availability of data and materials

457 Coordinates of anthrax mortalities and elephant movement data in this study are not

458  publicly available due to potential sensitivity. Movement data on springbok and zebra (9

459 individuals) in Etosha are available from Movebank (https://www.movebank.org/), and data on

460  wildebeest, zebra and buffalo in Kruger are available from AfriMove (https://afrimove.org/)

461 Thinned movement data (excluding elephant datasets) and analysis code are available from the

462  Dryad Digital Repository (https://doi.org/10.5061/dryad.r8pkOpf4).

25


https://www.movebank.org/
https://afrimove.org/
https://doi.org/10.5061/dryad.rn8pk0pf4

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

Competing interests

The authors declare no competing interests.

Funding

This study was funded by NSF Grant DEB-1816161/DEB-2106221 through the NSF-NIH-

USDA Ecology and Evolution of Infectious Diseases program to W.C.T, P.L.K and H.V.H.

Authors’ contributions

Y.-H.H. and W.C.T conceived and designed this study and methodology. All authors

collected and contributed data. Y.-H.H. analyzed the data. Y.-H.H. and W.C.T. led the writing of

the manuscript. All authors contributed critically to the drafts and read and gave final approval

for publication.

Acknowledgements

We thank the Ministry of Environment, Forestry and Tourism (Namibia), Etosha Ecological

Institute, Skukuza State Veterinary Services (South Africa) and South African National Parks for

support of and assistance with our research activities. We especially thank Danny Govender,

Axel Hartmann, Hendrina Joel, Martina Kiisters and Louis van Schalkwyk for providing

assistance with animal captures, data collection or logistics of this study. We also acknowledge

Sarah Werning for the springbok silhouette licensed under CC BY 3.0, Lukasiniho

(https://www.deviantart.com/lukasiniho) for the wildebeest silhouette licensed under CC BY 3.0,

26


https://www.deviantart.com/lukasiniho

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

and website PhyloPic (http://phylopic.org/) for all the animal silhouettes. We are also grateful for

the helpful comments from Claire Teitelbaum and anonymous reviewers. Any use of trade, firm,

or product names is for descriptive purposes only and does not imply endorsement by the U.S.

Government.

References

1.

Dougherty ER, Seidel DP, Carlson CJ, Spiegel O, Getz WM. Going through the motions:

incorporating movement analyses into disease research. Ecol Lett 2018, 21(4):588-604.

Wilber MQ, Yang A, Boughton R, Manlove KR, Miller RS, Pepin KM, Wittemyer G. A

model for leveraging animal movement to understand spatio-temporal disease dynamics.

Ecol Lett 2022, 25(5):1290-1304.

Manlove K, Aiello C, Sah P, Cummins B, Hudson PJ, Cross PC. The ecology of

movement and behaviour: a saturated tripartite network for describing animal contacts.

Proceedings of the Royal Society B: Biological Sciences 2018, 285(1887):20180670.

Huang Y-H, Joel H, Kiisters M, Barandongo ZR, Cloete CC, Hartmann A, Kamath PL,

Kilian JW, Mfune JKE, Shatumbu G et al. Disease or drought: environmental fluctuations

release zebra from a potential pathogen-triggered ecological trap. Proceedings of the

Roayl Soceity B: Biological Sciences 2021, 288(1952):20210582.

Titcomb G, Mantas JN, Hulke J, Rodriguez I, Branch D, Young H. Water sources

27


http://phylopic.org/

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

10.

11.

12.

aggregate parasites with increasing effects in more arid conditions. Nature

communications 2021, 12(1):1-12.

Kie JG, Matthiopoulos J, Fieberg J, Powell RA, Cagnacci F, Mitchell MS, Gaillard J-M,

Moorcroft PR. The home-range concept: are traditional estimators still relevant with

modern telemetry technology? Philosophical Transactions of the Royal Society B:

Biological Sciences 2010, 365(1550):2221-2231.

van Beest FM, Rivrud IM, Loe LE, Milner JM, Mysterud A. What determines variation

in home range size across spatiotemporal scales in a large browsing herbivore? J Anim

Ecol 2011, 80(4):771-785.

Gittleman JL, Harvey PH. Carnivore home-range size, metabolic needs and ecology.

Behav Ecol Sociobiol 1982, 10(1):57-63.

Bevanda M, Fronhofer EA, Heurich M, Miiller J, Reineking B. Landscape configuration

is a major determinant of home range size variation. Ecosphere 2015, 6(10):art195.

Tucker MA, Ord TJ, Rogers TL. Evolutionary predictors of mammalian home range size:

body mass, diet and the environment. Global Ecol Biogeogr 2014, 23(10):1105-1114.

McNab BK. Bioenergetics and the determination of home range size. The American

Naturalist 1963, 97(894):133-140.

Ofstad EG, Herfindal I, Solberg EJ, Sather B-E. Home ranges, habitat and body mass:

28



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

13.

14.

15.

16.

17.

18.

19.

simple correlates of home range size in ungulates. Proceedings of the Royal Society B:
Biological Sciences 2016, 283(1845):20161234.

Viana DS, Granados JE, Fandos P, Pérez JM, Cano-Manuel FJ, Burén D, Fandos G,
Aguado MAP, Figuerola J, Soriguer RC. Linking seasonal home range size with habitat
selection and movement in a mountain ungulate. Movement Ecology 2018, 6(1):1-11.
Fieberg J, Borger L. Could you please phrase “home range” as a question? J] Mammal
2012, 93(4):890-902.

Burt WH. Territoriality and Home Range Concepts as Applied to Mammals. ] Mammal
1943, 24(3):346-352.

Janmaat KRL, Olupot W, Chancellor RL, Arlet ME, Waser PM. Long-term Site Fidelity
and Individual Home Range Shifts in Lophocebus albigena. Int J Primatol 2009,
30(3):443-466.

Morrison TA, Merkle JA, Hopcraft JGC, Aikens EO, Beck JL, Boone RB, Courtemanch
AB, Dwinnell SP, Fairbanks WS, Griffith B et al. Drivers of site fidelity in ungulates. J
Anim Ecol 2021, 90(4):955-966.

Teitelbaum CS, Mueller T. Beyond migration: causes and consequences of nomadic
animal movements. Trends Ecol Evol 2019, 34(6):569-581.

Owen-Smith N. On territoriality in ungulates and an evolutionary model. The Quarterly

29



535 Review of Biology 1977, 52(1):1-38.

536 20.  Nunn CL, Altizer S, Jones KE, Sechrest W. Comparative tests of parasite species richness

537 in primates. The American Naturalist 2003, 162(5):597-614.

538 21.  Bicca-Marques JC, Calegaro-Marques C. Ranging behavior drives parasite richness: A

539 more parsimonious hypothesis. Am J Primatol 2016, 78(9):923-927.

540 22. Benavides JA, Huchard E, Pettorelli N, King AJ, Brown ME, Archer CE, Appleton CC,

541 Raymond M, Cowlishaw G. From parasite encounter to infection: Multiple-scale drivers
542 of parasite richness in a wild social primate population. Am J Phys Anthropol 2012,
543 147(1):52-63.

544  23.  Bordes F, Morand S, Kelt DA, Van Vuren DH. Home range and parasite diversity in

545 mammals. The American Naturalist 2009, 173(4):467-474.

546  24. Vitone ND, Altizer S, Nunn CL. Body size, diet and sociality influence the species

547 richness of parasitic worms in anthropoid primates. Evol Ecol Res 2004, 6(2):183-199.

548 25.  Price PW, Clancy KM. Patterns in number of helminth parasite species in freshwater

549 fishes. The Journal of Parasitology 1983:449-454.

550  26. Gregory R. Parasites and host geographic range as illustrated by waterfowl. Funct Ecol

551 1990:645-654.

552 27. Carver S, Bevins SN, Lappin MR, Boydston EE, Lyren LM, Alldredge M, Logan KA,

30



553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

28.

29.

30.

31.

32.

33.

Sweanor LL, Riley SP, Serieys LE. Pathogen exposure varies widely among sympatric

populations of wild and domestic felids across the United States. Ecol Appl 2016,

26(2):367-381.

Ezenwa VO. Host social behavior and parasitic infection: a multifactorial approach.

Behav Ecol 2004, 15(3):446-454.

WHO. Anthrax in humans and animals: World Health Organization; 2008.

Turner WC, Kausrud KL, Beyer W, Easterday WR, Barandongo ZR, Blaschke E, Cloete

CC, Lazak J, Van Ert MN, Ganz HH et al. Lethal exposure: An integrated approach to

pathogen transmission via environmental reservoirs. Sci Rep 2016, 6:27311.

Barandongo ZR, Dolfi AC, Bruce SA, Rysava K, Huang Y-H, Joel H, Hassim A, Kamath

PL, van Heerden H, Turner WC. The persistence of time: the lifespan of Bacillus

anthracis spores in environmental reservoirs. Res Microbiol 2023:104029.

Basson L, Hassim A, Dekker A, Gilbert A, Beyer W, Rossouw J, Van Heerden H.

Blowflies as vectors of Bacillus anthracis in the Kruger National Park. Koedoe 2018,

60(1):6.

Blackburn JK, Curtis A, Hadfield TL, O'Shea B, Mitchell MA, Hugh-Jones ME.

Confirmation of Bacillus anthracis from flesh-eating flies collected during a West Texas

anthrax season. J Wildl Dis 2010, 46(3):918-922.

31



571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

34.

35.

36.

37.

38.

39.

40.

Hugh-Jones ME, de Vos V. Anthrax and wildlife. Revue scientifique et technique

(International Office of Epizootics) 2002, 21(2):359-383.

Huang Y-H, Kausrud K, Hassim A, Ochai SO, van Schalkwyk OL, Dekker EH,

Buyantuev A, Cloete CC, Kilian JW, Mfune JKE et al. Environmental drivers of

biseasonal anthrax outbreak dynamics in two multihost savanna systems. Ecol Monogr

2022, 92(4):¢1526.

Hampson K, Lembo T, Bessell P, Auty H, Packer C, Halliday J, Beesley CA, Fyumagwa

R, Hoare R, Ernest E et al. Predictability of anthrax infection in the Serengeti, Tanzania.

The Journal of applied ecology 2011, 48(6):1333-1344.

Blackburn JK, Goodin DG. Differentiation of springtime vegetation indices associated

with summer anthrax epizootics in west Texas, USA, deer. J Wildl Dis 2013, 49(3):699-

703.

Purdon A, Van Aarde R. Water provisioning in Kruger National Park alters elephant

spatial utilisation patterns. J Arid Environ 2017, 141:45-51.

De Beer Y, Kilian W, Versfeld W, Van Aarde RJ. Elephants and low rainfall alter woody

vegetation in Etosha National Park, Namibia. J Arid Environ 2006, 64(3):412-421.

Turner WC, Kausrud KL, Krishnappa YS, Cromsigt JPGM, Ganz HH, Mapaure I, Cloete

CC, Havarua Z, Kiisters M, Getz WM et al. Fatal attraction: vegetation responses to

32



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

41.

42.

43.

44.

45.

46.

nutrient inputs attract herbivores to infectious anthrax carcass sites. Proceedings of the

Royal Society B: Biological Sciences 2014, 281(1795).

Turner WC, Imologhome P, Havarua Z, Kaaya GP, Mfune JKE, Mpofu IDT, Getz WM.

Soil ingestion, nutrition and the seasonality of anthrax in herbivores of Etosha National

Park. Ecosphere 2013, 4(1):1-19.

Havarua Z, Turner WC, Mfune JKE. Seasonal variation in foraging behaviour of plains

zebra (Equus quagga) may alter contact with the anthrax bacterium (Bacillus anthracis).

Can J Zool 2014, 92(4):331-337.

Getz WM. Biomass transformation webs provide a unified approach to consumer—

resource modelling. Ecol Lett 2011, 14(2):113-124.

de Vos V. The ecology of anthrax in the Kruger National Park, South Africa. Proceedings

of the International Workshop on Anthrax: Winchester, England, April 11-13, 1989 1990,

68:19-23.

Forde TL, Dennis TPW, Aminu OR, Harvey WT, Hassim A, Kiwelu I, Medvecky M,

Mshanga D, Van Heerden H, Vogel A et al. Population genomics of Bacillus anthracis

from an anthrax hyperendemic area reveals transmission processes across spatial scales

and unexpected within-host diversity. Microbial Genomics 2022, 8(2).

Ochai SO, Crafford JE, Hassim A, Byaruhanga C, Huang Y-H, Hartmann A, Dekker EH,

33



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

47.

48.

49.

50.

51.

52.

van Schalkwyk OL, Kamath PL, Turner WC et al. Immunological Evidence of Variation

in Exposure and Immune Response to Bacillus anthracis in Herbivores of Kruger and

Etosha National Parks. Front Immunol 2022, 13.

Cizauskas CA, Bellan SE, Turner WC, Vance RE, Getz WM. Frequent and seasonally

variable sublethal anthrax infections are accompanied by short-lived immunity in an

endemic system. J Anim Ecol 2014, 83(5):1078-1090.

Beninca E, Hagenaars T, Boender GJ, van de Kassteele J, van Boven M. Trade-off

between local transmission and long-range dispersal drives infectious disease outbreak

size in spatially structured populations. PLoS Comp Biol 2020, 16(7):e1008009.

Poletto C, Tizzoni M, Colizza V. Human mobility and time spent at destination: Impact

on spatial epidemic spreading. J Theor Biol 2013, 338:41-58.

Stears K, Schmitt MH, Turner WC, McCauley DJ, Muse EA, Kiwango H, Mathayo D,

Mutayoba BM. Hippopotamus movements structure the spatiotemporal dynamics of an

active anthrax outbreak. Ecosphere 2021, 12(6):e03540.

Getz WM, Fortmann-Roe S, Cross PC, Lyons AJ, Ryan SJ, Wilmers CC. LoCoH:

nonparameteric kernel methods for constructing home ranges and utilization

distributions. PLoS One 2007, 2(2):e207.

Getz WM, Wilmers CC. A local nearest-neighbor convex-hull construction of home

34



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

53.

54.

55.

56.

57.

58.

59.

60.

ranges and utilization distributions. Ecography 2004, 27(4):489-505.

Turner WC, Périquet S, Goelst CE, Vera KB, Cameron EZ, Alexander KA, Belant JL,

Cloete CC, Du Preez P, Getz WM. Africa’s drylands in a changing world: Challenges for

wildlife conservation under climate and land-use changes in the Greater Etosha

Landscape. Global Ecology and Conservation 2022:¢02221.

Engert S. Spatial variability and temporal periodicity of rainfall in the Etosha National

Park and surrounding areas in northern Namibia. Madoqua 1997, 1997(1):115-120.

Auer C. Chemical quality of water at waterholes in the Etosha National Park. Madoqua

1997, 20(1):121-128.

Gertenbach WD. Landscapes of the Kruger national park. Koedoe 1983, 26(1):9-121.

Venter F, Gertenbach W. A cursory review of the climate and vegetation of the Kruger

National Park. Koedoe 1986, 29(1):139-148.

Gaylard A, Owen-Smith N, Redfern J. Surface water availability: implications for

heterogeneity and ecosystem processes: Island Press, Washington; 2003.

Owen-Smith N. Daily movement responses by African savanna ungulates as an indicator

of seasonal and annual food stress. Wildl Res 2013, 40(3):232-240.

Zambatis N, Biggs H. Rainfall and temperatures during the 1991/92 drought in the

Kruger National Park. Koedoe 1995, 38(1):1-16.

35



643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

61.

62.

63.

64.

65.

66.

67.

Easterday WR, Ponciano JM, Gomez JP, Van Ert MN, Hadfield T, Bagamian K,

Blackburn JK, Stenseth NC, Turner WC. Coalescence modeling of intrainfection Bacillus

anthracis populations allows estimation of infection parameters in wild populations. Proc

Natl Acad Sci U S A 2020, 117(8):4273-4280.

Bunnefeld N, Borger L, van Moorter B, Rolandsen CM, Dettki H, Solberg EJ, Ericsson

G. A model-driven approach to quantify migration patterns: individual, regional and

yearly differences. J Anim Ecol 2011, 80(2):466-476.

Singh NJ, Borger L, Dettki H, Bunnefeld N, Ericsson G. From migration to nomadism:

movement variability in a northern ungulate across its latitudinal range. Ecol Appl 2012,

22(7):2007-2020.

Fieberg J, Kochanny CO. Quantifying home-range overlap: The importance of the

utilization distribution. The Journal of Wildlife Management 2005, 69(4):1346-1359.

R Core Team. R: a language and environment for statistical computing. In: R Core Team.

Vienna, Austria: R Foundation for Statistical Computing; 2022.

Signer J, Fieberg J, Avgar T. Animal movement tools (amt): R package for managing

tracking data and conducting habitat selection analyses. Ecol Evol 2019, 9(2):880-890.

Busetto L, Ranghetti L. MODIStsp: An R package for automatic preprocessing of

MODIS Land Products time series. Comput Geosci 2016, 97:40-48.

36



661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

68.

69.

70.

71.

72.

73.

74.

75.

76.

Hijmans RJ. raster: geographic data analysis and modeling. In: R package version 35-2.

2021.

Baston D. exactextractr: Fast extraction from raster datasets using polygons. In: R

package version 082. 2022.

Bivand RS, Pebesma E, Gomez-Rubio V. Applied spatial data analysis with R, 2nd edn.:

Springer, NY; 2013.

Pebesma E, Bivand RS. Classes and methods for spatial data in R. R News 2005, 5:9-13.

Pebesma E, Bivand RS. Simple features for R: standardized support for spatial vector

data. R J 2018, 10:439-446.

Venesky MD, Raffel TR, McMahon TA, Rohr JR. Confronting inconsistencies in the

amphibian-chytridiomycosis system: Implications for disease management. Biological

Reviews 2014, 89(2):477-483.

de Vos V, Bryden H. Anthrax in the Kruger National Park: temporal and spatial patterns

of disease occurrence. Salisbury Med Bull 1996, 87:26-31.

Dragon DC, Rennie RP. The ecology of anthrax spores: tough but not invincible. The

Canadian veterinary journal = La revue veterinaire canadienne 1995, 36(5):295-301.

Steenkamp PJ, van Heerden H, van Schalkwyk OL. Ecological suitability modeling for

anthrax in the Kruger National Park, South Africa. PLoS One 2018, 13(1):e0191704.

37



679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

77.

78.

79.

80.

81.

82.

83.

84.

Hugh-Jones M, Blackburn J. The ecology of Bacillus anthracis. Mol Aspects Med 2009,

30(6):356-367.

Turner WC, Kamath PL, van Heerden H, Huang Y-H, Barandongo ZR, Bruce SA,

Kausrud K. The roles of environmental variation and parasite survival in virulence-

transmission relationships. Royal Society Open Science 2021, 8(6):210088.

Cizauskas CA, Turner WC, Wagner B, Kusters M, Vance RE, Getz WM. Gastrointestinal

helminths may affect host susceptibility to anthrax through seasonal immune trade-offs.

BMC Ecol 2014, 14:27.

Dougherty ER, Carlson CJ, Blackburn JK, Getz WM. A cross-validation-based approach

for delimiting reliable home range estimates. Movement ecology 2017, 5(1):19.

Lyons AJ, Turner WC, Getz WM. Home range plus: a space-time characterization of

movement over real landscapes. Movement Ecology 2013, 1(1):2.

Zidon R, Garti S, Getz WM, Saltz D. Zebra migration strategies and anthrax in Etosha

National Park, Namibia. Ecosphere 2017, 8(8).

Luisa Vissat L, Blackburn JK, Getz WM. A relative-motion method for parsing

spatiotemporal behaviour of dyads using GPS relocation data. Methods Ecol Evol 2021,

12(11):2256-2271.

Tsalyuk M, Kilian W, Reineking B, Getz WM. Temporal variation in resource selection

38



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

85.

86.

87.

88.

&9.

90.

of African elephants follows long-term variability in resource availability. Ecol Monogr

2019, 89(2):e01348.

Traill LW, Martin J, Owen-Smith N. Lion proximity, not moon phase, affects the

nocturnal movement behaviour of zebra and wildebeest. J Zool 2016, 299(3):221-227.

Yoganand K, Owen-Smith N. Restricted habitat use by an African savanna herbivore

through the seasonal cycle: key resources concept expanded. Ecography 2014,

37(10):969-982.

Martin J, Benhamou S, Yoganand K, Owen-Smith N. Coping with spatial heterogeneity

and temporal variability in resources and risks: adaptive movement behaviour by a large

grazing herbivore. PLoS One 2015, 10(2):e0118461.

Owen-Smith N, Martin J, Yoganand K. Spatially nested niche partitioning between

syntopic grazers at foraging arena scale within overlapping home ranges. Ecosphere

2015, 6(9):art152.

Macandza VA, Owen-Smith N, Cain III JW. Habitat and resource partitioning between

abundant and relatively rare grazing ungulates. J Zool 2012, 287(3):175-185.

Owen-Smith N, Goodall V, Fatti P. Applying mixture models to derive activity states of

large herbivores from movement rates obtained using GPS telemetry. Wildl Res 2012,

39(5):452-462.

39



715

716

717

718

719

720

91.

92.

Cain III JW, Owen-Smith N, Macandza VA. The costs of drinking: comparative water

dependency of sable antelope and zebra. J Zool 2012, 286(1):58-67.

Cook RM, Parrini F, Henley MD. Elephant movement patterns in relation to human

inhabitants in and around the Great Limpopo Transfrontier Park. Koedoe: African

Protected Area Conservation and Science 2015, 57(1):1-7.

40



721

722

723

724

725

726

727

728

729

Tables

Table 1. Opportunistically observed species contributions to anthrax cases and species main anthrax seasons in Etosha National Park,

Namibia and Kruger National Park, South Africa for study species. Anthrax mortality from central Etosha 1976 — 2014 and northern

Kruger 1990 — 2015 were retrieved from published data used in Huang et al. [35]. Because host compositions in Kruger varied

temporally, this table shows the species contributions for the entire period and the period with a recent outbreak (2010 — 2015).

Species contributions are likely biased against smaller species, and these species are ordered based on increasing body mass

(Additional file 2: Table S5). Though wildebeest may be affected by anthrax in Kruger, they are rarely present at the highest incidence

region in the park (Pafuri).

contribution to anthrax

contribution to anthrax

contribution to anthrax

species cases in Etosha 1976 —  cases in Kruger 1990 —  cases in Kruger 2010 — anthrax
2014 (%) 2015 (%) 2015 (%) season
springbok (Antidorcas marsupialis) 17.3 not applicable not applicable wet
impala (Aepyceros melampus) <3.0 22.4 52.2 wet
greater kudu (Tragelaphus strepsiceros) <3.0 36.6 13.1 late dry
blue wildebeest (Connochaetes taurinus) 15.5 <4.0 <4.0 wet
plains zebra (Equus quagga) 54.4 2.9 5.2 wet
African buffalo (Syncerus caffer) not applicable 23.4 11.0 late dry
African elephant (Loxodonta africana) 9.8 1.8 4.5 late dry
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Table 2. Summary of numbers of individuals and tracking periods of herbivorous anthrax host species in Etosha National Park,

Namibia and Kruger National Park, South Africa.

. number of  number of . .
species males females tracking period reference

Etosha National Park

springbok (Antidorcas marsupialis) 7 5 August 2009 — December 2010 [80, 81]

greater kudu (7Tragelaphus strepsiceros) 0 10 July 2019 — November 2020 this study

blue wildebeest (Connochaetes taurinus) 18 16 July 2018 — October 2020 this study

. April 2009 — December 2010 (9 individuals);

plains zebra (Equus quagga) 13 24 August 2018 — October 2020 (28 individuals) L+ 8%

African elephant (Loxodonta africana) 12 22 November 2008 — March 2015 [83, 84]
Kruger National Park

impala (Aepyceros melampus) 13 10 October 2018 — April 2020 this study

greater kudu (7Tragelaphus strepsiceros) 12 15 October 2018 — September 2020 this study

blue wildebeest (Connochaetes taurinus) 0 10 April 2009 — March 2012 [85-88]

African buffalo (Syncerus caffer) 0 9 June 2005 — April 2013 [89, 90]

plains zebra (Equus quagga) 0 9 May 2006 — March 2012 [85,88-91]

African elephant (Loxodonta africana) 6 6 July 2009 — November 2017 [92]

42



733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

Figures

Figure 1. The study areas Etosha National Park, Namibia and Kruger National Park, South

Africa in southern Africa. Animal silhouettes represent study species in the parks, including

springbok (Antidorcas marsupialis) in Etosha, impala (4depyceros melampus) and African buffalo

(Syncerus caffer) in Kruger, and greater kudu (7ragelaphus strepsiceros), blue wildebeest

(Connochaetes taurinus), plains zebra (Equus quagga) and African elephant (Loxodonta

africana) in both parks, with buffalo absent in Etosha and springbok in Kruger. Wildebeest is

more rarely found in far north of Kruger, and we did not have movement data on impala in

Etosha. Host species comprising > 12% of cases in each park (1976 — 2014 for Etosha and 2010

— 2015 for Kruger) are in black; between 12% and 4% are in dark grey; and < 4% are in light

grey. The grey areas in Etosha and blue lines in Kruger are salt pans and perennial rivers,

respectively which are potential boundaries for animal movements. The scale bar is related to the

maps of both parks. The numbers framing southern Africa indicate degrees of latitude and

longitude.

Figure 2. Herbivore range size in Etosha National Park, Namibia and Kruger National Park,

South Africa in different temporal scales and seasons, including a) bimonthly, monthly and

seasonal scales, and b) early-dry, late-dry and wet seasons. Range size was calculated with 95%

range with a-LoCoH (adaptive local convex hull [51]). One data point at bimonthly scale and

43



751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

one at monthly scale from the same female kudu in Kruger were removed from the figure due to
very small values (< 0.1 km?) for better visualization. Y-axes are log-transformed to better show
the differences, and species are ordered along the x-axis based on increasing body mass. Sex of
individuals is color-coded.

Figure 3. Average proportion of overlap of 95% range from one month to the next for individual
herbivores in Etosha National Park, Namibia and Kruger National Park, South Africa. Species
are ordered along the x-axis based on increasing body mass, and sex of individuals is color-
coded.

Figure 4. The scatterplots with anthrax outbreak patterns and host space use, including a)
species contributions to anthrax cases against median monthly range size and b) species
contributions to anthrax cases against monthly within-individual range overlap. Case
contributions were retrieved from central Etosha National Park, Namibia 1976 — 2014 and
northern Kruger National Park, South Africa 2010 — 2015 (Table 1). Because anthrax cases were
barely found for kudu in Etosha and wildebeest in Kruger, their case contributions were set to
zero in the calculations. X-axes of plot a is log transformed; and y-axes of plot a and b are
square root transformed.

Figure 5. Spatial extent of annual anthrax mortalities in Etosha National Park, Namibia and
Kruger National Park, South Africa, including 50% and 95% ranges, calculated with a-LoCoH
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(adaptive local convex hull ). Each point is one year from Etosha 1996 — 2014 and Kruger 1990

— 2015, with years with fewer than 10 cases removed. The y-axis is square root transformed.

Figure 6. Correlations between spatial extent of annual anthrax mortality (50% and 95% ranges)

and tested variables, including outbreak size, number of species in the outbreak, and number of

cases for common host species (Table 1), for a) Etosha National Park, Namibia and b) Kruger

National Park, South Africa. The coefficients and R-squared values were calculated by linear

regressions, with one variable in a regression. The circles are means of the coefficients; the

ranges are 95% confidence intervals.
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Supplementary Methods

Any use of trade, firm, or product names is for descriptive purposes only and does not imply

endorsement by the U.S. Government.

Net squared displacement

We calculated net squared displacement (NSD) time-series to evaluate whether large space

use was linked with long travel distance (i.e., our NSD measure), using data of individuals with

more than three-season data for springbok (Antidorcas marsupialis), greater kudu (Tragelaphus

strepsiceros), blue wildebeest (Connochaetes taurinus), plains zebra (Equus quagga) and African

elephant (Loxodonta africana) in Etosha National Park, Namibia, and impala (4epyceros

melampus), kudu, wildebeest, zebra, African buffalo (Syncerus caffer) and elephant in Kruger

National Park, South Africa. Preparation of the movement dataset can be seen in the Methods

section. The calculation of NSD time-series was squared distances based on the comparisons

between the relocations and the first data point of each individual. NSD was calculated using R

package amt (Signer et al. 2019).

Based on NSD time-series and maximal NSD values, for species tracked in both parks,

individuals in Etosha generally had larger NSD than in Kruger, which was congruent with the

patterns in range sizes (Additional file 3: Figure S4). Springbok in Etosha also had large NSD,

while impala in Kruger had small NSD, and magnitude of NSD of buffalo was between the two

species (Additional file 3: Figure S4).
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Species differences in range size and resource availability

We evaluated whether range sizes varied with resource availability using a remotely sensed

index of vegetation greenness and biomass, Normalized Difference Vegetation Index (NDVI), to

assess resource availability. This index is used widely for spatiotemporal dynamics of

photosynthetically absorbed radiation and allows an estimation of greenness or the amount of

chlorophyll in vegetation cover (Tucker et al. 1985, Du Plessis 1999). NDVI is broadly useful at

showing resource productivity, despite not reflecting the range of forage availability such as the

herbaceous layer beneath tree cover reflected in woodlands, and brown foliage herbivores may

consume (Treydte et al. 2013). We extracted NDVI from Moderate Resolution Imaging

Spectroradiometer (Terra MODIS; MOD13Q1) with spatial and temporal resolution as 250 x 250

m and 16 days starting at the first day of each year (Didan 2015). We extracted NDVI values in

seasonal 95% ranges for each individual, and calculated an average NDVI value for each

individual by season.

We tested whether range size variation between the two parks could be described by species

identity and resource availability by fitting seasonal range area to a log-linked gamma

generalized linear mixed model (GLMM)), including individuals with at least three seasons of

data. The fixed effect predictors in the model included species and the interaction between

species and Normalized Difference Vegetation Index (NDVI; a remote-sensing index of
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vegetation greenness or biomass), with individual and season as random variables (N = 109
individuals and 556 individual-seasons). The random variable season had three categories (wet,
early-dry and late-dry). Here we included season as a random effect and not as a fixed effect for
several reasons: our goal was not to detect seasonal differences, species data were not collected
in the same years adding interannual noise to a seasonal comparison, and seasonal variation is
captured within NDVI, a variable we were interested in as a fixed effect. The GLMM is shown
with the following equations:

Area;;; = Gamma(usk,7), (1)

log(,ul-jk) = fo + B1 X species;s, + [ X species;g X NDVI;g
+ individual, + seasony +¢,, (2)

where Gamma is the gamma distribution with mean u;s and dispersion parameter z. The
coefficient fy is the intercept, f1 is the coefficient for the fixed effect of species, and f> is the
coefficient for the interaction between species and NDVI (different species could have different
coefficients for NDVI). In addition, individual; and season, are random intercepts for different
individuals and seasons, respectively, with residual ¢. Herbivore range sizes and coefficients of
the GLMM were compared with body size and feeding strategies.

We evaluated whether range size or effect of NDVI on range size varied with body mass or
feeding habits of the species. We retrieved NDVI effects (coefficients) on range size from the
generalized linear mixed model, and predicted range size for the seven species using the medians
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of NDVI values from Etosha and Kruger and compared the effects and predicted range with body

mass and diet selection (percentage of C4 in diet). Data on body mass and feeding habits were

retrieved from literature (Cumming and Cumming 2003, Sponheimer et al. 2003, Codron et al.

2006, Codron et al. 2007; Additional file 2: Table S6). We performed the gamma GLMM using

package glmmTMB (Brooks et al. 2017), estimated predictions using package ggeffects

(Liidecke 2018), and tested variations in residuals and ensured that assumptions of the GLMM

were not violated using simulated residuals generated by package DHARMa (Hartig 2021).

Herbivore ranges were located in areas with higher NDVI in Kruger than in Etosha

(Additional file 3: Figure S5). In Etosha, herbivores selecting woodland habitats (i.e., kudu and

elephant) used ranges with higher NDVI than the other species (Additional file 3: Figure S5). In

Kruger, a relationship between NDVI and habitat preference among species was not apparent,

but elephant and buffalo utilized ranges with higher NDVI than the other species (Additional file

3: Figure S5).

Range size was negatively associated with NDVT for kudu, wildebeest, zebra and buftalo,

with animals using greener habitats having smaller ranges, but no significant correlation was

detected for springbok, impala or elephant (gamma GLMM; Additional file 2: Table S4;

Additional file 3: Figure S6). The largest effect of NDVI on space use was observed for

wildebeest, with a strong negative effect of NDVI on range size (Additional file 3: Figure S6).
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The residuals of the GLMM did not show heterogeneity in variation between the two parks
(Levene’s test: p > 0.05; Additional file 3: Figure S10), indicating that habitat differences
captured by NDVI may in part explain differences in range size between the two ecosystems.
We found that body size was positively correlated with the GLMM predicted range size,
using medians of NDVI estimates from herbivore ranges in Etosha (0.259) and Kruger (0.439)
(Additional file 3: Figure S7a). Springbok was an exception which had large ranges while having
the smallest body size (Additional file 3: Figure S7a). Excluding springbok, range size and body
mass were correlated (both variables were log-transformed; N = 6 species; NDVI from Etosha:
95% CI of the linear regression slope: 0.25-2.45, R*: 0.68; NDVI from Kruger: 95% CI of the
slope: 0.49-2.56, R?: 0.76). However, the effects of NDVI on range size was not modulated by
body mass (Additional file 3: Figure S8a). While no pattern was detected between range sizes
and C4 percentages in diets (Additional file 3: Figure S7b), feeding habits alter the relationship
between NDVI and range size (Additional file 3: Figure S8b). Species which tend to graze or
browse had negative effects of NDVI on range sizes, while there was no significant effect for
mixed-feeders (Additional file 3: Figure S8b)
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Supplementary Tables

Table S1. Descriptive statistics of herbivore range sizes at three temporal scales in Etosha
National Park, Namibia and Kruger National Park, South Africa for potential anthrax host
species, including springbok (Antidorcas marsupialis), impala (Aepyceros melampus), greater
kudu (Tragelaphus strepsiceros), blue wildebeest (Connochaetes taurinus), plains zebra (Equus
quagga), African buffalo (Syncerus caffer) and African elephant (Loxodonta africana). The units

for range sizes are km?.

. number of . . . standard interquartile
species e mean median minimum maximum L
individuals deviation range
bimonthly interval in Etosha National Park
springbok 12 21.0 22.7 2.5 48.1 13.0 17.6
kudu 10 6.3 5.7 3.0 10.9 2.2 1.8
wildebeest 34 19.2 16.6 3.8 37.8 9.8 17.0
zebra 37 72.2 64.6 25.1 306.5 44.8 39.7
elephant 34 81.8 71.8 19.1 161.0 37.7 49.3
bimonthly interval in Kruger National Park
impala 23 1.5 0.7 0.3 6.3 1.7 1.1
kudu 27 2.9 1.8 0.0 19.9 3.8 1.9
wildebeest 10 1.7 1.5 0.5 4.3 1.1 0.8
zebra 9 9.2 8.3 5.5 18.5 4.0 2.5
buffalo 9 23.3 21.3 17.3 32.8 5.4 3.9
elephant 12 48.1 47.6 20.4 90.2 22.5 32.0
monthly interval in Etosha National Park
springbok 12 34.5 45.2 1.2 60.4 23.5 40.6
kudu 10 9.9 10.5 4.5 14.4 2.9 3.1
wildebeest 34 35.6 293 6.5 101.2 20.9 30.2
zebra 37 131.1 1283 36.8 284.1 54.2 68.7
elephant 34 159.7 1293 33.9 325.3 79.2 99.4
monthly interval in Kruger National Park

impala 22 2.1 1.1 0.4 12.0 2.6 1.4
kudu 26 4.5 2.7 0.0 36.0 6.8 23
wildebeest 10 2.5 2.2 0.7 6.5 1.7 1.4
zebra 9 15.9 14.2 10.2 32.0 6.9 5.7
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buffalo 9 46.0 40.3 31.2 76.6 16.1 8.8
elephant 12 99.0 95.2 37.2 218.0 52.6 61.3
seasonal interval in Etosha National Park
springbok 11 140.0 164.3 1.9 244.6 90.3 151.5
kudu 6 17.7 16.1 11.7 26.7 52 3.5
wildebeest 30 109.4 87.2 19.8 232.1 64.8 109.0
zebra 28 3754 3308 89.6 874.3 189.3 210.0
elephant 34 507.3 4129 87.8 1457.2 299.7 410.0
seasonal interval in Kruger National Park
impala 21 4.5 2.2 0.5 20.0 53 3.5
kudu 21 11.2 4.8 1.1 119.4 25.2 4.4
wildebeest 8 6.3 5.0 1.4 14.3 4.4 2.9
zebra 8 42.6 40.3 19.3 83.3 20.4 18.7
buffalo 7 95.7 90.5 69.5 129.0 18.4 13.6
elephant 12 3420 288.0 107.2 1042.8 268.5 234.5
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Table S2. Descriptive statistics of herbivore average seasonal range sizes in Etosha National

Park, Namibia and Kruger National Park, South Africa for potential anthrax host species,

including springbok (Antidorcas marsupialis), impala (Aepyceros melampus), greater kudu

(Tragelaphus strepsiceros), blue wildebeest (Connochaetes taurinus), plains zebra (Equus

quagga), African buffalo (Syncerus caffer) and African elephant (Loxodonta africana). The units

for range sizes are km?.

. number of . . . standard interquartile
species o mean median  minimum maximum L
individuals deviation range

Etosha National Park

early-dry (dry) season
springbok 2 63.2 63.2 14.0 112.3 69.5 49.1
kudu 3 15.1 15.9 13.2 16.2 1.6 1.5
wildebeest 15 31.2 22.4 11.1 89.3 24.7 16.3
zebra 18 241.5 174.2 72.3 584.5 163.9 238.0
elephant 32 327.4 268.2 35.8 1653.1 293.4 298.6

late-dry (semi-dry) season
springbok 11 121.2 150.3 1.9 218.4 77.2 122.4
kudu 4 239 20.1 19.6 36.0 8.1 4.2
wildebeest 24 153.9 106.9 25.6 372.0 116.0 223.6
zebra 23 397.8 324.3 89.6 874.3 225.1 324.2
elephant 31 458.0 397.6 40.1 1209.0 292.4 406.1
wet season

springbok 9 192.5 211.1 15.8 359.3 121.0 174.9
kudu 4 13.7 13.4 10.8 17.4 3.1 4.2
wildebeest 29 98.5 83.3 10.5 301.2 73.2 95.5
zebra 20 468.7 466.6 132.5 1334.1 252.8 214.8
elephant 33 679.3 589.4 134.3 2820.8 530.7 637.7

Kruger National Park

early-dry season

impala 16 3.6 1.9 0.7 14.2 4.0 3.0
kudu 21 11.6 53 0.8 119.4 25.5 4.1
wildebeest 8 3.1 1.9 0.9 11.4 3.4 1.0
zebra 6 47.4 48.4 28.3 64.7 14.1 20.1
buffalo 5 99.1 90.5 83.5 127.9 18.3 18.7
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elephant 10 153.1 158.7 63.8 270.1 70.2 98.0
late-dry season
impala 14 6.4 1.7 0.2 40.0 11.0 4.8
kudu 11 5.2 5.9 0.8 8.7 2.6 2.9
wildebeest 6 14.4 10.7 8.6 25.5 7.4 10.2
zebra 8 49.9 40.7 21.2 98.4 23.8 223
buffalo 4 134.8 130.1 111.6 167.3 26.3 36.0
elephant 11 250.6 178.6 63.7 701.2 200.6 252.1
wet season
impala 17 3.6 2.1 0.5 15.0 4.1 1.9
kudu 16 6.0 4.4 1.1 17.4 52 5.2
wildebeest 8 3.4 2.6 0.8 9.4 2.8 2.7
zebra 7 353 25.3 7.5 86.7 26.8 22.6
buffalo 5 73.9 69.5 50.8 91.3 17.1 23.2
elephant 12 509.8 400.9 146.2 1384.5 368.3 336.1
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Table S3. Herbivore average daily displacement in the morning, afternoon and night in Etosha

National Park, Namibia and Kruger National Park, South Africa for potential anthrax host

species, including springbok (Antidorcas marsupialis), impala (Aepyceros melampus), greater

kudu (Tragelaphus strepsiceros), blue wildebeest (Connochaetes taurinus), plains zebra (Equus

quagga), African buffalo (Syncerus caffer) and African elephant (Loxodonta africana). The units

for displacement are km.

species morning displacement afternoon displacement night displacement
Etosha National Park
springbok 2.47 2.25 2.69
kudu 2.95 2.66 1.80
wildebeest 3.37 3.64 2.63
zebra 5.63 5.98 4.93
elephant 5.20 5.53 5.33
Kruger National Park
impala 0.78 0.82 0.65
kudu 1.13 1.17 0.92
wildebeest 1.11 1.12 0.87
zebra 2.30 2.21 1.77
buffalo 2.99 3.00 2.73
elephant 3.88 3.96 4.03
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Table S4. Estimated coefficients for fixed effect variables in the gamma generalized linear mixed

model, for evaluating the relationships between herbivore range size and vegetation biomass

(reflected by NDVI; Normalized Difference Vegetation Index; a remote-sensing index of

vegetation greenness or biomass) in Etosha National Park, Namibia and Kruger National Park,

South Africa (Additional file 1: Supplementary Methods). The herbivore species included

springbok (Antidorcas marsupialis), impala (Adepyceros melampus), greater kudu (Tragelaphus

strepsiceros), blue wildebeest (Connochaetes taurinus), plains zebra (Equus quagga), African

buffalo (Syncerus caffer) and African elephant (Loxodonta africana). The table shows mean

coefficients and lower and upper bounds of 95% confidence intervals.

mean lower bound upper bound
intercept (springbok as the base)
overall 4.41 2.42 6.40
impala -2.31 -4.66 0.04
kudu -1.05 -3.19 1.08
wildebeest 1.06 -0.92 3.05
zebra 2.08 0.08 4.07
buffalo 2.00 -0.36 4.36
elephant 1.74 -0.22 3.69
coefficient for NDVI
springbok 2.49 -5.03 10.01
Impala -3.00 -6.38 0.39
kudu -4.29 -6.70 -1.89
wildebeest -7.68 -9.16 -6.20
zebra -3.90 -5.55 -2.24
buffalo -3.67 -6.25 -1.09
elephant -0.83 -1.90 0.23
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Table S5. Estimated slopes of linear regressions for evaluating the relationships between

herbivore range size (square root transformed) or overlap and species contributions to anthrax

cases (Table 1) in Etosha National Park, Namibia and Kruger National Park, South Africa.

Because anthrax cases were barely found for kudu in Etosha and wildebeest in Kruger, their case

contributions were set to zero in the calculations. The table shows mean slopes, lower and upper

bounds of slope 95% confidence intervals and R-squared values.

park predictor mean lower bound upper bound R-squared
Etosha range size 3.59 -4.55 11.73 0.40
Kruger range size -2.27 -9.30 4.77 0.17
Etosha overlap -65.03 -484.25 354.18 0.08
Kruger overlap 115.47 -83.36 314.30 0.39
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Table S6. Estimated slopes of linear regressions for evaluating the relationships between anthrax
outbreak spatial extent and number of total cases, number of species involved and number of
cases in common host species in Etosha National Park, Namibia and Kruger National Park,
South Africa. The table shows mean slopes and lower and upper bounds of 95% confidence
intervals. The herbivore species included springbok (Antidorcas marsupialis), impala (4depyceros
melampus), greater kudu (Tragelaphus strepsiceros), blue wildebeest (Connochaetes taurinus),
plains zebra (Equus quagga), African buffalo (Syncerus caffer) and African elephant (Loxodonta
africana). The table shows mean coefficients, lower and upper bounds of slope 95% confidence

intervals and R-squared values.

mean lower bound upper bound R-squared
50% spatial extent

Etosha National Park
number of total cases -0.02 -0.12 0.07 0.18
number of species 3.78 1.37 6.20 0.45
number of springbok cases -0.19 -0.93 0.55 0.02
number of wildebeest cases 0.09 -0.40 0.59 0.01
number of zebra cases -0.04 -0.16 0.07 0.04
number of elephant cases 3.04 0.80 5.28 0.38

Kruger National Park
number of total cases 0.02 0.01 0.04 0.46
number of species 1.81 0.73 2.89 0.55
number of impala cases -0.03 -0.13 0.07 0.03
number of kudu cases 0.05 0.02 0.08 0.50
number of zebra cases 0.29 -0.40 0.97 0.07
number of buffalo cases 0.08 0.03 0.12 0.58
number of elephant cases 1.96 0.37 3.55 0.40

95% spatial extent

Etosha National Park
number of total cases 0.08 -0.13 0.29 0.05
number of species 8.71 3.81 13.61 0.51
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number of springbok cases 0.66 -0.91 2.23 0.05
number of wildebeest cases 1.08 0.20 1.96 0.33
number of zebra cases 0.02 -0.24 0.27 0.00
number of elephant cases 6.42 1.52 11.31 0.36
Kruger National Park
number of total cases 0.04 0.01 0.07 0.45
number of species 3.65 1.97 5.34 0.67
number of impala cases -0.04 -0.23 0.14 0.03
number of kudu cases 0.09 0.03 0.14 0.49
number of zebra cases 0.39 -0.88 1.66 0.04
number of buffalo cases 0.14 0.05 0.22 0.55
number of elephant cases 3.41 0.43 6.40 0.37
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Table S7. Estimates of mean adult female body mass and percentages of C4 in diets in Etosha

National Park, Namibia and Kruger National Park, South Africa for study species retrieved from

literature.
Species ari‘;gsf(elfg}f C4 in diet (%)"
springbok (Antidorcas marsupialis) 39 23
impala (depyceros melampus) 60 60
greater kudu (Tragelaphus strepsiceros) 160 7
blue wildebeest (Connochaetes taurinus) 180 90
African buffalo (Syncerus caffer) 450 88
plains zebra (Equus quagga) 302 92
African elephant (Loxodonta africana) 2275 30

*Adult female body mass data were retrieved from Cumming and Cumming (2003).
#C4 percentages in diet were retrieved from Sponheimer et al. (2003) for springbok, Codron et al.
(2007) for impala, wildebeest, kudu, zebra and buffalo, and Codron et al. (2006) for elephant.

Elephant C4 percentage was calculated using average of dry and wet seasons.
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Supplementary Figures

Figure S1. Overall spatial distribution of anthrax mortalities by species from a) 1996 — 2014 in

Etosha National Park, Namibia and b) 1990 — 2015 in Kruger National Park, South Africa.

Anthrax mortality data used for this figure included only cases with coordinates.

Figure S2. Spatial distribution of anthrax mortalities by year and species from a) 1996 —2014 in

Etosha National Park, Namibia and b) 1990 — 2015 in Kruger National Park, South Africa.

Anthrax mortality data used for this figure included only cases with coordinates and years with at

least 10 cases.

Figure S3. First reading for each tracked individual from the telemetry data analyzed in this

study. The study species included a) springbok, kudu, wildebeest, zebra and elephant in Etosha

National Park, Namibia and b) impala, kudu, wildebeest, zebra, buffalo and elephant in Kruger

National Park, South Africa. Some tracked individuals in Kruger sometimes went outside the

park, but they still remained in the Greater Limpopo Transfrontier Park.

Figure S4. Net squared displacement (NSD) starting at the first location of the data for a) kudu

in Etosha National Park, Namibia, b) kudu in Kruger National Park, South Africa, ¢) wildebeest

in Etosha, d) wildebeest in Kruger, e) zebra in Etosha, f) zebra in Kruger, g) elephant in Etosha,

h) elephant in Kruger, i) springbok in Etosha, j) impala in Kruger and k) buffalo in Kruger. NSD

shown with y-axes is log-transformed post plus one.
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Figure S5. Average NDVI (Normalized Difference Vegetation Index; a remote-sensing index of

vegetation greenness or biomass) based on 95% herbivore individual ranges in Etosha National

Park, Namibia and Kruger National Park, South Africa. Species are ordered along the x-axis

based on increasing body mass, and sex of individuals is color-coded.

Figure S6. Effects of NDVI (Normalized Difference Vegetation Index; a remote-sensing index of

vegetation greenness or biomass) on range size by herbivore species, estimated with a gamma

generalized linear mixed model (Additional file 1: Supplementary Methods), shown with a)

coefficients by species and b) predicted effects. The circles of plot a are means of the

coefficients; the ranges are 95% confidence intervals. The lines of plot b are means of the

effects; the shaded areas are 95% confidence intervals for prediction. Y-axis of plot b is log-

transformed.

Figure S7. Relationships between estimated ranges by species, and a) herbivore body mass and

b) feeding habits. Feeding habits are represented with C4 percentage as an index which reflects

proportion of grass in a diet. Estimated ranges were predicted with a gamma generalized linear

mixed model, using medians of NDVI (Normalized Difference Vegetation Index; a remote-

sensing index of vegetation greenness or biomass) values from Etosha National Park, Namibia

and Kruger National Park, South Africa (Additional file 1: Supplementary Methods). The circles

and triangles are average predicted range size; the ranges are their 95% confidence intervals. The
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lines of plot a are best fitting lines between body mass and range size, excluding springbok. Y-

axes of both plots and x-axis of plot a are log-transformed. Information of C4 percentages in

diets and body mass was retrieved from literature and summarized in Additional file 2: Table SS5.

Figure S8. Relationships between effects of NDVI (Normalized Difference Vegetation Index; a

remote-sensing index of vegetation greenness or biomass) on range sizes by species estimated

with a gamma generalized linear mixed model (Additional file 1: Supplementary Methods), and

a) herbivore body mass and b) feeding habits. Feeding habits are represented with C4 percentage

as an index which reflects proportion of grass in a diet. The circles are means of the coefficients;

the ranges are their 95% confidence intervals. X-axis of plot a is log-transformed. Information of

C4 percentages in diets and body mass was retrieved from literature and summarized in

Additional file 2: Table S5.

Figure S9. Average proportion of overlap of 95% range from one month to the next by season

for individual herbivores in Etosha National Park, Namibia and Kruger National Park, South

Africa. An individual-season was removed from range overlap estimation if there were fewer

than three pairs of consecutive months. Species are ordered along the x-axis based on increasing

body mass, and sex of individuals is color-coded.

Figure S10. Simulated residuals generated with R package DHARMa by Etosha and Kruger

National Parks from the gamma generalized linear mixed model (Additional file 1:
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Supplementary Methods). The values of DHARMa residuals represent the proportion of

simulated residuals lower than the residuals from the model.
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Figure S1

® springbok kudu zebra @ elephant

Species impala wildebeest ® buffalo ® other species
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Figure S2
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Figure S3

® springbok kudu zebra ® elephant

SPECIES o impala wildebeest ® buffalo
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Figure S4
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Figure S5
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Figure S6
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Figure S7
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Figure S8
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Figure S9
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Figure S10
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