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Abstract

Environmental factors are common forces driving infectious disease dynamics.

We compared interannual and seasonal patterns of anthrax infections in two

multihost systems in southern Africa: Etosha National Park, Namibia, and

Kruger National Park, South Africa. Using several decades of mortality data

from each system, we assessed possible transmission mechanisms behind

anthrax dynamics, examining (1) within- and between-species temporal case

correlations and (2) associations between anthrax mortalities and environmen-

tal factors, specifically rainfall and the Normalized Difference Vegetation

Index (NDVI), with empirical dynamic modeling. Anthrax cases in Kruger had

wide interannual variation in case numbers, and large outbreaks seemed to

follow a roughly decadal cycle. In contrast, outbreaks in Etosha were smaller

in magnitude and occurred annually. In Etosha, the host species commonly

affected remained consistent over several decades, although plains zebra
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(Equus quagga) became relatively more dominant. In Kruger, turnover of the

main host species occurred after the 1990s, where the previously dominant

host species, greater kudu (Tragelaphus strepsiceros), was replaced by impala

(Aepyceros melampus). In both parks, anthrax infections showed two seasonal

peaks, with each species having only one peak in a year. Zebra, springbok

(Antidorcas marsupialis), wildebeest (Connochaetes taurinus), and impala

cases peaked in wet seasons, while elephant (Loxodonta africana), kudu, and

buffalo (Syncerus caffer) cases peaked in dry seasons. For common host species

shared between the two parks, anthrax mortalities peaked in the same season

in both systems. Among host species with cases peaking in the same season,

anthrax mortalities were mostly synchronized, which implies similar transmis-

sion mechanisms or shared sources of exposure. Between seasons, outbreaks

in one species may contribute to more cases in another species in the following

season. Higher vegetation greenness was associated with more zebra and

springbok anthrax mortalities in Etosha but fewer elephant cases in Kruger.

These results suggest that host behavioral responses to changing environmen-

tal conditions may affect anthrax transmission risk, with differences in trans-

mission mechanisms leading to multihost biseasonal outbreaks. This study

reveals the dynamics and potential environmental drivers of anthrax in two

savanna systems, providing a better understanding of factors driving

biseasonal dynamics and outbreak variation among locations.
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INTRODUCTION

Temporal dynamics in disease outbreaks occur across
hosts, pathogens, and locations, where interannual and
seasonal fluctuations in disease infections are commonly
documented (Altizer et al., 2006; Kamo & Sasaki, 2005).
Understanding transmission mechanisms underlying
these dynamics is crucial to predicting or controlling
future outbreaks (Lloyd-Smith et al., 2009). Temporal dis-
ease dynamics have been linked to host ecology or physi-
ology, pathogen survival, and vector vital rates (Altizer
et al., 2006; Dao et al., 2014; Fisman, 2012; Langwig
et al., 2015; Liu et al., 2009). Among the causes of tempo-
ral disease dynamics, some of the main drivers are envi-
ronmental forces, including rainfall, temperature, and
vegetation. For example, high rainfall led to more cholera
cases in Haiti (Eisenberg et al., 2013), and low rainfall
was associated with outbreaks of chytridiomycosis in
amphibians in Brazil (Moura-Campos et al., 2021). Sea-
sons of high vegetation greenness in Alaskan and Cana-
dian prairies were concordant with periods of more avian
influenza cases (Lisovski et al., 2017), and low vegetation

greenness was linked to an increased number of malaria
cases in Bangladesh (Haque et al., 2010).

Environmental forces can interact with animal physi-
ology or ecology and in turn affect infection patterns.
These environmental fluctuations can drive disease
dynamics through changes in host susceptibility or expo-
sure to pathogens, and the ecology of animal hosts as
well as their behaviors may be involved in these changes
(Harvell et al., 2009; Shearer & Ezenwa, 2020). For
instance, Pseudogymnoascus destructans, the fungal patho-
gen causing white-nose syndrome, thrives in cold tempera-
tures when bats are hibernating (Langwig et al., 2015). Elk
(Cervus elaphus) in the Greater Yellowstone Ecosystem in
North America spend less time on supplemental feeding
grounds after milder winters, limiting transmission risk at
large social aggregations and leading to decreased brucel-
losis seroprevalence (Cross et al., 2007). These examples
demonstrate how environmental fluctuations and interac-
tions between environment and animal ecology can
directly and indirectly alter transmission dynamics, com-
plicating the detection of underlying mechanisms driving
outbreak dynamics.
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This study investigates the dynamics of anthrax cases
in herbivorous wildlife, the environmental factors affect-
ing anthrax infections, and between-species transmis-
sion/spillover in two national parks in southern Africa,
Etosha National Park (ENP), Namibia, and Kruger
National Park (KNP), South Africa. We evaluate potential
transmission mechanisms based on environmental varia-
tion and between-species case correlations. Anthrax is a
highly lethal, acute to peracute disease caused by the bacte-
rium Bacillus anthracis. Anthrax only transmits via the
environment, not directly between hosts (WHO, 2008), and
hence presents a good model system to evaluate the effects
of environment on disease dynamics. Transmission relies
upon contact with environmental reservoirs, and spores
released from anthrax carcasses can persist in the environ-
ment for years (Dragon & Rennie, 1995; Turner et al., 2016;
WHO, 2008). Sites where high concentrations of spores can
be found, such as anthrax carcass sites, serve as environ-
mental reservoirs and transmission hotspots (Turner et al.,
2014, 2016). All mammals can be infected with anthrax,
although herbivorous mammals are the most common
hosts and typically show higher susceptibility than carni-
vores (Hugh-Jones & de Vos, 2002; WHO, 2008). Herbivores
are likely to die of anthrax within a few days to a week of
a lethal exposure (Easterday et al., 2020; WHO, 2008).
Although B. anthracis can infect a wide range of host
species, a single outbreak typically involves one to a few
species, while other susceptible species remain unaffected
or marginally affected (Beyer & Turnbull, 2009; Driciru
et al., 2020; Stears et al., 2021).

Anthrax outbreaks are reported from all continents
except Antarctica, with considerable variation in inter-
annual and seasonal outbreak dynamics across the patho-
gen’s range (e.g., Blackburn & Goodin, 2013; Brownlie
et al., 2020; Chen et al., 2016; Chikerema et al., 2012; de
Vos, 1990; Hampson et al., 2011; Lindeque & Turnbull,
1994). Interannual anthrax outbreaks may follow multiyear
cycles (de Vos & Bryden, 1996) or be linked to environmen-
tal fluctuations (Blackburn & Goodin, 2013; Hampson
et al., 2011). Seasonally, anthrax infections in herbivores
show biseasonality or bimodal seasonality—two annual
peaks in infections—with dry and wet seasonal peaks
(Lindeque & Turnbull, 1994; Turner et al., 2013). However,
anthrax dynamics in different host species are not necessar-
ily synchronized; each species tends to have only one sea-
sonal peak, but those species-specific peaks may occur at
different times of the year (Hampson et al., 2011;
Lindeque & Turnbull, 1994; Turner et al., 2013). These pat-
terns imply that not every species shares the same transmis-
sion source or infection pathway and that transmission
mechanisms may be related to the ecology of each species.

Mechanisms driving the biseasonality of infectious
diseases are potentially more complex than for single

infection peaks (Pascual & Dobson, 2005), involving two
or more drivers. In wildlife diseases, demographic factors,
such as age structure or the timing of parturition, have
been commonly linked to a second seasonal peak. A sec-
ond seasonal peak in raccoon (Procyon lotor) rabies was
found to be concordant with a higher contact intensity
period during dispersal of young (Ma et al., 2010;
Torrence et al., 1992). A second peak of avian malaria
infection in blue tits (Cyanistes caeruleus) or mycoplasmal
conjunctivitis in house finches (Carpodacus mexicanus)
may be attributed to postbreeding recruitment of immuno-
logically naïve fledglings (Altizer et al., 2004; Cosgrove
et al., 2008). Biseasonality within a guild of coexisting
host species is rarely reported, possibly due to
underreporting or a lack of research that integrates
patterns among multiple host species. In a multihost
system, the demographic structure of a single species is
less likely to drive the disease seasonality. Instead, the
abundance of total host species, weighted by their host
competence, may play a larger role (Buhnerkempe et al.,
2015; Keesing et al., 2006). One example of biseasonality
in a multihost disease is avian influenza, predicted to have
multiple peaks in North America because of the mixture
of resident and migratory birds at stopover sites on the
north- and south-bound migration routes (Brown et al.,
2013). Multihost dynamics and their drivers can be more
complex and less understood owing to variations in the
ecology of host species as well as differences in species
interactions (Buhnerkempe et al., 2015). The biseasonal
pattern of anthrax dynamics would thus imply that there
are multiple species-specific triggers in an anthrax sys-
tem or that infection spreads from one host species into
another.

Outbreak dynamics can be linked to transmission
dynamics (Altizer et al., 2006), so to better understand
anthrax dynamics, it is important to understand transmis-
sion routes and transmission modes. Various pathways
have been proposed to explain anthrax transmission in
wildlife, including contact with spores in the environment
through grazing, browsing, bone handling, drinking, and
inhalation. Hypothesized transmission mechanisms can be
broadly categorized into four major groups, based on
where hosts may contact spores and the routes of entry
into the host bodies (Figure 1). First, hosts can contract
pathogens directly at hotspot sites through foraging behav-
ior (H1.1 in Figure 1) (Hugh-Jones & de Vos, 2002; Turner
et al., 2013, 2014, 2016; Walker et al., 2020; WHO, 2008) or
osteophagia (H1.2) (Turner et al., 2013). Second, animals
can inhale spores through wind, dust, or close contact at
hotspot sites (H2) (Barandongo et al., 2018; Turnbull
et al., 1998). Third, spores can be relocated from hotspot
sites through water (H3). For example, water flow concen-
trates spores at low-lying areas (Dragon & Rennie, 1995;
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Mongoh et al., 2007) or washes spores away (de Vos &
Bryden, 1996). Fourth, living organisms, such as biting
flies (Diptera: Tabanidae), scavenging blowflies (Diptera:
Calliphoridae) (H4.1), or vertebrate scavengers, for
example, vultures (Accipitriformes: Accipitridae) (H4.2),
may translocate pathogens mechanically or biologically
(Blackburn et al., 2010; de Vos & Bryden, 1996; Fasanella
et al., 2010; Hugh-Jones & Blackburn, 2009; Hugh-Jones &
de Vos, 2002). These mechanisms are not mutually exclu-
sive, and more than one mechanism may coexist among
host species or within a single species. The relative impor-
tance of each mechanism may also vary among species,
systems, and spatial or temporal scales (Hugh-Jones & de
Vos, 2002).

Investigating the time scales between an environmen-
tal signal and a subsequent disease outbreak can help
identify underlying transmission mechanisms for acute
diseases such as anthrax. Anthrax outbreaks have been
linked to changes in rainfall or vegetation under both

wetter- and drier-than-average conditions for a system
(Blackburn & Goodin, 2013; Hampson et al., 2011; Huang
et al., 2021; Hugh-Jones & Blackburn, 2009; Parkinson
et al., 2003; Turner et al., 1999, 2013). These environmen-
tal signals are clearly linked, with vegetation growth
stimulated by rainfall 1–2 months prior (Schmidt &
Karnieli, 2000). A relationship between rainfall and
anthrax mortalities occurring at short time intervals, with
rainfall occurring 1–2 weeks prior to case detection,
would be consistent with water transport of spores
playing a role in anthrax transmission. This short time
interval could encompass rainfall altering host exposure
to the pathogen, infection, death (Easterday et al., 2020;
WHO, 2008), and subsequent discovery of the carcass
(Bellan et al., 2013). A positive relationship between rain-
fall and anthrax cases on this shorter time scale could be
evidence of spore aggregation by water, while a negative
relationship could indicate that water disperses spores,
diluting spore concentrations at infectious sites and

F I GURE 1 Common hypothesized mechanisms regarding anthrax transmission and dynamics in herbivorous wildlife. Solid arrows
indicate exposures occurring at carcass sites; dashed arrows indicate exposures requiring biotic or abiotic vectors. Herbivores may contract
pathogens directly at carcass sites through foraging behavior (H1.1) (Hugh-Jones & de Vos, 2002; WHO, 2008; Turner et al., 2013, 2014,
2016; Walker et al., 2020) or osteophagia/bone handling (H1.2) (Turner et al., 2013). Herbivores are also hypothesized to inhale spores
through wind or dust bathing (H2) (Barandongo et al., 2018; Turnbull et al., 1998). Water may relocate Bacillus anthracis spores and increase
their density in low-lying areas or dilute a hotspot area (H3) (Dragon & Rennie, 1995; de Vos & Bryden, 1996; Mongoh et al., 2007). Spores
could be translocated to leaves via blowflies (H4.1) (Hugh-Jones & de Vos, 2002; Hugh-Jones & Blackburn, 2009) or to water via vultures
(H4.2) (Hugh-Jones & de Vos, 2002; Hugh-Jones & Blackburn, 2009). In addition to the pathways shown in the figure, biting flies (tabanid
flies) are hypothesized to translocate pathogens and cause cutaneous anthrax (Blackburn et al., 2010; Fasanella et al., 2010). Herbivore
behavioral responses driving foraging behavior at infectious sites may be supported when there is association of anthrax mortalities with
rainfall accumulated during 1–2 preceding months or vegetation index of the previous month. Water relocation may be supported when
there is a correlation of cases with rainfall within 2 weeks prior. Associations of cases with environment for mechanisms involving spores
translocated by organisms are largely unclear and potentially more complex.
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reducing lethal contacts. Slightly longer time scales,
around 2 months between rainfall and mortalities
(or around 1 month from vegetation green-up to mortal-
ities), would suggest that vegetation growth in response
to rainfall alters transmission risk. In this time window, a
positive or negative relationship between rainfall and
mortalities suggests an increased or decreased exposure
risk, respectively, as a result of changes in host foraging
behavior or movement patterns, with the directionality
(positivity or negativity) depending upon how hosts
respond to the environmental cue and the interaction
between behavior and disease risk.

Among the hypothesized transmission pathways for
wildlife anthrax (Figure 1), we examined whether
anthrax outbreaks could be linked to variation in rainfall
and vegetation greenness index at different time lags, to
investigate the transmission mechanisms involving spore
transport via water movement and foraging behavioral
responses to changes in vegetation (Figure 1, H1.1
vs. H3). For transmission mechanisms involving biotic
vectors, that is, insects or vultures, relationships with the
environment can be more complex (e.g., Reibe &
Madea, 2010) and, hence, difficult to evaluate with only
rainfall and remotely sensed vegetation data. We also did
not consider inhalational anthrax since this transmission
route is unlikely to occur through dust bathing or wind
translocation in a natural system due to low concentra-
tions of spores moved via this pathway (Barandongo
et al., 2018; Turnbull et al., 1998).

It is challenging to infer causal relationships with tra-
ditional statistical analyses, for example, autoregressive
regressions, assuming fixed effects between variables.
Correlation can result from a confounding variable and
does not reflect causation, and a lack of a direct correla-
tion does not necessarily represent a lack of causality due
to context-dependent relationships (Chang et al., 2017;
Deyle, May, et al., 2016; Sugihara et al., 2012; Ye,
Beamish, et al., 2015). Because of this challenge, we per-
formed empirical dynamic modeling (EDM) to evaluate
the potential causal associations between the environ-
ment and anthrax mortalities. EDM is an equation-free
method that is not restricted by a set of equations or fixed
relationships to analyze time-series data, and so it can
flexibly infer patterns or context-dependent associations
based on observations (Sugihara et al., 2012; Sugihara &
May, 1990). With state-space reconstruction derived
empirically, EDM could potentially provide insights into
the mechanistic relationships of a system.

In addition to investigating relationships between
environmental factors and anthrax cases, we evaluated
correlational patterns in anthrax dynamics among species
on different temporal scales. Case correlations among
species can provide a better understanding of multihost

dynamics, including which species are driving outbreaks,
and the level of dependence or independence among out-
breaks occurring in different species and in different sea-
sons. Two species with a positive relationship in anthrax
cases may indicate that similar or interrelated mechanisms
are involved (Mutshinda et al., 2009) or that anthrax cases
in one species drive cases in the other (Craft et al., 2008).
Given the long persistence of B. anthracis spores in the
environment, outbreaks occurring from one season to
the next could be a continuation of an existing outbreak
in the same or different species or a separate outbreak
initiated through host–reservoir contact.

In this study, we analyzed patterns of anthrax mortal-
ities in ENP and KNP. Leveraging two systems with dif-
ferent disease dynamics, yet many of the same host
species, will help us to better understand the underlying
environmental mechanisms that drive outbreaks (Turner
et al., 2021). We first examined outbreak dynamics and
biseasonal patterns in anthrax cases in both systems. We
then explored whether there were associations among
multihost dynamics by evaluating anthrax case correla-
tions within and between species for each park, using
autocorrelation functions and cross-correlation functions.
Finally, we investigated the complexity of transmission
mechanisms by evaluating the relationships between dis-
ease dynamics and fluctuations in environmental condi-
tions, including rainfall and vegetation greenness, using
EDM. By exploring the relationships between environ-
mental variation and anthrax outbreaks across different
time scales, we aimed to determine whether spore trans-
port by water or host responses to vegetation dynamics
were more likely transmission mechanisms driving the
anthrax dynamics and whether these were consistent or
variable between study areas and host species.

MATERIALS AND METHODS

Study areas and periods

This study was conducted in central ENP and northern
KNP (Figure 2), where the highest incidence of anthrax
mortalities is detected within the two parks (Ebedes, 1976;
Ochai et al., 2022; Steenkamp et al., 2018). ENP and KNP
are located at similar latitudinal ranges and have many spe-
cies in common. Central ENP was defined as the Okaukuejo
management section (Figure 2), where there is better mor-
tality surveillance than in other sections of the park (Bellan
et al., 2013). Central ENP is a semiarid savanna, with three
seasons: wet season in January–April, dry season in
May–August, and semidry season in September–
December. Rainfall is strongly seasonal and occurs
mainly between November and April, with the greatest
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monthly rainfall occurring in January and February
(Engert, 1997). Average annual rainfall is 358 mm
(Okaukuejo station) (Huang et al., 2021). Animals rely on
seasonal water from rainfall, or perennial water at
boreholes, artesian or contact springs along salt pans
(Auer, 1997). Much of central ENP is covered by mopane
(Colophospermum mopane) shrubveld or treeveld and open
grasslands and dwarf shrub savanna along a large salt pan
that covers a fifth of the park. Anthrax mortalities occur
every year, and plains zebra (Equus quagga), springbok
(Antidorcas marsupialis), blue wildebeest (Connochaetes
taurinus), and African elephant (Loxodonta africana) are
common host species (Turner et al., 2013). Zebra, springbok,
and wildebeest in ENP are likely to contract the disease
through foraging at sites where animals previously died of
anthrax (Turner et al., 2014, 2016), but where and how ele-
phants get infected is largely unknown.

In this study, we defined northern KNP as all sections
north of the Olifants River (Figure 2). Vegetation in

northern KNP is characterized by woody and shrubland
savannas with mopane as the dominant tree species
(Gertenbach, 1983), with higher canopy cover than in
ENP. KNP also has higher water availability than ENP,
from seasonal water and perennial boreholes, dams, springs,
pools, and rivers flowing west–east (Gaylard et al., 2003).
The seasons based on rainfall are 1 month earlier than
ENP: wet season in December–March, early-dry season in
April–July, and late-dry season in August–November
(Owen-Smith, 2013). The average annual rainfall is 430 mm
in northern KNP (Pafuri section) (Venter & Gertenbach,
1986), and, unlike ENP, there is still occasional rainfall
during the dry period (Gertenbach, 1983; Zambatis &
Biggs, 1995). In KNP, impala (Aepyceros melampus), greater
kudu (Tragelaphus strepsiceros), and African buffalo (Syn-
cerus caffer) are common anthrax host species, and the
highest incidence of mortality occurs in the northernmost
Pafuri section (Steenkamp et al., 2018), where habitats
are composed of woodlands with dominant mopane and

F I GURE 2 Map of study areas (blue), including central Etosha National Park (ENP), Namibia, and northern Kruger National Park
(KNP), South Africa, in southern Africa. The management sections included in the study areas are labeled. The yellow circles are Okaukuejo
station in ENP and Pafuri station in KNP, where the rainfall amounts were measured, and the gray areas in ENP are salt pans. The scale bar
is related to the maps of the two parks. The numbers on the left and up to the map of southern Africa indicate degrees of latitude and
longitude.

6 of 24 HUANG ET AL.



other tree species and floodplains along the Luvuvhu and
Limpopo rivers. Mechanisms of anthrax transmission in
KNP may involve scavenging blowflies translocating spores
to leaves of woody plant species or vultures tran-
slocating spores to water where they bathe (Basson
et al., 2018; Braack & de Vos, 1990; de Vos, 1990; de
Vos & Bryden, 1996). Anthrax dynamics in KNP are also
suspected to be driven by host population density
(de Vos & Bryden, 1996). KNP outbreaks followed a
roughly decadal cycle with peaks in the dry seasons
(de Vos & Bryden, 1996), although changes in the
frequency and timing have occurred in recent years.
Historical outbreaks, occurring before the mid-1990s,
were large, impacting hundreds to thousands of animals
in a single outbreak, where the kudu population was the
most severely affected (de Vos & Bryden, 1996).

Anthrax mortality data

Animal mortality surveillance in both parks is opportu-
nistic. 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) (WHO, 2008) in cases where no
samples were collected. We obtained anthrax mortality
data from 1976 to 2014 in ENP and 1990 to 2015 in KNP
through the Etosha Ecological Institute and Office of the
State Veterinarian in KNP, respectively. We removed
mortalities for which carcass discovery involved tracking
the locations of scavengers with Global Positioning Sys-
tem (GPS) tags if the information was available to better
standardize surveillance efforts over time. We analyzed
case numbers and did not standardize these against pop-
ulation density, because population estimates were not
available for all species and years. Given that anthrax in
ENP occurs annually, we evaluated relationships
between cases and environmental triggers using the
entire period of the available mortality data. However,
because of the large gaps between anthrax outbreaks in
KNP, we took a two-pronged approach to evaluating rela-
tionships between the environment and outbreaks for
this system. First, we limited our analyses to 2010–2015,
a period during which anthrax mortalities were more fre-
quent (Appendix S1: Figure S1). We then investigated the
full time series to evaluate environmental factors behind
the occurrence of anthrax outbreaks. The gaps in anthrax
observations between large outbreaks could be a feature
of the KNP system or surveillance not detecting low case
numbers of anthrax. Because zebra and impala anthrax
cases in KNP were aggregated within the Pafuri region
(98.8% and 100% of cases in 2010–2015 of each species,

respectively, were in this area), the spatial extent of these
two species was restricted to Pafuri for anthrax cases and
vegetation index calculations. Cases in other species were
more dispersed throughout the northern sections of the
park, and case numbers and vegetation index calculations
covered the entire study area.

We calculated the species compositions of anthrax mor-
talities over time in both parks. All cases in ENP, spanning
the period 1976–2014, were included for the comparison.
For KNP, we compared the mortality data in the periods
1990–1991, 1993–1994, 1999, and 2010–2015 (the four
periods having larger outbreaks) (Appendix S1: Figure S1),
with historical outbreaks in 1960 and 1970, using data
extracted from Pienaar (1961) and de Vos (1990).

Environmental variability

We investigated relationships between environmental vari-
ability and anthrax case numbers at different scales.
Because anthrax mortality peaked in different times of a
year, we used system-specific rainfall years rather than cal-
endar years when making comparisons at the interannual
scale to better understand associations between anthrax
mortalities and environmental variables (rainfall and vege-
tation index). Rainfall years in ENP are from July to June
(e.g., July 2006–June 2007 is the 2007 rainfall year). In
KNP, outbreaks occurred in the wet season more frequently
in 1993–2015, so we also applied rainfall years from July to
June. However, because outbreaks in 1990–1991 and histor-
ical outbreaks began anywhere from May to October
(de Vos & Bryden, 1996), we defined rainfall years from
October to September to better capture the variation in rain-
fall prior to the onset of the outbreaks.

Environmental variability was assessed using variables
derived from daily rainfall measurements and remotely
sensed vegetation greenness from the Normalized Differ-
ence Vegetation Index (NDVI). This index is used widely as
a proxy for the spatiotemporal dynamics of photosyntheti-
cally absorbed radiation and makes it possible to estimate
the greenness or the amount of chlorophyll in vegetation
cover (du Plessis, 1999; Tucker et al., 1985). Both rainfall
and NDVI allow for tracking changes in the quality and
availability of vegetation and are often strongly correlated
in dry environments (Nicholson et al., 1990). Rainfall also
serves as a proxy for water availability and flow in systems.
Although rainfall is the most commonly available estimate
of environmental variation, it is generally not recorded at
closely spaced localities, and therefore provides a poor spa-
tial measure of rainfall variability, an important factor in
semiarid ecosystems. NDVI provides better spatial coverage
and resolution, which could make it a better variable than
rainfall for investigating environmental fluctuations.

ECOLOGICAL MONOGRAPHS 7 of 24



Rainfall, vegetation greenness, and anthrax case
data were binned into two intervals per month: Days
1–15 and Day 16 to month’s end. These intervals match
the scale of NDVI data extracted from the Global
Inventory Modeling and Mapping Studies (GIMMS)
NDVI3g data set with a resolution of 1/12-degree
latitude/longitude (Pinzon & Tucker, 2014; Tucker
et al., 2005). For each bimonthly period we calculated
the average daily rainfall and the average NDVI of
composite estimates for the study areas, excluding the
salt pans from central ENP (Figure 2). Although vege-
tation does emerge on parts of the saline pans, particu-
larly in high-rainfall years (le Roux et al., 1988), the
pans generally show very low NDVI values, with little
seasonal variation; therefore, including them in the
study area would have dampened the overall reflec-
tance recorded and reduced the seasonal signal seen in
surrounding habitats. We used rainfall measurements
from management stations to characterize rainfall
in the study areas. Daily rainfall was recorded at
Okaukuejo station in central ENP and Pafuri station in
northern KNP. The study period for ENP was restricted
to rainfall years 1983–2014 for investigating associa-
tions between anthrax mortalities and environmental
variables because vegetation index data were only
available starting in 1981 and daily rainfall data were
lacking for 1982.

Temporal correlations of anthrax cases
within and between species

We assessed relationships of anthrax cases within and
between species at different time lags to better under-
stand the patterns in multihost disease dynamics in the
two parks. We explored correlations at bimonthly
intervals, with time lags ranging from 0 to 24 intervals
(i.e., out to 1 year). We first calculated average daily
cases by species to adjust for different numbers of days
among intervals. We then applied autocorrelation
functions (ACFs) and cross-correlation functions
(CCFs) to evaluate the relationships of anthrax mortal-
ities within and between species, respectively (N = 936
intervals for ENP and N = 144 intervals for KNP). We
also investigated whether total case numbers drove
outbreaks in certain species by examining correlations
between total cases and cases that followed in those
species. Therefore, we applied CCFs to investigate cor-
relations between preceding total cases and cases in
common host species. All analyses in this study were
performed in R version 4.0.2 (R Core Team, 2020). We
used the stats package (R Core Team, 2020) for both
ACF and CCF.

Associations of anthrax cases with
environmental variables

We evaluated associations of anthrax cases with environ-
mental variables to determine possible transmission mech-
anisms. This method has its limitations and is unable to
detect every proposed transmission pathway (Figure 1);
thus, the evaluated mechanisms included only spore trans-
port via water and host behaviors in response to vegetation
dynamics. We performed EDM to assess relationships
between anthrax mortalities of common host species and
both rainfall and NDVI. With state-space reconstruction,
EDM can reveal and reconstruct dynamics in an attractor
from a time-series variable, using single (univariate) or
multiple (multivariate) variables (Deyle & Sugihara, 2011;
Sugihara, 1994; Sugihara et al., 2012; Sugihara &
May, 1990; Takens, 1981). The concept behind EDM is
that the dynamics of an attractor are composed of a set of
states and deterministic rules, and they collectively project
the dynamics (Ye, Beamish, et al., 2015). To use EDM, an
attractor cannot be entirely stochastic, though it is allowed
to have some stochasticity (Munch et al., 2020). EDM
approaches to reconstructing a variable include simplex
projection and S-map, which are based on nearest-
neighbor regression and nonlinear state dependence with
a weighting function, respectively (Cenci et al., 2019;
Sugihara, 1994; Sugihara & May, 1990).

In addition to forecasting, EDM can also be used to
assess potential causal relationships between time-series
variables. Not assuming a fixed effect, EDM is particu-
larly suitable for systems with nonequilibrium dynamics
and nonlinear state-dependent relationships between var-
iables (Chang et al., 2017; Sugihara et al., 2012). One
EDM approach, convergent cross-mapping (CCM), can
be used when aiming to identify relationships between
two variables (Sugihara et al., 2012). This approach con-
structs two “shadow attractors” based on each variable.
The concept of a conjectural causal relationship in CCM
is that if A causes B, the shadow attractor constructed by
B can have dynamic features of A and potentially predict
the dynamics of A (Sugihara et al., 2012). Though the use
of EDM is still relatively uncommon, it has been used for
studying diseases or vectors and climatic/weather drivers
(Deyle, Maher, et al., 2016; Grziwotz et al., 2018; Nova
et al., 2021).

We only selected anthrax cases in common host spe-
cies based on the results of species composition calcula-
tions. In the preparation of the data sets for analyses, we
calculated average daily anthrax mortalities by species to
adjust for different numbers of days by interval, based on
the data from the bimonthly intervals (N = 768 intervals
for central ENP; N = 144 intervals for northern KNP).
We also attempted to extend the period to 1990–2015 for
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KNP to evaluate whether the environmental variables
could explain the large interannual variation in out-
breaks (N = 624 intervals). For the KNP data set with a
longer time period, only NDVI was assessed due to dis-
continuity of available rainfall data in the 2000s, so we
were unable to test spore translocation by water for this
data set. We standardized variables of anthrax cases, rain-
fall, and NDVI, with center at zero and standard devia-
tions equal to one. For the EDM approaches, we followed
and modified the procedures from Chang et al. (2017)
and Nova et al. (2021). We first decided on an optimal
embedding dimension between 1 and 10, for anthrax
mortality by species and park using simplex projections,
based on the highest Pearson’s correlation coefficient
with out-of-sample predictions using one time lag
(Chang et al., 2017; Ye, Deyle, et al., 2015). We then
applied CCM to assess relationships of anthrax cases with
rainfall and NDVI at different time lags. For the environ-
mental variables with best-performing time lags, we fore-
casted corresponding anthrax mortalities using nonlinear
state dependence relationships with S-map, based on the
same embedding dimensions predicted earlier, and
weighting functions with the highest Pearson’s correla-
tion coefficients from out-of-sample predictions. If the
Pearson’s correlation coefficient between observed and
predicted anthrax mortalities was higher than 0.1, then
we applied partial derivatives of anthrax mortalities with
respect to environmental predictors in the forecasting
models to investigate the interactions of the environmen-
tal variables and anthrax mortality, or the effects of the
environmental predictors on the magnitude of anthrax
mortality (Deyle, May, et al., 2016). Finally, based on the
general directionality (positivity or negativity) of the envi-
ronmental effects on anthrax mortalities and the best-
performing time lags, we assessed which transmission
mechanisms were most plausible for the species and park
(H1.1 vs. H3 in Figure 1).

Convergent cross-mapping

Using anthrax mortalities to reconstruct NDVI and rain-
fall dynamics with time-lags from one to six intervals
(2 weeks to 3 months), we repeatedly conducted CCM to
evaluate relationships and the most important time lags
for the environmental variable (Wang et al., 2018; Ye,
Deyle, et al., 2015). We used the Pearson’s correlation
coefficient ρ (cross-mapping skill) between predicted and
observed environmental values as the index to evaluate
the relationships (Nova et al., 2021; Sugihara et al., 2012;
Ye, Deyle, et al., 2015). To calculate ρ, 500 samples were
randomly selected for each library size (i.e., number of
total intervals calculated) in CCM. We compared ρ at the

maximum library size among different time lags to iden-
tify the best-performing time lags. The time lag with
the highest ρ for either rainfall or NDVI was further
examined with two criteria to confirm the relationships.
First, ρ at maximum library size of CCM using observed
data were significantly different from ρ of CCM using
seasonal null models (Deyle et al., 2016) with a
Kolmogorov–Smirnov test. Seasonal null models were
created for rainfall and NDVI with the mean seasonal
trends, smoothing splines, and additive Gaussian noise
with 0.5 SDs. Second, a Mann–Kendall trend test showed
τ > 0 and significance of ρ of observed data, indicating
convergent ρ, as ρ increased monotonically then reached
a plateau along with the increase in library size (Grziwotz
et al., 2018). No environmental variable showed signifi-
cant differences between observations and seasonal null
models in CCM for KNP from 1990 to 2015, and thus
this larger data set was not evaluated with the following
procedures.

Multivariate S-map forecasting

For any environmental variables with best-performing
and significant time lags identified from CCM, we used
these variables to forecast anthrax mortalities with
nonlinear relationships using multivariate S-map to
examine their predictive capability. When only one sig-
nificant variable was identified as an important predictor
from CCM, we included only that environmental variable
in the model. When rainfall and NDVI were both identi-
fied as important predictors, we included one and both
variables in a model. If an embedding dimension was
more than the number of environmental variables,
we added time-lagged anthrax mortality of the target
species from t�1 to earlier intervals in a model, until
the number of predictors equaled the embedding dimen-
sion. For example, if the embedding dimension was four,
a model including two environmental variables used
NDVIt�lagN, rainfallt�lagR, anthrax mortalityt�1, and
anthrax mortalityt�2 to forecast anthrax mortalityt. For
ENP, we used rainfall years 1983–2005 to build a model
to predict anthrax mortality data based on environmental
variables and forecasted anthrax mortality from 2006 to
2014. For KNP, we built a model based on data from cal-
endar years 2010–2013 and forecasted for 2014 to 2015.
Pearson’s correlation coefficient ρ (forecasting skill)
between predicted and observed values was used to eval-
uate the predictive power of our models.

We wanted to know not only which environmental
drivers (and time lags) might have caused disease out-
breaks but also how they affected the disease dynamics.
Following the forecast with S-map, we estimated the

ECOLOGICAL MONOGRAPHS 9 of 24



interaction strengths between environmental variables
and anthrax mortality. Chang et al. (2021) recently pro-
posed a method (multiview distance regularized S-map)
for more accurate estimation of interaction when there
was high embedding dimensionality. However, since our
systems had relatively low dimensionality, we applied
partial derivatives of anthrax cases with respect to
environmental variables during the prediction periods
(2006–2014 for ENP and 2014–2015 for KNP) using the
coefficients of S-map to measure the interaction strengths
between the environment and anthrax mortality (Deyle,
May, et al., 2016). From the partial derivatives we deter-
mined the directionality of estimated environmental
effects on anthrax mortalities. We then explored whether
the effects varied with the seasons. EDMs and seasonal
null models were run using the rEDM package (Park
et al., 2020). Kolmogorov–Smirnov and Mann–Kendall
trend tests were done using the packages stats (R Core
Team, 2020) and Kendall (McLeod, 2011), respectively.

RESULTS

Seasonality and dynamics in anthrax cases

KNP experienced large interannual variation in anthrax
outbreak occurrence and intensity, with larger outbreaks
occurring less frequently, whereas ENP experienced
relatively smaller outbreaks, which occurred annually
(Appendix S1: Figure S1). KNP saw large outbreaks in
1990–1991, 1993–1994, 1999, and 2010–2015, with on aver-
age more than 100 individuals affected per year during
these outbreaks, but between these periods, anthrax cases
were infrequently detected (Appendix S1: Figure S1b).

Large interannual variation in anthrax mortalities was
observed for elephant in ENP, as well as host species in
KNP such as zebra, impala, kudu, and buffalo
(Appendix S1: Figures S2 and S3). In ENP, there was a big
anthrax outbreak in elephant in 1982, with more than
60 mortalities detected, and another smaller outbreak in
1990 (Appendix S1: Figure S2). However, since then, only
sporadic elephant anthrax cases have been observed, and
relative to other species, elephant cases have declined over
time (Figure 3a, Appendix S1: Figure S4). In contrast,
although zebra has always been the most common host in
ENP, its proportional contribution to outbreaks has
increased over time (Figure 3a, Appendix S1: Figure S4).
In KNP, outbreaks in 1960, 1970, and 1990–1991 affected
mostly kudu and sometimes buffalo, with small propor-
tions of waterbuck (Kobus ellipsiprymnus), impala, roan
antelope (Hippotragus equinus), or nyala (Tragelaphus
angasii) (Figure 3b). However, there seemed to be a switch
in the dominant host species in the 1990s to 2000s, with

impala replacing kudu as the most common host species
in KNP. Although kudu was the most impacted species in
the 1999 outbreak, the majority of cases in 1993–1994 and
2010–2015 were impala (Figure 3b). Zebra and elephant
were also proportionally more affected in the more recent
outbreaks (Figure 3b). Descriptive statistics of anthrax
cases in host species commonly affected during the study
periods are summarized in Table 1.

Anthrax cases across the herbivore guild in both
parks can occur almost throughout the year, but each
species had an apparent seasonal peak (Figure 4). For the
common host species shared between parks, zebra
anthrax mortalities peaked in wet seasons and elephant
mortalities in dry seasons (semidry in ENP and late-dry
in KNP) in both study areas (Figure 4). Anthrax mortal-
ities of kudu and buffalo in KNP peaked in the dry sea-
son, while springbok and wildebeest in ENP and impala
in KNP had wet-season peaks (Figure 4). The wet-season
anthrax peaks were concordant with the NDVI peaks,
occurring 1 to 2 months after peaks of rainfall (Figure 4).

Temporal correlations of anthrax cases
within and between species

In both parks, temporal correlation analyses examining
relationships between total anthrax cases or cases in the
dominant host species and cases in other species showed
similar patterns (Figure 5), likely due to the dominant
contribution of the main host to total cases in each sys-
tem. Positive correlations around the zero time lag (≤4
intervals or 2 months) indicated synchronization of cases
between species. For both parks, synchronization in cases
can be observed between species sharing the same sea-
sonal peaks (Figure 5). An exception was seen for ele-
phant in northern KNP, which had weaker correlations
with other species around the zero time lag (Figure 5i),
suggesting low to no synchronization even for species
with cases occurring in the same season (i.e., kudu and
buffalo). Synchronization between two species may sug-
gest either a more immediate direct relationship (mortal-
ities in one species affect the other) or an indirect
relationship (cases in both species are driven by the same
covariate, such as an increased or decreased amount of
rainfall).

Patterns in case correlations within or between spe-
cies in ENP tended to be less complex than in KNP. In
ENP, there was more synchronization among cases, with
an additional peak in correlations occurring around a
year later within or between species (Figure 5a–c). One
exception to this is the correlation between zebra cases
and wildebeest cases following 6–7 months later
(Figure 5a). In KNP, preceding impala and kudu cases
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correlated with impala and zebra cases after almost a
year (Figure 5g,h). The relationships between elephants
and other species are difficult to decipher from these cor-
relations. Elephant cases both preceded anthrax mortal-
ities of impala and zebra by around 2 months and
followed around 2 and 4 months after cases in zebra,
impala, and elephant (Figure 5f,g,i).

Associations of anthrax cases with
environmental variables

Years with higher rainfall in ENP generally showed a
trend of more zebra anthrax cases, whereas lower-rainfall
years had fewer cases (Figure 6a). No patterns were evi-
dent between annual cases and rainfall for springbok or
wildebeest (Figure 6b,c). The large outbreak for elephant
in ENP occurred in the year with the latest onset of rain-
fall, only starting in early January (Figure 6d). In KNP,
years with large outbreaks did not show obvious differ-
ences or consistent patterns in rainfall measures from
nonoutbreak years (Figure 6e,f).

Convergent cross-mapping

CCM, which can recognize potential causality, identified
the time intervals with the highest correlations between
rainfall and NDVI variables and anthrax cases (Figure 7).

Among the time lags with the highest correlation coeffi-
cients (i.e., the highest mapping skill), the significant
differences detected from seasonal null models with
Kolmogorov–Smirnov tests included NDVIt�1 and rainfallt�4
for zebra in central ENP, NDVIt�2 and rainfallt�3 for spring-
bok in ENP, NDVIt�2 for elephant in ENP, NDVIt�2 and
rainfallt�4 for elephant in northern KNP, and rainfallt�1 for
buffalo in KNP (Table 2, Figure 7, Appendix S1: Figure S5).
For these species–environment relationships, Mann–Kendall
tests all showed convergence of ρ (Appendix S1: Figure S5).
We extended the period to 1990–2015 for impala, kudu, and
buffalo in KNP, the three most common host species contrib-
uting to outbreaks throughout this period. However, no sig-
nificant difference of environmental effects from seasonal
null models was detected, indicating that interannual varia-
tion or large outbreaks in KNP were less likely to be driven
by the vegetation dynamics.

Multivariate S-map forecasting

We explored how well the environment could predict
numbers of anthrax mortalities, assuming nonlinear rela-
tionships using multivariate S-map, for the anthrax
mortality–environment relationships detected. We par-
titioned the data sets using the environmental variables
from 1983 to 2005 for ENP or 2010 to 2013 for KNP to
build models to predict for 2006–2014 for ENP or 2014–
2015 for KNP. The environmental variables had better

F I GURE 3 Species compositions of anthrax mortalities over time in (a) central Etosha National Park (ENP), Namibia, 1976–2014
(rainfall years; July–June) and (b) sporadic outbreaks in northern Kruger National Park (KNP), South Africa, 1960, 1970, 1990–1991,
1993–1994, 1999, and 2010–2015 (calendar years as onsets of outbreaks). Periods in ENP were divided into decades. For KNP, mortality data
(1990–1991, 1993–1994, 1999, and 2010–2015) were compared to historical outbreaks in 1960 and 1970 (data from Pienaar [1961] and de
Vos [1990]). Total number of individuals affected is shown on top of each bar. For ENP, four species were always the most common host
species across decades, and they were thus shown with other species grouped together. For KNP, common host species varied over time,
and species grouped together included herbivore species whose proportions were lower than 4% in each period or outbreak.
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predictive capability for zebra anthrax mortalities in ENP
than for other species (Table 2). For zebra in ENP, the
NDVI model had better predictive power than rainfall,
and the model with both NDVI and rainfall offered even
better prediction (Table 2, Appendix S1: Figures S6 and
S7). For springbok in ENP and elephant in KNP, the rain-
fall models performed slightly better than NDVI, and
there was slight improvement in predictive power when
both variables were used for forecasting (Table 2,
Appendix S1: Figures S6 and S7). The NDVI and rainfall

models had almost no forecasting capability for elephant
in ENP and buffalo in KNP, respectively (ρ < 0.1;
Table 2, Appendix S1: Figures S6 and S7), possibly due to
the fact that relatively few cases were observed for these
species during the prediction periods.

Partial derivatives from the forecast models estimated
the effects of environmental variables on the numbers of
anthrax mortalities. Elephant in ENP and buffalo in KNP
were excluded from these procedures since there was no
predictive power in their forecast models. The partial

TAB L E 1 Descriptive statistics of anthrax cases at annual and bimonthly intervals

Speciesa No. intervals Median Mean Minimum Maximum Percentage zeros

Annual cases in central

Etosha National Park, 1976–2014

Zebra 39 20 22.7 4 63 0

Springbok 39 6 7.2 0 25 2.6

Wildebeest 39 6 6.5 0 14 2.6

Elephant 39 2 4.1 0 61 12.8

Bimonthly cases in central

Etosha National Park, 1976–2014

Zebra 936 0 0.9 0 31 68.8

Springbok 936 0 0.3 0 11 81.1

Wildebeest 936 0 0.3 0 7 82.6

Elephant 936 0 0.2 0 31 90.5

Annual cases in northern

Kruger National Park, 1990–2015

Zebra 26 0 2.0 0 32 73.1

Impala 26 1.5 23.0 0 266 38.5

Kudu 26 0.5 42.7 0 609 50.0

Elephant 26 0 2.1 0 13 57.7

Buffalo 26 0 27.2 0 321 53.8

Bimonthly cases in northern

Kruger National Park, 1990–2015

Zebra 624 0 0.1 0 13 96.8

Impala 624 0 1.0 0 89 82.7

Kudu 624 0 1.8 0 128 87.5

Elephant 624 0 0.1 0 2 92.6

Buffalo 624 0 1.1 0 101 89.6

Bimonthly cases in northern

Kruger National Park, 2010–2015

Zebra 144 0 0.3 0 13 92.4

Impala 144 0 2.8 0 89 65.3

Kudu 144 0 0.7 0 15 77.1

Elephant 144 0 0.2 0 2 79.2

Buffalo 144 0 0.6 0 10 76.4

Note: Data were from central Etosha National Park (ENP), Namibia 1976–2014 (rainfall years; July–June) and northern Kruger National Park (KNP), South
Africa, 1990–2015 (calendar years). Bimonthly data from KNP 2010–2015 are also included in this table because they were frequently used for analyses.
aCommon and scientific names of host species: plains zebra (Equus quagga), springbok (Antidorcas marsupialis), blue wildebeest (Connochaetes taurinus),
African elephant (Loxodonta africana), impala (Aepyceros melampus), greater kudu (Tragelaphus strepsiceros), and African buffalo (Syncerus caffer).
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derivatives were calculated from a multivariate S-map
with only one environmental variable for zebra and
springbok in ENP, and elephant in KNP. Environmental
effects on anthrax mortalities were categorized based on
the seasons of the anthrax mortality intervals. General
directionality of the effects did not vary over seasons
(Figure 8). The majority of both NDVI and rainfall effects
on zebra and springbok anthrax mortalities in ENP was
positive (Figure 8a–d). On the other hand, elephant cases
in KNP were generally negatively affected by prior values
for NDVI and rainfall (Figure 8e,f). Comparing these to
models that include only a single environmental variable,
the effects of NDVI estimated from models with two
environmental variables were much closer to zero
(Appendix S1: Figure S8), probably because of the
interaction between the two environmental variables,
with NDVI and rainfall acting as proximate and distal
causes, respectively.

For these species–location pairings (zebra and spring-
bok in ENP; elephant in KNP), the time intervals
between environmental signal and anthrax cases (time
lags within 1 month of NDVI or around 2 months of rain-
fall) suggest that the underlying transmission mecha-
nisms for these species involve host behavioral responses
to vegetation dynamics. However, the directionality of
the effects indicated that these three species respond dif-
ferently to vegetation change. Based on the predicted
environmental effects on cases, zebra and springbok

generally had more anthrax mortalities following higher
NDVI or rainfall, while elephant generally had more
cases following lower NDVI or rainfall. In addition,
although rainfall had no predictive power for buffalo
anthrax cases in KNP, we did detect potential causality
from rainfall at a two-week time lag with CCM (Table 2,
Figure 7, Appendix S1: Figure S5), and thus we cannot
rule out the hypothesis that water translocation of spores
contributes to buffalo anthrax cases in KNP.

DISCUSSION

In this study, we evaluated patterns and drivers of disease
dynamics and biseasonality in anthrax infections in two
multihost systems. In central ENP, common host species
were the same over nearly 40 years, with a relatively
small outbreak occurring every year. In northern KNP,
historical outbreaks affected mostly kudu and followed a
roughly decadal cycle, but turnover in host composition
occurred in the 1990s and 2000s, with impala replacing
kudu. Seasonally, the two parks showed similar bimodal
seasonality. While anthrax cases in zebra, springbok, wil-
debeest, and impala peaked in wet seasons, anthrax cases
in elephant, kudu and buffalo peaked in dry seasons.
Except for elephant, species peaking in the same season
showed synchronization of cases, indicating interrelated
mechanisms behind the dynamics. Of the transmission

F I GURE 4 Seasonality in Normalized Difference Vegetation Index (NDVI) (a remote-sensing index of vegetation greenness)
and rainfall (a, b) and anthrax mortality (c, d) from central Etosha National Park (ENP), Namibia (a, c; 1983–2014 for upper panel and
1976–2014 for lower panel; rainfall years; July–June), and northern Kruger National Park (KNP), South Africa (b, d; 1990–2015; calendar
years). The data shown are averages for each bimonthly interval of a year. The anthrax mortality was calculated by total cases at an
interval divided by overall cases per species to better show the seasonality.
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mechanisms considered, we found the strongest evidence
linking outbreaks to changes in rainfall-driven vegetation
dynamics, with zebra and springbok cases linked to
higher rainfall and increased greenness and elephant
cases linked to lower rainfall and reduced greenness. Put
another way, wetter conditions were linked with more
anthrax cases for zebra and springbok, whereas drier con-
ditions were linked with more elephant cases. These rela-
tionships between anthrax dynamics and environmental
fluctuations indicate that host behavioral responses to
vegetation changes are likely important mechanisms
behind anthrax dynamics for zebra, springbok, and ele-
phant and that different seasonal peaks can result from
divergent host responses to vegetation green-up. This
study suggests that divergent transmission mechanisms
and possible interactions between species may lead to the
dynamics and biseasonal patterns in anthrax infections.

Seasonality and dynamics in anthrax cases

Though anthrax outbreaks in northern KNP followed a
roughly decadal cycle, with large outbreaks occurring
every 10 to 20 years, outbreaks in central ENP occurred

annually with fewer cases. However, with fewer than
40 years of data, we cannot be certain that large out-
breaks in ENP did not follow a multiyear cycle. Nonethe-
less, although these two parks seemed to have different
interannual patterns, they both showed bimodal season-
ality in anthrax infections. Species differed in their
seasonality, with some peaking in wet seasons (zebra,
springbok, wildebeest, and impala) and others peaking in
dry seasons (elephant, kudu, and buffalo).

In long-term trends, the species composition for
anthrax cases changed over decades in both parks. In
ENP, the proportion of elephant cases declined, while the
proportion of zebra cases increased over recent decades.
This shift may be due to long-term rainfall patterns and
the association of each species with environmental condi-
tions. ENP experienced a period of drought in the 1980s–
1990s when elephant case numbers were relatively
higher, followed by a wet period from 2000–2012 with
both higher zebra anthrax mortality and lower elephant
anthrax mortality. In addition to rainfall patterns, we
cannot exclude the possibility that the trends in species
composition were driven by population abundance of the
host species. Furthermore, a more dramatic change
in host species was observed in KNP, which in the

F I GURE 5 Temporal correlations between preceding cases of certain species and following cases of the same or different species with time
lags in central Etosha National Park (ENP), Namibia, 1976–2014 (rainfall years; July–June), and northern Kruger National Park (KNP),
South Africa, 2010–2015 (calendar years). Preceding cases were of (a) zebra, (b) springbok, (c) wildebeest, (d) elephant, and (e) all species in ENP;
(f) zebra, (g) impala (h) kudu, (i) elephant, (j) buffalo, and (k) all species in KNP. Autocorrelation functions and cross-correlation functions were
used to calculate within- and between-species correlations, respectively, with time lags ranging from 0 to 24 bimonthly intervals (i.e., out to
1 year). Different colors of lines represent different species of following cases. Dashed lines indicate upper and lower boundaries of 95% confidence
intervals. Due to multiple time lags and multiple species, the 95% confidence intervals are less conservative in this case.
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1990s–2000s shifted from dry-season kudu outbreaks to
wet-season impala outbreaks, following large outbreaks
in kudu in 1990–1991 and 1999. This switch in the domi-
nant anthrax host species may have occurred due to
decreased kudu population density, especially after the
large outbreaks, and a consistently abundant impala pop-
ulation (Kruger et al., 2008; Owen-Smith & Mills, 2006).
Other possible factors altering the KNP anthrax system
could include extreme weather events, such as a severe
drought in 1991–1992 or widespread flooding in 2000
(Parsons et al., 2005), after which few anthrax cases were
recorded over the next decade (Appendix S1: Figure S1).
Whether anthrax in KNP will return to a kudu-dominated
dry-season system or remain an impala-dominated
wet-season system remains to be seen.

Temporal correlations of anthrax cases
within and between species

In both parks, anthrax dynamics were synchronized
(within 2-month time lags) within seasonal peaks. The
synchrony of cases within a season may be attributed to
similar transmission mechanisms or common infectious
sources, and the biseasonal patterns suggest that there are

several mechanisms of anthrax transmission or dynamics,
such as divergent responses to vegetation availability in
different seasons. The exception to this case synchrony
was elephant cases in northern KNP, which were less syn-
chronized with other dry-season anthrax species and, thus,
suggest potentially different transmission routes from
other dry-season species. In KNP, case synchrony among
species can also be observed at different temporal or
spatial scales. For example, kudu and buffalo cases
co-occurred in historical outbreaks. Zebra cases became
more common after impala became the dominant host,
and cases in these two species showed a similar geographi-
cal distribution, concentrated in the Pafuri region.

In central ENP, we did not observe positive correla-
tions in anthrax dynamics for host species with cases
peaking in different seasons. For the wet-season anthrax
hosts, when there were more zebra cases, wildebeest
experienced higher risk 6–7 months after the zebra cases.
Wildebeest have a higher tendency to remain in open hab-
itats even in dry seasons (Arsenault & Owen-Smith, 2008),
and the habitat type they prefer corresponds to high-risk
habitats in ENP (Huang et al., 2021). Big wet-season
outbreaks in zebra potentially heighten the pathogen
concentrations in those habitats and the probability of
spillover to wildebeest in the following season.

F I GURE 6 Anthrax mortalities in relation to cumulative rainfall in different rainfall years for (a) zebra, (b) springbok, (c) wildebeest,
and (d) elephant in central Etosha National Park (ENP), Namibia 1983–2014, and (e) total cases in northern Kruger National Park (KNP),
South Africa 1993–2015, and (f) outbreak years versus nonoutbreak years in KNP 1955–1991. Rainfall years of July to June were used for
ENP and KNP 1993–2015; and rainfall years of October to September were used for KNP 1955–1991. Outbreak years 1990 and 1991 were
compared with historical outbreaks because they primarily comprised kudu and buffalo in dry seasons. Rainfall years 1969, 1972, 2000, 2003,
2004, and 2005 in KNP were excluded due to unavailable rainfall data.
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TAB L E 2 Results of empirical dynamic modeling for relationships between anthrax mortalities and environmental variables with best-
performing time lags, which were significantly different from seasonal null models with convergent cross mapping, using Kolmogorov–Smirnov tests

Park Speciesa
Environmental

variable

Best-performing

time lag

Two-tailed p

value compared

to seasonal null

models

Predictive power

using one

environmental

variable (ρ)

Predictive power

using two

environmental

variables (ρ)

Etosha Zebra NDVI t�1 <0.001 0.345 0.481

Rainfall t�4 <0.001 0.268

Etosha Springbok NDVI t�2 <0.001 0.200 0.240

Rainfall t�3 <0.05 0.217

Etosha Elephant NDVI t�2 <0.01 0.053 N/A

Kruger Elephant NDVI t�2 <0.01 0.278 0.301

Rainfall t�4 <0.001 0.292

Kruger Buffalo Rainfall t�1 <0.05 0.035 N/A

Note: The predictive power was evaluated based on Pearson’s correlation coefficients ρ between predicted and observed values, using S-map to forecast. The
predictive models were built upon data from central Etosha National Park (ENP), Namibia, 1983–2005 (rainfall years; July–June), or northern Kruger National
Park (KNP), South Africa, 2010–2013 (calendar years), to forecast 2006–2014 for ENP or 2014–2015 for KNP.
aCommon and scientific names of host species: plains zebra (Equus quagga), springbok (Antidorcas marsupialis), African elephant (Loxodonta africana), and
African buffalo (Syncerus caffer).
Abbreviation: NDVI, Normalized Difference Vegetation Index.

F I GURE 7 The strengths of the relationships between environmental variables with different time lags and anthrax mortalities. Plots show
Pearson’s correlation coefficients ρ (cross-mapping skill) between observed environmental variable values and predicted values by anthrax mortalities
at maximal library size for different time lags from one to six bimonthly intervals (around 2 weeks to 3 months) of Normalized Difference Vegetation
Index (NDVI) (a remote-sensing index of vegetation greenness; green dashed lines) and rainfall (blue solid lines) variables, using convergent cross-
mapping. These analyses were performed to evaluate environmental causes of anthrax mortalities of (a) zebra, (b) springbok, (c) wildebeest, and
(d) elephant in central Etosha National Park (ENP), Namibia, 1983–2014 (rainfall years; July–June); and (e) zebra, (f) impala, (g) kudu, (h) elephant,
and (i) buffalo in northern Kruger National Park (KNP), South Africa, 2010–2015 (calendar years). Time lags with highest cross-mapping skill were
highlighted with black circles, and they were further compared with seasonal null models. One, two, and three asterisks represent p values less than
0.05, 0.01, and 0.001, respectively, compared to seasonal null models with Kolmogorov–Smirnov tests.
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When comparing correlations in cases contrasting
species with cases peaking in different seasons in north-
ern KNP, we observed positive correlations with longer
time lags (2–11 months later). These lagged correlations
imply that anthrax mortalities of one species may contrib-
ute to or amplify the force of infection in other species.
These relationships suggest that anthrax transmission
dynamics in KNP are complex—more complex than
observed in ENP—and that cases in different synchronized
seasonal groups are still interrelated.

Associations of anthrax cases with
environmental variables

We were able to detect associations between environmental
variables and anthrax mortalities for zebra and springbok
cases in central ENP, buffalo in northern KNP, and ele-
phant in both parks. These relationships indicate potential
transmission mechanisms for anthrax tied to rainfall-driven
vegetation dynamics and spore translocation by water.
Transmission mechanisms based on environmental vari-
ables for other host species remain unclear. Shorter time

periods for analyses and large variations in outbreak fre-
quency, especially in northern KNP, may limit our ability
to identify potential environmental links. For those species
for which anthrax cases showed potential causality with
the environment, the best-performing time lags in EDM
were mostly within 1 month prior to anthrax mortalities
for NDVI or around 2 months prior to anthrax mortalities
for rainfall (Figure 7), consistent with the hypothesis that
transmission is related to behavioral responses to vegeta-
tion fluctuations. The only exceptions to this hypothesis
were buffalo cases in KNP, for which the best-performing
time lag was 2 weeks for rainfall, implying that the trans-
mission mechanism for buffalo may involve water flow
translocating spores, despite the limited predictive power.
Among years, anthrax outbreaks in KNP were not associ-
ated with rainfall or NDVI, and environmental variables
failed to explain the occurrence of these sporadic, large
anthrax outbreaks. Across the scales of the different ana-
lyses, our KNP findings suggest that the environment mod-
ulates the intensity of an outbreak when it occurs but
cannot be used to predict when infrequent outbreaks will
occur. Thus, the environment is unlikely to be the primary
trigger of large outbreaks in KNP; instead, the main driver

F I GURE 8 Predicted effects of Normalized Difference Vegetation Index (NDVI) (a remote-sensing index of vegetation greenness) or
rainfall in different seasons on (a, b) zebra anthrax mortalities in central Etosha National Park (ENP), Namibia, (c, d) springbok in ENP, and
(e, f) elephant in northern Kruger National Park (KNP), South Africa, shown with conventional boxplots. These environmental effects were
estimated by partial derivatives from the multivariate S-map forecast models with one environmental variable (NDVI or rainfall) for the
prediction period (2006–2014 for ENP and 2014–2015 for KNP) with anthrax cases, rainfall, and NDVI standardized with center at zero and
standard deviations equal to one. These effects were grouped into different seasons based on case intervals.
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may be other factors, such as host population density
(de Vos & Bryden, 1996) or an interaction between host
density and environment.

In ENP, anthrax cases seem to be driven by zebra
and, potentially, springbok and their interactions with
the environment and may spill over into wildebeest
through their shared space use. Zebra in ENP are
attracted to habitats with higher anthrax risk in
response to vegetation growth in wet seasons (Huang
et al., 2021), exhibit higher-risk foraging strategies
(Havarua et al., 2014; Turner et al., 2013), and selec-
tively forage at anthrax carcass sites (Turner
et al., 2014). These behavioral responses at both the
landscape and the local patch scales result in mostly
positive effects of rainfall and NDVI on the number of
zebra anthrax cases. These zebra cases are triggered by
the environment, synchronized with springbok and
wildebeest cases, and correlated with wildebeest cases
into the following dry season.

We were not able to determine specific behavioral
changes that alter the exposure to B. anthracis for spring-
bok in ENP or elephant in KNP. However, the effects of
NDVI and rainfall on springbok and elephant cases
determined here do suggest potential mechanisms that
warrant further study. The directionality of the environ-
mental effects on anthrax mortalities indicates that
springbok have higher disease exposure during periods of
wetter conditions and that elephant have higher exposure
during drier conditions. Springbok selectively forage at
zebra anthrax carcass sites in reaction to vegetation
growth, a pattern not observed for elephants (Turner
et al., 2014). Springbok shift their diet or potentially
use different habitats across seasons (Bigalke, 1972;
Lyons et al., 2013; Nagy & Knight, 1994; Panagis &
Stander, 1989), and elephant populations are known to
switch resource selection seasonally (Codron et al., 2006;
Kaszta et al., 2021; Robson & van Aarde, 2018; Tsalyuk
et al., 2019). Thus, changes in habitat or patch use, as
well as foraging strategies, of these mixed-feeding herbi-
vores could contribute to the differential exposure to
B. anthracis.

Transmission mechanisms for elephants appear to
be different from those of the other host species. Why
elephants are not more correlated with other dry-season
species remains an interesting question. The correla-
tions at longer time lags in KNP suggest that outbreaks
may move from one host species to another over several
months. Moreover, in KNP, the environment cannot
predict when an outbreak will occur. Outbreaks in KNP
seem to emerge from complex interactions between host
populations, the environment, host interactions with
that environment, and subsequent interactions among
species.

Unevaluated mechanisms behind
dynamics

Using relationships between environmental variables and
anthrax mortalities to evaluate transmission mechanisms
has its limitations. Anthrax cases in wildebeest, impala,
and kudu did not show significant associations with the
environment. In addition to small sample sizes, this
could be because not every transmission mechanism can
be evaluated using associations with rainfall and NDVI.
For example, transmission may be driven by host popula-
tion density or involve translocation by vultures or
insects (Figure 1), or other mechanisms and pathways
that scientists have not yet considered. Furthermore,
environmental variation may have uneven impacts on
transmission risk across a heterogeneous landscape. For
instance, if water dilutes spores at some infectious sites
but hosts are attracted by abundant plant biomass at
other infectious sites after rainfall, the relationships with
the environment may be masked and not revealed by cor-
relations averaged across a large spatial extent.

The timing of parturition has been noted as a com-
mon factor for biseasonality in wildlife diseases, where a
pulse of immunologically naïve individuals is added to
the population (Altizer et al., 2004; Cosgrove et al., 2008).
For the species in our study, though there is no obvious
breeding season for elephant, the birth peaks of the other
ungulate host species are mostly during wet seasons
(Fairall, 1968; Gasaway et al., 1996). This recruitment of
potential host individuals may contribute to wet seasonal
peaks in anthrax infections. However, most anthrax
mortalities are adults (Clegg et al., 2007; Lindeque &
Turnbull, 1994; Salb et al., 2014), and adults are poten-
tially more likely to die of anthrax than younger individ-
uals (Lindeque & Turnbull, 1994). Thus, even though
we cannot rule out the effect of individual recruitment
from birth peaks on anthrax seasonality, it may be only
minimal.

Another common hypothesis for explaining the
mechanisms of anthrax dynamics is that stress
heightens host susceptibility, leading to anthrax outbreaks
(Dragon & Rennie, 1995; Hugh-Jones & de Vos, 2002).
Two common forms of stress are nutritional deprivation
and reproduction (Plowright et al., 2008). For the host
species in this study, while there are mismatches
between periods of low nutrient availability and anthrax
outbreaks, especially for wet-season anthrax species,
for example, zebra and springbok in ENP (Cizauskas
et al., 2015), these two periods are potentially concordant
for dry-season anthrax species, for example, elephant in
KNP (Viljoen et al., 2008). These differences suggest that
stress-related responses due to nutritional deprivation
may vary with species, and there could be a causal link
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for species in the dry-season group. The largest elephant
outbreak in ENP corresponded to the year with the latest
start of rainfall during the study period. However, confir-
mation of these relationships will require an analysis of
different scales using longer-term data sets of outbreaks
across years. Additionally, if stress from pregnancy and
lactation is a major driver of cases, female-biased anthrax
mortalities should be observed. Though sex biases are
reported, they are variable across species or areas
(Bagamian et al., 2013). For example, impala anthrax
cases during a large outbreak in Malilangwe Wildlife
Reserve, Zimbabwe, were skewed to males, whereas
kudu in the same area were skewed to females (Clegg
et al., 2007). Springbok, wildebeest, and elephant anthrax
cases in ENP are skewed toward males, whereas zebra
cases show no sex bias (Lindeque & Turnbull, 1994).
However, the sex ratio of zebra in the Samburu district,
Kenya, are skewed toward females (Muoria et al., 2007).
This mixed sex skewness indicates that sex-specific
stressors may not be the main contributing factors to
anthrax mortalities or that the effects of sex on anthrax
mortality may vary by species and area.

Even though host susceptibility may contribute to
anthrax outbreaks for some species, exposure to high
concentrations of pathogens may be equally important.
Zebra in ENP move between habitats in reaction to rain-
fall fluctuations (Huang et al., 2021). They primarily use
low-risk habitats when individuals are more susceptible
to anthrax infection during drier seasons or a drought
(Huang et al., 2021). As a result, anthrax outbreaks in
this population generally occur when there is better for-
age availability. Therefore, while stressors can alter indi-
vidual susceptibility to anthrax, confirming that habitats
used by the host populations have high risks and identify-
ing transmission hotspots are essential.

Variable surveillance effort in long-term wildlife mor-
tality data makes it challenging to link environmental
variation to disease outbreaks, and variation in case
detection may obscure patterns between environmental
factors and disease outbreaks. Though standardized mor-
tality surveys across a large area are certainly desirable,
they may not be practical or feasible. Despite these limi-
tations, EDM is useful for detecting nonlinear or context-
dependent relationships, since it provides more flexibility
in identifying linkages between variables than traditional
correlational analyses (e.g., generalized linear model ana-
lyses shown in Appendix S1). In addition, long-term mor-
tality data can be useful for evaluating the effects of
factors such as human activities and roads (Ashley &
Robinson, 1996; Gilhooly et al., 2019) or diseases (Hall &
Saito, 2008; Kuisma et al., 2019) on animal populations,
especially when multiple species are considered. Despite
the potential challenges of working with long-term

mortality data sets, we encourage wildlife scientists and
managers to collect them and to explore the data sets at
different spatial and temporal scales with statistical and
modeling methods to retrieve underlying information.

Summaries and future research

This study showed bimodal seasonality in anthrax mortality
among African herbivore species and the characteristics
and complexities of anthrax outbreak dynamics from two
separate systems. Our results suggest potential causal rela-
tionships between rainfall and vegetation greenness and
anthrax transmission mechanisms for different species. The
mortality of species in different seasonal peaks (i.e., zebra
and springbok vs. elephant) has opposite relationships with
rainfall and NDVI, suggesting that a difference in animal
ecology may lead to variable seasonality in infectious dis-
eases. The underlying mechanisms that lead to anthrax
infection for many of these herbivore species remain largely
unknown. We recommend future studies to explore spatio-
temporal patterns in anthrax infections, as well as the popu-
lation biology of the host populations across seasons and
years, to confirm the potential change in behavioral
responses to vegetation fluctuations through monitoring
movement, behavior, and serostatus and to directly evaluate
vector-involved transmission pathways. Despite the com-
plexity of pathways that can lead to transmission in this
multihost, environmentally transmitted disease, this study
revealed that biseasonal anthrax infections could emerge
from two systems with very different disease outbreak
dynamics. Finally, the different patterns in interannual out-
break dynamics in these systems is a reminder that we
should be cautious in generalizing patterns or processes of a
disease from the characteristics observed in a single system.
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