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Anthrax, an acute disease of homeotherms caused by soil-borne Bacillus anthracis
is implicated in dramatic declines in wildlife mainly in sub-Saharan Africa. Anthrax
outbreaks are often localized in space and time. Therefore, understanding predictors
of the spatial and temporal occurrence of anthrax in wildlife areas is useful in supporting
early warning and improved response and targeting measures to reduce the impact of
epizootic risk on populations. Spatial localization of anthrax is hypothesized to be driven
by edaphic factors, while the temporal outbreaks are thought to be driven by extreme
weather events including temperature, humidity, rainfall, and drought. Here, we test the
role of select edaphic factors and normalized difference vegetation index (NDVI) metrics
driven by vegetation structure and climate variability on the spatial and temporal patterns
of wildlife mortality from anthrax in key wildlife areas in Kenya over a 20-year period,
from 2000 to 2019. There was a positive association between the number of anthrax
outbreaks and the total number of months anthrax was reported during the study period
and the nitrogen and organic carbon content of the soil in each wildlife area. The monthly
occurrence (timing) of anthrax in Lake Nakuru (with the most intense outbreaks) was
positively related to the previous month’s spatial heterogeneity in NDVI and monthly
NDVI deviation from 20-year monthly means. Generalized linear models revealed that
the number of months anthrax was reported in a year (intensity) was positively related to
spatial heterogeneity in NDVI, total organic carbon and cation exchange capacity of the
soil. These results, examined in the light of experimental studies on anthrax persistence
and amplification in the soil enlighten on mechanisms by which these factors are driving
anthrax outbreaks and spatial localization.
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INTRODUCTION

Anthrax is an acute, febrile disease of homeotherms, caused
by the gram-positive, non-motile, spore-forming, soil-borne
bacteria; Bacillus anthracis and Bacillus cereus biovar anthracis
(Koch, 1937; Hoffmaster et al., 2004; Leendertz et al., 2006b). The
disease has a global distribution (Schild et al., 2006; Turnbull,
2008; Revich et al., 2012; Barro et al., 2016; Chen et al., 2016;
Hoffmann et al., 2017; New et al., 2017), and infects a wide range
of vertebrate species (Mollel, 1977; Lindeque, 1998; Leendertz
et al., 2006a; Clegg et al., 2007; Beyer and Turnbull, 2009).
Anthrax epizootics have caused significant declines in wildlife
species by 10–30% in most outbreaks and by 80–90% in severe
outbreaks (Creel et al., 1995; Hugh-Jones and De Vos, 2002;
Leendertz et al., 2006a; Clegg et al., 2007; Muoria et al., 2007;
Kaitho et al., 2013; Salb et al., 2014; Hoffmann et al., 2017).

Bacillus anthracis is endemic in many parts of the world
with an epizootic transmission cycle (van Ness, 1971; Hugh-
Jones and Blackburn, 2009). Areas that B. anthracis is deemed
endemic to are characterized by high content of soil calcium,
pH (pH ≥ 6.1), moisture, and organic carbon and nitrogen
(Joyner et al., 2010; Chikerema et al., 2013; Kracalik et al., 2017;
Steenkamp et al., 2018; Romero-Alvarez et al., 2020) and occur at
low-lying topography (Dragon and Rennie, 1995; Munang’andu
et al., 2012). B. anthracis consists of clade A and clade B among
others, but clade A thrives in soil with wider ranges in pH
and calcium whereas anthrax clade B is more common in soil
rich in calcium and high pH (Smith et al., 2000). Regarding
topology, seasonally flooded plains and low lying areas are known
to be prone to anthrax outbreaks (Dragon and Rennie, 1995;
Munang’andu et al., 2012).

Anthrax outbreaks are driven by a synergy of intrinsic and
extrinsic factors linked to both the host and the pathogen.
The occurrence and severity of anthrax are highly variable
across seasons and years and appear to be driven by mean
temperature, and precipitation in the temperate regions while
in the tropics, precipitation is a dominant factor (Joyner et al.,
2010; Chikerema et al., 2013; Kracalik et al., 2017; Steenkamp
et al., 2018; Romero-Alvarez et al., 2020). Most anthrax epizootics
in endemic tropical regions occur in the dry season and it
is speculated that exposure to hot weather and subsequent
heat stress and malnutrition from forage scarcity play a role
in decreasing host resistance to infections (Hugh-Jones and
Blackburn, 2009). However, this hypothesis does not address
cases in which anthrax mortalities occur in the wet season or
where the disease begins at the end of the rains or beginning of
dry seasons. Nevertheless, recent evidence suggest that anthrax
outbreaks are driven by extreme weather events (Hampson
et al., 2011; Anttila et al., 2015) that may be caused by El
Nino and La Nina and associated ENSO phenomenon. Similar
timing of anthrax outbreaks has been observed in temperate
and arctic climates, where outbreaks are associated with hot-dry
summers preceded by heavy spring rain (Blackburn and Goodin,
2013; Maksimović et al., 2017). Extreme weather events may
induce anthrax epizootics because precipitation and temperature
are known to modulate ecological dynamics of soil-dwelling
microbes known experimentally to amplify or inhibit B. anthracis

multiplication in the soil (Clarholm, 1981; Rutherford and Juma,
1992; Anderson, 2000; Ritz and Young, 2011; Dey et al., 2012).

Another driver of temporal patterns of anthrax epizootics
is vegetation as measured through NDVI. A few studies have
confirmed a positive relationship between NDVI and anthrax
outbreaks (Kracalik et al., 2017; Steenkamp et al., 2018) or
variance in NDVI and occurrence of anthrax (Chikerema et al.,
2013). Plant growth is experimentally known to enhance the
proliferation of B. anthracis (Saile and Koehler, 2006; Ganz
et al., 2014) and influence the dynamics of organisms such
as Acanthamoeba (Rodriguez-Zaragoza et al., 2005; Fernández,
2015), which are speculated to amplify anthrax presence in the
soil based on experimental results (Dey et al., 2012).

In this study, we examined the influence of edaphic factors
particularly total organic carbon, total nitrogen, pH, total
carbonate equivalent, cation exchange capacity, gypsum content
and available water capacity on the frequency and duration of
anthrax outbreaks. We also examined the influence of normalized
difference vegetation index (NDVI) metrics - surrogates for
climate variability, vegetation structure, plant diversity, plant
growth or phenology and plant cover – on the monthly
occurrence (timing) and the number of months of anthrax when
anthrax mortality was reported each year (intensity) in selected
wildlife areas in Kenya. Lastly, we combined both edaphic
variables and NDVI metrics as predictors of anthrax mortality in
wildlife in multilevel model analyses.

MATERIALS AND METHODS

Wildlife Areas: Sizes, Climate, and
Vegetation
The focal wildlife areas selected are those with endangered
species, such as Rothschilds giraffe (Giraffa camelopardalis
rothschildi Lydekker), black rhinoceros (Diceros bicornis Linn.)
and white rhinoceros (Ceratotherium simum, Burchell) where
veterinary investigations on causes of mortality are prioritized
and likely to be reported. These areas included Hell’s Gate
National Park (HGNP), Lake Nakuru National Park (LNNP),
Nairobi (NNP), Tsavo East National Park (TENP), Tsavo West
National Park (TWNP), Sibiloi National Park (SNP) and Mwea
National Reserve (MNR) (Figure 1). Areal coverage, climate, and
elevation for each of these protected areas are summarized in
Table 1.

The vegetation of LNNP consists of wooded and bushed
grassland. The dominant grasses include Cynodon niemfluencis,
Chloris gayana, Sporobolus spicatus, and Themeda triandra while
bushlands and woodlands are dominated by closed stands of
Euphorbia candelabrum and Acacia xanthophloea. NNP has a
vegetation composed of lightly wooded grasslands on the plains
to the east and dry forest in the upland areas to the west. The
wooded grasslands are dominated by Acacia drepanolobium trees,
and Themeda triandra, Pennisetum mezianum, Bothriochloa
insculpta, and Digitaria macroblepharu grasses whereas the
highland dry forest is dominated with Olea africana, Croton
dichogamus, Brachylaena hutchinsii, and Calodendrum (Boutton
et al., 1988). The vegetation of HGNP is predominantly open
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FIGURE 1 | The spatial distribution of Kenya’s protected wildlife areas (NP, National Park; NR, National Reserve) showing focal wildlife areas examined for anthrax
outbreaks. Focal wildlife areas are indicated in red and other wildlife areas are indicated by green.

TABLE 1 | Areal coverage, climatic and topographic variables of focal wildlife areas in Kenya examined.

Wildlife area Area
(km2)

Mean annual
rainfall (mm)

Minimum and
maximum rainfall

Rain season(s) Mean annual
temperature

Minimum and
maximum

temperature

Elevation Sources

Mwea National
Reserve (MNR)

42 783 650–1000 March–May and
October–December

22.1◦C 14–30◦C 950–1150 Chira and
Kinyamario, 2009;
Kaitho et al., 2013

Hell’s Gate National
Park (HGNP)

68 626 443–939 March–May and
October–December

19◦C 8–30◦C 2000 Getonto, 2018

Nairobi National
Park (NNP)

117 808 366–1697 March–May and
November–December

19.6◦C 12–28◦C 1600–1800 Deshmukh, 1986;
Ogutu et al., 2013

Lake Nakuru
National Park
(LNNP)

188 869 363–1146 March–June and
October–December

18◦C 8.2–25.6◦C 1760–2080 Ng’weno et al.,
2010; Ogutu et al.,

2012

Sibiloi National Park
(SNP)

1570 192 18.5–472.3 March-May &
October-December

32◦C 26–37◦C 360–560 Mbaluka and
Brown, 2016; Avery

and Tebbs, 2018

Tsavo West
National Park
(TWNP)

7065 600 400–900 March–May and
November–January

28◦C 20–30◦C 600–1800 Waweru and
Githaiga, 2014

Tsavo East National
Park (TENP)

13747 538 184–1201 March–May and
November–January

27.9◦C 22.1–33.6◦C 150–1200 Coe, 1978; Kyale
et al., 2011

For MNR, additional information accessed from: https://en.climate-data.org/africa/kenya/embu/mwea-sub-location-1024021/ and for TENP, https://en.climate-data.
org/africa/kenya/makueni/tsavo-103115/.

to dense scrubland, and open grassland. Scrubland is dominated
by Acacia drepanolobium and Tarchonanthus camphoratus, while
grasslands are dominated by Themeda triandra (Lovart and
Lucherin, 1992). MNR has three vegetation types including
bushlands dominated by Acacia mellifera, Commiphora africana,
Grewia bicolor and Acacia ataxacantha, woodlands dominated by
A. mellifera and C. africana and wooded grasslands covered by

mainly under Terminalia brownie trees (Chira and Kinyamario,
2009). SNP has an arid vegetation dominated by grassland and
dwarf shrubland, with riparian forest and riparian woodland at
the shores (Mbaluka and Brown, 2016). The Vegetation of TWNP
is dominated by Acacia–Commiphora bushland and Hyphaene
compressa woodlands in the north and open grassy plains in
the south (Wato et al., 2006). TENP has a semi-arid vegetation
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consisting mainly of bushland–grassland savannah and Acacia–
Commiphora woodlands interspersed with Premna sp., Bauhinia
sp. and Sericocomorpsis sp., Delonix elata and Melia volkensii trees
in open plains (Kyale et al., 2011).

The Occurrence of Anthrax in Focal
Wildlife Areas in Kenya
We extracted data on months when anthrax outbreaks occurred
from disease surveillance reports at the Kenya Wildlife Service
as well as published literature for seven wildlife areas in Kenya
for the period 2000 to 2019 (Kaitho et al., 2013; Muturi et al.,
2018). An Anthrax outbreak was defined as an occurrence of
wildlife deaths more than what would normally be expected in
a defined geographical area within a span of less than 2 weeks
that warranted a disease investigation. We used only data from
reports in which anthrax was determined by clinical examination
of fresh carcasses and through microscopic examination of bacilli
in blood-stained smears (Examples: Muoria et al., 2007; Aminu
et al., 2020). Typically, thin blood smears were prepared in the
field, stained with polychrome methylene blue and examined
under a light microscope. The presence of blue square-ended
rods, usually in short chains, surrounded by a pinkish-red capsule
was used to diagnose the presence of B. anthracis (M’Fadyean,
1903). For each outbreak, we extracted the months, and records
of wildlife species affected. The number of animals that died
from each outbreak were opportunistically counted following
confirmation of positive cases. There were no systematic surveys
to determine detection probability and to objectively estimate
the number of carcasses. The number of animals reported are
therefore unreliable as estimates of the magnitude of outbreaks
and are lower than the true number of animals that died. More
generally, wildlife cases are usually underestimates compared to
human or livestock anthrax cases.

Normalized Difference Vegetation Index
Variables
Normalized difference vegetation index is a measure of
differential reflectance and absorbance of the light spectra
by vegetation and depends on the phenology and density of
vegetation. NDVI is emerging as an important predictor of
anthrax outbreaks as it integrates soil moisture, plant phenology,
spatial variability in vegetation structure, species composition,
topography, and variability in rainfall (e.g., Norris and Blackburn,
2019). The NDVI data used for this study covered January 2000
to December 2019 and was sourced from satellite images at the
MODIS NDVI, a 16-day, 250-m resolution database1. Shape files
of the study areas were obtained from the http://datasets.wri.
org. The zonal statistic tool in ArcGIS 10.1 (ESRI, 2012) was
used to calculate the mean, minimum, maximum, and standard
deviation of NDVI values based on the number of 250-m pixels
within each polygon and two time periods within each month.
From these statistics, the spatial variation in NDVI, a metric
which is positively correlated with plant diversity, vegetation
structure and vegetation coverage was obtained (Gould, 2000;

1http://ivfl-info.boku.ac.at

Fairbanks and McGwire, 2004; Oldeland et al., 2010; Rocchini
et al., 2010; Pau et al., 2012), whereas temporal variability
is correlated with climatic variability particularly precipitation
and temperature that drive plant phenology (Hawinkel et al.,
2016; Kalisa et al., 2019). Estimates of mean monthly NDVI
and monthly standard deviation of NDVI across pixels for
each wildlife area (spatial NDVI heterogeneity) were used as
independent covariates. In addition, we calculated monthly
NDVI deviation from long-term monthly average over a 20-
year period and temporal heterogeneity in NDVI or the standard
deviation from the annual average.

Edaphic Variables
The soil data were obtained from the ISRIC- an International
World Soil Reference and Information Centre2. We extracted the
following soil variables using data from soil classification maps
for our focal areas; soil type, soil type specific mass fraction
(g/kg−1) of total organic carbon, total nitrogen and alkalinity or
pH, a measure of hydrogen ions [H+] concentration expressed
on a negative logarithmic scale of the hydrogen ion concentration
[H+] in water from SOTER-based soil parameter estimates
(SOTWIS) for Kenya3. Further, we extracted soil-type specific
average; total carbonate equivalent (g/kg−1), cation exchange
capacity (cmolc/kg−1), gypsum content (g/kg−1), and available
water capacity (vol.% –33 to –1500 kPa, USDA standards). We
clipped soil data to each wildlife area shape file polygon. The area
of coverage of each soil type was calculated using ArcGIS 10.1
software (ESRI, 2012). To obtain a single measure for each soil
variable above for each wildlife area, the value for each soil type
was multiplied by the areal coverage of that soil type and summed
across soil types and divided by total wildlife area.

Statistical Analyses
First, we examined the influence of edaphic factors [total
organic carbon (g/kg−1), total nitrogen (g/kg−1), pH, lime, or
total carbonate equivalent (g/kg−1), cation exchange capacity
(cmolc/kg−1), gypsum content (g/kg−1), and available water
capacity] on anthrax outbreaks across protected areas. The total
number of months anthrax was reported and the number of
outbreaks for each wildlife area during the study period were
used as dependent variables in a Poisson regression using a
generalized linear model (GLM) framework. We performed
univariate and multivariate relationships among dependent and
independent variables. In a multivariate GLM, we selected the
most important variables using AIC implemented in the MuMIn
package (Barton and Barton, 2015).

Second, we examined the influence of NDVI metrics on
anthrax outbreaks at the monthly level and at the annual level.
To identify the possible drivers of the monthly timing of anthrax,
we used data for Lake Nakuru National Park for which there
were many months when anthrax was reported. We compared
this with monthly timing of anthrax outbreaks for all wildlife

2https://www.isric.org/projects/world-inventory-soil-emission-potentials-wise
3https://data.isric.org/geonetwork/srv/eng/catalog.search;jsessionid=
A3C1451B0F8C364D00CCF9A61ECDC69A#/metadata/4648929a-8031-49cc-
9d56-9f3aeff2f8d9
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TABLE 2 | Anthrax outbreaks from 2000 to 2019 in selected wildlife areas (NP, National Park and NR, National Reserve) in Kenya.

Focal wildlife area Number of
months

Number of
outbreaks

Year, month (Season) for each outbreak Wildlife species affected (minimum number)

Hell’s gate NP 2 1 2006, January-February (Early dry) Eland, Taurotragus oryx (3); African buffalo, Syncerus caffer (2);
Plain’s zebra, Equus quagga (3); Hartebeest, Alcelaphus
buselaphus (3)

Lake Nakuru NP 12 5 2019, March–May (Early wet) African buffalo, S. caffer (145)

2017, July (Early dry) African buffalo, S. caffer (2)

2015, June-September (Early dry) African buffalo, S. caffer (669), black rhinoceros, Diceros bicornis
(5), white rhinoceros, Ceratotherium simum (3), Rothschild’s giraffe,
Giraffa camelopardalis rothschildi (1), eland, T. oryx (4), impala,
Aepyceros melampus (4), Thomson’s gazelle, Eudorcas thomsonii
(2), warthog, Phacochoerus africanus (1), waterbuck, Kobus
ellipsiprymnus (1)

2006, January–March (Early dry) Thomson’s gazelle, E. thomsonii (13), plain’s zebra, E. quagga (2),
African buffalo, S. caffer (1), eland, T. oryx (1)

2001, April (Early wet) Hippo, Hippopotamus amphibius (1), white rhinoceros, C. simum (1)

Mwea NR 3 1 2011, May-July (Late wet) Rothschild’s giraffe, G. c. rothschildi (11), Lesser kudu, Tragelaphus
imberbis (1)

Nairobi NP 7 5 2001, June (Early dry) African buffalo, S. caffer (1)

2005, May (Late wet) Black rhinoceros, D. bicornis (1)

2005, December (Late wet) Eland, T. oryx (1)

2006, June–July (Early dry) African buffalo, S. caffer (2), black rhinoceros, D. bicornis (2)

2017, April (Early wet) African buffalo, S. caffer (3)

Sibiloi NP 1 1 2006, January (Early dry) Plain’s zebra, E. quagga (3)

Tsavo East NP 0 0 NA NA

Tsavo West NP 2 1 2019, August–September (Late dry) African buffalo, S. caffer (5)

TABLE 3 | Average values of selected edaphic covariates of the focal wildlife areas (NP, National Park; NR, National Reserve) in Kenya.

Focal wildlife
area

pH in aqueous
media

Total organic
carbon (g/kg−1)

Total nitrogen
(g/kg−1)

Total carbonate
equivalent (g/kg−1)

Total available water
capacity (vol.%)

Gypsum
(g/kg−1)

Cation exchange
capacity (cmolc/kg−1)

Hells’ Gate NP 7.41 6.44 0.87 79.14 19.79 0.013 33.86

Lake Nakuru NP 6.61 18.68 1.54 8.08 11.47 0.031 21.17

Mwea NR 6.05 14.44 1.35 1.90 9.14 0.175 20.50

Nairobi NP 6.81 13.59 1.27 5.71 11.86 0.429 32.58

Sibiloi NP 7.84 9.05 0.78 55.73 14.15 0.191 24.99

Tsavo East NP 6.23 9.37 0.98 8.85 9.62 0.105 15.72

Tsavo West NP 5.90 11.47 1.13 2.63 8.91 0.142 16.96

TABLE 4 | Average values of NDVI metrics across focal wildlife areas (NP, National Park; NR, National Reserve) in Kenya from 2000–2019.

Focal wildlife areas Mean NDVI. Extreme NDVI deviation Spatial heterogeneity Temporal heterogeneity Mean deviation from
long-term average

Hell’s Gate NP 0.477 ± 0.054 0.070 ± 0.026 0.061 ± 0.005 0.050 ± 0.014 −1.30− 19 ± 0.054

Lake Nakuru NP 0.574 ± 0.056 0.087 ± 0.025 0.117 ± 0.029 0.070 ± 0.026 −5.00− 11 ± 0.056

Mwea NR 0.525 ± 0.043 0.054 ± 0.016 0.087 ± 0.010 0.071 ± 0.017 1.50− 19 ± 0.043

Nairobi NP 0.468 ± 0.049 0.077 ± 0.024 0.047 ± 0.004 0.062 ± 0.025 −1.00− 10 ± 0.049

Sibiloi NP 0.162 ± 0.022 0.032 ± 0.013 0.042 ± 0.007 0.026 ± 0.013 −1.35− 06 ± 0.022

Tsavo East NP 0.353 ± 0.031 0.057 ± 0.017 0.084 ± 0.010 0.071 ± 0.016 −5.00− 11 ± 0.031

Tsavo West NP 0.388 ± 0.034 0.073 ± 0.019 0.087 ± 0.007 0.073 ± 0.018 −4.74− 05 ± 0.034

areas. The presence of anthrax cases reported in a month was
used as a binary dependent variable and monthly NDVI metrics,
including monthly NDVI, spatial NDVI heterogeneity, monthly
NDVI deviation from a 20-year mean were used as dependent
variables. Additionally, we used lagged NDVI variables above

(values from the previous month) as independent variables. We
performed both univariate and multivariate relationships using a
logistic regression in a GLM framework for Lake Nakuru NP and
a generalized mixed model (GLMM) framework for all wildlife
areas combined. For GLMM, wildlife area ID was entered as
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a random effect and edaphic variables were also incorporated
in a set of multivariate analyses. The best temporal predictors
for monthly timing of anthrax in Lake Nakuru and all wildlife
areas combined were selected using the AIC implemented in
the MuMIn package in R software for statistical computing
(Barton and Barton, 2015).

At the annual level, we used the number of months that
anthrax deaths were recorded each year in a wildlife area as a
dependent variable. We made this aggregation for two reasons:
(1) to reduce data sparseness and enhance model stability
and convergence and (2) it is a better proxy for intensity or
size of outbreak in wildlife where mortality estimates are not
reliable indicator of intensity, but the duration of an outbreak
is a better indicator of the intensity. As independent variables,
we obtained annual means for spatial NDVI heterogeneity,
NDVI, and monthly deviations from 20-year means for each
month and the annual standard deviation of NDVI for annual
heterogeneity. We used a Poisson regression under a generalized
linear mixed model framework (GLMM) with a log link function
for statistical analysis with the number of months in a year when
anthrax occurred as a dependent variable. Wildlife area ID was
incorporated into the model as a random effect. All GLMMs were
performed using the glmmTMB package in the R software for
statistical computing (Brooks et al., 2017). Conditional effects
of covariates were visualized using the R package ggeffects
(Lüdecke, 2018). We also tested the effect of edaphic factors,
total organic carbon (g/kg−1), total nitrogen (g/kg−1), pH, lime,
or total carbonate equivalent (g/kg−1), cation exchange capacity
(cmolc/kg−1), gypsum content (g/kg−1), and available water
capacity and annual NDVI metrics as independent covariates and
number of months anthrax is reported in a year as a dependent
variable.

In all multivariate analyses undertaken above, we tested
for collinearity as it can lead to unstable parameter estimates
and inaccurate variances which affects confidence intervals,
hypothesis tests and model selection in a multivariable

model (Shen and Gao, 2008). To address this, we took the
following steps. First, we checked for multicollinearity among
covariate using the performance package in R (Lüdecke et al.,
2021) and confirmed that multicollinearity was pervasive
(Supplementary Table 1). Second, we performed univariate
analyses with a single covariate using maximum likelihood
estimation and ranked the importance of our covariates using
Akaike Information Criteria (AIC). Thirdly, we used the MuMIn
package (Barton and Barton, 2015) to compare all possible
permutation of independent variables and selected the best
model based on AIC.

All AIC model selection details are provided in the
Supplementary Material 1.

RESULTS

Anthrax Outbreaks, Edaphic Factors and
Normalized Difference Vegetation Index
Variables in Focal Wildlife Areas
Fourteen anthrax outbreaks were recorded during the study
period from 2000 to 2019 in six of the seven focal wildlife areas.
The average number of months per outbreak was 1.92 ± 0.97.
The longest outbreaks lasted 3–4 months but most outbreaks
did not last more than a month (Table 2). LNNP and NNP
recorded the highest number of outbreaks at five outbreaks
each, during the years examined (Table 2). TWNP, HGNP,
SNP, and MNR experienced a single outbreak each while TENP
did not experience an outbreak during the years examined.
However, anthrax is known to have occurred in TENP and
TWNP in 1996. Most anthrax outbreaks (71% or 10/14) occurred
at the beginning of the dry season or end of the wet season.
In terms of years, 2006 had a very widespread occurrence of
anthrax outbreaks, occurring in four of seven wildlife areas
considered in this study (Table 2). Several species suffered

TABLE 5 | The influence of selected edaphic variables on the number of months and the number of anthrax outbreaks in focal wildlife areas of Kenya 2000–2019.

Selected edaphic variables Number of months Number of outbreaks

Estimate SE z-value P-value AIC Estimate SE z-value P-value AIC

Intercept −3.094 1.221 −2.534 0.0113 32.40 −2.628 1.526 −1.722 0.0851 28.55

Total nitrogen 3.578 0.899 3.978 0.0001 2.728 1.157 2.357 0.0184

Intercept −1.596 0.814 −1.961 0.0499 32.61 −1.610 1.051 −1.532 0.1256 28.31

Total organic carbon 0.218 0.052 4.167 <0.0001 0.175 0.070 2.492 0.0127

Intercept 1.625 0.228 7.125 <0.0001 47.84 0.924 0.320 2.891 0.0039 33.42

Total carbonate equivalent −0.015 0.009 −1.694 0.0903 −0.012 0.012 −1.048 0.2944

Intercept 0.743 0.726 1.023 0.3060 50.71 −0.594 1.053 −0.564 0.5730 32.99

Cation exchange capacity 0.025 0.028 0.888 0.3750 0.052 0.039 1.325 0.1850

Intercept 1.645 0.702 2.342 0.0192 51.29 0.779 0.956 0.815 0.4150 34.73

Total available water capacity −0.025 0.057 −0.431 0.6662 −0.007 0.076 −0.093 0.9260

Intercept 1.976 1.963 1.007 0.3140 51.38 0.054 2.677 0.020 0.9840 34.68

pH −0.094 0.294 −0.320 0.7490 0.095 0.396 0.241 0.8100

Intercept 1.276 0.306 4.177 <0.0001 51.39 0.263 0.453 0.581 0.5610 33.10

Gypsum 0.464 1.456 0.318 0.7500 2.426 1.817 1.335 0.1820
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FIGURE 2 | The relationships between total organic carbon (g/kg−1), total nitrogen (g/kg−1), with the total number of anthrax outbreaks (A,B) and cumulative total
months anthrax mortality was recorded (C,D) in Kenya’s wildlife focal areas. The predicted values and their confidence intervals were obtained from a Poisson GLM
analysis.

anthrax mortality. The dominant species documented in terms of
frequency and numbers are the African buffalo (Syncerus caffer
Sparrman), Thomson’s gazelle (Eudorcas thomsonii Günther),
Rothchild’s giraffe (Giraffa camelopardalis rothschildi Lydekker),
and common zebra (Equus quagga burchellii Gray). Others
documented include white rhinoceros (Ceratotherium simum,
Burchell), black rhinoceros (Diceros bicornis Linn.), and lesser
kudu (Tragelaphus imberbis Blyth) (Table 2).

The average soil pH across most wildlife areas was greater
than 6.0 except for TWNP (Table 3). The average organic
carbon content across all wildlife areas ranged from 6.44 g/kg
of soil in HGNP to 18.68 g/kg of soil in LNNP while Nitrogen
content ranged from 0.78 g/kg of soil in SNP to 1.58 g/kg
of soil in LNNP (Table 3). Lime content measured as total
carbonate equivalent was highest in HGNP and SNP at 79.14
and 55.73 respectively and lowest in MNR and TWNP (Table 3).
Cation exchange capacity (cmolc/kg−1), and available water

capacity were highest in HGNP and lowest in TENP and
TWNP respectively.

The wildlife areas in Kenya were typically dry with mean
monthly NDVI varying from 0.574 in LNNP to a low of 0.162
in SNP over 20 years (Table 4). The mean of monthly standard
deviation was highest in LNNP at 0.117 and lowest in NNP at
0.047 and SNP at 0.042 (Table 4).

Variables Influencing Spatial Variation in
Anthrax Outbreaks in Focal Wildlife
Areas
Univariate GLM models revealed that the total number of
recorded anthrax outbreaks in each wildlife area was positively
influenced by total organic soil carbon and total organic nitrogen
(Table 5 and Figures 2A,B). Similarly, the number of cumulative
month when anthrax outbreaks were reported for each wildlife
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TABLE 6 | Univariate and multivariate logistic models showing the influence of
NDVI metrics on the monthly occurrence of anthrax outbreaks in wildlife from
LNNP, Kenya

NDVI covariates Estimate SE Z-value Probability AIC

Univariate models

Intercept −3.152 0.352 −8.964 <0.001

Spatial NDVI heterogeneity 0.664 0.293 2.269 0.0233 93.9

Intercept −3.167 0.357 −8.861 <0.001
1Lagged spatial NDVI
heterogeneity

0.695 0.297 2.338 0.0194 93.4

Intercept −2.985 0.307 −9.736 <0.001 98.2

NDVI deviation from a 20-year
mean for each month

0.292 0.269 1.086 0.277

Intercept −3.018 0.316 −9.566 <0.001
1Lagged NDVI deviation from a
20-year mean for each month

0.403 0.260 1.550 0.121 97.0

Intercept −2.960 0.300 −9.856 <0.001 98.9

Monthly NDVI −0.183 0.278 −0.658 0.511

Intercept −3.010 0.314 −9.597 <0.001
1Lagged monthly NDVI −0.380 0.261 −1.454 0.146 97.2

Best multi-variate models

Intercept −3.319 0.414 −8.028 <0.001 93.2
1Lagged spatial NDVI
heterogeneity

0.756 0.332 2.274 0.023

1Lagged NDVI deviation from a
20-year mean for each month

0.466 0.308 1.514 0.130

1Variables are lagged by a month.

area was also positively influenced by total organic carbon and
organic nitrogen in the soil (Table 5 and Figures 2C,D). All other
edaphic variables were not statistically significant (Table 5). No
multivariate model was selected as the most parsimonious in
multivariate model selection of the edaphic factors affecting both
the total number of months and number of anthrax outbreaks
in wildlife areas. Instead, total soil organic carbon was the
best predictor, but nitrogen was also supported (Number of
months 1AIC = 0.28, Number of outbreaks; 1AIC = 0.38). Total
soil organic carbon and total nitrogen were highly correlated
(r = 0.95, t = 6.98, df = 5, P = 0.0009, Supplementary Table 1)
when the number of months (VIF = 22.78) and number of
outbreaks (VIF = 18.36) were used as dependent variables.

Factors Influencing Monthly Timing of
Anthrax Outbreaks in Lake Nakuru
National Park and All Focal Wildlife Areas
Univariate GLM analyses revealed that monthly occurrence
(timing) of anthrax mortality in LNNP was positively associated
with spatial heterogeneity in NDVI from the current and previous
months (Table 6 and Figure 2). Monthly NDVI, and monthly
NDVI deviations from 20-year mean for each month both
from the current and previous months did not influence the
occurrence of anthrax mortality in LNNP (Table 6). However, in
a multivariable GLM analyses, both spatial NDVI heterogeneity
and monthly NDVI deviations from a 20-year mean for each
month from the previous months were included as important

predictors of the monthly timing of anthrax mortality in LNNP
(Table 6 and Figures 3A,B).

Moreover, multivariate GLMM analyses and model selection
on anthrax mortality in all focal wildlife areas in Kenya revealed
that monthly NDVI deviation from 20-year mean for each
month and spatial NDVI heterogeneity both from the previous
month positively influenced monthly occurrence of mortality
from anthrax (Table 7 and Figures 3C,D). Combined models
including edaphic variables and NDVI metrics indicated that
the previous month’s spatial NDVI heterogeneity, and NDVI
deviation from long-term average, total organic carbon and
cation exchange capacity influenced the monthly occurrence of
wildlife mortality in wildlife focal areas (Table 8).

Influence of Normalized Difference
Vegetation Index-Metrics and Edaphic
Variables on the Annual Intensity of
Anthrax in Focal Wildlife Areas
Univariate GLMM analyses revealed statistically significant
positive relationship between the number of months when
anthrax mortality was reported per year and mean spatial
heterogeneity in NDVI among NDVI metrics (Table 9). There
was no multivariate model more parsimonious than the best
univariate model. Among edaphic factors, total organic carbon
in the soils and cation exchange capacity were the most
parsimonious predictors (Table 10). Alkalinity or pH, gypsum,
available water capacity and total carbonate equivalent were not
significantly correlated with occurrence and duration of anthrax
outbreaks (Table 10).

Multivariable GLMM analyses and model selection of
combined edaphic variables and NDVI metrics, indicated that
spatial NDVI heterogeneity, total organic carbon and cation
exchange capacity were the best predictors of the number of
months anthrax mortality was recorded in a year (Table 11).

DISCUSSION

In this study, we found a statistically significant positive
relationship between monthly occurrence of anthrax (timing)
and monthly NDVI deviation from a 20-year mean for each
calendar month. These findings suggest that rainfall fluctuation
is an important driver of anthrax outbreaks in endemic areas
as rainfall has a major influence on NDVI variability in East
Africa (Kalisa et al., 2019; Dagnachew et al., 2020). Specifically,
anthrax mortality in wildlife was associated with above average
rainfall as inferred from a positive relationship between anthrax
occurrence and the previous month’s NDVI deviations from each
month 20-year mean. These results are consistent with empirical
data showing that anthrax outbreaks occur following heavy rains
(Hampson et al., 2011; Maksimović et al., 2017; Rume et al.,
2020) and in locations with high NDVI variability (Chikerema
et al., 2013). For example, studies in the Serengeti Ecosystem
observed an association between anthrax outbreaks in wildlife
with cumulative extremes in weather conditions; two outbreaks
followed heavy rains, while two other outbreaks occurred during
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FIGURE 3 | The influence of NDVI metrics on the probability of monthly anthrax mortality in Lake Nakuru NP (A,B) and combined focal wildlife areas (C,D). The
predicted values and their confidence intervals are from a GLM (A,B), and GLMM (C,D) binomial regressions respectively.

prolonged dry periods (Hampson et al., 2011). Anthrax niche
model for Zimbabwe indicated that large variance in NDVI was
positively correlated with anthrax occurrence in some locations
in that country (Chikerema et al., 2013).

However, anthrax outbreaks are often associated with extreme
weather events but the mechanism by which this enhances
outbreaks is unclear. One possible hypothesis is that extreme
weather events modulate multiple environmental factors as
well as ecological dynamics of soil dwelling organisms known
to amplify or inhibit anthrax multiplication in the soil.
Experimental analyses have shown that protists particularly
amoebas contribute to the persistence and amplification of
B. anthracis in natural environments (Dey et al., 2012).
These studies have revealed that spores germinate within
phagosomes of amoebas, where vegetative bacilli multiply and
sporulate in the extracellular milieu following the demise of
amoeba. Interestingly, the most important factor driving protists
abundance is precipitation (Anderson, 2000). Specifically,
precipitation after a prolonged drought has been shown to cause

a 20-fold increase in the abundance of naked amoebae few
days after rainfall (Clarholm, 1981). This is because protists
essentially depend on the water layer connecting soil pores to
move, feed and multiply (Rutherford and Juma, 1992; Ritz and
Young, 2011) but when soils are moist, there is strong chemical
warfare between abundant bacteria and protist grazers (Matz and
Kjelleberg, 2005; Bonkowski and Clarholm, 2012; Jousset, 2012)
and drought inactivates this inhibitory effect (Foissner, 1987). In
support, most of the anthrax outbreaks we observed occurred
at the beginning of the dry season, when conditions may be
favorable for protists.

Monthly timing of anthrax in LNNP and all focal wildlife areas
or the number of months in a year when there was an anthrax
mortality were positively related to the spatial heterogeneity in
NDVI. This result suggests that diversity and heterogeneity in
vegetation cover or species richness has an important influence
on anthrax outbreaks. Spatial and temporal heterogeneity in
vegetation cover can influence the distribution and migratory
behavior of herbivores (Winnie et al., 2008; Peters et al., 2017;
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Duparc et al., 2020), enhancing aggregation in greener habitats.
Such aggregations can lead to overgrazing of rich patches
and an increased risk of anthrax infection (Gainer, 1987). For

TABLE 7 | Univariate and the best multivariate NDVI models from GLMM analyses
showing their influence on monthly occurrence of anthrax in focal
wildlife area, Kenya.

NDVI covariates Estimate SE z-value Probability AIC

Univariate models

Intercept −4.512 0.389 −11.592 <0.0001

Spatial NDVI heterogeneity 0.419 0.217 1.932 0.0534 261.3

Intercept −4.513 0.389 −11.628 <0.0001
1Lagged spatial NDVI
heterogeneity

0.478 0.216 2.215 0.027 260.0

Intercept −4.555 0.434 −10.501 <0.0001

NDVI deviation from a 20-year
mean

0.296 0.166 1.782 0.0748 261.6

Intercept −4.578 0.430 10.641 <0.0001
1Lagged NDVI deviation a
20-year mean for each month

0.390 0.162 2.412 0.0159 258.9

Intercept −4.524 0.453 −9.996 <0.0001

Monthly NDVI −0.030 0.376 −0.080 0.9360 264.6

Intercept 4.565 −0.504 −9.063 <0.0001
1Lagged monthly NDVI −0.214 0.383 −0.559 0.576 264.1

Best multivariate models

Intercept −4.586 0.374 −12.257 <0.0001
1Lagged spatial NDVI
heterogeneity

0.507 0.219 2.319 0.0204

1Lagged NDVI deviation from
20-year average for each
month

0.422 0.171 2.474 0.0134 256.2

1Variables are lagged by a month.

TABLE 8 | Best multivariate logistic model combining edaphic and NDVI-metric
predictors of the monthly occurrence of anthrax in wildlife focal areas showing
lagged and unlagged NDVI metrics.

NDVI and edaphic
covariates

Estimate SE Z-value Probability AIC

Edaphic covariates and lagged NDVI metrics

Intercept −4.737 0.304 –15.57 <0.0001 248.2
1Lagged spatial NDVI
heterogeneity

0.467 0.235 1.986 0.0470

1Lagged NDVI deviation from
20-year average for each
month

0.380 0.163 2.333 0.0197

Total organic carbon 0.700 0.265 2.642 0.0082

Cation exchange capacity 0.771 0.311 2.477 0.0133

Edaphic covariates and unlagged NDVI metrics

Intercept −4.697 0.299 –15.689 <0.0001 251.7

Spatial NDVI heterogeneity 0.398 0.233 1.707 0.0878

NDVI deviation from 20-year
average

0.286 0.167 1.715 0.0863

Total organic carbon 0.753 0.265 2.841 0.0045

Cation exchange capacity 0.738 0.308 2.391 0.0168

1Variables are lagged by a month.

example, Turner et al. (2014) found improved vegetation vigor
on zebra carcass sites and persistence of Bacillus anthracis on
grasses for up to 2 years after death, thereby demonstrating

TABLE 9 | Univariate NDVI-metric Poisson models and their influence on the
number of months in a year (intensity) anthrax was reported from
wildlife areas in Kenya.

NDVI covariates Estimate SE Z-value Probability AIC

Univariate models

Intercept −2.066 0.376 −5.499 <0.0001 151.8

Spatial NDVI heterogeneity 0.571 0.205 2.781 0.0054

Intercept −2.054 0.407 −5.045 0.0001 156.7

Temporal heterogeneity 0.299 0.198 1.506 0.1320

Intercept −1.984 0.316 −6.279 <0.0001 157.1

Mean NDVI (Annual) 0.551 0.366 1.505 0.1320

Intercept −2.054 0.429 −4.783 <0.0001 158.1

Mean NDVI deviation from a
20-year mean

0.146 0.163 0.896 0.3700

There was no multivariate model better than the best univariate model-
based on AIC.

TABLE 10 | Univariate models and the best multivariate model for the influence of
edaphic factors on the number of months anthrax mortality occurred in a year in
focal wildlife areas.

Independent covariates Estimate SE Z-value Probability AIC

Univariate models

Intercept −2.092 0.277 −7.554 <0.0001 149.3

Total nitrogen 0.925 0.234 3.952 <0.0001

Intercept −2.053 0.264 −7.787 <0.0001 149.4

Total organic carbon 0.844 0.203 4.152 <0.0001

Intercept −2.039 0.400 −5.095 <0.0001 158.0

Total carbonate equivalent −0.383 0.404 −0.949 0.3430

Intercept −2.062 0.433 −4.758 <0.0001 158.4

Cation exchange capacity 0.268 0.416 0.644 0.5190

Intercept −2.044 0.429 −4.763 <0.0001 158.8

pH −0.089 0.427 −0.209 0.8350

Intercept −2.043 0.429 −4.765 <0.0001 158.8

Total available water capacity −0.067 0.419 −0.159 0.8740

Intercept −2.050 0.433 −4.735 <0.0001 158.8

Gypsum 0.102 0.378 0.269 0.7880

Best multivariate model

Intercept −2.165 0.293 −7.386 <0.0001 147.6

Cation exchange capacity 0.491 0.255 1.927 0.0540

Total organic carbon 0.984 0.232 4.235 <0.0001

TABLE 11 | The best multivariate GLMM model for the influence of edaphic
variables and NDVI metrics on the number of months an anthrax outbreak was
recorded in a year in Kenya’s focal wildlife areas.

Independent covariates Estimate SE Z-value Probability

Intercept −2.222 0.299 −7.426 <0.0001

Spatial NDVI heterogeneity 0.518 0.205 2.526 0.0115

Total organic carbon 0.644 0.265 2.429 0.0151

Cation exchange capacity 0.861 0.314 2.744 0.0061
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that animal carcasses enhance local vegetation heterogeneity and
attract grazing hosts to B. anthracis hotspots and thus increasing
transmission risk and potential for anthrax outbreaks. In dry
areas, presence of certain species of shrubs was found to be
correlated with high densities of Acanthamoeba (Rodriguez-
Zaragoza et al., 2005), protist species speculated to amplify
anthrax presence in the soil based on experimental results
(Dey et al., 2012). Similarly, areas covered with vegetation
are known to be rich in protists compared to areas devoid
of vegetation (Fernández, 2015). A more direct association
between vegetation and B. anthracis proliferation has been
demonstrated experimentally using simple grass plant-soil model
system, that have revealed that B. anthracis can survive as
a saprophyte outside of a mammalian host, germinating and
growing characteristic long filaments on and around plant
roots (Saile and Koehler, 2006). Another experiment using a
local, virulent strain of B. anthracis in an enclosure within a
grassland savanna, revealed that B. anthracis increased the rate
of establishment of a native grass (Enneapogon desvauxii) by 50%
and that grass seeds exposed to blood attained heights that were
45% taller than controls (Ganz et al., 2014). Interactions between
B. anthracis and plants may result in increased host grazing and
subsequently increased transmission to hosts. These studies agree
with observations that anthrax outbreaks are positively correlated
with NDVI, a measurement of vegetation growth vigor. For
example in temperate and arctic climates, anthrax epizootics are
associated with hot-dry summers preceded by heavy spring rain
(Blackburn and Goodin, 2013). Monitoring of annual trajectories
of vegetation indices has revealed that early green-up in the
spring in contrast to later and less intense spring green-up signals
the occurrence of anthrax epizootic in the approaching summer.

We observed a statistically significant positive association
between the number of anthrax outbreaks, or the total number
of months anthrax was during the study period and the nitrogen,
organic carbon content and cation exchange capacity of the soil.
These results confirm previous findings that the geographical
localization of anthrax outbreaks are associated with specific
soil factors, specifically organic matter content (Hugh-Jones
and Blackburn, 2009). Soil cation exchange capacity, CEC, is
a measure of the soil’s storage capacity for nutrients and is
estimated from the sum of exchangeable major cations (Ca2+,
Mg2+, K+, Na+) expressed in centimoles of positive charge
per kilogram of soil [cmol(+)/kg]. Soil organic matter and clay
content correlate with measures of soil cation exchange capacity,
CEC (Peverill et al., 1999; Liang et al., 2006), because cations
are attracted to the negatively charged sites in clay minerals
and organic matter. Soils with high organic carbon content or
high CEC content contribute to greater soil microbial abundance
and diversity (Stotzky, 1966; Drenovsky et al., 2004; Docherty
et al., 2015). Although pH is known to influence B. anthracis
persistence, we did not find any influence perhaps because nearly
all focal wildlife areas had pH > 6.1. Locations with alkaline pH
(≥6.1), high soil moisture, and organic matter are conducive for
the persistence and proliferation of B. anthracis spores, through
repeated cycles of spore germination, vegetative cell outgrowth,
and re-sporulation which can cause an overall increase in spore
numbers and probability of an anthrax outbreak (West et al.,

1985). Further support comes from a study in Badin district of
Pakistan, which found a positive correlation between anthrax
prevalence in soil with percent organic matter and calcium
contents of soil with prevalence of B. anthracis (Mari et al.,
2017). Similarly, a study in Minnesota indicate that soil calcium
and magnesium concentrations, soil pH, and sand content are
the most important properties for predicting soil suitability for
B. anthracis (Nath and Dere, 2016). Although we found a spatial
association of anthrax outbreaks with edaphic factors, we cannot
entirely rule out the influence of non-edaphic spatial effects.

Empirical studies on anthrax outbreaks and their association
with population dynamics of soil microbiota, plant diversity, and
vegetation growth with climate variability and edaphic factors
are urgently needed. This will enhance our understanding of the
environmental ecology of Bacillus anthracis and will provide a
more accurate and refined variables for the prediction of anthrax
outbreaks in wildlife areas.

Our findings support previous research indicating that
incidences of anthrax outbreaks are positively correlated with
indices of climate variability. These have implications for re-
emergence of anthrax under projected current climate change
scenarios where climatic extremes in precipitation are predicted
for the East African region including Kenya (Case, 2006; CDKN,
2014). Our findings also suggest soil factors can be used for spatial
disease risk assessment across wildlife areas in Kenya to guide
strategic anthrax surveillance and aid with timely vaccination of
endangered species that are vulnerable to anthrax and susceptible
to local extinction.
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