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Anthrax is a potentially life-threatening bacterial disease that can spread
between wild and livestock animals and humans. Transmission typically
occurs indirectly via environmental exposure, with devastating consequences
for human and animal health, as well as pastoralist economies. India has a high
annual occurrence of anthrax in some regions, but a country-wide delineation
of risk has not yet been undertaken. The current study modelled the geographi-
cal suitability of anthrax across India and its associated environmental features
using a biogeographic application of machine learning. Both biotic and abiotic
features contributed to risk across multiple scales of influence. The elephant—
livestock interface was the dominant feature in delineating anthrax suitability.
In addition, water—soil balance, soil chemistry and historical forest loss were
also influential. These findings suggest that the elephant—livestock interface
plays an important role in the cycling of anthrax in India. Livestock prevention
efforts targeting this interface, particularly within anthropogenic ecotones,
may yield successes in reducing ongoing transmission between animal hosts
and subsequent zoonotic transmission to humans.

1. Introduction

Anthrax is a disease of wide global distribution that primarily affects pastoralist
communities [1]. A worldwide incidence of between 20 000 and 100 000 human
cases per year has been estimated [2], with approximately 63.8 million pastor-
alists and livestock holders and 1.1 billion livestock animals estimated to be at
risk [3]. Risk of human infection is greater in those that process or consume con-
taminated carcasses or animal (livestock/wildlife) products. Humans are
accidental dead-end hosts and generally do not transmit the disease, whereas
herbivores do because they often present with external hemorrhaging, edema,
shock and sudden death, which contributes to environmental contamination
and thus transmission to other hosts [4]. Sporadic, epizootic transmission also
occurs in wildlife and can have devastating impacts, particularly when intro-
duced to wild herbivore populations from livestock as in the case of Wood
Bison in Canada or in wildlife in the small, anthropogenically stressed nature
reserves adjacent to Kruger National Park in South Africa [1,5].

The causative agent of anthrax, Bacillus anthracis, can remain inactive, yet
stable, in soil for up to several decades and across a spectrum of environmental
conditions owing to the generation of spores. The formation of these spores is
often assumed to require contact with atmospheric oxygen following the release
of vegetative bacilli from the host at the time of death [1]; however, some evi-
dence suggests that sporulation is due to the change in the partial pressure of
carbon dioxide that follows release from the carcass [6]. Spores germinate
into the vegetative form and replicate in the gut of mammalian hosts following
accidental ingestion [1,6,7]. When these animals succumb to infection, they
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Figure 1. Representation of the elephant - livestock interface in anthropogenic ecotones. (Online version in colour.)

contaminate their environment and thereby continue the
infection cycle. Additional dissemination in the environment
can be modulated to a varying degree by scavengers and cal-
liphorid or tabanid flies [8], which can promote subsequent
infections in distal or proximate herbivores, while shared
watering holes can facilitate spore aggregation and seasonal
outbreaks [5].

Anthropogenic pressure operates within several spheres
of influence in domestic and sylvan landscapes to promote
disease emergence [9]. Two such spheres of influence, the wild-
life—livestock interface and habitat loss, may be particularly
important in propagating the anthrax infection cycle. The wild-
life—livestock interface, defined as the extent to which wildlife
species and livestock interact (or have the potential to interact)
directly or indirectly in a given landscape, has been recognized
for some time as driving inter-species anthrax transmission
between animals (figure 1), and subsequent potential spillover
to humans [5,9-15]. The wildlife—livestock interface has been
shown to enhance the ability of anthrax to persist in some
areas, and may be a driver of enzootic transmission in tropical
settings [10,12,16]. Habitat loss, particularly over long periods
of time, can substantially alter the abundance, richness and
movement patterns of the wildlife species that occupy the
transitional spaces or ecotones [9,16-21]. This in turn can
directly or indirectly influence wildlife-livestock interfaces
[13,15]. Moreover, in the context of anthrax ecology, once a
wildlife-livestock interface has been established in an
ecotone, the characteristics of B. anthracis are such that
interspecific transmission among mammals can modulate
plant—animal interaction and vice versa. For example, it has
been shown that soil contaminated by anthrax-infected car-
casses can promote grasses favoured by grazing herbivores,
which subsequently draw these mammals to the grasses in
spore-containing soils [22,23].

India has a high burden of anthrax, with some locations
experiencing annual or near annual outbreaks of disease,

with up to a dozen cases reported in a year [24—26]. In com-
parison, the European Union sees an average of fewer than
10 cases per year across the continent [27]. Most published mul-
tiyear annual incidence data for India is old and regionally
specific, and formal anthrax surveillance is inconsistent
across the country. This is because the Indian government is
a federalist system and so investment in human and animal
health services and surveillance is highly dependent on the
commitments of individual states, which vary widely in
resources and agenda over time. There is also regular detection
of anthrax in wildlife in India, with a preponderance of
reported cases in elephants [11,28—-31], although comprehen-
sive formal surveillance of wildlife is almost non-existent and
so anthrax occurrence is probably under-reported.

The lack of robust anthrax surveillance notwithstanding,
the over-representation of elephants may be due to their
unique biological and ecological requirements in landscapes
increasingly shared with humans and their livestock.
Common points of interface between elephants and livestock
in settings relevant to anthrax transmission include shared
waterholes, salt licks and grazing meadows, particularly in
the forest fringe areas. These also tend to be the areas
where backyard animal husbandry, in the form of small
and mixed holdings of grazing animals, is in closest proxi-
mity to wildlife. Conversely, higher reporting of anthrax in
elephants may simply reflect their role as a sentinel species.
Typically in the wild, dying or dead animals are quickly
devoured by predators or scavengers. Thus detection of
anthrax cases in wildlife is difficult because they are cleared
before samples can be obtained. However, elephants remain
in the landscape longer because their larger mass is not as
readily cleared by scavengers. As such these large herbivores
are likely to be epidemiologically important because a larger
mass present for a longer time has the potential to contami-
nate more of the environment with spores. They are also
logistically relevant because a larger mass present for a
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Figure 2. Distribution of anthrax outbreaks documented by the Pro-MED mail surveillance mechanism between 2000 and 2018 (red) and an independent sample of
laboratory-confirmed outhreaks (black) used for model testing and evaluation. All maps are displayed only for the purposes of depicting the distribution of disease
occurrence and risk, and do not reflect the authors’ assertion of territory or borders of any sovereign country including India. Map direction and scale are represented
by the latitude and longitude grid along the box. All maps are created in R (v. 3.3.1). (Online version in colour.)

longer time is also more likely to be found and identified as
an anthrax case. The current investigation sought to map
geographical anthrax suitability, as projected from environ-
mental feature-space, as a representation of epidemiological
risk, while inferring ecological relationships between anthrax
outbreaks and abiotic and biotic features. Specifically, we
hypothesized that an increasing elephant-livestock interface
and proximity to human-modified landscapes (specifically,
historical forest loss) would delineate greater anthrax
suitability in India.

2. Material and methods

One hundred and three anthrax outbreaks between 1 January
2000 and 1 May 2018 were identified from the ProMED-mail elec-
tronic surveillance system. This system is maintained by the
International Society of Infectious Diseases and provides archival
documentation of formal and informal reports of infectious dis-
ease occurrences [25]. ProMED-mail reports are screened by a
large team of editors, moderators, correspondents and some-
times country managers, who evaluate reports as well as
engage the large group of locally sourced subscribers to offer
additional insight in support of or against the alerts [32]. The

data thus represent a specific cross-section of disease experience
rather than a population-based sample. As such, while we
emphasize that the scope of this study does not apply to the
full spectrum of anthrax experience in India, we do correct for
potential reporting bias inherent in the data (see Statistical
Methods below), which minimizes reporting bias in the assess-
ment of anthrax suitability in anthropogenic environments.
Since the validity of ProMED-mail data for use in disease risk
modelling was a secondary aim of this study, we also evaluated
model performance using an independent sample of 22 labora-
tory-confirmed anthrax outbreaks, with investigations reported
in the scientific literature (n = 17) [28,33-43] or by government
agencies (n=1>5) as captured by the EMPRES Global Animal
Disease Information System (EMPRES-i; http://empres-i.fao.
org), which is maintained by the Food and Agriculture Organiz-
ation. Only one of these 22 outbreaks included wildlife
(one elephant). This latter evaluation (see §3) has the added
benefit of providing the first validation testing of ProMED-mail
surveillance data in India to delineate risk of an important zoo-
notic infection. The distribution of reported ProMED-mail (red),
and independent laboratory-confirmed (black), anthrax out-
breaks in India from 1 January 2000 to 1 May 2018 is presented
in figure 2.

The Gridded Livestock of the World (GLW) provided livestock
densities for cattle, sheep and goats at 30 arcsec resolution (approx.


http://empres-i.fao.org
http://empres-i.fao.org
http://empres-i.fao.org

1 km) [44]. While subject to considerable spatial heterogeneity in
error globally, within India livestock estimates were adjusted for
(and thus constrained by) reported animal census data by polygon
units at the 2nd and 3rd stage administrative levels, which corre-
sponds to the district and taluk level, respectively, and provides
an acceptable level of data verification at a sub-national and sub-
state scale of moderate resolution [44]. Because the current aim
was to assess anthrax suitability associated with livestock pres-
ence, a combined livestock raster was created based on the sum
of the absolute number of cattle, sheep and goats per unit area,
rather than calculating livestock units [45], because evaluating
the differential impact of different livestock species on the grazing
and browsing capacity of land parcels was beyond the scope and
capacity of this study given the lack of sufficiently fine-scaled
environmental or outbreak data. The Global Biodiversity Infor-
mation Facility (GBIF) was used to identify observed wild
elephants (Elephas maximus) only across India so their ecological
niche could be modelled and used as an anthrax sentinel species
(http://www.gbif.org/). These two data products, livestock
density and the elephant niche, were then applied to the quantifi-
cation of the elephant-livestock interface (see below), which
delineates a sentinel interface only rather than a broader interface
between livestock and wildlife more generally. The elephant niche
was chosen because of the species’s importance as both an anthrax
sentinel [11,28-31] and the common overlap of their range with
that of grazing livestock in forest fringe areas [34]. In addition,
we tested the validity of the elephant-livestock interface by
substituting the modelled niche, which was based on GBIF
observations, with the accepted species range according to [IUCN
data, which was obtained from the Socioeconomic Data and
Applications Center (SEDAC) [46] at the same 30 arcmin resolution
(see below).

Climate data were obtained from the WorldClim Global
Climate database [47]. The mean annual temperature was calcu-
lated using aggregate spatio-temporal weather station data
between 1950 and 2000, and extracted as a 30 arcsec resolution
raster [48]. The Priestley—Taylor « coefficient (P-Ta) was used
to represent water—soil balance [49,50]. The P-Ta is the ratio of
actual evapotranspiration to potential evapotranspiration, and
captures water availability in the soil, as well as the local veg-
etation’s water requirements, as contrasted with the solar
energy input. Thus, P-Ta is a robust estimate of environmental
water stress through soil-water balance. The raster data were
acquired at 30 arcsec resolution from the Consultative Group
for International Agricultural Research (CGIAR) Consortium
for Spatial Information. The ratio is dimensionless and ranges
from 0 (extreme water stress) to 1 (no water stress) [51].

Soil pH and organic content data were obtained from the
Global Soil Dataset for Earth System Modelling, which is based
on an improved protocol of the Harmonized World Soil Database
[52]. These two rasters are recorded at 5 arcmin (approx. 10 km).

Historical forest data from 1900 were derived from the His-
tory Database of Global Environment (HYDE) anthrome data
product at 5 arcmin resolution and compared to forest cover in
2000 [53,54]. The HYDE database is the result of an ongoing
development by the Netherlands Environmental Assessment
Agency to describe human population growth and land use
change from 10 000 BCE to the present day. Estimation of land
cover and land use is based on an amalgam of satellite image
data, historical sub-national statistical inventories, ecosystem
envelopes based on climate and geological (soil) properties,
and archeological data [53,54]. The difference in proximity to his-
torical forest cover (i.e. forest cover that was present in 1900) and
modern forest cover (i.e. forest cover present in 2000) was thus
calculated and evaluated with respect to anthrax suitability.

The sampling of background points was weighted using the
human footprint (HFP) to correct for potential reporting bias in
anthrax presence points (see modelling description below).The

HFP was quantified using data obtained from SEDAC [55], and n

comprises two stages [56]. First, the human influence index (HII)
describes the impact of human influence based on eight domains:
(i) population density, (ii) proximity to railroads, (iii) proximity to
roads, (iv) proximity to navigable rivers, (v) proximity to coast-
lines, (vi) intensity of night-time artificial light, (vii) location in or
outside urban space, and (viii) land cover. These domains are
scored and quantify the level of human impact per item per
1 km?. The eight domains are then combined to form a composite
index, which ranges from 0, indicating an absence of human
impact, to 64, indicating maximal human impact. The HII is then
normalized to the 15 terrestrial biomes defined by the World Wild-
life Fund to obtain the HFP. The normalization is the ratio of the
range of minimum and maximum HII in each biome to the
range of minimum and maximum HII across all biomes, and is
expressed as a percentage [56].

3. Statistical analysis

Anthrax suitability in India, as well as the ecological niche of
elephants, was modelled using maximum entropy (Maxent)
machine learning. Machine learning is now widely applied
to the modelling of the geographical suitability of many zoo-
noses [57-59], and Maxent is an analytically appealing
approach because the model is not constrained by a specific
functional form. Additionally, the system can be modelled
without knowledge of the locations of unknown (and
unknowable) anthrax outbreak absences [59,60]. Maxent has
become a popular implementation to ecological niche model-
ling due to its robustness [61].

A metric for the elephant-livestock interface was con-
structed by weighting the density of all livestock in each
1 km? space by the ecological niche of E. maximus, which was
estimated by a separate Maxent model using observations of
E. maximus from the GBIF, as described above. The new
weighted metric raster was the product of the livestock density
raster and the probability density function raster of the esti-
mated niche. As such, the interface is a representation of the
number of livestock present in a given space adjusted by the
probability of that space being a suitable habitat for elephants.

Annual temperature, P-Tq, soil chemistry, the difference in
forest cover between 1900 and 2000, the elephant-livestock
interface, and livestock density were included in the Maxent
model of anthrax suitability (the distributions of environ-
mental features are presented in electronic supplementary
material; figure S1). All covariates were aggregated to scales
of 5 and 30 arcmin, respectively, for the two spatial scales
modelled separately in this study (see below). Correlation
was low (all values of p were less than 0.6) among all the
environmental covariates under consideration. A total of 10
000 background points were sampled, weighted by HFP as
described above to correct for reporting bias in anthrax surveil-
lance [62]. Five-fold cross-validation was used to train the
model, and the area under the receiver operating characteristic
curve (AUC) was used to evaluate model performance. To cor-
rect for overfitting, the regularization parameter was set at 1.0.
Covariates were ranked by permutation importance, which is
a random permutation of their values between background
and presence points during training [59,63]. With all available
covariates under consideration, the best model was selected
based on performance and fit using (i) the test AUCs between
the full and reduced models, (ii) the Akaike information cri-
terion (AIC) based on a Poisson point process to measure
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goodness-of-fit [64] and (iii) a jackknife variable selection pro-
cedure wherein each covariate’s single contribution to the loss
function is compared to the loss function when the covariate is
withheld from the model. Because the surveillance data were
derived from the ProMED system, the model performance
was evaluated using the independent testing dataset described
above, which comprised a separate independent sample of
laboratory-confirmed anthrax outbreaks. Reported AUCs,
therefore, reflect the externally validated model performance.

As some recent work identified, the relationship between
infectious diseases and abiotic and biotic features may
depend on a spatial scale [65]. We therefore include two sensi-
tivity analyses to evaluate whether these features operate
differently at different scales. First, the models were evaluated
at 5arcmin and 30 arcmin to determine whether predicted
anthrax suitability was robust to scale and whether the
abiotic and biotic features in the model demonstrated scale-
dependence. Second, two additional reduced models, one
abiotic (climate, soil chemistry, and forest loss) and one biotic
(livestock density and the wildlife-livestock interface), were
compared to the best-fitting model with respect to model
performance (AUC), model fit (AIC) and niche equivalency.
The latter is an assessment of the degree to which predicted
niches are coincident with each other [66]. The final sensitivity
analysis included the evaluation of the representation of
the elephant-livestock interface, as constructed first using the
modelled niche, and second using the IUCN delineated
range, for elephant presence. The effect of each interface
construct on anthrax suitability was compared with respect
to AUC, AIC, and niche equivalency. The Maxent func-
tion (dismo package; v. 0.9-3) was used to fit the models
[60,67,68]. All analyses were performed using R statistical soft-
ware v. 3.1.3 [69]. The vector images used to create figure 1 was
created by the authors with use of some public domain content
obtained from https://publicdomainvectors.org/en/ and dis-
tributed without restriction under Creative Commons CCO
1.0 Universal.

4. Results

The best fitting and performing model from all those consi-
dered (electronic supplementary material, Model 6, table S2
and figure S3) is presented in figure 3. The elephant-
livestock interface was the dominant feature delineating anthrax
suitability (permutation importance (PI) = 67.7%). Livestock
density (PI = 10.5%), soil-water balance (PI = 7.1%), soil pH
(4.7%), and proximity to forest lost between 1900 and 2000
(PI = 4.0%) were also influential to anthrax suitability. When
the model was validated against the independent testing data,
it performed reasonably well with AUC equal to 89%,
and demonstrated the best fit (lowest AIC), compared to the
other models (electronic supplementary material, table S2).
The jackknife variable selection model largely agreed with
the final model above with respect to variable importance
(electronic supplementary material, figure S4), although the
livestock density appeared to contribute the least information
to the model by itself and to have relatively little information
present that is not already present in other variables. Therefore,
a further reduced model with the livestock density omitted was
also considered (electronic supplementary material, Model 7,
table S2). The jackknife results notwithstanding, the reduced
model with livestock omitted performed only slightly worse,

elephant-livestock interface
livestock density

P-To

soil pH
AUC = 89%
forest loss 1900-2000 J§ 4
soil organic carbon [i§ 3.6
annual temperature f§ 2.5
0 20 40 60 80

permutation importance

Figure 3. Environmental feature ranking by permutation importance in the
Maxent model. The area under the curve (AUC) is reported as a percentage.
(Online version in colour.)

but provided a noticeably poorer fit and so the model with
livestock density included was retained as the final model.

Given the strong association with the elephant—livestock
interface, which used the elephant ecological niche to construct
the interface, there was concern that the model fit and perform-
ance may be driven by elephant anthrax outbreaks specifically.
As a sensitivity analysis, the 20 elephant outbreaks were
removed from the training data and the Maxent model refitted
to the remaining 83 outbreaks. This model was similar in per-
formance (AUC = 87%) and fit (AIC = 224) and demonstrated
exceptional overlap in suitability (niche equivalency = 0.99;
electronic supplementary material, figure S5), suggesting that
the inclusion of elephant outbreaks was not responsible for
the close association between anthrax suitability and the
elephant-livestock interface.

The elephant-livestock interface did not appear to oper-
ate differently with respect to anthrax suitability at different
scales (electronic supplementary material, table S2, Model
6: 5 arcmin versus 30 arcmin), while soil pH and forest loss
did appear to exhibit a moderately increased impact at a
smaller scale (30 arcmin) than at a larger scale (5 arcmin).
This scale dependence was further confirmed by the abiotic
model (electronic supplementary material, table S2, Model 6:
5 arcmin versus 30 arcmin), which evaluated these features
independently of the livestock density and the elephant—
livestock interface. Despite the moderate scale dependence
observed for some of the abiotic features, the predicted
suitability equivalency remained high when comparing
the full model to the biotic model (niche equivalency at
5 arcmin = 0.97; niche equivalency at 30 arcmin = 0.97) or
comparing the full model to the abiotic model (niche equival-
ency at 5arcmin = 0.95; niche equivalency at 30 arcmin =
0.95). Finally, the use of the modelled elephant niche based
on GBIF observations, compared to the IUCN-delineated
elephant range, demonstrated better fit (AIC =216 versus
AIC =220, respectively), better performance (AUC =89
versus AUC = 87.5, respectively), and high equivalency
(niche equivalency = 0.97). As such, and because the GBIF-
modelled niche is based on observations recorded over
roughly the same period of time as the period of recorded
anthrax occurrences, the modelled niche is retained for the
elephant-livestock interface construct.

Predicted anthrax suitability across India based on the
best-fitting and best-performing model is displayed in
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Figure 4. Predicted geographical anthrax suitability across India based on the best-fitting and best-performing Maxent model (Model 6). Boundaries reflect indi-
vidual states. The colour spectrum of anthrax suitability runs from blue (low suitability) to red (high suitability). All maps are displayed only for the purposes of
depicting the distribution of disease occurrence and risk, and do not reflect the authors’ assertion of territory or borders of any sovereign country including India.
Map direction and scale are represented by the latitude and longitude grid along the box. All maps are created in R (v. 3.3.1).

figure 4. Two distinct corridors emerged: a wide distribution
of high suitability running from northeast Andhra Pradesh to
West Bengal in the east, and a narrower distribution of high
suitability running the length of the Western Ghats and
their ecotonal fringes from north Kerala to southern Mahar-
ashtra in the west.

Figure 5 presents the response curves depicting the func-
tional relationship between anthrax suitability and each
environmental feature conditional on all others. Anthrax suit-
ability was highest with a soil pH in the range of 6—8 and soil
organic carbon content in the range of 1%-2%. Suitability
increased with increasing soil-water balance until peaking at
P-Ta = 0.6, which signifies low water stress. Anthrax suitability
increased sharply with an increasing elephant-livestock inter-
face. Finally, increasing proximity to lost forest was associated
with increasing anthrax suitability, with peak suitability
within a window of 10 km of forest loss between 1900 and 2000.

5. Discussion

This study presents the first description of anthrax suitability
across India. The elephant-livestock interface was the most

influential feature to anthrax suitability at relatively large
and small scales, and even when anthrax outbreaks did not
directly involve elephants. Moreover, this finding was con-
sistent with the highest anthrax suitability manifesting in
relatively small livestock herds, which would be more likely
to occupy forest fringe than large commercial herds.

The relationship between anthrax suitability and the ele-
phant-livestock interface is unsurprising because it has been
shown that intense competition for resources exists between
livestock and wild grazing and browsing species, especially
elephants, in precisely the same areas as those identified as
high risk in the current study [34]. Moreover, relatively small
free-ranging livestock herds will present the greatest opportu-
nity for interface with sylvan species in anthropogenic
ecotones. This was evident in the current study wherein greater
anthrax suitability was associated with smaller herds. Both the
Eastern and Western Ghats have stretches of forest covering
several states with free ranging wild elephants through
known corridors. These forests are often occupied by human
habitations, particularly traditional forest-living people, for
whom this elephant-livestock interface is a constant reality.
Moreover, the strong association between anthrax outbreaks
and the elephant-livestock interface was not simply driven
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Figure 5. Response curves showing the functional relationships between each feature and anthrax suitability. (Online version in colour.)

by the inclusion of elephant outbreaks in the training data, as
this association remained strong even after the elephant out-
breaks were removed (electronic supplementary material,
figure S5). This lends further credence to this interface repre-
senting an important feature of anthrax transmission in the
landscape, whether the transmission involves elephants or
livestock. Similar wildlife-livestock interface foci have been
identified in anthrax hotspots in other tropical settings as
well [10,12], although investigation of the interface between
livestock and other wildlife species was beyond the scope or
capacity of the current study.

Soil pH in this study was generally reflective of the pre-
ferred pedological profile of B. anthracis with suitability
peaking in the 6-8 range, which is typical for these bacteria
in many parts of the world [6,7,70,71]. In contrast to temper-
ate climate regimes [72], anthrax suitability peaked at the
lowest levels of the organic carbon content, but this was prob-
ably indicative of the relative homogeneity of generally low

soil organic carbon across much of India. Similar homogen-
eity was observed for annual temperature but not soil-
water balance. The relationship with soil-water balance
was interesting because, while the current study identified
decreased water stress to be associated with greater anthrax
suitability in India, increased water stress was associated
with greater suitability across the temperate zones of the
Northern Hemisphere [72].

The association between anthrax suitability and forest
loss, albeit considerably weaker than the elephant—livestock
interface, is also intuitive and likely to be an important modu-
lator of the interface. This novel finding may suggest a
‘revenant’ forest presence that reflects historical cycling of
anthrax between elephants, or wildlife more generally, and
livestock, or it may simply reflect an increased proclivity to
modern cycling in transformed sylvan landscapes. Large
mammalian herbivores require extensive forest range in
which to graze or browse. Elephant caloric requirements,
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for example, represent an extreme in plant intake and conse-
quent home range. Adults will consume an average of 150 kg
of vegetation per day, and can forage a variety of plants com-
prising 75 species across a range of 25 km?® (monsoon season)
to 64 km? (dry season) in southern India [73]. The loss of
forested habitat across India has reduced the available
sylvan range for elephants, forcing them increasingly into
anthropogenic ecotones wherein the potential for inter-
specific contact is substantial [74,75]. It is therefore expected
that these transitional zones will reflect a trajectory of forest
loss and, given the ability of spores to persist for decades in
the environment, potential for long-term cycling of anthrax
between wildlife and livestock. However, the current data
are too limited in temporal granularity to make this claim
definitely, as anthrax cycling could also reflect a more
recent introduction into ecotonal areas by relatively new live-
stock herds. Nevertheless, the association with the elephant—
livestock interface combined with close proximity to histori-
cal forest loss suggests the protection of wildlife
populations and forest management, with concerted effort
to maintain separation between wildlife and livestock, may
be a fruitful approach to anthrax prevention in those areas
of highest risk in India.

This study has some limitations that warrant further dis-
cussion. First, the anthrax outbreaks used to train the models
in this study are based on ProMED-mail surveillance, which
we recognize does not identify all outbreaks. In particular,
the responsiveness potential of the surveillance system varies
by state according to the quality of veterinary services
and reporting infrastructure. This may lead to reporting bias
in the identified anthrax locations. We attempted to correct
for such reporting bias by selecting background points
weighted by the presence of the human footprint as a proxy
for reporting infrastructure. In addition, we tested the fitted
model against an independent laboratory-confirmed sample
of anthrax outbreaks to provide a less biased, externally vali-
dated, assessment of performance. Nevertheless, we concede
that the data may not be representative of the complete anthrax
experience in India over the last two decades and that there
may be some residual bias toward larger outbreaks. Second,
even at the larger of the two scales considered here, the scale
of the study is coarse by virtue of the scale of ProMED-mail
reporting and the available environmental data. While this
is unlikely to be of substantial influence to abiotic environ-
mental features, which are expected to dominate at small
(i.e. coarse) spatial scale, it may be influential to biotic features,
which are expected to dominate at large (i.e. fine) scale [65].
Third, climate features (PT-o and mean annual temperature)
were constructs of decadal averages from 1950 to 2000,
and therefore the models presented here assume temporal
homogeneity of these aggregates both during the period
in which they were recorded as well as during the period of
observed anthrax outbreaks under current investigation.
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