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Abstract

Anthrax is a worldwide zoonotic disease. Anthrax has long been a public health and socio-
economic issue in Mongolia. Presently, there is no spatial information on carcass burial
sites as a potential hazard of future anthrax outbreaks and possible risk factors associated
with anthrax occurrences in Mongolia. Here, we analyze retrospective data (1986-2015) on
the disposal sites of livestock carcasses to describe historical spatio-temporal patterns of
livestock anthrax in Khuvsgul Province, which showed the highest anthrax incidence rate in
Mongolia. From the results of spatial mean and standard deviational ellipse analyses, we
found that the anthrax spatial distribution in livestock did not change over the study period,
indicating a localized source of exposure. The multi-distance spatial cluster analysis showed
that carcass sites distributed in the study area are clustered. Using kernel density estimation
analysis on carcass sites, we identified two anthrax hotspots in low-lying areas around the
south and north regions. Notably, this study disclosed a new hotspot in the northern part that
emerged in the last decade of the 30-year study period. The highest proportion of cases was
recorded in cattle, whose prevalence per area was highest in six districts (i.e., Murun,
Chandmani-Undur, Khatgal, Ikh-Uul, Tosontsengel, and Tsagaan-Uul), suggesting that vac-
cination should prioritize cattle in these districts. Furthermore, size of outbreaks was influ-
enced by the annual summer mean air temperature of Khuvsgul Province, probably by
affecting the permafrost freeze-thawing activity.

Introduction

Anthrax is a zoonotic disease caused by the Gram-positive bacterium Bacillus anthracis, exist-
ing as a spore outside its host animal [1]. The spores are highly resistant to extreme tempera-
tures, radiation, and chemical substances and can persist in soil for several decades [2].
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Anthrax has a wide range of mammalian hosts, including humans, livestock, and wildlife.
Domesticated herbivores such as cattle, sheep, and goats, are the most susceptible to anthrax;
grazing with ingesting or inhaling high doses of spores usually culminates in fatal disease [3].
Anthrax is not contagious as direct transmissions between herbivores are thought to be rare
[4,5]. Although herbivores are the primary hosts for anthrax, humans also get infected with
anthrax through contact with infected animals or contaminated animal products, such as
meat, hide, and wool [6].

Several environmental factors influence the persistence of B. anthracis spores and the onset
of anthrax outbreaks. Long-range dispersal of spores is influenced by weather conditions, such
as floods and strong winds [7,8], and by biological vectors, such as birds, scavengers, and biting
flies [9-11]. Soil conditions, such as high moisture, rich calcium, high organic content, and pH
neutral to alkaline, correlate with the onset of outbreaks [12,13]. Spores can be concentrated in
low-lying areas through runaway by rain and water streams, affecting the spatial distribution
of outbreaks [14]. Recent studies highlight the role of permafrost in preserving B. anthracis
spores for a long time in the frozen ground below 0°C, and the effect of increasing temperature
on permafrost thawing due to the spore spillover to the soil surface [15].

Anthrax is globally distributed, and sporadic cases have been reported on every populated
continent [16]. In industrialized countries where focused, comprehensive, and sustained live-
stock vaccination programs have been successfully implemented, the disease has dramatically
declined [17]. However, the burden of anthrax remains high in low- and middle-income coun-
tries in Africa and Asia, where animal vaccination is erratic [18].

In Mongolia, anthrax has posed severe challenges to public health and veterinary services
for a long time. Approximately 25% of the national population of 3,000,000 residents live a
nomadic pastoral lifestyle, raising livestock under a free-ranging system. Livestock products
are an essential income source for these people [19], thus, making anthrax control a great pri-
ority. Mongolia was once a socialist country with close connections to the Soviet Union from
around 1920 to the late 1980s. The introduction of routine animal vaccination from 1948
onward resulted in a drastic decrease in anthrax incidence [20]. However, following the col-
lapse of the Soviet Union, political revolution and economic transition from socialism to a free
market began in the early 1990s in Mongolia. Due to the transformation recession, healthcare
delivery and mass vaccination in the veterinary sector were ceased [21]. Among 19 of 21 prov-
inces in Mongolia, with records of anthrax incidences, frequent outbreaks are restricted to the
provinces at the northern and northeastern regions of the country [20]. Among them, Khuvs-
gul has the highest livestock anthrax rate, accounting for 40.35% of all cases [22].

The spores of B. anthracis can persist in soil for several decades, and may even be preserved
longer in frozen grounds [23]. The potential hazard of the historic carcass sites was confirmed
by surveys of viable spore detection in previous carcass sites [9]. The current disposal practice
of animals dying from anthrax in Mongolia mainly involves burying, and those carcass burial
grounds are generally identical to outbreak locations [24]. Although disease control measures
include restriction of access to carcass burial sites, which are most likely to be contaminated
with spores, presently, there is a lack of information on the spatial pattern of carcass sites, thus
limiting the implementation of interventions. Here, we analyze retrospective data (1986-2015)
on the burial sites of livestock carcasses to describe historical spatial patterns and temporal
trends in livestock anthrax across the Khuvsgul Province to answer the following questions;
What is the spatial pattern of carcass sites? Where are the areas of high carcass site concentra-
tion in previous and recent times? Which districts have more burden of anthrax? Also, we
were interested in exploring the relationship between the number of anthrax cases and animal
population, annual mean precipitation, and annual mean summer air temperature, consider-
ing the anthrax seasonality in Mongolia [20]. This study is the first spatio-temporal study on
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anthrax in Mongolia and could serve as a baseline for future anthrax studies and public health
interventions.

Materials and methods
Data source

Among 21 administrative provinces in Mongolia, Khuvsgul Province is the northmost province,
bordering Siberia, Russia, with 24 districts. Anthrax is notifiable under the law on Livestock
Health and Gene Protection of Mongolia [24]. Thus, reporting of all suspected cases of anthrax
is mandatory. An animal or animal carcass with symptoms suggestive of anthrax (e.g., high
fever, breathing difficulty, sudden death, a carcass without rigor mortis, etc.) was considered as
a suspicious case, while a positive standard bacteriology and/or molecular laboratory tests was
defined as a confirmed case [25]. Here, we collected basic yearly information on livestock in
Khuvsgul Province, including livestock and human population, the number of livestock anthrax
cases, and GIS data of carcass burial sites from 1986 to 2015. The Department of Veterinary Ser-
vices of Khuvsgul Province, Mongolia, provided the geographic information system (GIS) data
for anthrax carcass disposal sites recorded between 1986 and 2015. All these sites represent con-
firmed cases previously diagnosed by clinical examination and standard bacteriology method at
the local veterinarian and the State Central Veterinary Laboratory (SCVL), Ulaanbaatar, Mon-
golia. The standard bacteriology methods included Giemsa and polychrome methylene blue
(PMB) staining for microscopic detection of B. anthracis and its poly-D-glutamic acid capsule
in blood smears. The methods also involved culture and isolation of the bacterium, as previously
described in the OIE manual [25]. In addition, samples collected after 2000 were further con-
firmed by polymerase chain reaction (PCR) for the detection of toxin (pagA) and capsule

(capB) coding genes of B. anthracis at the SCVL. This improvement in disease diagnosis would
not significantly impact the anthrax surveillance since the disagreement between the standard
bacteriology and PCR tests for anthrax confirmation is negligible [26].

The livestock and human population data in the Khuvsgul Province was obtained from the
Statistics Office of Khuvsgul Province, Mongolia [27]. Data on annual precipitation and air
temperature of Khuvsgul Province were provided by the Information and Research Institute of
Meteorology, Hydrology, and Environment, Mongolia. Administrative areas, elevation, and
inland water maps of Mongolia were downloaded from database of DIVA-GIS [28]. The proj-
ect was approved by the review board of the Institute of Veterinary Medicine, Mongolia, Refer-
ence number: 20082001.

The cattle anthrax prevalence per area in Khuvsgul Province by districts
(1986-2015)

The annual average prevalence of anthrax per 1,000,000 cattle population per 1000 km” was
calculated at the district level. B. anthracis is a non-invasive pathogen and regarded as non-
contagious; therefore, direct animal-to-animal transmission is not expected to occur except in
osteophagia or carnivore activities [4,29]. Indeed, soil is the natural reservoir of the B. anthracis
spores and becomes the primary source of animal infection [30]. Thus, considering the mode
of anthrax transmission, we estimated the cattle anthrax prevalence, taking into account the
area (km?) of each district as follows:

annual average anthrax cases

prevalence per area = , _
(average animal population x area)
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A cartographic map was used to visualize the distribution of cattle anthrax prevalence using
ArcGIS v.10.6.1 (ESRI Inc., Redlands, CA, USA).

The spatial mean and standard deviational ellipse analyses

The analyses were conducted on ArcGIS v.10.6.1 software (ESRI Inc., Redlands, CA, USA)
[31,32]. The standard deviational ellipse (SDE) analysis was performed to summarize the spa-
tial attributes of geographic features with coordinates [33]. The unweighted spatial mean and
SDE analyses were used to determine the directional trend and spatial characteristics of carcass
sites in the study area. To reveal the temporal changes of carcass sites resulting from anthrax
incidences, we divided the entire study period into three time parts: 1986-1995, 1996-2005,
and 2006-2015.

Multi-distance spatial cluster analysis

According to the guide on the manufacturer’s website, we used a multi-distance spatial cluster
analysis tool in ArcGIS v.10.6.1 software (ESRI Inc., Redlands, CA, USA) to determine the
maximum distance relationship between animal carcass sites [34]. The tool uses Ripley’s K
function as shown in the equation

L) =/[A>" S K(j)| /NN - 1)]
\/{ =17

where d is the distance, N is the total number of events, A is the area, and the weight k(i,j) is
the influence of the elements within the distance. When the distance between i and j is less
than or equal to d, k(i,j) is 1, and k(i,j) is 0 when the distance between i and j is greater than d.

To analyze the spatial pattern of carcass sites, observed K-values, determined using actual
GIS coordinates, were compared with the expected K-values, calculated through the random
spatial distribution of carcass sites. We used the default 10 times as the number of distance
changes with 999 simulations, equal to confidence levels of 99.9%. We utilized the minimum
enclosing rectangle as the study area method. Positive value from the difference between the
observed K and expected K (Diff K) indicates clustering. When the observed K-value for a
specified expected K-value is larger than the upper confidence envelope (HiConEnv) value,
the spatial value is statistically significant. In the following kernel density estimation analysis,
to avoid underestimating the hotspot areas, the maximum expected K with a statistically signif-
icant value was used as the maximum distance for the relationship between carcass sites in the
Khuvsgul Province (S1 Table).

Kernel density estimation analysis

The kernel density estimation (KDE) analysis was used to identify hotspots of animal carcass
disposal locations. The analysis was performed using ArcGIS v.10.6.1 software (ESRI Inc., Red-
lands, CA, USA) by employing the quadratic kernel function described by Silverman et al. [35]
to estimate carcass densities. We applied 88, 58, 83, and 88 km, calculated from Ripley’s K
function corresponding to the periods (i.e., 1986-2015, 1986-1995, 1996-2005, 2006-2015) as
a search radius. The KDE output is classified into five categories, according to the equal inter-
val method.

Statistical analyses

Univariate and multivariate logistic regression models were used to determine potential risk
factors associated with a large number of anthrax cases among livestock in the Khuvsgul
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Province. In the univariate analysis, anthrax outbreaks were categorized into a large or small
number of cases. Annual cases that were above the mean of total cases (> 51) during the whole
study period (1986-2015) were considered a large number of cases and were separately ana-
lyzed with different variables, including total livestock population, cattle population, human
population, annual mean air temperature in summer months (June to August), and annual
mean precipitation. In Mongolia, anthrax is a seasonal disease that mostly occurs in summer
when animals graze on pastures [20]. In addition, most permafrost in the Khuvsgul region is at
temperatures close to 0°C, and thaws only in summer [36], which possibly leads to spore spill-
over from buried carcasses to the soil surface. Thus, we investigated the effect of temperature
variability in summer. The variables that met the criteria of p < 0.2 in the univariate analysis
were further evaluated in the multivariate logistic regression model, with a statistical signifi-
cance level at p < 0.05. Afterward, correlation tests were conducted between anthrax cases and
cattle population or temperature to determine the direct relationships.

Simple linear regression analyses were used to determine livestock anthrax trends corre-
sponding to before and after the Mongolian economic transition (19862000 and 2001-2015,
respectively). A linear regression model was also applied to identify the annual summer (June
to August) temperature changes in the Khuvsgul Province throughout the 30-year study
period from 1986-2015. All statistical analyses were conducted using R v.3.5.0.

Results
Old and recent trends of anthrax between 1986 and 2015

A total of 1529 livestock cases were reported over the study period (1986-2015), with the
majority of cases reported in cattle (76.5%; n = 1169), followed by horse (10.3%; n = 157),
sheep (9.2%; n = 141), and goat (4.1%; n = 62) (Fig 1A and 1B). Regarding the disease preva-
lence in livestock by animal species for 30 years, cattle were the highest, followed by horse,
sheep, and goat, with proportions of 352, 90, 12, and 4 per 100,000 population, respectively
(Fig 1C). There were no anthrax reports in sheep and horses before 2000, and few outbreaks
were reported in goats. After 2000, the host range expanded, and reports of anthrax incidents
in goats, sheep, and other animal species had increased. Anthrax outbreaks in horses were spo-
radic and occurred only three times over the entire 30-year period. However, a large outbreak
occurred in 2015, affecting more than 150 horses (S1 Fig).

Further, we conducted simple linear regression analyses to determine livestock anthrax
trends corresponding to before and after the Mongolian economic transition (1986-2000 and
2001-2015, respectively). A dramatic increase was observed in the annual number of anthrax
cases between 1986 and 2000, with an average rate of 10.1 + 2.3 (p < 0.001) in a year. Several
large outbreaks occurred after 2000, and the average annual case number was 2.5 + 2.6 without
significant increase or decrease in cases (p = 0.35) (Table 1). Although neither a significant
increasing nor decreasing trend was observed in the total livestock anthrax cases, cattle anthrax
cases were significantly reduced (S2 Table).

A total of 1169 cattle anthrax cases were reported in Khuvsgul Province between 1986 and
2015. Annual cattle anthrax prevalence per 1,000,000 population per 1000 km? was high in the
districts Murun (ID 11), Chandmani-Undur (ID 5), Khatgal (ID 24), followed by Ikh-Uul (ID
8), Tosontsengel (ID 16), and Tsagaan-Uul (ID 18) (Table 2 and Fig 2). The average human
and livestock population density for 30 years was highest in the Murun district (S2 Fig).

The spatio-temporal anthrax pattern and high-risk areas

The three identified SDEs with their spatial means of carcass locations are shown in Fig 3.
There were no significant directional changes in anthrax occurrence between the three periods
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Fig 1. The distribution of anthrax in Khuvsgul Province between 1986 and 2015. (A) Annual dynamics of registered livestock anthrax cases. (B) Reported anthrax
cases in livestock species. (C) Prevalence of anthrax in livestock by species for 30 years.

https://doi.org/10.1371/journal.pone.0260299.9001

Table 1. Annual livestock anthrax incidences in Khuvsgul Province during (1986-2000) and after (2001-2015) the economic transition of Mongolia.

Linear regression

Period Anthrax cases in livestock Ann' min Ann® max Slope p R?
1986-2000 825 4 191 10.10 + 2.261 0.0006 0.6058
2001-2015 704 9 173 2.529 +2.622 0.3524 0.06678

'"Minimum annual number of cases

*Maximum annual number of cases.

https://doi.org/10.1371/journal.pone.0260299.t001
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Table 2. Annual cattle anthrax prevalence per 1,000,000 population per 1000 km” in Khuvsgul Province by districts.

ID District name Number of cattle Average cases (min”- Average cattle population (min°“- Area of the districts Ann' prevalence
cases max®) max?) (km?)
1 Alag-Erdene 59 1.97 (3-29) 12106 (8315-20094) 4503 36
2 Arbulag 45 1.5 (1-28) 16115 (7579-27823) 3529.2 26
3 Bayanzurkh 36 1.2 (2-20) 16275 (11593-23319) 4299.1 17
4 Burentogtokh 66 2.2 (1-26) 15174 (5755-24978) 3768.6 38
5 Chandmani- 120 4(1-42) 14054 (11159-16975) 4487.5 63
Undur

6 Erdenebulgan 34 1.13 (1-18) 13845 (10447-16497) 4694.4 17
7 Galt 32 1.07 (1-12) 17300 (9654-27537) 3596.8 17
8 Ikh-Uul 51 1.7 (1-20) 13709 (9873-18942) 2023.8 61
9 Jargalant 44 1.47 (1-15) 12624 (6100-20375) 2549.2 46
10 Khankh 16 0.53 (1-13) 8589 (903-14919) 5498.7 11
11 Murun 85 2.83 (1-24) 11200 (6207-20150) 102.9 2458
12 Rashaant 19 0.63 (1-3) 12230 (8874-17462) 1982.5 26
13 | Renchinlkhumbe 121 4.03 (1-18) 22632 (16469-29020) 8448.3 21
14 Shine-Ider 25 0.83 (1-7) 13897 (7140-24723) 2053.6 29
15 Tarialan 50 1.67 (1-25) 17058 (12000-22176) 3430.7 28
16 Tosontsengel 43 1.43 (1-9) 13592 (8823-21358) 2042.2 52
17 Tsagaan-Nuur 4 0.13 (2) 2602 (835-3991) 5408.3 9
18 Tsagaan-Uul 170 5.67 (2-113) 18345 (4913-37194) 5866.3 47
19 Tsagaan-Uur 21 0.7 (2-12) 12855 (10419-15131) 8735.3 6
20 Tsetserleg 59 1.97 (1-24) 16990 (5967-33153) 7451.6 16
21 Tumurbulag 16 0.53 (1-8) 12603 (6557-19964) 2521.7 17
22 Tunel 16 0.53 (1-4) 12646 (8828-17166) 3577.3 12
23 Ulaan-Uul 27 0.9 (1-18) 18739 (13615-23438) 10057.5 5
24 Katgal 10 0.33 (4-6) 6990 (3915-9657) 911.4 52

! Annual anthrax prevalence per 1,000,000 cattle per 1000 km2.

# Minimum annual number of cattle anthrax cases
® Maximum annual number of cattle anthrax cases.

¢ The smallest annual cattle population number

4 The largest annual cattle population number.

https://doi.org/10.1371/journal.pone.0260299.t002

and the spatial means of carcass sites adjoined in the southern part of the study area. By over-
laying the ellipses and spatial means on an elevation map of Khuvsgul Province, it was
observed that carcass sites were distributed along the rivers and seasonally dry riverbeds that
confluent into wide rivers in the southern region.

To determine the distribution pattern of carcass sites and the maximum distance between
carcass sites in the three periods, multi-distance spatial cluster analysis was conducted. The
result indicated that the maximum distances of the significant spatial association between car-
cass sites corresponding to the periods (i.e., 1986-2015, 1986-1995, 1996-2005, and 2006-
2015) were 88, 58, 83, and 88 km, respectively (SI Table). This result showed that carcass sites
distributed in the study area are clustered rather than dispersed in the specified range of dis-
tances, and the observed relationships were statistically significant.

The identified maximum distances were then used in the KDE analysis to estimate the den-
sity of carcasses to identify anthrax hotspots. We found consecutive anthrax hotspots in the
southern region of the Khuvsgul Province across the entire study period and an emerging new
hotspot in the northern part of the area between 2006 and 2015 (Fig 4).
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Fig 2. Annual cattle anthrax prevalence per 1,000,000 population per 1000 km” in Khuvsgul Province by districts. Numbers correspond to
the ID number in Table 2. The Murun (district ID 11), the central administrative district of Khuvsgul Province, had the highest cattle anthrax
prevalence per area. The maps are reprinted from [28] under a CC BY license, with permission from DIVA-GIS and Dr. Robert Hijmans; see
S1 File.

https://doi.org/10.1371/journal.pone.0260299.9002

Positive association between cattle population, temperature, and anthrax
case numbers

Two factors, cattle population number and annual mean temperature of summer months,
have met the criteria in the initial univariate analyses. In multivariate logistic regression analy-
sis, the odds of having a large number of anthrax cases (> 51) were multiplied by 7.63 for
every 100,000 increase in cattle population size and by 2.86 for every 1°C increase in mean
temperature of summer (Table 3).

Cattle population, mean summer temperature, and outbreak magnitude

After identifying that cattle population and temperature are positively correlated with the
anthrax case number, we investigated the extent to which the two factors affected the magni-
tude of an anthrax outbreak. We used a simple linear regression to model the dependence of
anthrax cases on the cattle population over the entire 30-year period. We observed a steady
increase in livestock population in the first half of the study period (1986-1999), followed by a
decrease in 2000 before rising again in the second half (2001-2015) (Fig 5A). A drastic reduc-
tion in cattle number in 2000 was attributed to a disaster associated with severe climatic condi-
tions, which is called zud in Mongolia. Mongolia was hit by three consecutive zuds between
1999 and 2002. Drought up to 60% of the national territory resulted in reduced pasture growth
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Fig 3. The directional distribution of animal carcass sites registered between 1986 and 2015. Unweighted spatial means and standard
deviational ellipse (SDE) were determined in three periods (1986-1995, 1996-2005, and 2006-2015). The unweighted spatial mean centers indicate
the average value of carcass locations in the given time phases. Ellipses with mean centers were combined to denote the directional distribution of
carcass sites. The base map is the elevation in meters, with lighter areas being lower in elevation. The maps are reprinted from [28] under a CC BY
license, with permission from DIVA-GIS and Dr. Robert Hijmans; see S1 File.

https://doi.org/10.1371/journal.pone.0260299.g003

in summer and limited forage preparation by herders for the winter. Weakened by inadequate
summer feeding and insufficient supplementary forage, several millions of animals died in
extremely harsh winter with temperatures up to -50°C in some areas. Overall, the national live-
stock population decreased by about 12 million because of three-year sequent zud [37]. We
found a significant relationship between anthrax cases and cattle population (r = 0.52,
p =0.003) (Fig 5B). The regression line’s slope was 3.95 + 1.2, suggesting that for every 10,000
increase in cattle population size, the number of anthrax cases in cattle increased by an average
of about 4.

We observed a steady rise in annual mean summer temperature of 0.08449 + 0.02077
(p < 0.001) (Fig 6A), which exhibited a positive correlation with the total anthrax cases in live-
stock over the entire study period (1986-2015) (r = 0.46, p = 0.009) (Fig 6B). The slope of the
simple linear regression line was 19.24, suggesting that for every 1°C increase in air
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Fig 4. Hotspot analysis of carcass sites using kernel density estimation. The heat maps show the estimated density of anthrax carcass sites per
square kilometer from very low (transparent) to very high (red): very low <20%, low 40%, medium 60%, high 80%, and very high >80% of the
estimated highest values in each period. The maps are reprinted from [28] under a CC BY license, with permission from DIVA-GIS and Dr. Robert
Hijmans; see S1 File.

https://doi.org/10.1371/journal.pone.0260299.9004

Table 3. Factors potentially associated with a large anthrax outbreak occurrence by univariate and multivariate
logistic regression: Cases (large > 51 > small) vs. factors.

Factors Univariate OR 95% CI for OR p <02
Total livestock population 1 1.00-1.00 0.5062
Cattle population 5.99 1.53-36.46 0.0224
Human population 1 1.00-1.00 0.273
Annual mean summer temperature (Jun-Aug) 2.07 1.02-5.11 0.0661
Annual mean precipitation 0.56 0.09-2.40 0.485
Year 1.04 0.95-1.15 0.3988
Factors Multivariate OR 95% CI for OR p <0.05
Cattle population 7.63 1.79-59.45 0.0172
Annual mean summer temperature (Jun-Aug) 2.86 1.16-9.71 0.0437

https://doi.org/10.1371/journal.pone.0260299.t003
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Fig 5. The magnitude of anthrax cases in relation to cattle population. (A) Cattle population by year. (B) Correlation between anthrax cases
and cattle population between 1986 and 2015. r = 0.52, p = 0.003, 95% CI 0.2-0.743.
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temperature, the number of livestock cases increased by 19. No positive correlation was
observed between the cattle population and temperature changes (53 Fig).

Discussion
Here, we report spatial and temporal patterns of anthrax in livestock between 1986 and 2015
based on the carcass burial sites of animals that died of anthrax in Khuvsgul Province, showing

the highest anthrax incidence rate in Mongolia. Our primary objective was to examine the spa-
tio-temporal dynamics of the disease based on the carcass burial sites and identify where B.
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Fig 6. The magnitude of anthrax cases in relation to air temperature. (A) Linear regression of annual summer air temperature 1986-2015,
slope = 0.08449 + 0.02077, R? = 0.4, p < 0.001, 95% CI 0.4195-0.127. (B) Correlation between anthrax cases and annual summer air
temperature from 1986 to 2015 r = 0.46, p = 0.0099, 95% CI 0.1238-0.7058.

https://doi.org/10.1371/journal.pone.0260299.9006
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anthracis spores may persist in the present day. We first determined the spatial distribution of
carcass sites in three historical periods (1986-1995, 1996-2005, 2006-2015) and found that the
spatial distribution of carcass sites had not changed over the 30 years, indicating the recurrence
of anthrax. Using KDE analysis on carcass sites, we identified two hotspots in low-lying areas
around the south and north regions. There was a recently emerged hotspot identified in the
northern part of the province in the last decade of the 30-year study period. Also, the highest
proportion of anthrax cases was recorded in cattle, and cattle anthrax prevalence was high in
several districts. Moreover, we showed the disease trend during and after the transition period
of the country’s political change. Furthermore, we found a positive association between out-
break size and cattle population number and the mean annual air temperature of the summer
months (June to August), highlighting the impact of these factors on anthrax occurrence in
Khuvsgul region.

Results of spatial mean and SDE analyses revealed a localized source of exposure of anthrax.
No significant changes were observed in the distribution of anthrax carcass sites for the entire
30 years. Unweighted spatial means and spatial overlapping of three SDEs corresponding to
every decade overlaid in the same geographical area. It appears that animals are repeatedly
exposed to spores in the same geographical areas. This suggests that historic carcass sites are a
potential hazard that serves as a source of spore exposure, resulting in recurrent outbreaks.
The localized source of exposure, defined as independent outbreaks recurring in the same geo-
graphical areas, was also identified in several other spatio-temporal studies on anthrax that
characterized outbreaks following a point-source pattern with limited geographical spread
[38-41]. Strong, consistent spatio-temporal patterns were observed in two anthrax outbreaks
in hippopotamus (Hippopotamus amphibious) with 5-year intervals in the same location in the
Queen Elizabeth Protected Area, Uganda [38]. In addition, consecutive episodes occurred in
the same area with a high density of white-tailed deer (Odocoileus virginianus) carcasses in
West Texas [39]. Furthermore, concurrent and spatially localized outbreaks were observed in
the Serengeti ecosystem, Tanzania [17]. Known carcass sites could likely have been the source
of anthrax infection over a certain distance range [9,42,43]. Therefore, proper disposal of car-
casses is crucial to prevent further spore exposure from affected sites.

KDE analysis identified two anthrax hotspots based on the density of animal carcasses that
died of anthrax (Fig 4). One hotspot has been detected around the southern region for the
entire 30 years, whereas the second hotspot emerged in the northern region in the last decade
of the study period. Interestingly, both hotspots were identified in low-lying areas around the
Murun district in the south and the Darkhad Depression in the north. Regarding this particu-
lar geographical feature, Van Ness previously postulated that “anthrax incubator areas” retain
high spore concentrations through the water cycle in a low-lying area or depression, resulting
in spore doses that are lethal to a susceptible host and enough to trigger new outbreaks [14].
Supporting this postulate, carcass hotspots have been found only in low-lying areas that have
wide rivers and lakes in our study (Figs 3 and 4). Notably, the Darkhad Depression encom-
passes many rivers, lakes, small potholes, and wetlands surrounded by mountains [44]. In
agreement with our findings, Relebohile et al. [45], Bengis [46], and Dragon et al. [43] reported
a high incidence of anthrax outbreaks in depressed low-lying areas. Although the effect of
water area on the number of anthrax cases was not explored in this study, we suspect that it
might increase the risk of many animals being infected from one spot. Thus, the disposal of
affected animal carcasses near rivers and lakes should be avoided to restrict the spore dissemi-
nation and concentration through the hydrological cycle in a low-lying area. Besides, 30-year
average human and livestock population densities were highest in Murun, the administrative
center of Khuvsgul Province (S2 Fig). The pasture in this area could be overgrazed because of
the high animal population density; thereby increasing the chance of animals ingesting or
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inhaling the spores. Also, anthropogenic pressure such as construction and agriculture may
contribute to anthrax occurrence by exposing the spores to the ground surface, resulting in
many carcass disposal sites. Therefore, human activities such as construction, mining, or agri-
cultural development around carcass sites must be avoided and those areas must be secured by
fencing to minimize future outbreaks.

Furthermore, we conducted univariate and multivariate logistic regression analyses to
determine the potential association between the number of anthrax cases in livestock and pos-
sible risk factors. We found that the population size of susceptible animals and temperature
increase are the factors that impact outbreak size. Other environmental and climatic drivers,
including drought, rainfall, soil alkalinity, and density of insects or scavengers, have long been
recognized as important factors influencing anthrax ecology [13]. In our study, however, pre-
cipitation including rainfall did not seem to impact the size of the outbreaks.

Cattle population number was determined as one of the risk factors for a large outbreak.
From the univariate and multivariate logistic regression analyses, a significant positive correla-
tion was found between the population number of cattle and annual anthrax cases from 1986
to 2015 (Table 3 and Fig 5B). A similar positive correlation between the number of anthrax
cases and the hippopotamus population was detected in the Queen Elizabeth National Park,
Uganda [38]. Hence, the susceptible animal number can be one of the determinants for out-
break size. Among the livestock species, cattle are most likely to contract anthrax in many
cases [47,48]. From the studies conducted in Kazakhstan [49], China [50], and Ukraine [51],
anthrax predominantly occurred in cattle compared with other animal species. In agreement
with these reports, cattle anthrax occupied 76.5% of the total anthrax cases in Khuvsgul Prov-
ince, and anthrax prevalence for 30 years was highest among cattle (Fig 1B and 1C), implying
that cattle are the most susceptible to anthrax. Thus, in terms of resource-limited settings, cat-
tle should be prioritized for vaccination. Moreover, cattle anthrax prevalence per 1 million
population per 1000 km? was high in the districts Murun, Chandmani-Undur, Khatgal, fol-
lowed by Ikh-Uul, Tosontsengel, and Tsagaan-Uul (Table 2 and Fig 2). Therefore, more effort
in vaccination and disease surveillance should be focused on these districts with a high burden
of anthrax.

Also, increased temperature was detected as another risk factor. Recent studies emphasized
the impact of global warming associated with permafrost melting on anthrax occurrence in
northern latitudes of the globe [23]. After the reemergence of anthrax in reindeer over 70 years
later in Yamal, Siberia, in 2016 [52] and Sweden [53], experts believed that infected animal car-
casses previously buried in these regions were long preserved under the freezing effect of per-
mafrost. However, permafrost melting resulting from global temperature increases the spore
spillovers from the carcass into the ground surface, likely through moving sediments and soil
cracking related to permafrost freeze—thaw activity [54,55]. This hypothesis is further sup-
ported by our findings, where an increasing trend of mean annual summer temperature
showed a positive correlation with the number of anthrax cases in livestock in Khuvsgul (Fig
6A and 6B). The territory of Khuvsgul comprises a wide area of mountain permafrost, which is
a continuation of the southern fringe of the Siberian permafrost zone, representing the highest
permafrost prevalence in Mongolia [56]. From permafrost monitoring studies, the Khuvsgul
region increased in mean annual permafrost temperature, coupled with intensive degradation
of permafrost. These observations have been attributed to climatic factors such as global warm-
ing and anthropogenic elements like changing soil content, vegetation cover, and hydrologic
cycle in the last several decades [36,57]. To this end, the long-term anthrax persistence and the
highest incidence rate in the Khuvsgul Province could be explained by the ecosystem changes,
the prevalence of permafrost, and its freeze—thaw dynamics. These observations suggest that
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permafrost may have a role in spore persistence in soil and B. anthracis infection cycle, making
it a potentially useful spatial and temporal predictor of infection risk and anthrax outbreaks.

We could not obtain data on the animal anthrax vaccination trends, which is a major limi-
tation of our study. But, a previous study showed that anthrax vaccination coverage decreased
between 1990 and 2000 because of the country’s political revolution and economic transition
phase [20]. This phase involved the privatizing of animal husbandry sectors and the suspension
of veterinary services, resulting in a drastic drop in the anthrax vaccination coverage and a
steady increase in anthrax cases. In agreement with the study, we observed a dramatic increase
in yearly livestock anthrax cases in Khuvsgul Province from 1986 to 2000 (Table 1). Similar
increasing anthrax trends were seen in other former Soviet countries, which was likely a result
of socio-political instability [51,58]. Taken together, these findings highlight that Mongolia’s
political change and economic transition affected anthrax occurrence, more likely through
livestock vaccination. Since 2000, although neither a significant increasing nor decreasing
trend was observed in the total livestock anthrax cases, cattle anthrax cases were significantly
reduced, which had progressively increased during the transition period (S2 Table). We specu-
late that the downslope in cattle anthrax cases was likely associated with improving disease
control measures, particularly cattle vaccination [20]. Further, extension of vaccination in live-
stock species that are excluded in routine vaccination programs is on demand for successful
disease control in Mongolia, especially in the area with high-risk factors.

Conclusions

We analyzed the spatio-temporal patterns of carcass burial grounds in Khuvsgul Province and
found that livestock anthrax recurs in the same geographical areas. There is one stable hotspot
of anthrax carcass sites around the south and an emerging new hotspot in the north region of
the province. These hotspots exist in low-lying areas with abundant rivers, lakes, and ponds.
Further, the burden of anthrax is higher in cattle than in other livestock species, and the cattle
anthrax prevalence was high in the six districts. Finally, the size of outbreaks was influenced by
the annual summer mean air temperature (June to August) of Khuvsgul Province, probably by
affecting the permafrost freeze-thawing activity.

Our study suggests that historical carcass burial sites may serve as a persistent source of the
infection. Thus, the primary action for carcass disposal management, we recommend fencing
the old carcass sites to prevent possible animal spore exposure. Further, burying animal car-
casses that died of anthrax should be banned and replaced by incineration, considering long-
time preservation of B. anthracis spores in the frozen ground (permafrost) and its seasonal
thawing effect on spore spillover to the soil surface. At least carcass disposal near rivers and
lakes should be avoided to minimize spore dissemination and concentration through the
hydrological cycle. As other control measures for anthrax, we suggest that strategical vaccina-
tion in susceptible animals, especially prioritizing cattle in the six districts mentioned above,
due to the resource limitation. Another suggestion would be monitoring the permafrost condi-
tion in the endemic areas, which could be helpful to predict future outbreaks and preparing
for epidemic responses such as strategic vaccination in susceptible animals. Future work
should involve detailed field surveys on spore viability around the carcass burial sites and
molecular epidemiology of the B. anthracis strains on isolates.

Supporting information

S1 Fig. Anthrax in livestock species.
(TTF)
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S2 Fig. Average human and livestock population densities by districts of Khuvsgul Prov-
ince (1986-2015). Murun district is the administrative center of the province and is estimated
with the highest human and livestock population densities. The maps are reprinted from [28]
under a CC BY license, with permission from DIVA-GIS and Dr. Robert Hijmans; see S1 File.
(TIF)

S3 Fig. Interaction between temperature and cattle population. There was no correlation
observed between the two risk factors with r = —0.0389, p = 0.83, 95% CI —-0.3936-0.3259.
(TIF)

S1 Table. Result of multi-distance spatial cluster analyses. The maximum expected K dis-
tances with statistically significant values are highlighted with a gray background in the table.
The spatial values corresponding to the time phases were then used for kernel density estima-
tion analysis on anthrax carcass sites.

(XLSX)

$2 Table. Annual cattle anthrax incidences in Khuvsgul Province during (1986-2000) and
after (2001-2015) the economic transition of Mongolia.
(XLSX)

S1 File. Permission to publish map shapefiles.
(PDF)

Acknowledgments

We appreciate the Department of Veterinary Services of Khuvsgul Province cooperation in
epidemiological data provision for livestock anthrax outbreaks. Dr. Enkhbat Erdenebat is
gratefully acknowledged for assistance with data collection.

Author Contributions

Conceptualization: Tuvshinzaya Zorigt, Satoshi Ito, Norikazu Isoda, Yoshikazu Furuta, Jar-
galsaikhan Enkhtuya, Hideaki Higashi.

Data curation: Tuvshinzaya Zorigt, Natsagdorj Norov, Baasansuren Lkham, Jargalsaikhan
Enkhtuya.

Formal analysis: Tuvshinzaya Zorigt, Misheck Shawa.

Funding acquisition: Hideaki Higashi.

Methodology: Satoshi Ito, Norikazu Isoda.

Resources: Natsagdorj Norov, Baasansuren Lkham, Jargalsaikhan Enkhtuya.
Supervision: Norikazu Isoda, Yoshikazu Furuta, Hideaki Higashi.
Visualization: Tuvshinzaya Zorigt.

Writing - original draft: Tuvshinzaya Zorigt.

Writing - review & editing: Satoshi Ito, Norikazu Isoda, Yoshikazu Furuta, Misheck Shawa,
Jargalsaikhan Enkhtuya, Hideaki Higashi.

References

1. Mock M, Fouet A. Anthrax. Annual Review of Microbiology. 2001; 55(1):647—71. https://doi.org/10.
1146/annurev.micro.55.1.647 PMID: 11544370

PLOS ONE | https://doi.org/10.1371/journal.pone.0260299 November 19, 2021 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260299.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260299.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260299.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260299.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0260299.s006
https://doi.org/10.1146/annurev.micro.55.1.647
https://doi.org/10.1146/annurev.micro.55.1.647
http://www.ncbi.nlm.nih.gov/pubmed/11544370
https://doi.org/10.1371/journal.pone.0260299

PLOS ONE

Spatial and temporal patterns of anthrax in Mongolia

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Stephens C. Bacterial sporulation: a question of commitment? Curr Biol. 1998; 8(2):R45-8. Epub 1998/
03/21. https://doi.org/10.1016/s0960-9822(98)70031-4 PMID: 9427639.

Hugh-Jones ME, de Vos V. Anthrax and wildlife. Rev Sci Tech. 2002; 21(2):359-83. Epub 2002/04/27.
https://doi.org/10.20506/rst.21.2.1336 PMID: 11974621.

Beyer W, Turnbull PC. Anthrax in animals. Mol Aspects Med. 2009; 30(6):481-9. Epub 2009/09/03.
https://doi.org/10.1016/j.mam.2009.08.004 PMID: 19723532.

Fasanella A, Galante D, Garofolo G, Jones MH. Anthrax undervalued zoonosis. Vet Microbiol. 2010;
140(3-4):318-31. Epub 2009/09/15. https://doi.org/10.1016/j.vetmic.2009.08.016 PMID: 19747785.

Kaufmann AF, Dannenberg AL. Age as a risk factor for cutaneous human anthrax: evidence from Haiti,
1973-1974. Emerg Infect Dis. 82002. p. 874-5. https://doi.org/10.3201/eid0808.020207 PMID:
12141982

Fox MD, Boyce JM, Kaufmann AF, Young JB, Whitford HW. An epizootiologic study of anthrax in Falls
County, Texas. J Am Vet Med Assoc. 1977; 170(3):327-33. Epub 1977/02/01. PMID: 4018083.

Munang’andu HM, Banda F, Siamudaala VM, Munyeme M, Kasanga CJ, Hamududu B. The effect of
seasonal variation on anthrax epidemiology in the upper Zambezi floodplain of western Zambia. J Vet
Sci. 2012; 13(3):293-8. Epub 2012/09/25. https://doi.org/10.4142/jvs.2012.13.3.293 PMID: 23000586;
PubMed Central PMCID: PMC3467405.

Dragon DC, Rennie RP, Elkin BT. Detection of anthrax spores in endemic regions of northern Canada.
J Appl Microbiol. 2001; 91(3):435—41. Epub 2001/09/15. https://doi.org/10.1046/j.1365-2672.2001.
01389.x PMID: 11556908.

Cieslak TJ, Eitzen EM Jr. Clinical and epidemiologic principles of anthrax. Emerg Infect Dis. 1999; 5
(4):552-5. Epub 1999/08/25. https://doi.org/10.3201/eid0504.990418 PMID: 10458964; PubMed Cen-
tral PMCID: PMC2627745.

Turell MJ, Knudson GB. Mechanical transmission of Bacillus anthracis by stable flies (Stomoxys calci-
trans) and mosquitoes (Aedes aegypti and Aedes taeniorhynchus). Infect Immun. 1987; 55(8):1859—
61. Epub 1987/08/01. https://doi.org/10.1128/iai.55.8.1859-1861.1987 PMID: 3112013; PubMed Cen-
tral PMCID: PMC260614.

Dragon DC, Rennie RP. The ecology of anthrax spores: tough but not invincible. Can Vet J. 1995; 36
(5):295-301. Epub 1995/05/01. PMID: 7773917; PubMed Central PMCID: PMC1686874.

Hugh-Jones M, Blackburn J. The ecology of Bacillus anthracis. Molecular aspects of medicine. 2009;
30(6):356—67. https://doi.org/10.1016/j.mam.2009.08.003 PMID: 19720074

Van Ness GB. Ecology of anthrax. Science. 1971; 172(3990):1303-7. Epub 1971/06/25. https://doi.org/
10.1126/science.172.3990.1303 PMID: 4996306.

Timofeev V, Bahtejeva I, Mironova R, Titareva G, Lev |, Christiany D, et al. Insights from Bacillus anthra-
cis strains isolated from permafrost in the tundra zone of Russia. PLoS One. 2019; 14(5):e0209140.
Epub 2019/05/23. https://doi.org/10.1371/journal.pone.0209140 PMID: 31116737; PubMed Central
PMCID: PMC6530834.

Carlson CJ, Kracalik IT, Ross N, Alexander KA, Hugh-Jones ME, Fegan M, et al. The global distribution
of Bacillus anthracis and associated anthrax risk to humans, livestock and wildlife. (2058-5276
(Electronic)).

Hampson K, Lembo T, Bessell P, Auty H, Packer C, Halliday J, et al. Predictability of anthrax infection in
the Serengeti, Tanzania. J Appl Ecol. 2011; 48(6):1333-44. Epub 2012/02/10. https://doi.org/10.1111/j.
1365-2664.2011.02030.x PMID: 22318563; PubMed Central PMCID: PMC3272456.

Vieira AR, Salzer JS, Traxler RM, Hendricks KA, Kadzik ME, Marston CK, et al. Enhancing Surveillance
and Diagnostics in Anthrax-Endemic Countries. Emerg Infect Dis. 2017; 23(13):S147-53. Epub 2017/
11/21. hitps://doi.org/10.3201/eid2313.170431 PMID: 29155651; PubMed Central PMCID:
PMC5711320.

Shagdar E. The Mongolian livestock sector: Vital for the economy and people, but vulnerable to natural
phenomena. Erina Report 08/2002. 2002; 47:4—26.

Odontsetseg N, Sh T, Adiyasuren Z, Uuganbayar D, Mweene AS. Anthrax in animals and humans in
Mongolia. Rev Sci Tech. 2007; 26(3):701-10. Epub 2008/02/26. PMID: 18293618.

Ebright JR, Altantsetseg T, Oyungerel R. Emerging infectious diseases in Mongolia. Emerg Infect Dis.
2003; 9(12):1509-15. Epub 2004/01/15. https://doi.org/10.3201/eid0912.020520 PMID: 14720388;
PubMed Central PMCID: PMC3034321.

Badmaeva OB. Bayanzhargal B., Post-graduate student Tsydypov VC, Professor Buryat State Agricul-
tural Academy named after VR Filippov, Ulan-Ude, Russia E-mail: badmaeva07 @ mail. ru, cidipovv. c.
@ yandex. ru. Openl Y. 2006:14.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260299 November 19, 2021 16/18


https://doi.org/10.1016/s0960-9822%2898%2970031-4
http://www.ncbi.nlm.nih.gov/pubmed/9427639
https://doi.org/10.20506/rst.21.2.1336
http://www.ncbi.nlm.nih.gov/pubmed/11974621
https://doi.org/10.1016/j.mam.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19723532
https://doi.org/10.1016/j.vetmic.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19747785
https://doi.org/10.3201/eid0808.020207
http://www.ncbi.nlm.nih.gov/pubmed/12141982
http://www.ncbi.nlm.nih.gov/pubmed/401803
https://doi.org/10.4142/jvs.2012.13.3.293
http://www.ncbi.nlm.nih.gov/pubmed/23000586
https://doi.org/10.1046/j.1365-2672.2001.01389.x
https://doi.org/10.1046/j.1365-2672.2001.01389.x
http://www.ncbi.nlm.nih.gov/pubmed/11556908
https://doi.org/10.3201/eid0504.990418
http://www.ncbi.nlm.nih.gov/pubmed/10458964
https://doi.org/10.1128/iai.55.8.1859-1861.1987
http://www.ncbi.nlm.nih.gov/pubmed/3112013
http://www.ncbi.nlm.nih.gov/pubmed/7773917
https://doi.org/10.1016/j.mam.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19720074
https://doi.org/10.1126/science.172.3990.1303
https://doi.org/10.1126/science.172.3990.1303
http://www.ncbi.nlm.nih.gov/pubmed/4996306
https://doi.org/10.1371/journal.pone.0209140
http://www.ncbi.nlm.nih.gov/pubmed/31116737
https://doi.org/10.1111/j.1365-2664.2011.02030.x
https://doi.org/10.1111/j.1365-2664.2011.02030.x
http://www.ncbi.nlm.nih.gov/pubmed/22318563
https://doi.org/10.3201/eid2313.170431
http://www.ncbi.nlm.nih.gov/pubmed/29155651
http://www.ncbi.nlm.nih.gov/pubmed/18293618
https://doi.org/10.3201/eid0912.020520
http://www.ncbi.nlm.nih.gov/pubmed/14720388
https://doi.org/10.1371/journal.pone.0260299

PLOS ONE

Spatial and temporal patterns of anthrax in Mongolia

23.

24,

25.

26.

27.

28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Stella E, Mari L, Gabrieli J, Barbante C, Bertuzzo E. Permafrost dynamics and the risk of anthrax trans-
mission: a modelling study. Sci Rep. 2020; 10(1):16460. Epub 2020/10/09. https://doi.org/10.1038/
541598-020-72440-6 PMID: 33028874; PubMed Central PMCID: PMC7541526.

General Authority for Veterinary Services. Standard Operating Procedure for Prevention and Control
Anthrax in Animal. 2019 [23 September 2020]. Available from: https://www.legalinfo.mn/annex/details/
9248?lawid=14066.

Stear M. OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals (Mammals, Birds and
Bees) 5th Edn. Volumes 1 & 2. World Organization for Animal Health 2004. ISBN 92 9044 622 6. €140.
Parasitology. 2005;130:727-. https://doi.org/10.1017/S0031182005007699

Beradze I. Anthrax Laboratory Diagnostic Methods at the Laboratory of the Ministry of Agriculture
(LMA). Online J Public Health Inform. 11: ISDS Annual Conference Proceedings 2019.; 2019.

National Statistics Office of Mongolia. Huvsgul Statistics Office [cited 2020 19 August 2020]. Available
from: http://khuvsgul.nso.mn/page/740.

Hijmans R. DIVA-GIS [28 June 2021]. Available from: https://www.diva-gis.org/.
World Health O. Anthrax in humans and animals: World Health Organization; 2008.

Carlson CJ, Getz WM, Kausrud KL, Cizauskas CA, Blackburn JK, Bustos Carrillo FA, et al. Spores and
soil from six sides: interdisciplinarity and the environmental biology of anthrax (Bacillus anthracis). Biol
Rev Camb Philos Soc. 2018; 93(4):1813-31. Epub 2018/05/08. https://doi.org/10.1111/brv.12420
PMID: 29732670.

Environmental Systems Research Institute. Mean Center. [1 January 2021]. Available from: https://
desktop.arcgis.com/en/arcmap/latest/tools/spatial-statistics-toolbox/mean-center.htm.

Environmental Systems Research Institute. Directional Distribution (Standard Deviational Ellipse). [1
January 2021]. Available from: https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-statistics-
toolbox/directional-distribution.htm.

Yuill RS. The Standard Deviational Ellipse; An Updated Tool for Spatial Description. Geografiska
Annaler: Series B, Human Geography. 1971; 53(1):28-39. https://doi.org/10.1080/04353684.1971.
11879353

Environmental Systems Research Institute. Multi-Distance Spatial Cluster Analysis (Ripley’s K Func-
tion). [cited 2021 1 January]. Available from: https://pro.arcgis.com/en/pro-app/latest/tool-reference/
spatial-statistics/multi-distance-spatial-cluster-analysis.htm.

Lauter H. Silverman BW: Density Estimation for Statistics and Data Analysis. Chapman & Hall, Lon-
don—New York 1986, 175 pp.,£ 12.—. Biometrical Journal. 1988; 30(7):876—7.

Sharkhuu A, Sharkhuu N, Etzelmiiller B, Heggem ESF, Nelson FE, Shiklomanov NI, et al. Permafrost
monitoring in the Hovsgol mountain region, Mongolia. Journal of Geophysical Research: Earth Surface.
2007; 112(F2). https://doi.org/10.1029/2006JF000543

Batima P, Natsagdorj L, Batnasan N. Vulnerability of Mongolia’s pastoralists to climate extremes and
changes. Climate change and vulnerability. 2008; 2:67-87.

Driciru M, Rwego IB, Asiimwe B, Travis DA, Alvarez J, VanderWaal K, et al. Spatio-temporal epidemiol-
ogy of anthrax in Hippopotamus amphibious in Queen Elizabeth Protected Area, Uganda. PLoS One.
2018; 13(11):e0206922. Epub 2018/11/30. https://doi.org/10.1371/journal.pone.0206922 PMID:
30485342; PubMed Central PMCID: PMC6261556.

Blackburn JK, Hadfield TL, Curtis AJ, Hugh-Jones ME. Spatial and Temporal Patterns of Anthrax in
White-Tailed Deer, Odocoileus virginianus, and Hematophagous Flies in West Texas during the Sum-
mertime Anthrax Risk Period. Annals of the Association of American Geographers. 2014; 104(5):939—
58. https://doi.org/10.1080/00045608.2014.914834

Dragon DC, Bader DE, Mitchell J, Woollen N. Natural dissemination of Bacillus anthracis spores in
northern Canada. Appl Environ Microbiol. 2005; 71(3):1610-5. Epub 2005/03/05. https://doi.org/10.
1128/AEM.71.3.1610-1615.2005 PMID: 15746366; PubMed Central PMCID: PMC1065140.

Muturi M, Gachohi J, Mwatondo A, Lekolool |, Gakuya F, Bett A, et al. Recurrent Anthrax Outbreaks in
Humans, Livestock, and Wildlife in the Same Locality, Kenya, 2014—-2017. Am J Trop Med Hyg. 2018;
99(4):833-9. Epub 2018/08/15. https://doi.org/10.4269/ajtmh.18-0224 PMID: 30105965; PubMed Cen-
tral PMCID: PMC6159598.

Mongoh MN, Dyer NW, Stoltenow CL, Khaitsa ML. Risk factors associated with anthrax outbreak in ani-
mals in North Dakota, 2005: a retrospective case-control study. Public Health Rep. 2008; 123(3):352-9.
Epub 2008/11/15. https://doi.org/10.1177/003335490812300315 PMID: 19006977; PubMed Central
PMCID: PMC2289988.

Dragon DC, Rennie RP. The ecology of anthrax spores: tough but not invincible. The Canadian Veteri-
nary Journal. 1995; 36(5):295. PMID: 7773917

Call M. A Waterbird Inventory of the Darkhad Depression, Kbovsgol, Mongolia. 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260299 November 19, 2021 17/18


https://doi.org/10.1038/s41598-020-72440-6
https://doi.org/10.1038/s41598-020-72440-6
http://www.ncbi.nlm.nih.gov/pubmed/33028874
https://www.legalinfo.mn/annex/details/9248?lawid=14066
https://www.legalinfo.mn/annex/details/9248?lawid=14066
https://doi.org/10.1017/S0031182005007699
http://khuvsgul.nso.mn/page/740
https://www.diva-gis.org/
https://doi.org/10.1111/brv.12420
http://www.ncbi.nlm.nih.gov/pubmed/29732670
https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-statistics-toolbox/mean-center.htm
https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-statistics-toolbox/mean-center.htm
https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-statistics-toolbox/directional-distribution.htm
https://desktop.arcgis.com/en/arcmap/latest/tools/spatial-statistics-toolbox/directional-distribution.htm
https://doi.org/10.1080/04353684.1971.11879353
https://doi.org/10.1080/04353684.1971.11879353
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-statistics/multi-distance-spatial-cluster-analysis.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-statistics/multi-distance-spatial-cluster-analysis.htm
https://doi.org/10.1029/2006JF000543
https://doi.org/10.1371/journal.pone.0206922
http://www.ncbi.nlm.nih.gov/pubmed/30485342
https://doi.org/10.1080/00045608.2014.914834
https://doi.org/10.1128/AEM.71.3.1610-1615.2005
https://doi.org/10.1128/AEM.71.3.1610-1615.2005
http://www.ncbi.nlm.nih.gov/pubmed/15746366
https://doi.org/10.4269/ajtmh.18-0224
http://www.ncbi.nlm.nih.gov/pubmed/30105965
https://doi.org/10.1177/003335490812300315
http://www.ncbi.nlm.nih.gov/pubmed/19006977
http://www.ncbi.nlm.nih.gov/pubmed/7773917
https://doi.org/10.1371/journal.pone.0260299

PLOS ONE

Spatial and temporal patterns of anthrax in Mongolia

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lepheana RJ, Oguttu JW, Qekwana DN. Temporal patterns of anthrax outbreaks among livestock in
Lesotho, 2005-2016. PLoS One. 2018; 13(10):e0204758. Epub 2018/10/26. https://doi.org/10.1371/
journal.pone.0204758 PMID: 30356323; PubMed Central PMCID: PMC6200195.

Bengis RG. Chapter 13—Anthrax in Free-Ranging Wildlife. In: Miller RE, Fowler M, editors. Fowler's
Zoo and Wild Animal Medicine. Saint Louis: W.B. Saunders; 2012. p. 98—107.

Epp T, Waldner C, Argue CK. Case-control study investigating an anthrax outbreak in Saskatchewan,
Canada—Summer 2006. Can Vet J. 2010; 51(9):973-8. Epub 2010/12/02. PMID: 21119863; PubMed
Central PMCID: PMC2920171.

Mongoh MN, Dyer NW, Stoltenow CL, Khaitsa ML. Characterization of an outbreak of anthrax in ani-
mals in North Dakota. The Bovine Practitioner. 2007:101-9.

Aikembayev AM, Lukhnova L, Temiraliyeva G, Meka-Mechenko T, Pazylov Y, Zakaryan S, et al. Histor-
ical distribution and molecular diversity of Bacillus anthracis, Kazakhstan. Emerg Infect Dis. 2010; 16
(5):789-96. Epub 2010/04/23. https://doi.org/10.3201/eid1605.091427 PMID: 20409368; PubMed Cen-
tral PMCID: PMC2953997.

Chen WJ, Lai SJ, Yang Y, Liu K, Li XL, Yao HW, et al. Mapping the Distribution of Anthrax in Mainland
China, 2005-2013. PLoS Negl Trop Dis. 2016; 10(4):e0004637. Epub 2016/04/21. https://doi.org/10.
1371/journal.pntd.0004637 PMID: 27097318; PubMed Central PMCID: PMC4838246.

Bezymennyi M, Bagamian KH, Barro A, Skrypnyk A, Skrypnyk V, Blackburn JK. Spatio-temporal pat-
terns of livestock anthrax in Ukraine during the past century (1913-2012). Applied Geography. 2014;
54:129-38. https://doi.org/10.1016/j.apgeog.2014.07.016.

World Organization for Animal Health (OIE) (2012). Notification about anthrax, Russia in the World Ani-
mal Health Information System (WAHIS) interface. [cited 2021 26 January]. Available from: https://
www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review/viewsummary?fupser=&dothis=
&reportid=20689.

Agren J, Finn M, Bengtsson B, Segerman B. Microevolution during an Anthrax outbreak leading to
clonal heterogeneity and penicillin resistance. PLoS One. 2014; 9(2):e89112. Epub 2014/02/20. https://
doi.org/10.1371/journal.pone.0089112 PMID: 24551231; PubMed Central PMCID: PMC3923885.

Revich BA, Podolnaya MA. Thawing of permafrost may disturb historic cattle burial grounds in East
Siberia. Glob Health Action. 2011;4. Epub 2011/11/25. https://doi.org/10.3402/gha.v4i0.8482 PMID:
22114567; PubMed Central PMCID: PMC3222928.

Elvander M, Persson B, Sternberg Lewerin S. Historical cases of anthrax in Sweden 1916-1961.
(1865—-1682 (Electronic)).

Munkhjargal M, Yadamsuren G, Yamkhin J, Menzel L. Ground surface temperature variability and per-
mafrost distribution over mountainous terrain in northern Mongolia. Arctic, Antarctic, and Alpine
Research. 2020; 52(1):13—-26. https://doi.org/10.1080/15230430.2019.1704347

Sharkhuu N, Sharkhuu A. Effects of Climate Warming and Vegetation Cover on Permafrost of Mongo-
lia. In: Werger MJA, van Staalduinen MA, editors. Eurasian Steppes Ecological Problems and Liveli-
hoods in a Changing World. Dordrecht: Springer Netherlands; 2012. p. 445-72. https://doi.org/10.
1002/ijc.27605 PMID: 22514107

Kracalik I, Abdullayev R, Asadov K, Ismayilova R, Baghirova M, Ustun N, et al. Changing patterns of
human anthrax in Azerbaijan during the post-Soviet and preemptive livestock vaccination eras. PLoS
Negl Trop Dis. 2014; 8(7):e2985. Epub 2014/07/18. https://doi.org/10.1371/journal.pntd.0002985
PMID: 25032701; PubMed Central PMCID: PMC4102439.

PLOS ONE | https://doi.org/10.1371/journal.pone.0260299 November 19, 2021 18/18


https://doi.org/10.1371/journal.pone.0204758
https://doi.org/10.1371/journal.pone.0204758
http://www.ncbi.nlm.nih.gov/pubmed/30356323
http://www.ncbi.nlm.nih.gov/pubmed/21119863
https://doi.org/10.3201/eid1605.091427
http://www.ncbi.nlm.nih.gov/pubmed/20409368
https://doi.org/10.1371/journal.pntd.0004637
https://doi.org/10.1371/journal.pntd.0004637
http://www.ncbi.nlm.nih.gov/pubmed/27097318
https://doi.org/10.1016/j.apgeog.2014.07.016
https://www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review/viewsummary?fupser=&dothis=&reportid=20689
https://www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review/viewsummary?fupser=&dothis=&reportid=20689
https://www.oie.int/wahis_2/public/wahid.php/Reviewreport/Review/viewsummary?fupser=&dothis=&reportid=20689
https://doi.org/10.1371/journal.pone.0089112
https://doi.org/10.1371/journal.pone.0089112
http://www.ncbi.nlm.nih.gov/pubmed/24551231
https://doi.org/10.3402/gha.v4i0.8482
http://www.ncbi.nlm.nih.gov/pubmed/22114567
https://doi.org/10.1080/15230430.2019.1704347
https://doi.org/10.1002/ijc.27605
https://doi.org/10.1002/ijc.27605
http://www.ncbi.nlm.nih.gov/pubmed/22514107
https://doi.org/10.1371/journal.pntd.0002985
http://www.ncbi.nlm.nih.gov/pubmed/25032701
https://doi.org/10.1371/journal.pone.0260299

