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Climatic changes have already resulted and will continue to result in gradual degradation of active upper layers in
permafrost due to increased average air temperature in summer. Anthrax is an example of a climate-depending bacterial
infection; anthrax agent creates spores that remain viable for a long period of time they spend in cryptobiosis in permafrost.
Apparent permafrost degradation is already detected in most arctic regions in Russia and it can lead to anthrax burials de-
cay thus creating elevated risks of the infection among farm animals and people who live on these territories.

Our research goal was to create specific zones in municipal districts via combining data on permafrost, number of an-
thrax cattle burials, ascending trends in average long-term temperatures, and population density.

We developed two relative hazard coefficients for characterizing anthrax outbreaks probability for animals and local
population. Basing on numeric values obtained for these two coefficients, 70 administrative districts located in 15 RF sub-
jects in the Arctic zone were listed in a descending order as per risks of the infection occurrence. We created two score
scales showing relative hazard; they indicated that the highest population risk was typical for urban districts as population
density there was much high than in rural ones. Our calculations should be helpful for determining priorities when preven-
tive activities are developed on arctic and sub-arctic territories that are endemic as per anthrax. It is also important to ob-
tain an actual list of cattle burials and to develop spatial-time models showing anthrax outbreaks occurrence taking into
account climatic warming and permafrost degradation.

Key words: Arctic, Yakutia, climate warming, permafrost, health risks, cattle burials, anthrax.

The founder of Soviet geocryology Mik-
hail Sumgin introduced the term «permafrost»
in geology literature in 1927. Modern geolo-
gists also use the term «cryolithozone» as a
synonym, to refer to the uppermost layer in the
earth’s crust, which is characterized through-
out the entire year or for at least a short time
by a freezing temperature in soils and rocks.

Depending on the frequency with which
soil and rock temperatures pass through 0 °C in
the course of the year, the cryolithozone is di-
vided into the layer of short-term and seasonal
freezing and thawing, or the «active layer», and
the perennial cryolithozone.

The climate in the Arctic currently changes
faster than elsewhere on the globe. The rate of
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increase in the mean annual temperatures
over the last four decades (1976-2018) in the
Arctic (approximated linearly) is approxi-
mately four times higher than the global aver-
age [1]. Relatively slow warming could not
change the condition of permafrost signifi-
cantly, but cryolithozone degrades more rap-
idly under greater warming rates [2]. The rise
in the air temperatures gradually warms up
the upper permafrost layer. IPCC experts pro-
jected a 90 % decrease in the total area of
perennial permafrost by 2100, with an accel-
erated degradation occurring on a territory
equal to 20 % of cryolithozone [3, 4]. The
future scenarios of permafrost degradation
contain large uncertainties, as they rely on
rather generalized assumptions about its
properties.

The model-based projections of the trends
in air temperatures depend upon the region of
interest and GHG emission scenarios. The ex-
pected increments in the mean annual tempera-
tures in the selected regions of Russian Arctic
over the 21* century were derived from the
regionalized climate model under RCP 4.5
emission pathway as follows: +3.0 °C in Ar-
changelsk, +2.0 °C in Yakutsk. The same in-
crements under RCP8.5 are +5.0 °C in Ar-
changelsk and +3.3 °C in Yakutsk [5]. The
permafrost will gradually melt to remain only
in the high mountains and the plains in the
northern part of East Siberia and Far East.

Some geocryology scientists believe that
permafrost degradation takes place if the upper
layer in a cryolite cross-section is exposed to
positive mean annual temperatures [6]. This
study uses the summer temperatures as an in-
dicator that permafrost degrades. Summer
temperatures rise slower than annual mean
temperatures in the circumpolar regions. It is
during the summer season that permafrost
melts down most intensely and the roof of fro-
zen rock sags. The dynamic geocryology mod-
els, which link air temperatures to upper per-
mafrost temperatures, are still imprecise, and
their predictions vary greatly. According to the
following research work, the rise in global
mean air temperature by 2 °C will lead to
complete thawing of 15-20 % of today’s per-
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mafrost area [7] whereas another model pre-
dicts even greater reductions: by 25-65 % [8].

Perennial permafrost areas in Russian Arc-
tic include the northern European part of Russia
(Nenets Autonomous Oblast — NAO), the Urals
(Sverdlovsk Oblast), West Siberia (Yamal), the
greater part of East Siberia (Krasnoyarsk Krai
and Yakutia), Far East (Chukotka Autonomous
Oblast, Kamchatka Krai). The rising trends in
the temperatures of upper layer in permafrost
have been confirmed by numerous field meas-
urements conducted in continuous, sporadic and
patchy permafrost areas, and linked to global
warming. During the period 1961-2003, tem-
perature increments in permafrost soils at
1.6-meter depth varied between 0.1 and 1.2 °C.
The measurements taken at the stationary
geocryological stations confirmed that these
increments varied considerably even within the
same municipal district [9].

Risks of natural focal infections. Perma-
frost areas degradation is directly linked to the
risks of natural focal infections, particularly, to
spore-forming bacteria. Prokaryote and euka-
ryote bacteria can retain viability in permafrost
soils where the temperatures stay continuously
below zero. Geologic age of these soils varied
between several hundred thousand and 2—-3 mil-
lion years. In particular, aerobic and anaerobic
bacteria and filamentous fungi have been found
and identified in permafrost soils [10—12]. Vi-
able cysts of free-living protozoa have been
found in perennial permafrost by many paleobi-
ologic researchers who hypothesised that these
spores retained viability in cryptobiosis for sev-
eral hundred thousand years. These findings con-
firmed possible reactivation of the pathogens
under favourable conditions (thawing and melt-
ing of permafrost). This is quite likely to happen
in Russian Subarctic during the currently ob-
served climate change [13]. Increasing inci-
dences of haemorrhagic fever with kidney syn-
drome, tick-borne encephalitis, Lime disease and
Karelia fever (transmitted by Sindbis virus) have
been reported in some regions of Sweden, Nor-
way, Finland and the Russian Federation by in-
ternational researchers. Climate change may in-
crease the risks of infections due to several rea-
sons: increases in areas where infectious agents
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survive, warmer winter conditions, and lower
depths of snow cover [14, 15].

Siberian anthrax as a climate-dependent
microbial infection. Epidemic outbreaks of
smallpox, cholera, and Siberian anthrax fre-
quently happened in Russian North between
the XVII and the first half of the XIX century.
The diseased animals were either buried in
special burial sites or sometimes just left on
the ground. There are over 60 such «field
cemeteries» in Yamal peninsula [16]. The
problem of anthrax re-emergence due to cli-
mate change became obvious when biologists
discovered that Bacillus anthracis spores re-
tain viability in permafrost soils for over 100
years. There are more than 520 «officially»
catalogued Siberian anthrax cattle burials in
Russian Arctic where reindeer and other farm
animals were buried. However, another more
recent publication mentions 285 such sites,
and only 64 out of them meet the established
sanitary requirements' [17]. Some experts be-
lieve that the most sites fail to meet the sani-
tary norms due to insufficient communication
between epidemiologic surveillance and vet-
erinary authorities, descriptions of such sites
being lost, inadequate epizootic maps and
other reasons [18, 19]. Besides, Siberian an-
thrax burials were insufficiently monitored or
even neglected due to numerous reorganiza-
tions of the responsible state institutions [20].

The official catalogue of Siberian an-
thrax burials that we use in this paper lists
230 sites in Yakutia, 84 sites in Archangelsk
Oblast, 48 sites in Karelia and 28 sites in
Komi Republic'.

The statistics of Siberian anthrax out-
breaks in Yakutia mentions 739 epizootic out-
breaks among reindeer and horses between
1811 and 2019. They happened regularly each
decade during this period. The last outbreak
was recorded in 1993 [21]. Yakutia (now
called Republic Sakha) administratively con-
sists of 35 districts («Ulusy), and epizootic
outbreaks were reported in 29 of them. People
also caught this infection from cattle and

deer [22]. Such profound epizootic-epidemio-
logic research was performed only in Yakutia,
whereas the data on other Arctic regions are
less detailed [23].

B. Revich and M. Podolnaya considered
potential re-emergence of Siberian anthrax in
the context of permafrost degradation near the
cattle burial sites in their report [24]. Their
hypothesis was confirmed in 2016 when a large
scale epizootic outbreak happened in Yamal-
Nenets Autonomous Okrug (YANAO). The
part of West Siberia located beyond the Polar
Circle has long been infamous for Siberian
anthrax: more than 70 epizootic outbreaks
have been recorded there and there were cases
of the disease among people who caught it
from animals. A prolonged period of epizo-
otic well-being led people to believe in a false
concept Siberian anthrax cattle burials reha-
bilitated somehow. As a result, vaccination of
reindeer was discontinued in 2007. An in-
credibly warm summer in 2016 in Yamal
caused extremely deep seasonal melting of
upper layer in permafrost. In some areas, the
permafrost thawed at 2-meter depth [25].
During the summer 2016, the mean monthly
air temperatures exceeded average long-term
ones by 6.7 °C in June and by 5.7 °C in July.
It is quite likely that these extremely warm
summer temperatures contributed to the vege-
tation of B. anthracis colonies in deep frozen
strata and their diffusion to the surface with
thawed waters, and subsequent large-scale
outbreak of epizooty among the reindeer.The
local native people contracted this disease
through contacts with raw meat. As a result,
24 people became ill, and one 12-years old
child died from alimentary contamination [26].
Russian Agricultural Surveillance reported
33 Siberian anthrax outbreaks among reindeer
between 2010 and 2016 [27]; single cases of
this disease among reindeer were reported in
Canada and Scandinavia, but humans have
not been infected. This is explained by higher
level of education, regular vaccination and
updated maps of cattle burials [28].

! Cadastre of stationary unfavorable Siberian anthrax sites in the Russian Federation. In: B.L. Cherkassky ed. Moscow,
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There are no published data on spatial sta-
tistical relationships between permafrost deg-
radation rates and Siberian anthrax outbreaks
in Russian Arctic. The goal of this project was
to create a simplified model showing a possi-
ble causal relationship between these vari-
ables. The authors combined data on perma-
frost degradation rates, the number of cattle
burials, and population density in administra-
tive districts within Russian cryolithozone. For
each district, we calculated the hazard index
(HI) of future Siberian anthrax outbreaks and
linked this index to the observed trends in cli-
mate change. All administrative districts were
then ranked according to the calculated HI
values. The obtained HI values are relative and
can be used only to compare the districts be-
tween each other according to relative hazard
to the local population. The authors did not
attempt to calculate actual risks (or probabili-
ties) of future outbreaks as this would require
more complex modeling techniques (e.g.,
models showing ecological niches where Sibe-
rian anthrax agent occurred). The statistics on
recent outbreaks in administrative districts can
be used to confirm the validity of obtained
ranking a posteriori.

Materials and methods. The study area.
The authors considered the administrative dis-
tricts with continuous, island-like or patchy
permafrost. The numbers of Siberian anthrax
cattle burial sites were taken from Cadastre of
stationary unfavorable Siberian anthrax sites in
the Russian Federation. This Cadastre is main-
tained by the Federal Service for Surveillance
over Consumer Rights protection and Human
Well-being (Rospotrebnadzor) and lists the
settlements, or other territories, where the Si-
berian anthrax outbreaks have been registered
among cattle or people.

According to the recommendations by Ro-
spotrebnadzor, the whole territory of stationary
unfavorable sites (SUS) should be considered
as potentially unfavorable and risky in terms of
future outbreaks. Seventy administrative dis-
tricts have been included in this study, located
in 15 Russian Federation regions (Table 1). The
Cadastre also contains data on the number of
«active years» for each site. The authors, at pre-
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sent, have not used these data due to two rea-
sons: (1) data were unavailable for several re-
gions in the Russian Federation, (2) some sites
reported zero years of activity.

Table 1

Regions in the Russian Federation and the
number of administrative districts included
in the study

Number of

RF region districts

Murmansk region 1

Arkhangelsk region 2

Komi Republic 11

Komi-Permiatsky Autonomous Okrug’

Nenets Autonomous Okrug

Khanty-Mansi Autonomous Okrug

Yamalo-Nenets Autonomous Okrug

Taymyr (Dolgano-Nenets) Autonomous
Okrug

Krasnoyarsk region

[\
o]

Republic Sakha (Yakutia) =

Chukotka Autonomous Okrug™

FEE

Evenk Autonomous Okrug

Koryak Autonomous Okrug

Magadan region”

Kamchatka

Notes:

*Including Chusovskoi Urban Okrug in Perm region;

**The number here represents the greater out of two
reported in (Cadaster 2005) and in (Dyagilev et al. 2019);

***These regions were considered as single spa-
tial units, and were added to the list of administrative
districts located in other regions.

Hazard indices. For each district, two
numbers were calculated: «territorial» and
«population» hazard indexes. The former
(Hlirr) characterizes the hazard of Siberian
anthrax outbreaks within a given territory, the
latter (Hl,0p) measures relative risk of the dis-
ease outbreak among the population living in
this district.

The territorial index is proportional to two
values: (1) the number of the disease agents in
cryptobiotic state in permafrost soil which can
be measured by the number of stationary unfa-
vorable sites N within this territory and (2)
permafrost warming rate. This rate is propor-
tional to the gradient of summer temperatures
ATy, within the upper layer in permafrost. As
this gradient grows, seasonal permafrost thaw-

Health Risk Analysis. 2021. no. 1
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ing increases the active layer depth and trig-
gers disease agents activation.

Hlterr: N . ATMMF (1)
ATcryo = ATair -k (2)

Where T, is the change in the mean sum-
mer temperatures (June-August) between the
two 30-year periods: 1960-1989 and 1990-2019.
Temperature measurements were reported by the
Federal Weather Service® and taken at the near-
est weather station for each district out of the
network that included 518 Roshydromet stations.
Local stations outside this network have not
been considered for the study.

The coefficient k showing how sensitive
perennial permafrost is to changes in air tem-
peratures is measured as a ratio between a
change in cryolithozone temperature at 10-meter
depth and the ground-level air temperature. The
seasonal variations in cryolithozone temperature
are negligible at this depth («the depth of zero
seasonal variations» according to [6]). The
recommended normative depth of Siberian
anthrax cattle burial or a «biothermal pit» is
also 10 meters’. Actual depths could vary be-
tween 2 meters and 10 meters; the shallowest
are plague pits and trenches, the deepest are
«furnished burials», according to the avail-
able surveys on numerous Siberian anthrax
burial sites.

The values of coefficient k that character-
izes sensitivity of permafrost to the rise in air
temperatures were derived via interpolation
from the map publicly presented at a meeting”.
It varies from 0.3 to 0.8 and can be interpo-
lated and rounded by 0.05 slots within this in-
terval and it imposes a principle limitation on
ultimate results precision. Strictly, the calcula-
tion of ATy, as specified by Eq. (2) at the
depth of zero seasonal variations requires us-
ing changes in annual mean temperatures. The

authors of this study used average summer
temperatures for this purpose, because they are
directly related to the hazard of reactivation of
the agent of Siberian anthrax. For example, the
record depth of seasonal thawing of the up-
permost layer in permafrost (2 m) has been
observed in Yamal peninsula during the ex-
tremely hot summer in 2016. This depth was
greater than the long-term seasonal average by
10 cm [26].

Population hazard index Hl,,, was as-
sumed to be the product of Hl, and the popu-
lation density:

HQpOp:HQterr' pop/S (3)

where pop and S stand for the population and
area of each district. For simplification, Eq. (3)
neglects the influence exerted by neighboring
districts on Siberian anthrax risks for popula-
tion. Eq. 3 can be rewritten as

Honp: (ATMMF - N/ S) * POp

where the first term in the brackets is inter-
preted as the surface density of hazard
sources, and the last term is the total exposed
population.

Both hazard indices are relative and can
only be used for comparison between the dis-
tricts. Their absolute values do not measure
actual risks or probabilities. The result chap-
ter offers an interpretation of the obtained
ranking by calculating the relative score asso-
ciated with the position each district holds on
the Hlier scale.

Eq. (3) implies that one may expect ab-
normally high Hlpp values for compact urban
administrative districts since their squares are
too small in comparison with squares typical
for rural areas, for example, when urban dis-
tricts are actually compact urban settlements
(Naryan-Mar, Syktyvkar, and Lesosibirsk).

% Federal Service of Hydrometeorology and Environmental Monitoring posts these on the website of All-Russian Insti-
tute of Hydrometeorology Information. Available at: www.meteo.ru (12.09.2020).

3 Sanitary and Veterinary Rules of Russian Agricultural Surveillance: Collection, utilization and removal of biologi-
cal waste, Doc. No 13-7-2/469 of 04.12.1995. Rossel'khoznadzor. Available at: https://fsvps.gov.ru/fsvps/laws/165.html

(12.09.2020).

4 Osipov V.1, Sergeev D.O. Influence exerted by permafrost melting on the functioning of infrastructure in the Far
North: a presentation at the meeting of scientific advisory panel of Russian State Committee on Natural Resources Rospri-

rodnadzor Ne 2 on 25.06.2020.
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Some urban municipalities administratively
include rural outskirts which makes their total
areas bigger. The authors used the maps show-
ing administrative division of Russia and no-
ticed that often an administrative district does
not include its «capital». The examples are the
towns of Kudymkar, Khanty-Mansiisk, and
Minusinsk. Just like the city of Norilsk is not
administratively the part of Taymyr Autono-
mous Area. In all such cases, the authors used
the data on the current administrative division
in the Russian Federation and obviously it in-
fluenced the ranking order of the districts by
Hlpop values.

Results and discussion. Identifying the
nearest weather station for each district re-
quired extensive work with local administra-
tive maps. About a half (36 out of 70) of the
districts included in the study had their «own»
weather stations — i.e., located on their territo-
ries. The longest distance between the nearest
weather station and the border of a municipal
district was Abansky district of Krasnoyarsk
Krai (200 km); Gainsky and Kosinsky districts
in Komi-Permiatsky ~Autonomous Oblast
(160 and 170 km).

The highest rise in summer temperatures
between the periods 1960-1989 and 1990-2019
was registered in Salekhard (+1.48 °C) and the
lowest in Murmansk (+0.43 °C). All weather
stations reported positive changes in summer
temperatures over the examined period. Calcu-
lations of ATy, with Eq. (2) showed the
greatest increment in Priuralsk district of Ya-
mal-Nenets Autonomous Oblast (+1.0 °C) and
the lowest in Kola district of Murmansk Oblast
(+0.2 °C).

The available statistics on the numbers of
stationary unfavorable sites showed that the
greatest numbers were detected in Sredne-
kolymsky and Mirninsky districts of Yakutia
(30 and 29 sites).

Table 2 reports the ranking of the admin-
istrative districts by territorial and population
hazard indices.

A relative score (1 to 6) for the territorial
hazard index was also assigned basing on its
actual calculated values in order to achieve
more compact results presentation for better
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informing provided for all concerned parties.
Having analyzed distribution of the estimated
Hlier values we detected its maximum value in
Srednekolymskiy district (21.26). The remain-
ing values varied within the interval from 0.17
to 13.24. These two values differ by less than
two orders of magnitude. The scores were as-
signed linearly after dividing this interval into
six equal bins numbered 1 to 6. Since the width
of each bin was equal to (13.24-0.17)/6 = 2.18,
then score = | was assigned to all Hl values
within the interval [0.17+(i—1)-2.18;
0.17 +1i - 2.18]. This scale is a linear one, that
is, districts that have scored 2 are approxi-
mately two times more hazardous than districts
that have scored 1; districts that have scored 3
are about three times more hazardous, etc.
Such a scale makes it easier to perceive the
research results; still, this perception about
relative hazards is valid only within the sim-
ples “thawing model” accepted in this work
for the anthrax agent. We cannot yet calculate
actual risks related to this agent activation. To
determine the most relatively hazardous dis-
tricts, we took those with their scores being 2
or higher; there were 28 such districts or 40 %
out of all the considered ones.

The scores of population hazard was cal-
culated on a logarithmic scale, because the un-
derlying distribution of Hl,y, values had
(nearly) exponential character. The values of
population hazard index differ by five orders
of magnitude, between 0.02 in Khatangsky dis-
trict and 6,747.26 in Naryan-Mar urban okrug.
For these reasons, the scores were calculated on
a logarithmic scale according to Eq. (4):

S=1+lg (HI/Hlpin) 4)

where S is hazard given in scores. It follows
from Eq. (4) that score = 1 is assigned to Hlgy
values between 0.02 and 0.2; score = 2 to the
values between 0.2 and 2.0, etc. The districts
with score = 2 are approximately ten times
more hazardous than the districts with score = 1;
the districts with score=3 are approximately
100 times more hazardous than the districts
with score=1, etc. The logarithmic scales of
relative hazards have been previously used in
science and engineering, as it meets our intui-
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tive perception of hazard by the intensity of its
impacts: for example, Mercalli seismic inten-
sity scale and the Palermo Technical Impact
Hazard Scaleused by astronomers to rate the
potential hazard of clash with a near-earth ob-
ject (asteroid). Indeed, Eq. (4) is a specific
manifestation of Weber Fechner basis psycho-
physics law (1860): S=aln | + b, the relation-
ship between stimulus and perception
is logarithmic. These examples are used here

to justify the logarithmic relationship between
the population hazard index and the perceived
gravity of this hazard for the population.

Table 2 tells that several «urban okrugs»
(districts) top the list of Hlpgp values, with the
respective scores between 4 and 6. These are
the towns of Naryan-Mar, Syktyvkar, Yakutsk
and Lesosibirsk. The remaining districts have
the scores between 1 and 3, of which 15 dis-
tricts have score =1; 30 districts have score =2;

Table 2

Ranking of municipal districts by relative hazard of outbreaks of Siberian Anthrax among cattle
(using territorial hazard index) and people (using population hazard index)

Hazard for cattle Hazard for people

Subject of RF Municipal district Hlierr score Municipal district Hlpop score
Yak-Arctic Srednekolymsky 21,26 Naryan-Mar u.o. 6747,26 6
Yak-West Mirninsky 13,24 Syktyvkar u.o. 436,80 } 5
Yak-West Niurbinsky 12,45 6 Yakutsk u.o. 357,38
NAO Naryan-Mar u.o. 12,32 Lesosibirsku.o. 75,85 4
Taimyr Dudinka u.o. 11,36 Chusovskoyu.o. 17,71
Taimyr Ust-Yeniseisky 9,54 Ukhtau.o. 17,46
Yak-East Oimyakonsky 9,13 5 Namsky 14,75
Chukotka Chukotka AO 9,08 Ust-Aldansky 9,98
Yak-Centre Ust-Aldansky 8,76 Sosnogorsky 6,78
Yak-Centre Amginsky 8,20 Mirninsky 5,76
Yak-West Viluisky 8,19 Niurbinsky 5,69
KHMAO Khanty-Mansiisky 8,07 Churapchinsky 5,53
Koryak Koryak AO 8,02 Khangalassky 5,22
Evenk Evenk AO 7,61 > 4 |Amginsky 4,66 i
Yak-Centre Gorny 7,45 Minusinsky 4,40 3 ]
Magadan Magadan Oblast 7,16 Viluisky 3,71
Yak-Centre Namsky 7,12 Khanty-Mansiisky 3,51
Yak-West Verkhneviluisky 6,82 Verkhneviluisky 3,41
Yak-Centre Kobyaisky 6,82 Kudymkarsky 3,21
Yak-Arctic Oleneksky 6,13 Abansky 3,06
Yak-South Olekminsky 4,96 3 |Syktyvdinsky 2,69
YANAO Yamalsky 4,54 Megino-Kangalassky 2,31
Yak-West Suntarsky 4,39 Krasnoturansky 2,20
Yak-Center Khangalassky 3,94 Magadan Oblast 2,17
Yak-Center Yakutsk u.o. 3,83 > |Nadymsky 2,05
Yak-Center Churapchinsky 3,29 Gorny 1,96 N i
YANAO Nadymsky 3,17 Sayansky 1,95 L2 ]
Komi Sosnogorsky 2,64 Tattinsky 1,82 J

NAO = Nenets Autonomous Oblast (Region);
YANAO = Yamal-Nenets Autonomous Oblast;
KHMAO = Khanty-Mansi Autonomous Oblast;
KPAO = Komi-Permiatsky Autonomous Oblast;
Yakutia is subdivided into the five economic zones: Arctic, Centre, West, East, and South;
u.0. = urban okrug (district).

ISSN (Print) 2308-1155

ISSN (Online) 2308-1163

ISSN (Eng-online) 2542-2308 121



B.A. Revich, D.A. Shaposhnikov, S.R. Raichich, S.A. Saburova, E.G. Simonova

Table 2 (Continued)

Hazard for cattle Hazard for people
Subject of RF Municipal district Hl e score Municipal district Hlpop score

Yak-Arctic Zhigansky 2,33 Priluzsky 1,81 N\
Yak-Centre Tattinsky 2,12 Suntarsky 1,79
YANAO Priuralsky 2,07 Intau.o. 1,67
Yak-East Tomponsky 2,03 Pechora u.o. 1,60
Yak-East Ust-Maisky 1,97 Srednekolymsky 1,27
Komi Intau.o. 1,88 Kosinsly 1,22
Komi Ukhtau.o. 1,58 Dudinka u.o. 1,15
Krasnoyarsk Abansky 1,48 Gainsky 1,08
Krasnoyarsk Sayansky 1,48 Izhemsky 0,91
Komi Priluzsky 1,41 Elizovsky 0,90
KPAO Gainsky 1,37 Oimyakonsky 0,84
Yak-Arctic Verkhoyansky 1,34 Kobiaisky 0,79
Komi Syktyvkarskyu.o. 1,23 Olekminsky 0,77 > 2
Yak-Arctic Nizhnekolymsky 1,17 Usinsku.o. 0,66
Komi Izhemsky 0,99 ChukotkaAO 0,63
Komi Pechorau.o. 0,95 Surgutsky 0,56
KPAO Chusovskoyu.o. 0,94 Irbeisky 0,52
Yak-Arctic Verkhnekolymsky 0,91 Yamalsky 0,52
Yak-Centre Megino-Kangalassky | 0,88 Koryak AO 0,51
KHMAO Kondinsky 0,85 Kuraginsky 0,51
Komi Syktyvdinsky 0,82 | [ldrinsky 0,49
Yak-Arctic Bulunsky 0,81 Priuralsky 0,48
Yak-Arctic Momsky 0,78 Kondinsky 0,48
KPAO Kosinsky 0,68 Ust-Kulomsky 0,47
KPAO Kudymkarsky 0,68 Ust-Yeniseysky 036 |/
Kamchatka Elizovsky 0,57 Kniazhpogostsky 0,31
Krasnoyarsk Minusinsky 0,55 Kolsky 0,25
Krasnoyarsk Krasnoturansky 0,55 Tomponsky 0,19
Komi Ust-Kulomsky 0,53 Evenk AO 0,17
KHMAO Berezovsky 0,50 Ust-Maisky 0,15
KHMAO Surgutsky 0,47 Berezovsky 0,13
Komi Usinskyu.o. 0,47 Verkhoyansky 0,11
Taimyr Khatangsky 0,45 Leshukonsky 0,09
Yak-Arctic Eveno-Batyntaisky 0,45 Mezensky 0,08 1
Komi Knyazhpogostsky 0,41 Oleneksky 0,08
Krasnoyarsk Irbeisky 0,37 Zhigansky 0,07
Krasnoyarsk Lesosibirsku.o. 0,32 Nizhnekolymsky 0,06
Arkhangelsk Leshukonsky 0,31 Verkhnekolymsky 0,06
Arkhangelsk Mezensky 0,31 Momsky 0,03
Krasnoyarsk Idrinsky 0,27 Bulunsky 0,03
Krasnoyarsk Kuraginsky 0,27 Eveno-Batyntaisky 0,02 -
Murmansk Kolsky 0,17 Khatangsky 0,02

and 21 districts have score = 3. The highest
risks of Siberian anthrax outbreak among local
people for the remaining districts were de-
tected in Chusovskoy and Ukhta urban okrugs,
Namsky and Ust-Aldansky uluses (districts) in
Yakutia. Taking the value of Hlpp in Naryan-
Mar (6,747.26) as the maximum, the values of
this index in these four administrative districts
are above 1%o (promille) of this maximum.
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Therefore, the above mentioned eight urban
districts should be considered as the priority
ones when it comes to the risks of Siberian
anthrax outbreaks among people. The urban
districts (okrugs) with the highest Hlpop might
not actually have the catalogued cattle burials
on their current territories, because the borders
between the administrative districts shifted in
many instances. For example, Naryan-Mar ur-
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ban okrug once included Posyolok Iskatelei
village, which later was added to Zapolyarny
district. Ukhta district existed within Komi
Autonomus Soviet Socialist Republic between
1939 and 1963. Chusovskoy district existed
within Perm region between 1964 and 2004,
but the town of Chusovskoy was not part of
this district.

The order of ranking by Hlr values dif-
fers from the order of ranking by Hlyqp values.
For the decision makers, both indicators of the
perceived hazard should be informative.

The priority districts could be chosen as
the sites for field experiments to validate the
mathematical models showing propagation of
paleobiologic infections. Geometry stratifica-
tion model is an example of such models; it
identifies an area with maximum risk of nox-
ious microorganisms reactivation from the
cryptobiotic state due to permafrost degrada-
tion [29]. According to the authors of this re-
search, Yamal Peninsula and Nort-East of Ya-
kutia have the highest risks. The present re-
search confirmed their conclusions with
respect to Yakutia: Srendekolymsky district in
the Arctic Zone of Yakutia; Mirninsky and
Niurbinsky districts in West Yakutia have the
highest Hlir values. The advantage of the
hazard scoring method used in the present re-
search is that it takes into account both the
permafrost degradation rate and the docu-
mented numbers of cattle burial sites located
in districts with perennial permafrost.

Conclusions. The adverse consequences
of climate change in the Arctic create the need
to develop various adaptation techniques. The
recommendations for the prevention of natural
focal infectious diseases should consider the
available data on the territories with the most
intense permafrost degradation. The field
measurements taken by the geologists should
provide necessary data on territories with the
greatest deformations of perennial permafrost
crust. Because the maximum rise in summer
air temperatures is expected near the Arctic
Coast of Central Siberia, this region should
become the focus of interest for the paleobi-
ologic monitoring over the current state of his-
toric cattle burial sites where the diseased
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animals were buried at the 2-10 meters’
depths. Infected carcasses of diseased reindeer
could be frequently found scattered on the
ground instead of being buried in specially
designated and constructed ‘burial sites’. Such
unorganized burials are called «pestilence
fields» and are marked so on veterinary maps.
The publishing of the «Cadastre of Siberian
anthrax burial sites» should be regularly up-
dated and revised because there are more than
1 million wild reindeer and 1 million farm
reindeer in the Arctic region. Intensive eco-
nomic development of this region in the condi-
tions of climate change may lead to Siberian
anthrax outbreaks if the exact data on the his-
toric cattle burial sites are absent. Natural dis-
asters, climate change, permafrost degradation,
earth excavations and other engineering and
construction projects can activate the agents of
infectious diseases near the earth’s surface.
The anomalously hot summer in 2016 might
not be the single reason of the Siberian anthrax
outbreak in Yamal Peninsula that year; other
reasons were unjustified refusal to vaccinate
reindeer and people and low public awareness
[30]. The papers [26, 30] suggested several
preventive measures to control potential Sibe-
rian anthrax outbreaks. Closest attention
should be paid to each single case of this dis-
ease among deer. The risks of disease propaga-
tion from the soil foci should be carefully
monitored. It is very important to regularly
update and revisit the list of cattle burial sites,
to inform the public about the existing health
risks and disease prevention practices, and to
continue to vaccinate deer. The authors also
recommend further research to improve the
dynamic geospatial models of Siberian anthrax
propagation in the environment, taking into
account the observed trends in global warming
and permafrost degradation in the Russian
Arctic.
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