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Hemorrhagic fever with renal syndrome (HFRS) is
a nontransmissible viral zoonosis that is widespread in
Europe and ranks first among infections with natural
focality in Russia. The agents of HFRS belong to the
genus Hantavirus of the family Bunyaviridae, which
currently comprises more than 30 geno- and sero-
types. Natural reservoir hosts for all hantaviruses
pathogenic for humans are some small mammals of
the families Muridae and Cricetidae, with virus—host
relationships having been established in the course of
long-term coevolution (Plyusnin and Morzunoy,
2001). In the two-component parasitic system of han-
taviral zoonoses, the main warm-blooded hosts
become directly involved in horizontal virus transmis-
sion and are the only source of infection for humans.

The absolute majority of HFRS cases in Russia are
caused by Puumala virus (>95%), whose main reser-
voir host (and source of human infection) in nature is
the bank vole (Myodes glareolus), a species widespread
in the forest and forest—steppe zones of Europe, Euro-
pean Russia, and Transural region. The most active
foci of Puumala HFRS concentrate in the optimum of
M. glareolus range. This optimum lies in broadleaf and
conifer—broadleaf forest with a large proportion of lin-
den, which, in particular, are characteristic of the
Middle Volga and Cisural regions (Bashenina et al.,
1981b; Bernshtein, Gavrilovskaya, and Apekina,
2010).

More than 30 years have passed since the agent of
HFRS was identified, and abundant data on the
genetic structure, distribution, and evolution of differ-
ent hantaviruses and their phylogenetic relationships
with warm-blooded hosts have been obtained during
this period/ However, the mechanisms of functioning
of natural hantavirus foci in forest subzones have not

been studied adequately, and the task of making a reli-
able forward prognosis of morbidity from zoonotic
infections often remains unsolved (Zhigalski, 2012).
Therefore, the purposes of our research were (1) to
identify the main factors determining the activity of
forest foci of HFRS associated with Puumala virus,
and (2) to develop a prognostic model of the function-
ing of HPRS foci and verify it with reference to the
data of long-term monitoring of HFRS endemic areas
in the Republic of Udmurtia.

This paper is based on the results of integrated
studies on HRFS foci in the Republic of Udmurtia,
including zoological and epidemiological monitoring
for 38 years (1973—2010) and epizootiological moni-
toring performed in all seasons for 15 years (1981—
1995) and then in August for 10 years (1981—2005).
Annual data on meteorological parameters and seed
production in the main tree species were available for
the entire observation period. Trap-line censuses of
bank voles were regularly taken four times a year by
standard methods (Karaseva, Telitsina, and Zhigalski,
2008), recording animal age and reproductive status.
The starting date of the breeding season was estimated
from the reproductive status of females and the age
composition of population in April. Animals with viral
antigen in the lungs (active virus carriers) were identi-
fied by an immunoenzyme assay (Bernshtein,
Gavrilovskaya, and Apekina, 2010). On the whole, field
work in sample plots amounted to about 20000 trap—
days, and more than 10000 bank voles were examined.
Analysis of HFRS incidence was based on the absolute
numbers of confirmed human cases recorded per epi-
demiological season. This parameter was also used to
estimate epidemic activity in the endemic area of the
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Results from model selection procedures to explain the number of HFRS cases in the Udmurt Republic (1973—2002),

log(Nygrs) = Zxb;

Model Predictors —2LL LR k CAIC ACAIC w
1 X, X, X3 496.6 88.0 4 515.1 0.0 0.995
2 X, Xy X3 507.4 77.2 4 526.0 10.9 0.004
3 X, X X; 515.5 69.1 4 534.1 19.0 8.E-05
4 X, X; 521.3 63.3 3 535.2 20.1 4.E-05
5 X, X; 521.5 63.1 3 5354 20.3 4.E-05

Note: X is the variable accounting for the offset in the long-term average annual number of HFRS cases after 1985; X,, std logit of bank vole
abundance in April; X3, winter breeding (1, yes; 0, no); X3 — std logit of bank vole abundance in June; Xj, std logit of bank vole abun-

dance in August; w, the weight of model.

republic. On the whole, more than 23500 HFRS cases
were recorded over 38 years.

The bank vole dominates in broadleaf and conifer—
broadleaf forests of the Ural region and neighboring
territories, where the proportion of these rodents in
catches reaches 70—80% (Bashenina et al., 1981a;
Zhigalski, 2002). Their abundance in the optimum of
the range is not subject to long-term declines or deep
depression, unlike at the periphery, and its long-term
average value has increased significantly since 1985
(Bernshtein, Gavrilovskaya, and Apekina, 2010).

Our experimental and field studies have made it
possible to reveal factors determining the dynamics of
closely interrelated epizootic and epidemic processes.
Among them, the state of the reservoir host population
plays the main role. It is noteworthy that hemorrhagic
fever in bank voles is symptomless and does not affect
their reproduction rate and population growth (Bern-
shtein et al., 1999, 2001; Bernshtein, Gavrilovskaya,
and Apekina, 2010).

To evaluate the roles of different factors in the
dynamics of HFRS foci, we have analyzed data on
more than 10 demographic and epizootiological char-
acteristics of bank vole population and 24 monthly
average meteorological parameters and indices of seed
production in spruce and linden. At the first stage, we
calculated rank correlation coefficients (y) between
the number of human HFRS cases and various char-
acteristics of bank vole population, winter food supply
for these rodents, and meteorological parameters.
Among all these factors, human HFRS incidence
proved to correlate most strongly with winter breeding
of voles under snow (y = 1.0, Z = 5.39), linden seed
yield in the previous year (y = 0.61, Z=4.39), and vole
population abundance in April (y = 0.5, Z= 3.75).

Using the model selection procedure (Burnham
and Anderson, 2002), we tested the optimality of
regression models for describing the dynamics of mor-
bidity and estimated the relative importance of predic-
tors (wt = Zw,) and their coefficients (table). The time
series of observations was divided into two parts: the
first (1973—2002) was used for the evaluation of the
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coefficients, and the second (2003—2010) for the veri-
fication of prognosis.

The results showed that winger breeding of bank
voles, which occurs in Udmurtia once in 2—3 years
(Zhigalski, 2012), is the most important predictor for
describing (forecasting) HFRS morbidity. The
“weight” of other predictors is lower, and therefore
their role in the activity of HFRS foci is less signifi-
cant. Regular winter breeding following the years with
an abundant yield of linden seeds is a characteristic
feature of bank vole populations in optimal habitats,
such as linden—spruce forests of Udmurtia (figure).
The first litters of winter-breeding voles are born under
snow, sometimes as early as January but no later than
March to early April (Bernshtein, Gavrilovskaya, and
Apekina, 2010; Hansson, Jebrzejewska, and Jebrze-
jewski, 2000). The role of winter reproduction of bank
voles in activation of HFRS foci is accounted for by
specific features of virus circulation in the body and
the population of the host. As shown in our previous
studies (Bernshtein et al.,, 1999; Bernshtein,
Gavrilovskaya, and Apekina, 2010; Tersago et al.,
2012), voles during the first month after being infected
are the main source for horizontal transmission of
virus, and such animals occur most frequently among
recently matured voles. In case of winter reproduc-
tion, the frequency of contacts between voles of either
sex from older age groups and rapidly maturing young
of the year (born before May) increases already at the
beginning of the breeding season, which enhances the
risk of infection spreading among the animals
(Mikhailova, 1999; Bernshtein et al., 1999). While the
animals remain within the endemic area, the risk of
being infected increases with time. This provides for
intergenerational continuity in horizontal virus trans-
mission within the bank vole population and, there-
fore, for the maintenance of the epizootic process. In
such a situation, this process reaches its peak already
in summer, which creates conditions for large-scale
human infection.

In years when the offspring are born later (late April
to May), the proportion of active virus carriers
remaining in the population at the beginning of the
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Log-scale plot of HFRS incidence in the Republic of Udmurtia, 1973—2010: (/) observed and (2) predicted values, (3) trend,
(4) years of winter breeding. Annual data over the period from 1973 to 2002 (indicated with an arrow) were used to parameters
estimation; subsequent data (1973—2002) were used for verification only.

breeding season is relatively small, and prevents epi-
zootic and epidemic outbreaks in the spring—autumn
period (Mikhailova, 1999; Bernshtein et al., 2001).
The role of an early start of bank vole breeding in
HFRS epidemic outbreaks has been shown in studies
performed in conifer—broadleaf and broadleaf forests
of Tatarstan, Marii El, and Samara, Ulyanovsk, and
Tula oblasts (Bernshtein et al., 1980; Apekina et al.,
2007). Similar trends have been observed in the activity
of Amur hantavirus foci in the Russian Far East: the
epidemiological situation in the region flares up only
in years when Korean field mice (Apodemus peninsu-
lae) breed under snow (Simonova et al., 2006).

The epizootic and epidemic processes, as well as
the bank vole population dynamics in Udmurtia, are
obviously cyclic (Zhigalski and Kshnyasev, 2000; Zhi-
galski, 2011), which is illustrated in the figure. Activa-
tion of HFRS foci takes place every 2—4 years (in most
cases, 3 years) against the background of high abun-
dance of bank voles but always following the early
onset of breeding after a year with an abundant yield of
linden seeds. The breeding season in the subsequent
1-3 years starts no earlier than mid-April, with the
activity of the focus inevitable decreasing even when
the abundance of bank voles (ind./100 trap—days)
reaches or exceeds the threshold for an epidemic out-
break: 7.2 in April and 22.0 in August before 1985 and
22.0 and 35.0, respectively, after 1985. Over the
38-year observation period, such abundance values
were recorded 22 times in spring and 24 times in late
summer, whereas sharp peaks of HFRS morbidity
occurred only 13 times. The high abundance of the
main host in the optimum of its range is not itself the
cause of an outbreak, unlike the situation in less pro-
ductive taiga forests (Kallio et al., 2010). Therefore,
phases of epizootic and epidemic activity of the foci
does not always concur with bank vole population
cycles in the same area. In some cases, periods of
decline in their activity may occur in years of popula-
tion peak, provided it was not preceded by early breed-
ing (e.g., 1974, 1983, 1989), while years of outbreaks
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may be not coincident with the peak phase (1973,
1988, 1999).

Our statistical model for predicting HFRS inci-
dence in Udmurtia has been constructed on the basis
of data presented in the figure and the proposed mech-
anism of the functioning of HFRS foci. Several differ-
ent equations could be used for this purpose, but we
have selected the simplest model that nevertheless
adequately describes the processes of interest:

Nirrs = 43 + exp(5.9 + 0.95X, + 0.02X,),

where X is winter breeding (1, yes; 0, no), and X, is the
abundance of bank voles in April, ind./100 trap—days.

The predicted and observed values of HFRS mor-
bidity are almost identical (figure), and the removal of
data on bank vole abundance from the model only
slightly affects the accuracy of prognosis (by about
10%). Error in predicting HFRS incidence for the
2011 epidemiological season was only 6% (1140 pre-
dicted vs. 1078 observed cases).

Thus, our results has shown that future human
HFRS incidence in endemic area may be accurately
predicted as early as spring, solely by the some demo-
graphic parameters of the carrier species (starting date
of breeding and bank vole abundance in April) even
without any knowledge about hantavirus activity in the
host population.
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