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Abstract
	Our intention in writing this paper is to conduct a retrospective epidemiological analysis of foot and mouth disease (hereinafter referred to as FMD) outbreaks reported in livestock in the Russian Federation from 1991 to 2020. The paper provides space-time patterns of FMD outbreaks and describes risk factors, FMD prevention and control strategies.
97 FMD outbreaks caused by A, O and Asia-1 serotypes were reported in cattle, small ruminants and pigs in the Russian Federation in the study period. These outbreaks were mainly concentrated along the Russian-Chinese border.
The analysis reveals a high incidence rate of A and O serotypes, which accounted for 79% of all outbreaks, as well as a trend towards forming time-space clusters in 2005 and in 2013-2019.
Sufficient data were collected to identify 9 statistically significant time-space clusters formed by FMD outbreaks:  3 clusters (the FMDV serotype A) lasted 27 - 62 days, 4 clusters (the FMDV serotype O) lasted 6 - 27 days, one cluster (the FMDV serotype Asia-1) lasted 125 days, and a mixed cluster composed of A and O serotypes that lasted 552 days.
	Risk factors associated with pathogen introduction were underestimated and it undermined biosecurity and biosafety when keeping and moving animals.  It has been argued that the underestimation of risk factors is the major cause of outbreaks. Due to it, direct and indirect contacts with carriers, including wild migrating cloven-hoofed animals, became possible.
Based on the work carried out we have come to the conclusion that developing cross-border cooperation is urgently needed to prevent and control FMD.
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Introduction
Foot and mouth disease (FMD) is a highly contagious viral transboundary disease of domestic and wild cloven-hoofed animals (Grubman et al., 2004). The etiologic agent of FMD is a virus of the aphtovirus genus, Picornaviridae family (Belsham G.J., 1993). The disease seriously affects livestock production. Its epidemic potential severely threatens international trade of farmed animals and animal products by limiting drastically exports from infected countries and regions. The epidemiological analysis of FMD is a complex process, there are seven known serotypes (A, O, C, Asia-1, SAT-1, SAT-2, SAT-3), each of them has several genetic and antigenic distinct subgroups. Six of them continue to circulate in different parts of the world. Within each serotype there is also an extensive diversity as the virus is constantly evolving (Belsham G.J. 2020).
Researchers have reported all FMDV serotypes in the former USSR, except for  South African types (SAT): serotype A (in 1960, 1962, 1967, 1969, 1970, 1973, 1977-1978, 1982-1983, 1990), serotype O (in 1958, 1966, 1974-1976, 1986-1989), serotype C (in 1967, 1978, 1985), serotype Asia-1 (in 1964, 1978, 1984-1985) (Burdov A.N. et al, 1990, Avilov V.M. et al, 1997, Rakhmanov A.M. 2008).
Experts identified several periods in the FMD epidemic history in the Soviet Union (Avilov V.M., 1997, Samuilenko A.Ya. et al, 2014, Gusev A.A. et al, 1999). The first period lasted until 1969, at that time FMD epidemics were widespread and covered large areas. The second period lasted from 1970 to 1977. During this period, the number of FMD outbreaks decreased significantly because of the development and use of new FMD vaccines, the implementation of a whole-population vaccination strategy in ruminants, isolation and stamping out of affected animals with ring vaccination. The third period lasted from 1978 to 1991. During this period, experts observed stabilization of the FMD epidemic situation. Isolated FMD outbreaks were reported in the Central Asian and Transcaucasian republics of the USSR (Dudnikov A.I. et al, 2004, Sokolov L.N et al, 2003, Abdrakhmanov et al, 2018). At the same time, isolated outbreaks were also reported in the territory of the Russian Soviet Federative Socialist Republic (RSFSR) caused by the virus escape from the Central Asian and Transcaucasian republics (Dudnikov A.I. et al, 2004, Rakhmanov A.M. et al, 2008). 
In 1991, the Russian Federation (RF) changed its social and economic order. It is for this reason significant changes in livestock husbandry systems took place, economic ties with neighbouring countries increased substantially, imports of agricultural products increased, but as a result, the FMD epidemic situation in the RF also changed.
The deterioration of the FMD epidemic situation in the RF prompted us to write this paper. Our immediate aim is confined to conducting a retrospective analysis of the FMD epidemic situation in the RF from 1991 to 2020. It is of utmost importance to study some characteristics of the FMD epidemic process in the RF (space-time patterns and FMD-contributing factors), hence this information would be useful to decision-makers when choosing and recommending measures to prevent and eradicate FMD outbreaks.
Currently, the RF faces a risk of introduction of FMDV belonging to the first and third FMDV pools identified by the World Reference Laboratory for Foot-and-Mouth Disease of the Food and Agriculture Organization (FAO) of the United Nations and by the Reference Laboratory for Foot-and-Mouth Disease of the World Organization for Animal Health (OIE) (Jamal & Belsham, 2013). The FMD prevention and control policy in the RF is based on export-import  control under the recommendations of the OIE Terrestrial Animal Health Code, zoning of the country’s territory, preventive vaccination of cattle and small ruminants in the RF subjects bordering the affected countries. Specialists of the state veterinary service are to carry out vaccination against FMD using a vaccine purchased by the state government. To vaccinate livestock against FMD, the RF uses domestically produced inactivated vaccines containing antigens to FMD viruses of A, O and Asia-1 serotypes.

Materials and methods
Study area
	The Russian Federation is a country in Eurasia that has a total area of more than 17 million km2 and a population of more than 146 million with a median population density of approximately 22 persons/km2. The country is divided into 85 first-level administrative units (further as subjects) (Fig. 1). 
Because of its geographical location, there are seven different climatic zones in the Russian Federation that differ in terms of livestock densities and practices of livestock breeding. Most areas of the Northwest, Ural, Siberian and Far Eastern Federal Districts are low-populated villages with relatively suitable conditions for livestock raising and the whole susceptible animal population is concentrated around areas of compact residence along the southern borders of regions, where the density is 5 LSU[footnoteRef:1]/km2 (whereas the total population density is less than 1 LSU/km2). [1:  LSU (Livestock Unit) is a reference unit, which facilitates the aggregation of livestock from various species. In this study, we assume the currently effective proportion: 1 cattle = 1 LSU; 1 small ruminant = 0.06 LSU; 1 pig = 0.16 LSU as approved by the Ministry of Agriculture of the USSR, 1977 ] 

In most midland regions of the Russian Federation, the density of farm animals varies from 5 to 10 LSU/km2.
The highest livestock density (over 10 LSU/km2) is reported in such regions as the North Caucasian Federal District and the Southern Federal District, in the adjacent Belgorod, Voronezh, Lipetsk, Kursk and Bryansk Oblasts of the Central Federal District, as well as in the Republics of Bashkiria, Tatarstan, Udmurtia, Chuvashia and Mordovia.

[image: D:\Мои документы\Наши карты\Ящур\FMD_Russia_Analysis\Density+outbreaks.png]
Fig. 1. Administrative divisions of the Russian Federation, Livestock population density and FMD outbreaks, 1991 – 2020.

	There are also different livestock production systems in the RF regions. In the north, nomadic pastoralism prevails, while pasture grazing and stall barn housing are very popular in the Central region, Volga region, as well as in the northern and central parts of the South Federal District. In the south (the Republics of Dagestan, Adygea, Karachay-Cherkessia, North Ossetia, Kabardino-Balkaria, Chechnya and Ingushetia) transhumance is widely practiced, e.g. in the Republic Dagestan and Karachay-Cherkessia the density of small ruminants is over 37 head/km2.
	In accordance with the Rosselkhoznadzor Decision on the establishment of the statuses of the regions of the Russian Federation for infectious animal diseases and conditions for the movement of regulated goods dated 20.01.2017, the territories of the Russian Federation are zoned into subjects of the Russian Federation that do not practice FMD vaccination and subjects of the Russian Federation that practice FMD vaccination in FMD-susceptible animal populations.
The subjects of the Russian Federation practicing vaccination against FMD act as a “protective zone”. They border the following countries:
· China (Primorsky Krai, Khabarovsk Krai, Jewish Autonomous Oblast, Zabaykalsky Krai, the western section of the border of the Altai Republic).
· Mongolia (Zabaykalsky Krai, the Republic of Buryatia, the Republic of Tyva, the Republic of Altai)
· Kazakhstan (the Republic of Altai, Altai Krai, Novosibirsk Oblast, Omsk Oblast, Tyumen Oblast, Kurgan Oblast, Chelyabinsk Oblast, Orenburg Oblast, Samara Oblast, Saratov Oblast, Volgograd Oblast, Astrakhan Oblast).
· Georgia (the Republic of Karachay-Cherkessia, the Kabardino-Balkarian Republic, Republic of North Ossetia-Alania, the Republic of Ingushetia, the Chechen Republic, the Republic of Dagestan)
· Abkhazia (Krasnodar Krai, the Republic of Karachay-Cherkessia)
· South Ossetia (The Republic of North Ossetia-Alania);
· Azerbaijan (The Republic of Dagestan borders).
In accordance with the OIE resolutions, the most territory of the Russian Federation is free from FMD without vaccination (Resolution No.13, OIE, 2021). 

FMD data
A vast amount of material on FMD outbreaks in the RF is available in official veterinary reporting forms approved by the Instruction of the Ministry of Agriculture of the USSR (1975) and the Orders of the Ministry of Agriculture of the Russian Federation (1975), (2008)). 
In the RF, the Federal State Budgetary Institution “Federal Centre for Animal Health” (FGBI “ARRIAH” («OIE Regional Reference Laboratory for FMD»)) performs laboratory confirmation of FMD outbreaks, sequencing and phylogenetic analysis of the VP1 gene of FMDV.
In this paper, we have processed data on 97 FMD outbreaks reported in cattle, small ruminants and pigs in the Russian Federation from 1991 to 2020 (Fig. 1). For the purpose of the work, we defined an outbreak as an emergence of FMD in a herd (or herds) geographically linked with a certain clustered human settlement or community (e.g. a village). 

Analysis methods
To identify space-time patterns of FMD outbreaks we use a spatial analysis method (SAM) with the space–time permutation scan statistics (STPSS) (Kulldorff, M. et al., 2005). To search for clusters we use a space-time cylindrical scanning window moving over the study region, where time is represented by a vertical dimension. This approach allows identifying geographic areas where the observed number of outbreaks in space and time significantly exceeds the expected number of outbreaks in space and time given a null hypothesis of a random distribution of outbreaks over the entire study region.
The resulting p-values of the scan statistics obtained through 999 random permutations show that the obtained clusters are statistically significant; according to them, we can accept or reject the null hypothesis.
In this paper, the cluster is defined as a group of infected herds, epidemiologically linked either through local transmission or common risk factors (Gulyukin A.M. et al., 2020).
We use space-time scan statistics with a default maximum search radius of 50% of the entire study region (Perez, A.M. et al., 2005), and a maximum time window  equal to 50% of the total time coverage (Sinkala Y., et al. 2014). Clusters with p-values below 0.05 are considered statistically significant and are used for the further analysis. In each cluster the following metrics are identified: cluster radius Rn (km); the duration of the cluster, Tn (days); the number of observed outbreaks (Nobs) and the number of expected outbreaks under a null-hypothesis (Nexp). The ratio of the last two indicators (ODE) shows the magnitude of the concentration of outbreaks within a cluster compared to a hypothetically expected random distribution.
To characterize the speed of epidemic propagation within space-time clusters, the G-rate concept is used (Chen K. et al. 2017, Chen X. et al. 2017, Abdrakhmanov et al. 2018, Kanankege et al. 2020, Zakharova O. I. et al. 2021). The G-rate shows the number of new outbreaks per 1000 km2 over 1 year. It is calculated as Nn/Sn/Tn * 1000, where Nn is the observed number of outbreaks in the n-th cluster, Sn - the cluster area in km2, and Tn - the cluster duration in days. G-rate values ​​for different FMDV serotypes are compared with the help of one-way ANOVA to determine the effect of the serotype on the G-rate values.
The effect and strength of seasonal factors are thoroughly investigated using the Seasonality Index. The Seasonality Index is calculated as the ratio of the average monthly outbreak incidence for each month (from 2000 to 2020) to the average monthly outbreak incidence for all months (from 2000 to 2020).
The FGBI ARRIAH performed the FMD laboratory confirmation as well as sequencing and phylogenetic analysis of the FMDV gene VP1. Data on the age of lesions and economic ties were collected in the course of epidemiological investigations of outbreaks, conducted by the authors of this paper. The "case-control" method has been used to establish the most efficient pathways for pathogen transmission.
Within the framework of this paper the authors collected the data, analysed outbreaks and links between affected areas, identified the most efficient pathways for pathogen introduction into the susceptible animal population in the course of epidemiologic investigation. It should also be emphasized that some outbreaks have been investigated by veterinary services and they provided the data in the form of official reports. The data on 79 outbreaks were available  for analysis, although the alleged source and introduction pathways have not been identified for 16 outbreaks.

Results and discussion
Currently, the FMD prevention and control policy in the RF is composed of  export/import control under the recommendations of the OIE Terrestrial Animal Health Code, zoning of the country’s territory and implementation of preventive vaccination in cattle and small ruminants in subjects bordering affected countries. Vaccination is carried out by specialists of the state veterinary service with a vaccine purchased by the state government. To vaccinate against FMD, the Russian Federation uses domestically produced inactivated vaccines containing antigens to FMD viruses of A, O and Asia-1 serotypes.
In the Russian Federation 97 FMD outbreaks of A, O and Asia-1 serotypes were reported from 1991 to 2020 (Figure 2). The distribution of outbreaks over the years is not uniform, it is characterized by a shift in 2010-2020 with a general tendency towards an increase.

Fig. 2. Temporal dynamics of FMD outbreaks reporting in the Russian Federation from 1991 to 2020 (n=97)

The diagram  (Fig. 3) demonstrates the average number of outbreaks in each decade from 1991 to 2020, there is a significant increase in the average number from 0.3 ± 0.48 to 7.3 ± 7.7.

Fig. 3. Increase in the decade number of FMD outbreaks reported from 1991 to 2020.

There were three FMD outbreaks in the Russian Federation reported from 1991 to 2000. One outbreak was reported in 1993 in Spasskoe village, Suzdal Raion, Vladimir Oblast. It was caused by the escape of the FMD virus type A22 from a biofactory that produced veterinary immunobiological products (FMD vaccines). 
In 1995, an FMDV serotype O outbreak was reported on a breeding pig farm in Lytkarino, Lyubertsy Raion, Moscow Oblast. It was caused by contaminated pork imported China.
 In 2000, an FMDV serotype O outbreak was reported on the commercial pig breeding farm "Elitnoe" and on experimental production farm  "Stepnoe" located in Elitnoe village (Ussuriysky Raion of Primorsky Krai).
From 2001 to 2020, there were 94 FMD outbreaks reported in the territory of the Russian Federation. During this period, both isolated FMD outbreaks and epidemics (3) were reported.
In 2005-2006, the  FMDV serotype Asia-1 emerged and caused the first epidemic (n = 18). In 2005, FMD outbreaks (n = 16) were reported in the Amur Oblast (n = 1), Khabarovsk Krai (n = 4) and Primorsky Krai (n = 9) (Gruzdev K.N. et al., 2006). In 2006, FMD outbreaks (n = 2) were reported in Chita Oblast (n = 1) and Amur Oblast (n = 1). Phylogenetic analysis showed that all Russian isolates were closely related to the virus that caused a large-scale epidemic in 2005–2006 in China. This FMD virus was closely related to viruses isolated in 1980/81 in India (Valarcher J. F. et al. 2005).
From 2010 to 2013, isolated FMD outbreaks in Zabaikalsky Krai (n = 3) and Primorsky Krai (n = 2) were caused by the FMDV serotype O . In 2010, 2 sublines of the genetic line O/SEA/Mya-98 (WRLFMD (2010)) were isolated in Zabaikalsky Krai. The etiologic agent of this genetic line was also isolated during an outbreak in 2011 in Zabaikalsky Krai, while the O/ME-SA/PanAsia was isolated in 2012 the Primorsky Krai.
In 2013, a second FMDV serotype A epidemic was reported in the Russian Federation. FMD outbreaks (n = 23) were reported in 5 subjects of the Russian Federation. Virus isolates of the A/ASIA/Iran05/sis-10 genetic line caused outbreaks in the Karachay-Cherkess Republic (n = 4), Krasnodarsky Krai (n = 3), the Kabardino-Balkarian Republic (n = 1). Whereas outbreaks in  Zabaikalsky Krai (n = 9) and Amur Oblast (n = 6) were caused by isolates belonging to the A/ASIA/SEA-97 genetic line.
There were 11 FMD outbreaks in 2014 in the Russian Federation. In  Zabaikalsky Krai there were 4 outbreaks, 3 of  them were caused by the FMDV serotype A and 1 outbreak  –  by the FMDV serotype  O.  In 2014, 7 FMD outbreaks were reported in Primorsky Krai (n = 7) caused by the FMDV serotype O. It should be noted that FMD outbreak in Zabaikalsky Krai was caused by an isolate of the O/ME-SA/PanAsia genetic line, while in Primorsky Krai – by an isolate belonging to the O/SEA/Mya-98 genetic line.
 In 2015, one FMD outbreak war reported in Zabaikalsky Krai caused by the FMDV serotype A .
	In 2016, FMD outbreaks were reported in Zabaikalsky Krai (n = 3) and Vladimir Oblast (n = 2). In Zabaikalsky Krai the outbreak was caused by the FMDV serotype O (O/ME-SA/Ind2001e genetic line), whereas in Vladimir Oblast – by the FMDV serotype Asia-1.  
	In 2017, FMD outbreaks were reported in the Republic of Bashkortostan (n = 5) caused by the serotype O of the O/ME-SA/unnamed genetic line.
	In 2018, FMD outbreaks were reported in  Zabaikalsky Krai caused by the FMDV serotype O (n = 6).
In 2019, there was the third FMD wave of the epidemic caused by the serotype O of the genetic line O/SEA/Mya-98. FMD outbreaks were reported  in Primorsky Krai (n = 16) and Khabarovsk Krai (n = 1).  This epidemic differed from the others as the clinical signs in Primorsky Krai, as well as in 2014, manifested only in unvaccinated pigs, while the vaccinated cattle and small ruminants, kept in the same facilities with infected pigs, did not show any clinical signs. In 2019, an FMD outbreak (n = 1) was reported in cattle and small ruminants  in Zabaikalsky Krai, caused by an isolate of the O/ME-SA/Ind2001e genetic line.
In 2020, 1 FMD outbreak was reported in Zabaikaslky Krai caused by the serotype O (genetic line O/SEA/Mya-98).
 Three epidemics were reported within several RF subjects. When comparing these epidemics, the common feature was revealed, i.e. spread of the virus into non-immune populations.  Despite the preventive vaccination of cattle and small ruminants in 2013, the animals could be considered non-immune, since the isolates caused the disease differ greatly in antigenic properties from the vaccine strains used (OIE/FAO (2013)). FMD cases were reported in cattle older than 3 years that were emergency vaccinated 5 times in 2013, during this time booster vaccination was conducted twice.
In other years, local FMD outbreaks were reported within one RF subject. In 2006, 2014, 2016, FMD outbreaks were reported in several subjects, but they were not epidemiologically linked. They were caused by FMDV isolates, belonging to different serotypes or different genetic lines within the same serotype.
Using the space-time analysis we identified nine statistically significant clusters in  Zabaikalsky Krai (Table 1 and Fig. 4) over the study period: three clusters of the FMDV serotype A that lasted from 27 to 62 days, four clusters of the  FMDV serotype O that lasted from 6 to 27 days, one cluster of the FMDV serotype Asia-1 that lasted 125 days and one mixed cluster composed of A and O serotypes that lasted 552 days. 
The A and O serotype clusters in  Zabaikalsky Krai  lasted  for such a long time (552 days) because of the introduction of the FMDV serotype A into the cattle population in Priargunsky Raion in September 2013. In Zabaikalsky Krai  a year-round grazing of farmed animals was practiced, that is why it was difficult to conduct a clinical examination and serological testing. Hence, some of the animals with the oldest lesions could be overlooked and carriers could be kept in this RF subject until 2015. Although in February 2014 the FMDV serotype O was introduced into Zabaikalsky Krai, but it did not circulate for a long time.  In that case, the indoor cattle got infected  and the outbreak caused by the FMDV serotype O was eradicated within 14 days.
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Table 1
Time-space cluster analysis of FMD outbreaks in the Russian Federation
	Cluster

	Radius, km
	Start date
	End date
	Duration (days)
	Number of observed outbreaks
	ODE
	p-value
	G-rate
	FMDV Serotype
	Location
	Infected animals

	1
	157
	13.08.2005
	16.12.2005
	125
	9
	9,4
	<0,001
	9.3E-4
	Asia-1
	Khabarovsky Krai, Primorsky Krai
	Cattle, pigs

	2
	78
	02.03.2013
	29.03.2013
	27
	9
	7,8
	<0,001
	1.7E-2
	A
	Zabaikalsky Krai
	Cattle, small ruminants, pigs

	3
	196
	01.06.2013
	12.07.2013
	41
	12
	11,8
	<0,001
	2.4E-3
	A
	Kabardino-Balkar Republic, Karachay-Cherkess Republic, Krasnodarsky Krai
	Cattle, small ruminants

	4
	25
	22.06.2013
	23.08.2013
	62
	8
	7,8
	<0,01
	6.6E-2
	A
	Amur Oblast
	Cattle, small ruminants, pigs

	5
	20
	21.09.2013
	27.03.2015
	552
	18
	4,3
	<0,001
	2.6E-2
	A+O
	Zabaikalsky Krai
	Cattle, small ruminants, pigs

	6
	7
	24.05.2014
	30.05.2014
	6
	9
	11,4
	<0,001
	9.7
	O
	Primorsky Krai
	Cattle, small ruminants, pigs

	7
	14
	19.11.2016
	16.12.2016
	27
	6
	16,6
	<0,001
	0.36
	O
	Zabaikalsky Krai
	Cattle, small ruminants, pigs

	8
	17
	09.09.2017
	06.10.2017
	27
	10
	17,7
	<0,001
	0.41
	O
	Republic of Bashkortostan
	Cattle, small ruminants, pigs

	9
	88
	03.02.2018
	16.02.2018
	13
	15
	8,4
	<0,001
	4.7E-2
	O
	Zabaikalsky Krai
	Cattle, small ruminants, pigs



The second long-lasting cluster (125 days) caused by the FMDV serotype Asia-1 emerged in 2005. It was formed by multiple introductions of the pathogen by different pathways into the non-immune livestock in the RF territories adjacent to the People's Republic of China.
The radius of the identified clusters varied from 7 to 196 km, and the G-rate value was from 0.0009 to 9.7 outbreaks/1000 km 2 * year. Nevertheless, the analysis of variance (one-way ANOVA) has not revealed a statistically significant dependence of the G-rate value on the virus serotype within the cluster (F = 0.057 with Fcr = 4.600, p = 0.81).
[image: D:\Мои документы\Наши карты\Ящур\FMD_Russia_Analysis\Clusters.png]
Fig. 4. Space-time clusters of FMD outbreaks in the Russian Federation reported from 1991 to 2020.
The map (Fig. 4) shows that eight clusters were formed in RF subjects bordering neighboring countries. They were located at an insignificant distance from the border, only one cluster in the Republic of Bashkortostan was located far from the state border of the Russian Federation.
The geographical location analysis of FMD outbreaks from 2000 to 2020 shows that 7 out of  9 infected RF subjects shared borders with other countries, and only 2 subjects - the Republic of Bashkortostan and Vladimir Oblast –  didn't share borders with other countries. Furthermore, 84% of all FMD outbreaks were reported in the RF territories adjacent to the People's Republic of China.


Seasonal patterns of morbidity were investigated to establish the temporal dynamics, the seasonality index was also calculated. The number of FMD outbreaks was much higher than the average number in January, February, August and it was much lower than the average number in April, July, November and December (Fig. 5). The peak of outbreaks was recorded in February (n=16) with statistical significance (p<0.05), the lowest number was reported in April (n=2) and July (n=2). The peak was reported in August (n=14), it was caused by the FMDV serotype Asia-1, in 2005.
[image: ]
Fig. 5. FMD Seasonality index in the Russian Federation reported from 2000 to 2020 
In winter, most FMD outbreaks occurred in Zabaikalsky Krai, where animals were grazed year round. The reason for this could be a post-vaccination immunity and lack of prevention and control measures due to climatic factors.
Rakhmanov A.M et al. indicated that in the USSR most outbreaks were reported from September to February (60%) and from March to April (40%) (Rakhmanov A.M. et al., 2008). The FMD seasonal dynamics in the Russian Federation have changed since 1991. Despite the similar (continental) climate and the prevailing type of animal breeding, the FMD seasonal dynamics in the Republic of Kazakhstan (Abdrakhmanov S.K. et al., 2018)) differed from that in the Russian Federation, but it coincided with that in China (Jiahui Chen et al., 2020).
FMDV serotype O outbreaks were reported in the Russian Federation in 1995, 2000, 2004, 2010-2012, 2014-2016 and 2016-2020. FMDV serotype Asia-1 outbreaks were reported in the Russian Federation in 2005-2006 and 2016, while FMDV serotype A outbreaks were reported in the Russian Federation in 1993, 2013-2015. But most FMD outbreaks were caused by FMDV serotype O in the Russian Federation. 
In 2014 and 2016, there were co-circulations of A/O serotypes and O/Asia-1 serotypes (Fig. 6). The largest number of FMD outbreaks was caused by the FMDV serotype O (50%). A and Asia-1 serotypes accounted for 29% and 21% of the total number of outbreaks, correspondently.

Fig. 6. Distribution of FMD outbreaks reported from 1991 to 2020 by FMDV serotype 
For the results of the phylogenetic analysis of FMD viruses that caused outbreaks in the Russian Federation, please, refer to Table 2.  
Table 2
Genetic characteristics of FMD viruses that caused outbreaks in the Russian Federation from 2000 to 2020.
	Year
	Number of outbreaks
	Region
	Genetic line

	2000
	1
	Primorsky Krai
	О/ME-SA/PanAsia

	2004
	1
	Amur region
	О/ME-SA/PanAsia

	2005
	2
	Amur region
	Аsia-1

	
	5
	Khabarovsky Krai
	Аsia-1

	
	9
	Primorsky Krai
	Аsia-1

	2006
	1
	Amur region
	Аsia-1

	
	1
	Chita region
	Аsia-1

	2010
	2
	Zabaikalsky Krai
	О/SEA/Mya-98

	2011
	1
	Zabaikalsky Krai
	О/SEA/Mya-98

	2012
	2
	Primorsky Krai
	О/ME-SA/PanAsia

	2013
	7
	Amur region
	А/ASIA/SEA-97

	
	8
	Zabaikalsky Krai
	А/ASIA/SEA-97

	
	1
	Kabardino-Balkar Republic
	А/ASIA/Iran05/SIS10

	
	4
	Karachay-Cherkess Republic
	А/ASIA/Iran05/SIS10

	
	3
	Krasnodarsky Krai
	А/ASIA/Iran05/SIS10

	2014
	4
	Zabaikalsky Krai
	А/ASIA/SEA-97

	
	7
	Primorsky Krai
	О/SEA/Mya-98

	2015
	1
	Zabaikalsky Krai
	А/ASIA/SEA-97

	2016
	3
	Zabaikalsky Krai
	О/ME-SA/Ind-2001е

	
	2
	Vladimir region
	Asia-1

	2017
	5
	Republic of Bashkortostan
	О/ME-SA/unnamed

	2018
	6
	Zabaikalsky Krai
	О/ME-SA/PanAsia

	2019
	16
	Primorsky Krai
	О/SEA/Mya-98

	
	1
	Khabarovsky Krai
	О/SEA/Mya-98

	
	1
	Zabaikalsky Krai
	О/ME-SA/Ind-2001е

	2020
	1
	Zabaikalsky Krai
	О/SEA/Mya-98



According to the results, most FMD outbreaks were caused by the FMD virus of the O/SEA/Mya-98 genetic line (n = 28). Most outbreaks were caused by FMD virus isolates belonging to the first FMDV pool (n = 80), cases caused by isolates of the third FMDV pool were recorded only in 2013 (n = 14).
FMD outbreaks were mainly reported on multi-species farms where cattle, small ruminants and pigs were raised together (Fig. 7). Only 23 FMD cases (26%) were reported on single-species farms for raising either pigs or cattle in 1995, 2000, 2004, 2005, 2014 and 2019.
[image: ]
Fig. 7. Distribution of FMD outbreaks by type of infected premises from 1991 to 2020
We must note the essential feature of outbreaks in Primorsky Krai in 2014 and 2019 -  FMD cases on multi-species farms were not reported in cattle and small ruminants, but clinical signs were observed only in pigs.
In the USSR, 45.9% of all FMD outbreaks were reported in cattle, 37.25% - in small ruminants, 16.9% - in pigs of outbreaks (Burdov, A. N. et al.,1990).
The correlation analysis of the incidence rate with the livestock number in the affected herd was performed on a sample composed of 68 affected cattle herds. The results demonstrate an inverse correlation between the farm size and the within-herd incidence rate (r=-0.41, at p <0.05).
The rapid implementation of eradication measures does not always allow to establish the true incidence rate. It should be noted that when FMD outbreak occurs in animals on year-round grazing, it is sometimes impossible to conduct a detailed clinical examination and serological testing, that is why some infected  animals may be overlooked (A.V. Mishchenko, (2019)).
The within-farm incidence rate in cattle ranged from 0.77 to 100%. The maximum within-farm incidence rate in sheep was 46.81%. The within-farm incidence rate in pigs ranged from 6.47 to 100%. Such significant fluctuations in the observed within-farm incidence rates were influenced by the immune status of animals, the incubation period (time from exposure to onset of first symptoms), the virus strain and the speed of implementation of eradication measures.
The one-way analysis of variance was used to assess the correlation between the within-farm incidence rate and the cattle population size on the farm (Table 3). The results confirmed true difference in means of within-farm incidence rates within the groups (F=6.25 while Fcr =2.75, at p <0.05). 
Table 3
Correlation of the within-farm incidence rate with the size of the cattle population on the farm
	Population size (х)
	Number of farms in a group (n)
	Incidence rate % (M±SD)

	х ≤10
	3
	83.33±28.86

	10<x≤100
	12
	57.65±40.72

	100<x≤1000
	40
	35.78±33.27

	х>1000
	13
	12.51±13.72


According to the obtained data, the highest incidence rate was on farms with a livestock population less than 10 (83.33 ± 28.86), and the lowest - on farms with a livestock population more than 1000 (12.51 ± 13.72). This correlation could be explained by close intra-economic connections and direct contacts of animals. At the same time, it was not always possible to conduct a clinical examination on large farms.
The number of affected farms with a different livestock population in farm groups suggests that these frequencies are not random in nature. High values of χ2 =45, at χ2crit=7.8, p=0,0001) indicate that the differences in the number of affected animals on farms between farm groups are not accidental and farms with a livestock population from 100 to 1000 are most affected. This may be due to free grazing that prevails in this category of farms, where animals are kept on unfenced, common pastures and use natural water sources.
The animal mortality caused by FMD was reported only in pigs during outbreaks in 2014 and 2019.  The rate ranged from 0.02 to 93.5% and  was not reported in ruminants during outbreaks from 1991 to 2020. 
Precise data were available on 81 outbreaks (84%) to analyse the age of lesions at diagnosis. The data analysis shows that FMD in pigs was diagnosed on the first day of the onset of clinical signs, while in cattle - on 2-3 days after the onset of the infectious process (Fig. 8).
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Fig. 8. Age of lesions at diagnosis (days)

	The difference in the animal groups is statistically significant (χ 2 = 11, P <0.002). Such distribution is explained by the fact that clinical signs and lesions in cattle become most visible on the 2-nd or 3-d day after the disease onset. When FMD occurred on multi-species farms,  FMD clinical signs were observed in the first place in cattle. Everyday animal clinical examinations in affected areas helped to reveal the disease onset in pigs, thus the first signs of the disease were detected on the first day. 
The most probable pathways for pathogen introduction and establishment into the susceptible animal population were analysed. The data on probable introduction pathways were obtained from the field epidemiological investigations and field epidemiological reports conducted by veterinary services. There were data only for 79 outbreaks to conduct the analysis, whereas the alleged source and introduction pathways were not established for 16 outbreaks. According to the data provided in Table 4, water sources as a source of infection stand out from the others, since they were responsible for the largest number of outbreaks (16.84%). However, water sources were reported as a main source of infection only in 3 RF subjects (Zabaikalsky, Khabarovsky Krai and Amur Oblast).
Table 4
Most probable FMDV introduction pathways reported from 2000 to 2020 
	Region 
	Local outbreaks in radius of 3 km
	Aerogenic pathway
	Infected animals
	Personnel
	Food waste
	Feed (hay)
	Water sources
	Contact with wild animals
	Not available
	Total

	Amur Oblast
	
	2
	
	1
	
	2
	5
	1
	
	11

	Vladimir Oblast
	1
	
	
	
	
	
	
	
	1
	2

	Zabaikalsky Krai
	
	
	5
	1
	1
	10
	7
	3
	2
	28

	Kabardino-Balkar Republic
	
	
	1
	
	
	
	
	
	
	1

	Karachay-Cherkess Republic
	3
	
	1
	
	
	
	
	
	
	4

	Krasnodarsky Krai
	3
	
	
	
	
	
	
	
	
	3

	Primorsky Krai
	
	12
	
	6
	6
	
	
	
	10
	35

	Republic of Bashkortostan
	2
	
	2
	
	
	
	
	
	1
	5

	Khabarovsky Krai
	
	
	
	1
	
	
	4
	
	2
	6

	Total
	9
	14
	9
	9
	7
	12
	16
	4
	16
	95

	%
	9,47
	14,74
	9,47
	9,47
	7,37
	12,63
	16,84
	4,21
	16,84
	



The table summarizes a number of  FMD outbreaks by region, for which a particular introduction pathway was confirmed. Each pathway’s percentage of the total number of outbreaks is presented.
It may be related to the geographical location of these subjects, since the state border runs along the Argun, Amur and Ussuri rivers. People in border villages, both in Russia and in China, use these rivers for watering animals. 
FMD outbreaks were reported in cattle in Zabaikalsky Krai, where hay was identified as the source of infection. It was harvested in fields located in floodplains of the Argun border river, the hay was listed as a pathogen transmission factor (n=10). In order to comply with fire safety measures, the main stocks of hay were stored in stacks at the harvesting sites and transported to farms whenever required. The time between adding the hay into the diet and the disease onset was about 7 days ± 2.13 (SD). The hay could be contaminated by wild FMD-infected cloven-hoofed animals, who had a free access to this source of feed. 
Food waste as a pathogen transmission factor caused 7 outbreaks. Most these outbreaks (n=6) were reported in Primorsky Krai in 2019 and 1 - in Zabaikalsky Krai in 2010. According to the results of the epidemiological investigation in the Zabaikalsky Krai, the first case of FMD was detected in pigs at a backyard, where truck drivers transporting cargoes from China used to stay overnight. The first case occurred due to feeding pigs with food waste obtained from these drivers.
The farm operating personnel were the main pathway for introducing FMDV into pig farms. Among them were local residents or hired workers from adjacent countries, who violated biosecurity regimes. The human factor associated with violations of biosecurity on pig farms was also the major cause of ASF outbreaks in the Russian Federation (Oganesyan A.S. et al., 2018). There was only 1 FMD reported case in cattle on the dairy farm that occurred  due to the fault of the farm operating personnel that violated biosecurity rules.
The airborne spread of the pathogen was reported in Amur Oblast and Primorsky Krai during FMD outbreaks on pig farms in 2013, 2014 and 2019. It was caused by the high concentration of viral aerosol that led to FMD outbreaks within a radius of 10 km.
FMD outbreaks in Zabaikalsky Krai as well as in the Republics of Karachay-Cherkessia, Kabardino-Balkaria, Bashkortostan were caused by animal movements or preservation of virus carriers on farms. According to the epidemiological investigation, the source of infection in the Republic of Bashkortostan was defined as sheep of Eldibayev breed that had been illegally brought from Central Asia by a farmer into the Republic of Bashkortostan in 2017 for fattening and slaughter purposes. The fact - imported animals had contracted FMD - was confirmed by detection of antibodies to non-structural proteins of the FMDV in the blood serum taken from animals.
Secondary FMD outbreaks within a radius of 3 km were reported in Vladimir Oblast, the Karachay-Cherkess Republic, Krasnodar Krai and the Republic of Bashkortostan.
Wild cloven-hoofed animals were suspected to be the source of infection in 4 outbreaks (Amur Oblast in 2006, and Zabaikalsky Krai in 2011, 2013, 2018). The epidemiological investigation of the FMDV serotype Asia-1 outbreak in the village of Kuropatino, Amur oblast, showed that a roe deer killed by the farmer near the border of the Russian Federation and China was the source of infection. The farmer dressed the roe carcass at the same facility where he kept his livestock. 
Starting from 2000, dzerens migrating from Mongolia to the Russian Federation regularly entered the territory of Zabaykalsky Krai. Migration usually begins in October. Dzerens usually migrate in the land area starting from the Kyra river in the west to the junction of the borders of Mongolia and China in the east. Every year, from several to 45-70 thousand migrating dzerens come to the Russian Federation for overwintering. In Russia dzerens stay for 4–6 months; the first animals return in March, when snow cover melts, and the last animals leave in May (Kirilyuk V. E. et al., 2017).
	The epidemiological investigation found out that in February–March 2011 farmers from Ust-Imalka village, Ononsky Raion, Zabaykalsky Krai free-ranged their cattle southwards off the village, namely, towards the state border of the Russian Federation and Mongolia. In the first days of March, joint use of pastures and water sources by wild animals (dzerens) and the village cattle was reported. According to the information of the FGB State Nature Biosphere Reserve “Daursky”, in early January 2011, dzerens entered the areas stretching from Lake Barun-Torey to Novy Durulgui village in Ononsky Raion, as well as the area of Turgen village in Kyrin Raion. Dzerens drove deep 10-12 km into the territory of the Russian Federation.
Susceptibility of dzerens to the FMD virus isolated from infected cattle was experimentally proven. The conclusions made by Mongolian and Soviet veterinary specialists in 1981 were confirmed by other researchers: dzerens were claimed to be passive recipients of the FMD virus from infected cattle (Dashtseren C. et al. 1981, Shiilegdamba E. et al.,2008).
In 2018 testing revealed antibodies to non-structural proteins of the FMD virus in 50% of blood serum samples taken from dzerens (n = 20) migrating from Mongolia to the State Nature Biosphere Reserve “Daursky”, Ononsky region, Zabaikalsky Krai. Antibodies to the FMDV serotype O were detected only in 2 samples (Nikiforov V.V. et al., 2019).
Since the volatility of intensive indicators of the epidemic process on a time trend is high, outbreak data indicate that there is no observed statistically significant cyclicity of FMD in the Russian Federation and there are many pathways for FMDV introduction and spread in the border area.



Conclusion
	The retrospective analysis of the FMD epidemiological situation in the Russian Federation shows that only isolated outbreaks were mostly reported from 1991 to 2010, whereas the FMDV serotype Asia-1 epidemic reported in 2005-2006 could be regarded as an exception. From 2010 to 2020, there was an increase in the annual number of outbreaks; during this time two FMD epidemics were reported in 2013 and 2019.
	Finally, it can be summed up that A and O serotypes had a high incidence rate, they accounted for almost 79% of all outbreaks. Most outbreaks (n = 80) were caused by FMDV isolates belonging to the first pool. Cases caused by the third pool virus isolates (n = 14) were reported only in 2013 and 2017.
 The detailed analysis of the available facts proves that FMD outbreaks in the Russian Federation in the study period had clear seasonality and cluster character, most cases occurred in January-February. 
The space-time analysis demonstrates that the distribution of FMD outbreaks in 2005, 2013-2014 and 2016-2018 had a cluster character with a clear differentiation of FMDV serotypes by clusters. The most long-lasting cluster was reported in Zabaikalsky Krai (552 days). Most outbreaks formed clusters along the Russian-Chinese border and this fact points to the urgent need to develop cross-border cooperation between countries in order to prevent and control FMD as part of the OIE/FAO global FMD control strategy.
The retrospective analysis reveals multiple pathways for FMDV introduction into the territory of the Russian Federation, even within the boundaries of one subject.
The conducted detailed analysis allows us to suggest further strengthening of the current FMD surveillance measures in the Far Eastern regions of the Russian Federation (Zabaikalsky, Primorsky and Khabarovsky Krais, Amur oblast). On the basis of the analysis, we recommend namely: 1) to revise the vaccination scheme and use highly efficient FMD vaccines; 2) to enhance biosafety measures on pig farms; 3) to increase active surveillance and strengthen measures preventing contacts between vectors (migrating wild cloven-hoofed animals) and hosts (livestock) in Zabaikalsky Krai.
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