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Abstract

Rodents are essential components of many terrestrial ecosystems and have several
beneficial activities in nature, such as soil aeration and insect control, however,
rodents are also sources of zoonotic pathogens. As pests they are known to be reser-
voirs of tick-borne zoonotic infections of viral, bacterial and protozoan origin, and
are important hosts of the immature stages of Ixodes ticks. Recent studies in Europe
have demonstrated the role of rodents, especially Sylvaemus mice and Myodes
voles, in the epidemiology of tick-borne bacterial zoonoses, such as Lyme borrelio-
sis and anaplasmosis. In particular, the yellow-necked mouse, Sylvaemus tauricus
(Pallas, 1811; syn.: Apodemus flavicollis (Melchior, 1834)), supports the transmis-
sion of the most important pathogens carried by the castor bean tick, [xodes ricinus.
Using a species distribution modelling approach, an assessment was carried out of
the probability of presence of the yellow-necked mouse in different parts of Ukraine
and a search accomplished to find effective environmental factors that play roles in
its distribution. We considered this task important given the ecological and epide-
miological significance of this particular rodent species and the urgency of the
problem exacerbated by Russia’s armed aggression in Ukraine. Results showed a
broad potential for the distribution of the species in the western and central parts of
Ukraine, and in the Crimea. Areas predominantly in western and central Ukraine,
and in the Crimea, are highly favourable for the mouse, whereas in the south and, to
a smaller scale, in the easternmost part of the country they are the least favourable.
Amongst the bioclimatic environmental factors that play roles in shaping the spe-
cies’ niche are the ones that are fully or mostly temperature-related (for instance,
annual mean temperature, continentality, etc.). Other factors in a declining order of
their roles are associated with soil and land cover features, cloud frequency and
standardised human impact. A moderate, though statistically significant, correlation
has been found between the distribution of the Lyme disease agent Borrelia
burgdorferi s. 1. and predicted habitat suitability values for S. tauricus.
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MopneroBaHHSI BUAOBOTO MONIMPEHHSI MUIIIAKA KOBTOTPYA0T0,
Sylvaemus tauricus, 3 0c00JIUBOIO YBArol A0 Y KpaiHu

Bosogumup Turap, Onena Jlamkosa, Irop /[3esepin, Ipuna Ko3nnenko

Pesrome. ['pu3yHu € Ba)XIMBIMHU KOMIIOHEHTAaMH 0araThboX Ha3eMHUX €KOCHCTEM i BIIrparoTh psii KOPUCHUX
JUISL JIFOJIEH poJielt B IPUPOI, TAKKX SIK aepallis IPyHTy Ta 60poTh0a 3 KOMaxaMH, OJHAK IPU3YHH TaKOX € JUKe-
peaMu 300HO3HHX MaTOreHiB. SIK BiZloOMO, BOHH € pe3epByapaMu KIIIIOBOI 300HO3HOT iH(EKIil BipycHOro, 6aK-
TEpialbHOTO Ta MPOTO30MHOTO TOXOKEHHS Ta € BaKIMBUMH FOCHOAAPSAMU HE3PUIHMX CTafiil IKCOIOBHUX KIIILIB.
HenaBHi gocnimxenHs B €Bpomi NPOAEMOHCTPYBAIM POJIb TPU3YHIB, 0co0NMMBO Muiield Sylvaemus i MOJIBOK
Myodes, B emigemionorii 6akTepialbHIX 300HO31B, IO MEpefaloThes KIIaMHy, Takux sk Jlaiim-Oopernios 1 aHa-
wrasmMo3. 30KpeMa, MUIIAK JXOBTOTpymud, Sylvaemus tauricus (Pallas, 1811; cun.: Apodemus flavicollis
(Melchior, 1834)), miaTpuMye mepenady HaWBaXIHMBILIMX TMATOTCHIB, SKi MEPEHOCITHCS KIIIIEM cob0adnm,
Ixodes ricinus. BUKOPUCTOBYIOUM METOJHM MOJEIIOBAaHHS ITOLIMPEHHS BUAIB, OyJIO IPOBEICHO OIIHKY HIMOBIip-
HOCTI IPUCYTHOCTI IIbOTO TPHU3yHA B Pi3HMX YaCTHHAX YKpPaiHW Ta 3[iHCHEHO MOIIYK €pEeKTHBHUX SKOJIOTTYHNX
(hakTOpiB, SAKi BIIIrparOTh poJb y HOTo MOMMPEHHI. MU BBaXKaJH 1€ 3aBIaHHS BAXIHBUM, 3BYKAIOUU HA €KOJIO-
ro-MeIYHY 3HAYMMICTh IFOTO BUIY IPU3YHIB Ta aKTYaJIBHICTh MPOOJIEMH, SIKa 3aTOCTPIOEThCA (pakToM 30poii-
Hoi arpecii Pocii B Ykpaini. Pe3ynpTati mokazanu mupoKuid MOTEHIIAN Il HOIMIUPEHHS MHUIIAKa KOBTOTPYAO-
To y 3axifHifl 1 HeHTpanbHill yacTuHax Ykpainu Ta Kpumy. Tepuropii nepeBaxkno 3aximHoi Ta LleHTpansHOi
VYxpaiau Ta Kpumy € nyxe CIpUSTIMBAMHE JUIS IHOTO TPU3YHA, TOJI SIK HA MiBJHI Ta B MEHIIMX MacuITabax Ha
KpaifHbOMY CXO[Ii KpalHH BOHH € HalMeHII cupusamimBuMH. Cepern 610KIIMaTHYHUX (haKTOPiB HABKOJIHUIITHHOTO
CepeNIOBHIIA, SKi BiAIrparOTh posib y (OPMYBaHHI Hillli BUIY, € Ti, AKi MOBHICTIO a00 MEPEeBaXHO IMOB’sA3aHi 3
TeMIIepaTyporo (HalpHUKIIal, cepeHbOpiYHa TeMIlepaTypa, KOHTHHEHTAIBHICTD TOIIO). [HIIi akTopu B mopsia-
Ky 3MEHIIEHHS iXHBOT POJIi ITOB’sI3aHi 3 0COOJIIMBOCTSIMU IPYHTY Ta Ha3eMHOT'O IIOKPUBY, XMapHICTIO 1 cTaHaap-
TH30BaHUM BIUIMBOM JIIOJIMHU. ByJo BHSBIEHO MOMIipHY, X04a CTATUCTHYHO 3HAUYIY, KOPEISLII0 MiX MOLIH-
perHsM 30ymHEKa XBopoOu Jlaiima Borrelia burgdorferi s.l. 1 mporHo30BaHUMH 3HAYEHHSIMHU HPUAATHOCTI Ce-
penoBHIIA iICHYBaHHS [UIA S. fauricus.

KnrwouoBi cinoBa: Sylvaemus tauricus, MOJICITIOBaHHS BUIOBHX apeaiB, YKpaiHa.

Introduction

Rodentia is one of the most diversified mammalian order in the world [Wilson & Reeder 2005]
and its members are essential components of many terrestrial ecosystems. These animals have sever-
al beneficial activities in nature, such as soil aeration and insect control, however, rodents are also
sources of zoonotic pathogens [Meerburg et al. 2009]. Rodents as pests are known to be reservoirs of
tick-borne zoonotic infections of viral, bacterial and protozoan origin, and are important hosts of the
immature stages of Ixodes ticks. Recent studies in Europe have demonstrated the role of rodents,
especially Sylvaemus mice and Myodes voles, in the epidemiology of tick-borne bacterial zoonoses,
such as Lyme borreliosis and anaplasmosis [Krol et al. 2022]. In particular, the yellow-necked
mouse, Sylvaemus tauricus (Pallas, 1811; syn.: Apodemus flavicollis (Melchior, 1834)), supports the
transmission of the most important pathogens carried by /. ricinus [Levytska et al. 2020].

The yellow-necked mouse, with its subspecies, is a rodent widespread throughout continental
Europe, from Spain to the Urals, as well as in England and Wales and the Middle East, namely Syria
and Israel [Amori et al. 2016]. Its habitat is closely linked to forest ecosystems; it is, in fact, present
in all woods of a certain extent, both coniferous and broad-leaved, where it mainly prefers areas with
a more mature stand [Pucek er al. 1993]. Although its presence is reported from sea level up to the
limit of forest vegetation, the species is clearly more common in hilly and mountainous areas than in
lowlands. In general, it is a ground-dwelling species with a high capacity for climbing trees [Bor-
owski 1962]. They are nocturnal and travel large distances in trees and the forest floor in search of
buds, seeds or small insects, which make up their broad food niche [Drozdz 1996; Keten et al.
2016].
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Rodent-borne diseases, including those indirectly transmitted by vectors, represent an increasing
threat for public health. The provisioning of early warning indicators of the changing hazard is of
great utility for the improvement of prevention and control strategies [Marini et al. 2022]. In this
respect, understanding and modelling the ecological niche, also referred to as ‘species distribution
modelling, or SDM” [Elith & Leathwick 2009], of the vertebrate host species can, therefore, be a
powerful predictor of the risk of exposure to the pathogens they transmit. Indeed, SDMs are increas-
ingly used to estimate species’ ranges, but with an implicit assumption that areas of high suitability
will result in higher probability of persistence and/or abundance [Bean et al. 2014]. Species are ex-
pected to have higher probability of occupancy in geographic areas with environmental conditions at
the centre of a species’ niche than at the edges [Pearson & Fraterrigo 2011]. Simultaneously, it is
frequently assumed that the same should be expected for habitat quality: quality should be the high-
est in areas with environments that most closely match the centre of a species’ niche and decline
towards the edges. Fortunately for our purpose, research into the relationship between habitat quality
and SDMs has generally found positive correlations between SDM values and population abundance
[Pearce & Ferrier 2001; Van Der Wal et al. 2009] and confirmed that SDMs can be effective proxies
for some measures of habitat quality or features, including correlations of SDM values with long-
term trends in abundance, and support the hypothesis that habitat suitability indices obtained from
SDMs can reflect the local abundance potentialities of a species [Bean et al. 2014; Monnier-Corbel
et al. 2023]. Under such circumstances hantavirus infections, for instance, which are transmitted to
humans by direct biting but mainly indirectly by inhaling aerosolised urine and faeces of infected
rodents [Kallio et al. 2006], are logically more likely to occur in areas of high habitat suitability
predicted by an SDM. In another exemplifying case, Sy/vaemus mice appear to be the most effective
hosts for co-feeding transmission of tick-borne encephalitis virus (TBEV) to occur [Labuda et al.
1993], and for that reason TBEV is primarily associated with suitable habitat, namely deciduous
woodlands, that supports large numbers of these small mammals. Previous studies have additionally
shown that in woodland habitats of Central Europe, infection with Borrelia burgdorferi s. 1. is car-
ried by natural populations of a number of species of small rodents, including the yellow-necked
mouse [Sinski et al. 2006]. These rodents serve as reservoirs of the Lyme borreliosis agent, and
since their relative and absolute population densities can be expected to vary with changing habitat
suitability, this should have consequences for tick infestations and for the dynamics of transmission
of tick-borne agents of the disease.

Therefore, considering the ecological and epidemiological importance of the yellow-necked
mouse, this study is aimed to determine the probability of presence of the species in different parts of
Ukraine and to find the effective environmental factors that play roles in its distribution by using
SDMs. The results of this study will particularly be useful in finding areas with high potential for
transmission of relevant pathogens, which can be used in planning mitigation strategies for the re-
spective diseases in the study area.

The urgency of the problem is exacerbated by the fact that Russia’s armed aggression forced
millions of Ukrainians to flee their homes in search of security, either in other regions of the country
or abroad. While the war continues, the pace of migration remains high. According to the Ministry
of Social Policy, by December of 2022, 4 893 079 people have been registered as internally dis-
placed persons in Ukraine and temporarily relocated mainly to the western and central regions of the
country, further away from the war zone. While refugee movement itself is associated with an in-
crease in infectious disease transmission and is likely to affect zoonotic disease risks, it yet remains
unclear how forced migration affects disease dynamics [Tarnas et al. 2021]. Human susceptibility to
disease during forced migration might increase due to exhaustion, malnutrition and stress arising
from displacement, magnified by crowded and substandard living conditions [Hammer et al. 2018].

Material and Methods

The first type of data needed for building SDMs is a list of locations where the studied species
has been found. The study area comprised a clipped around Ukraine portion of the native geographic
range of the species in Europe and Western Asia (lower left corner: 17°E, 40°N, upper right corner:
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43°E, 57°N) for which the corresponding data were extracted from the Global Biodiversity Infor-
mation  Facility  [GBIF.org (11 July 2023) GBIF  Occurrence  Download
https://doi.org/10.15468/d1.422t3x]. For Ukraine, supplemental presence data sets of the yellow-
necked mouse originated from various national sources and from the own material of the Institute of
Zoology located in Kyiv, Ukraine, as well as published records [Mezhzherin ef al. 2002; Gashchak
et al. 2008; Mezhzherin & Lashkova 2013; Materials 2021; etc.] and the Ukrainian Biodiversity
Information Network (https://ukrbin.com). The species of most of the collected individuals in
Ukraine was determined by employing cranial and odontological features [Mezhzherin & Lashkova
1992; Lashkova & Dzeverin 2002], and/or using allozyme-based genetic methods [Mezhzherin
1990; Mezhzherin & Zykov 1991].

SDMs were generated by employing Bayesian additive regression trees (BART), a cutting-edge
technique in this field. Running SDMs with BARTSs has been substantially facilitated by the devel-
opment of an R package, ‘embarcadero’ [Carlson 2020], being highly effective at identifying in-
formative subsets of predictors. The algorithm computes habitat suitability values ranging from 0,
for fully non-suitable habitat, to 1, for fully suitable habitat. The package includes methods for gen-
erating and plotting response curves, illustrating the effect of selected variables on habitat suitability.
These response curves consist of the specific environmental variable as the x-axis and, on the y-axis,
the predicted probability of suitable conditions as defined by the model output. Upward trends for
variables indicate a positive relationship; downward movements represent a negative relationship
[Baldwin 2009].

Models were evaluated using the area under the receiver operating characteristic curve (AUC)
[Metz 1978] and the true skill statistic (TSS) [Allouche et al. 2006]. AUC scores range from 0 to 1,
with 0 for systematically wrong model predictions and 1 for systematically perfect model predic-
tions; AUC values 0.7 to 0.8 are considered acceptable, values >0.8 are considered to be good to
excellent. TSS values range from —1 to +1, with —1 corresponding to systematically wrong predic-
tions and +1 to systematically correct predictions; TSS values < 0.4 are considered poor, 0.4-0.8 are
useful, and > 0.8 are good to excellent.

Because of habitat complexity it is often difficult to single out which factors play a crucial role
in controlling a species’ distribution. SDMs are primarily climate-driven, meaning that the variables
used to develop them typically portray climatic factors [Kriticos 2012]. This makes sense because
climate is a chief driver of environmental suitability [Schrodt et al. 2019]. Information on the bio-
climatic parameters was collected as raster layers at a 2.5' resolution from three primarily climatic
data bases and used separately for building the anticipated SDMs and checking their performances.
From the WorldClim website (http://www.worldclim.com/version2), 19 bioclimatic variables were
downloaded, which indicate general trends in precipitation and temperature, including extremes and
the seasonality of temperature [Fick & Hijmans 2017].

Secondly, we used for modelling purposes a set of 16 climatic and 2 topographic variables (the
ENVIREM dataset, downloaded from http://envirem.github.io; accessed 26.11.2022), which are
likely to have direct relevance to ecological or physiological processes determining species distribu-
tions [Title & Bemmels 2018]. The included topographic variables are potentially important too,
because they have the capability to modify the effects of climate descriptors. Thirdly, related to cli-
mate is cloud cover, which can influence numerous important ecological processes (Global 1-km
Cloud Cover dataset, downloaded from https://www.earthenv.org/cloud; accessed 12.07.2023). Sur-
prisingly enough, the assessment of its importance has remained remarkably limited, although cloud
cover dynamics may provide key information for delineating a variety of habitat types and predicting
species distributions [Wilson & Jetz 2016].

For many applications in biodiversity and ecology, existing remote sensing-derived land-cover
products are used. Land cover information offers a powerful first-order proxy for locally expected
biodiversity and ecological processes [Pearson et al. 2004]. Land cover is also considered relevant in
models aimed at predicting species distributions because it adds realistic information on habitat
fragmentation and human influence, which are not represented in more commonly used sets of cli-
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matic variables. Here we apply a global product that provides scale-integrated and accuracy-
weighted consensus land-cover information on an approximately continuous scale (Global 1-km
Consensus Land Cover dataset; downloaded from https://www.earthenv.org/landcover) [Tuanmu &
Jetz 2014].

The distribution and abundance of organisms is influenced by the soils associated with particu-
lar ecosystems [Erick & Reeder 2003]. In this respect, burrowing animals usually take a benefit from
some edaphic factors in their habitats, which means that those factors can possibly play a vital role in
their geographical distribution [Jones et al. 1994; Khedher & Khalaf 2019]. Soil grids were obtained
using the ‘geodata’ R package [Hijmans et al. 2023] allowing to download geographic soil data de-
rived from the SoilGRIDS database [Poggio et al. 2021].

Finally, we employed Human Footprint maps as proxies for human disturbance of natural sys-
tems [Sanderson et al. 2002; Venter et al. 2016]. These were developed for a variety of human pres-
sures, including the extent of built environments, population density, electric infrastructure, crop
lands, pasture lands, roads, etc., and to facilitate comparisons placed within a 0—100 scale. The re-
sulting standardised pressures are then summed together to create a standardised Human Footprint.

In the end, to achieve a single prediction, a consensus (i.e. ensemble) model was created by us-
ing weighted averages [Dormann et al. 2018], where the weight was derived from predictive perfor-
mance (AUC). We used the 10th percentile training presence logistic threshold value to generate
binary maps [Liu et al. 2005]. This threshold value provides a better ecologically significant result
when compared with more restricted threshold values [Phillips & Dudik 2008]. Then the ensemble
SDM was reclassified to areas of low potential habitat suitability, medium and high potential habitat
suitability. We defined these thresholds based on Jenks natural breaks, which maximises the simi-
larity of numbers in groups by minimizing each class average deviation from the class mean, while
maximizing each class deviation from the means of the other groups. The Jenks natural break pro-
vides a uniform interface to finding class intervals for continuous numerical variables [Jenks & Cas-
pall 1971].

To check the assumption that predicted habitat suitability for the yellow-necked mouse, which
serves as a reservoir of the Lyme borreliosis agent [Gern et al. 1994], and strongly contributes to
both the density and the infection rate of the corresponding tick nymphs responsible for transmitting
the disease [Télleklint, Jaenson 1997], correlates with the distribution of the disease agent itself we
analysed the relationship between the obtained habitat suitability values and reported incidence of
Lyme disease. The latter is calculated as the number of reported cases per 100 000 people and is
provided up-to-date by the Johns Hopkins Lyme and Tick-Borne Disease Dashboard
(https://www.hopkinslymetracker.org). For this purpose, we used the R package ‘trafo’ [Medina et
al. 2019] to help select suitable transformations, if any, depending on statistical requirements and the
data being analysed. To control for spatial non-independence, we used a modified t-test to calculate
the statistical significance of the correlation coefficient (a corrected Pearson’s correlation) based on
geographically effective degrees of freedom as implemented in the ‘SpatialPack’ R package [Osorio
& Vallejos 2014].

Maps of habitat suitability in the GeoTIFF format were processed and visualised in SAGA GIS
[Conrad et al. 2015], statistical data was analysed using the PAST software package [Hammer ef al.
2001] and/or the R environment [R Core Team 2020].

Results and Discussion

The conducted search for occurrence data yielded a total of 269 non-duplicate georeferenced
records of the yellow-necked mouse across the denoted study area. We generated models using all
available occurrence points because the measured spatial autocorrelation among model pseudo-
residuals by calculating Moran’s I at multiple distance classes using the GeoDa software tool [Ansel-
in et al. 2006] was below 0.3, which for our purpose is considered acceptable [Lichstein ef al. 2002].
Otherwise a special subsampling regime would be necessary to reduce sampling bias and spatial
autocorrelation [Aiello-Lammens ef al. 2015].
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Table 1. Evaluation metrics for SDMs built using various sets of predictors

Ta6mums 1. [Toka3HUKY OIIHIOBaHHS MOJENel MOMMPEHHS, TOOYI0BaHUX 3 BUKOPHCTAHHIM Pi3HUX HaOOpIiB mpenu-
KTOpiB

Predictor dataset AUC* TSS**
ENVIREM 0.890 0.636
WorldClim v.2 0.864 0.572
SoilGRIDS 0.848 0.541
Global 1-km Consensus Land Cover dataset 0.812 0.491
Global 1-km Cloud Cover dataset 0.796 0.479
Human Footprint 0.746 0.380

* Area under the receiver operating characteristic (ROC) curve; ** True skill statistic.

From the figures in Table 1 it is evident that SDMs built using various selected subsets of pre-
dictors, particularly from the ENVIREM and WorldClim v.2, datasets performed highly efficiently,
with AUC values considered mostly to correspond to good and excellent, and predominantly useful
TSS values. As part of its output, BART ranks the environmental layers used to train the SDM based
on their relative importance in model construction.

As already stated, the best performing SDM was achieved using the ENVIREM dataset. Based
on variable importance, the most contributing to the model were the ‘mean monthly potential evapo-
transpiration (PET) of the coldest quarter’ and ‘continentality’ (Fig. 1), jointly accounting for around
36% of the model prediction. In terms of the WorldClim v.2 dataset, prime importance was attribut-
ed to ‘annual mean temperature’ (Biol) (Fig. 2) and ‘mean temperature of the driest quarter’ (Bio9),
contributing together of around 41% of the variance. It is worth to note here that these predictors
found by the software to be highly responsible for shaping the bioclimatic niche of the yellow-
necked mouse are either directly temperature-related or by implication. For instance, Bio9 character-
ises the cold season (December—February) when precipitation in the study area drops to its lowest
long-term average (47.2 mm), compared to the warmest months, specifically June—August
(75.5 mm).

With regard to soil, predictors ‘bulk density of the fine earth fraction’ (Fig. 3) and ‘volumetric
fraction of coarse fragments (> 2 mm)’ showed the highest importance, making up together 25.9%.
The considered bulk density indicant is linked to soil functionality, including the formation of mac-
ro- and microporosity [Pacini ef al. 2023] and reflects soil compaction [Orgiazzi et al. 2017].

Then on, soils with higher amounts of coarse fragments also impact total porosity [Chow et al.
2011] and consequently effect soil compaction too. Generally speaking, compaction occurs when
soil particles are pressed together reducing the pore space, which increases bulk density [Fu et al.
2019], so these features are largely reciprocal. Interestingly, the corresponding response curve shows
that rising values of ‘bulk density of the fine earth fraction’ are accompanied by a sharp increase in
predicted for the yellow-necked mouse habitat suitability, which levels off at around 60% after
reaching the value of approximately 1.2 Mg/m’. In Europe, this figure is well above the mean for
woodland, the species' preferred biotope (see below), accordingly 0.71 Mg/m®, however lower than
the recorded maximum (1.73 Mg/m®) [Pacini ez al. 2023]. Not necessarily related, but soil compact-
ness is prominent for burrowing mammals, since their burrows easily collapse in poorly consolidated
soils [Carotenuto et al. 2020], meaning that in this respect there should be some sort of trade-off
between soil compaction and the specifics of burrowing activity. Likely such trade-off, or close to it,
has been found in the course of our modelling effort.

Next in terms of performance are land cover predictors. As expected, ‘Evergreen/Deciduous
Needleleaf Trees’, ‘Deciduous Broadleaf Trees’ and ‘Mixed/Other Trees’ categories collectively
accounted for around a half (49.3%) of the model prediction. However, less counted upon ‘Cultivat-
ed and Managed Vegetation’ and ‘Urban/Built-up’ land cover categories too are turning out to be
reasonably important in determining the nature of the species’ niche, 17.3 and 17.2%, respectively.
Indeed, this species sometimes spreads to habitats modified by human activity, such as agroecosys-
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tems [Hoffmeyer 1973; Popov 1993] and urban areas; for example, in Vienna, the yellow-necked
mouse has been reported to occur in parks and green spaces [Mitter et al. 2015; Pieniazek et al
2017]. During density peaks caused by oak mast years, the species also migrates to arable land and
orchards [Gryz et al. 2019; Gryz & Krauze-Gryz 2019]. In wooded areas of peri-urban zones of
Warsaw, the yellow-necked mouse has shown a marked increase in population densities starting at
the verge of the 20th and 21st centuries [Lesinski ef al. 2021]. Accordingly, it can be assumed that a
number of habitats, other than woodlands, in the meantime in tune with growing human impact are

increasingly being occupied by the rodent.
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Fig. 1. Partial response curve for ‘continentality’ (°C).
Response = habitat suitability.
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Fig. 3. Partial response curve for the ‘bulk density of the
fine earth fraction’ (Mg/m?).
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Fig. 2. Partial response curve for ‘annual mean tempera-
ture’ (°C).
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Fig.4. Partial response curve for ‘cloud frequency in
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Today, cloud climatology offers another tool for predicting the geographic range of species than
analysis of temperature and precipitation patterns. Cloud cover influences factors such as rain, sun-
light, surface temperature and leaf wetness, and also plays an important role in establishing micro-
climate [Wilson & Jetz 2016]. Most contributing to the model were the monthly means through May
to August, jointly explaining about 60% of the variance. Uniformly increasing cloud cover over the
summer months noticeably boosts predicted habitat suitability; for example, based on the corre-
sponding response curve for July (Fig. 4), both are strongly correlated, Spearman’s p = 0.87,
p <0.05. Curiously, increased cloud cover has been shown to enhance the activity of yellow-necked
mice [Wrobel & Bogdziewicz 2015]. As previously discussed in the literature, cloud cover appears
to be an important indirect clue for rodents, which allows to estimate the potential predation risk
better than direct clues, such as urine (scent) of predators [Orrock ef al. 2004]. In contrast to scent,
cloud cover offers information on different danger types, that is, various types of predators that rely
on vision when hunting, not on one specific species [Orrock et al. 2004; Orrock & Danielson 2009].

Further on, A. Wrébel and M. Bogdziewicz [2015] showed higher capture rates of S. tauricus
during rainfall. One previous study revealed that the activity of the yellow-necked mouse increased
during warm, cloudy nights, especially in the presence of light rain [Sidorowicz 1960]. Some re-
searchers suggest that rain helps to mask the sound of movements and the odours emitted by rodents
[Vickery & Bider 1981]. Additionally, mammalian predators, such as weasels, may reduce activity
when rains to avoid the thermoregulatory cost of a wet coat combined with cool temperatures
[Brandt & Lambin 2005]. Predictably enough, there is a strong statistical relationship between mean
monthly cloud frequency and mean monthly precipitation pointing to the utility of cloud information
itself for precipitation estimation [Behrangi et al. 2009]. Consequently, enhanced habitat suitability
under raised cloudiness can also suggest the appearance of stronger advantages for the mice under
wetter conditions during the considered months, a notion supported with field evidence.

Finally, the standardised Human Footprint showed a dome-shaped response when moderate
human disturbance seems to benefit the rodent species by providing favourable conditions to trigger
habitat suitability increases. However, over-disturbance by human activities reverses its positive
effects on rodents and ends up in declining habitat suitability falling in our case from 57% to 43%. A
similar trend recently has been documented for a substantial number of rodent species across China
[Wan et al. 2022].

Summing up, a consensus habitat suitability map for S. tauricus in Ukraine has been created
(Fig. 5), showing a broad potential distribution of the species in western and central Ukraine, and in
in the Crimea, particularly the elevated south. Next the SDM was reclassified to areas of low poten-
tial habitat suitability (0.19—-0.38), medium (0.38-0.66) and high (0.66-0.88) potential habitat suita-
bility (Fig. 6). Once again, predominantly western and central Ukraine, and the Crimea, are highly
favourable areas for the mouse, whereas large portions of arid and semi-arid steppe in the south and,
to a lesser extent, in the easternmost part of the country are the least suitable.

In terms of the assumption that the ensemble habitat suitability model of S. fauricus, a rodent
involved in the transmission of Lyme disease, can serve as a proxy for the potential distribution of
the disease agent itself, a correlation was checked between the obtained habitat suitability values
with the recorded incidence of Lyme disease at reported locations. Unfortunately, such records of
Lyme disease incidences in Ukraine are yet scarce and insufficient for a proper statistical analysis,
therefore we used data from a neighbouring country, Romania, which in terms of climate similarity
is fairly close to Ukraine, especially if accounting for warm season temperatures when tick activity is
the highest [Qviller ez al. 2014].

For instance, the highest daytime temperatures in Romania are reached in July with an average
of 28.2°C, whereas in Ukraine August is the warmest month, with 27.9°C. Regarding night time
lows, the warmest nights in both Romania and Ukraine occur in July reaching 15.9 and 16.2°C, re-
spectively. For more comparisons see https://www.worlddata.info/. From the Johns Hopkins Lyme
and Tick-Borne Disease Dashboard annual incidences of Lyme disease were downloaded for
41 counties and Bucharest Municipality for a five year period (from 2017 to 2021) and averaged.
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Corresponding averaged habitat suitability values for each administrative entity, represented by
a polygon shape file, were obtained using the ‘grid statistics for polygons’ module in SAGA GIS.

Firstly, using the R package ‘trafo’ suitable transformations depending on statistical require-
ments and the data being analysed were assessed by checking assumptions of normality, homosce-
dasticity, and linearity. All specified assumptions were shown to be acceptable (p > 0.05) and there
was no need in data transformation.

Secondly, using these incidences and the averaged habitat suitability values regarding each con-
sidered administrative unit in Romania, corrected Pearson’s correlation coefficient () controlling for

spatial non-independence was calculated. The result showed a moderate statistically significant cor-
relation [Moore et al. 2011] of 0.506 (p < 0.05).
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Fig. 5. Consensus habitat
suitability map for S. fau-
ricus in Ukraine; the legend
shows potential habitat
suitability —ranging from
high (red) to low (blue); the
azure line represents the
10th  percentile training
presence logistic threshold.
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Thus, there is a sizeable potential for transmission of relevant pathogens which can be used in
quick planning of the prevention of zoonotic diseases requiring coordinated actions by government
authorities responsible for human and animal health, especially under wartime circumstances.

Conclusion

Using an SDM approach [Elith & Leathwick 2009], an assessment was carried out of the proba-
bility of presence of the yellow-necked mouse in different parts of Ukraine and a search accom-
plished to find effective environmental factors that play roles in its distribution. We considered this
task important considering the coenotic and epidemiological significance of this particular rodent
species. Results showed a broad potential for the distribution of the species in western and central
Ukraine and the Crimea. Areas predominantly in western and central Ukraine and the Crimea are
highly favourable for the mouse, whereas in the south and, to a smaller scale, in the easternmost part
of the country they are the least favourable. Amongst the bioclimatic environmental factors that play
roles in shaping the species’ niche are the ones that are mostly temperature-related.

Other factors in a softly declining order of their roles are associated with soil and land cover
features, cloud frequency, and human impact. A moderate, though statistically significant, correla-
tion has been found between the distribution of the Lyme disease agent and predicted habitat suita-
bility values for Sylvaemus tauricus.
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