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Abstract 

Rodents constitute a significant proportion of mammalian diversity, with their adaptability and wide distribution mak-
ing them indispensable study organisms across various biological disciplines. While the laboratory mouse remains 
a predominant model rodent, the bank vole (Clethrionomys glareolus) offers a unique perspective as a wild rodent 
within the large subfamily Arvicolinae. Recognized for its relevance to studynatural ecology, the bank vole provides 
insights into complex ecological interactions, evolutionary adaptations, and disease dynamics. Despite recent recog-
nition of its importance in specific research areas, there is a lack of a comprehensive and up-to-date exploration of its 
role as a model organism. This review addresses this gap by offering a holistic examination of the bank vole’s applica-
tions in ecology, evolution, biogeography, disease dynamics, and host–pathogen interactions. We emphasize novel 
insights into genetic variation, adaptation to climate change, population dynamics, experimental evolution, host-
parasite co-evolution, and disease dynamics studies. By consolidating diverse research findings, this review provides 
a unique and comprehensive perspective on the bank vole’s contributions to understanding ecology and evolution, 
underscoring its importance as a model organism in shaping future biological research.
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Introduction
Rodents, comprising 2641 species, which make up 40% 
of all mammal species (number of species: 6581), play a 
central role in ecosystems worldwide, except Antarctica 
[101, 102]. Among them, the families Muridae (true mice 
and rats, including gerbils; 862 species) and Cricetidae 
(true hamsters, voles, lemmings, and New World rats 
and mice; 844 species) are the most diverse [125]. Their 
adaptability and wide distribution have made rodents 
indispensable study organisms in various biological dis-
ciplines such as ecology, behaviour [199, 229], genetics 
[174], drug screening and medical research [151, 153, 
169, 187].

While the laboratory mouse (Mus musculus) remains a 
quintessential model rodent [20, 196], the bank vole (Cle-
thrionomys glareolus) provides a valuable wild-rodent 
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model from the subfamily Arvicolinae, which has a wide 
geographical distribution [115, 190].

Although M. musculus has also been studied in natu-
ral populations [130], its use as a model system histori-
cally stems from laboratory-based research and the early 
development of genetic tools–resources primarily aimed 
at biomedical and genetic studies. In contrast, the bank 
vole was not selected based on existing infrastructure or 
convenience, but because its natural history traits make 
it particularly well-suited for investigating ecological and 
evolutionary processes. Genetic and genomic resources 
for the bank vole have been developed specifically to sup-
port such integrative, question-driven research across 
both field and laboratory settings [117].

Recent reviews have underscored the bank vole’s signif-
icance as a model organism in particular research areas. 
These include specific phenomena such as Puumala 
orthohantavirus (PUUV) [215], hepacivirus infection 
[177], parasites and ecoimmunology during biological 
invasions [142], prion disease [58], and adaptive phyloge-
ography [111].

Although several reviews have addressed the bank vole 
in specific research contexts, a unified, cross-disciplinary 
synthesis remains lacking that draws connections across 
fields and highlights the broader value of this species 
as a model organism. The gap lies not in the absence of 
data, but in the absence of integration—bringing together 
knowledge from genetics, ecology, epidemiology, and 
evolutionary biology to understand the full potential of 
the bank vole system. This review addresses that need 
by consolidating current findings, identifying underex-
plored areas, and proposing future research directions, 
including how methodologies from other model organ-
isms might be adapted to strengthen bank vole stud-
ies. By synthesizing the bank vole’s diverse applications 
in ecology, evolution, biogeography, disease dynamics, 
and host-pathogen interactions, this review serves as a 

one-stop resource for researchers and highlights the spe-
cies’ unique contributions to biological research.

Biology of bank voles
The nomenclature of bank voles has undergone several 
changes over recent decades, with the species tempo-
rarily referred to under the genus name Myodes before 
it was determined that the long-used name Clethriono-
mys was indeed correct. Consequently, in this review, we 
adhere to the usage of Clethrionomys glareolus, as recom-
mended by the Mammal Diversity Database [214]. For a 
comprehensive discussion of the nomenclatural issues, 
please consult Kryštufek et al. [116].

Bank voles are widely distributed and highly abundant 
throughout Western, Eastern, Northern and Central 
Europe [111]. Bank voles can be found at sites ranging 
from sea level to as high as 2400 m in mountainous ter-
rain [195], depending on the geographic region. How-
ever, they are absent from the Mediterranean islands and 
much of Iberia (Fig.  1). Notably, bank voles were previ-
ously absent from Ireland (Stenseth, 1985), but were 
introduced inadvertently, likely from Germany, and are 
now spreading throughout the island as an invasive spe-
cies [204]. It was first recorded in 1964 in County Kerry. 
Genetic and historical evidence suggest its introduction 
was accidental, likely via human activity. Since then, it 
has expanded its range considerably and is now well 
established in parts of the southwest. Its presence in Ire-
land offers a unique opportunity to study biological inva-
sions, population expansion, and host-parasite dynamics 
in a relatively recent and well-documented context [154, 
204].

The bank vole is currently classified as a species of 
Least Concern on the IUCN Red List of Threatened 
Species [80]. This designation reflects its wide distribu-
tion, large population size, and stable population trend 
across much of its range. Its broad ecological tolerance 

Fig. 1  A The geographical range for Clethrionomys glareolus [82]. B Geographic distribution of bank vole phylogeographic clades based 
on mitochondrial (mt) DNA sequences, with a simplified phylogenetic tree in the top right inset. Adopted and reproduced from [111]
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and adaptability further support its suitability as a 
model organism for studies in natural and semi-natural 
environments.

The bank vole has a compact body with reddish-
brown to greyish fur on the back and pale cream fur on 
the underside. Its snout is rounded, and its small ears 
are partially concealed by fur, though they are typically 
more visible than in Microtus species. The tail is relatively 
short—shorter than that of most mice but longer than in 
typical Microtus voles [117]. Because of its size and col-
oration, it can sometimes be mistaken for a large mouse. 
Young individuals up to 5–6 weeks old have darker juve-
nile fur, with more grey underparts [190] (Figs.  2, 4). 
Adult body length ranges from 8.3 to 12.1 cm, with a tail 
length of 3.5 to 6 cm. The weight of breeding C. glareolus 
typically ranges between 18 and 40 g [16, 127].

Bank voles are active day and night but exhibit a cre-
puscular peak activity. However, during the summer, 
their activity shifts primarily to nocturnal, although there 
is variation between geographic locations due to varia-
tions in local periodicity (e.g., Lapland in Finland). Bank 
voles do not hibernate during winter, storing food under-
ground to ensure an adequate caloric supply [42]. These 
small rodents form long, branched burrows with many 
exits, creating tunnels under the leaf litter. Bank voles are 
mainly herbivores, feeding on the vegetative parts of her-
baceous plants, berries, seeds, the bark of woody plants 
and fruits, but their diet is also enriched with insects, 
worms, and other invertebrates when they encounter 
them (Fig. 3) [52, 225]. Eating insects is the best way to 

meet the protein supply during the breeding and lacta-
tion periods, when protein requirements are greatest [24, 
42].

Bank voles are largely herbivorous with 1–16% animal 
matter, 20–40% seeds and 40–50% green leaf material, 
depending on the region [191]. Fungi play a significant 
role in the bank vole diet in Northern Europe. Bank voles 
climb trees to collect arboreal lichens.

Bank vole populations exhibit both seasonal and 
multiannual fluctuations in abundance, each driven by 
distinct ecological mechanisms [97]. Seasonal cycles 
refer to predictable, within-year changes in popula-
tion density. Typically, bank vole numbers are lowest 
in early spring due to winter mortality. As the breeding 
season progresses through spring and summer, popula-
tions increase, peaking in late summer or early autumn. 
This pattern is influenced by food availability, predation 
pressure, and reproductive rates. Multiannual cycles, on 
the other hand, are characterised by population peaks 
and crashes occurring over periods of 3–5  years. These 
longer-term fluctuations are driven by a combination of 
intrinsic factors, like social behaviour and reproductive 
strategies, and extrinsic factors, such as predation and 
food supply. For instance, during the increase phase of a 
cycle, higher social tolerance among females can lead to 
increased reproduction, while the crash phase may result 
from heightened predation and resource scarcity. Typi-
cally, in the temperate zone, masting years (good seed 
crops of beech, oak, etc.) impact bank voles’ survival and 
breeding. On the other hand, in the snowy boreal zone in 
northern Europe, bank vole dynamics, sometimes called 
cycles, are driven by predation, particularly by special-
ists such as small mustelids [63, 69, 108]. In the temper-
ate zone, the question is one of bottom-up processes, 
whereas in the boreal zone, it is top-down processes. 
Superficially, these vole dynamics may look similar, but 
the underlying causes are different. Understanding these 
dynamics is crucial for ecological studies and for predict-
ing potential outbreaks of rodent-borne diseases (see 
Puumala orthohantavirus) [176]. Bank voles live mainly 
in woodland habitats but occasionally they migrate into 
parks, farmland, urban areas and clear-cuts due to for-
est management. They are not often found in large open 
grasslands where they would have to compete with the 
grassland specialists such as Microtus agrestis and M. 
arvalis (i.e. Koivisto et al. [104]) and because of the likeli-
hood of being taken by predators [195].

Breeding female bank voles show strong territorial 
behaviour linked to their reproductive strategies [22, 43, 
136]. The social organisation is gynocentric. The home 
ranges of breeding males are much larger than the ter-
ritories of breeding females. The home ranges of breed-
ing males overlap with the territories of breeding females 

Fig. 2  Bank voles have typical ginger-reddish and grey fur on their 
upper body and cream fur underneath. During the summer/autumn 
season, when population densities are high, they can often be 
spotted in the forests. Picture by Heikki Henttonen
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[22]. Bujalska concentrated on breeding females and pro-
posed a hypothesis in which territorial behaviour was 
suggested to function primarily for the protection and 
safety of the nestlings [23], e.g. against infanticidal con-
specifics. However, Ostfeld [164] proposed an alternative 
model based on territoriality being determined mainly by 

food’s spatial and temporal distribution [168]. Moreover, 
Koskela et al. suggested that the two hypotheses are not 
necessarily mutually exclusive, providing evidence for 
and against both hypotheses [109]. When the space avail-
able for territories during the breeding season becomes 
saturated, young maturing bank voles disperse, or they 

Fig. 3  Seasonal variation in the diet of bank voles. Based on Viro and Sulkava [219] and Watts [225]

Fig. 4  A Housemade wooden trap contains a small metal platform internally, which, when triggered, causes a metal door to close (image shows 
a wood mouse—Apodemus sylvaticus). B Longworth trap; C Sherman trap
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delay the maturation to the next year and remain as non-
breeding, nonterritorial subadults, which can stay in the 
territories/home ranges of the breeding voles. Prévot-
Julliard et al. [171] analysed whether this delayed matura-
tion is due to optimal decision or social constraints and 
found no support for the first alternative [170]. Experi-
ments with supplemental food have shown that due to 
extra food territory size declines and a higher proportion 
of young females can mature, both increasing the density 
[231].

Bank voles exhibit three main dispersal periods 
throughout the year [44]:

1.	 Spring (maturation dispersal): Overwintered sub-
adult voles, which do not breed during winter, ini-
tially occupy small home ranges. As they mature in 
spring, the territories of breeding females and the 
home ranges of breeding males expand. Individuals 
that fail to secure a territory are forced to emigrate.

2.	 Summer (juvenile dispersal): Juveniles begin to dis-
perse as they mature. However, the rate of matura-
tion can vary substantially between years, largely 
depending on the spring population density of over-
wintered adults.

3.	 Late autumn to early winter (weather-driven dis-
persal): Fluctuating snow conditions, melting and 
refreezing, can prompt additional dispersal in sub-
adults preparing to overwinter.

Eccard and Ylönen [36] investigated the initiation of 
breeding following winter and found that while supple-
mental food accelerated breeding onset, local population 
density had a more significant regulatory effect. Thus, 
even under similar environmental conditions, popula-
tions with different local densities may exhibit non-syn-
chronous breeding patterns [36].

The breeding season occurs from April to September. 
During mast years in temperate Europe, winter breed-
ing is possible. There may be up to four litters annu-
ally, with the duration of pregnancy averaging 21  days, 
but occasionally longer, notably when females are still 
lactating [55]. The litter size can range from 1 to 6 in 
nature. Gustafsson et al. found that the number of pups 
depended on the number of previous pregnancies and 
reported a litter size varying from 4.3 to 5.3 pups per 
pregnancy [54]. Sometimes, males kill a female’s current 
offspring before copulation to ensure that their own off-
spring are advantaged [158]. The breeding strategies of 
bank voles under laboratory conditions have been com-
prehensively described in several foundational studies. 
Buchalczyk [21] provided an early and detailed account 
of reproduction in captivity, describing mating behav-
iour, gestation, and early development of bank vole pups. 

Gustafsson et  al. [55] compared reproduction between 
colonies established from cyclic and non-cyclic popu-
lations. They found that voles from cyclic populations 
were generally larger, had larger litters, and exhibited 
faster growth in offspring, but suffered from higher off-
spring mortality and longer intervals between litters. 
Nyholm and Meurling [157] investigated reproductive 
activity in natural populations of bank voles from north-
ern and southern Sweden. In cyclic northern popula-
tions, they observed longer breeding seasons and larger 
litters during population increase phases, but impaired 
reproduction during peak phases. In contrast, southern 
populations with no cyclicity showed less variation in 
reproduction, and early-season voles regularly matured 
within their first summer. Hansson and Henttonen [63] 
further investigated potential geographic patterns in 
reproduction and found no significant south–north dif-
ferences in litter size across bank vole populations, sug-
gesting that reproductive output was not a key factor 
explaining population cyclicity.

Population crashes are more severe in northern 
regions, where cyclic dynamics are most pronounced. In 
these northern areas, minimum densities during crash 
phases can drop to as low as one vole per 10 hectares or 
less, while peak densities may reach around 50–60 indi-
viduals per hectare. In contrast, in temperate zones, pop-
ulation densities also fluctuate but with lower amplitude: 
maxima range from 6–12 up to 50–100 individuals per 
hectare. The greater fluctuation in the north is driven not 
by higher peak densities, but by the extremely low mini-
mum densities during population crashes [61, 69].

Since bank voles are active all year round, they con-
stitute a quality food source for predators, including red 
foxes (Vulpes vulpes) [47], stoat (Mustela erminea) [141] 
and least weasel (M. nivalis) [167], many avian predators 
like common kestrels (Falco tinnunculus) and several owl 
species [193]. Geographic patterns in bank vole dynamics 
have been referred to as biomic differences in the com-
munity structure of specialist and generalist predators 
and their alternative prey or its absence [60, 63] Even if 
the biomic differences in population dynamics are clear 
some surprising changes can also occur within a biome. 
The strong cycles in north boreal Fennoscandia disap-
peared in the middle 1980’s, and they returned between 
2010 and 2011 [32, 69, 71, 74]. The disappearance and 
return of cycles occurred simultaneously in a large area, 
which might suggest some climatic drivers.

Trapping and laboratory maintanance
Trapping bank voles in forested environments is a fun-
damental method in ecological and epidemiological 
research, used to estimate population density, monitor 
disease prevalence, and collect individuals for further 
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physiological or genetic analysis. Live traps are designed 
to safely capture small mammals without injury, typi-
cally containing a bait compartment and a trigger mecha-
nism that closes the trap door when the animal enters. 
A variety of bait types are used to attract voles, most 
commonly seeds (e.g., wheat, oats, sunflower), peanut 
butter, and fresh vegetables like carrot slices. Standard-
ised live-trapping protocols have been developed and 
refined by various research groups (e.g., [16, 19, 50]), but 
are often adapted to local conditions and specific study 
goals.  Depending on the research objectives, trapping 
sessions typically last 3–4 consecutive days and are con-
ducted in deciduous or mixed forest habitats. Research-
ers employ a range of live-trap types, including plastic or 
wooden homemade traps, as well as commercially avail-
able Sherman, Longworth traps (Fig.  4) and “multiple-
capture” Ugglan traps.

Typically, around 100–300 baited traps are deployed 
each night, using attractants such as wheat, oat or sun-
flower seeds, peanut butter, and carrot slices among 
others. Traps are arranged in lines, spaced 5–15  m 
apart, often with two traps placed within 2–3 m at each 
trap point to increase capture success [14, 16, 51]. This 
design allows for effective spatial coverage of the study 
area and maximizes capture rates. Captured animals are 
processed following established handling protocols, with 
data recorded on sex and age class, determined through 
morphological features such as body weight, molting pat-
terns, and visible sexual characteristics. Age classifica-
tion in bank voles typically follows a three-class system, 
based on morphological features such as body weight, 
molting patterns, and visible sexual characteristics. These 
classes, while widely used, are approximate and may vary 
between geographical regions due to environmental and 
genetic influences on growth and development. Follow-
ing the methods of Behnke et al. [16], Grzybek et al. [51] 
and Loxton et  al. [127], age classes can be established 
using principal components analysis of morphological 
traits—including dried eye lens weight and body mass—
into: class 1 (immature juveniles), class 2 (mostly young 
adults), and class 3 (older, breeding individuals). This 
classification provides a practical framework for field 
studies, though it should be interpreted cautiously, espe-
cially when comparing populations across different habi-
tats or regions.

Bank voles have been successfully maintained and bred 
under laboratory conditions in several studies. For exam-
ple, [185] 185] housed animals in standard plastic mouse 
cages with sawdust bedding, at a constant temperature of 
approximately 20 ± 1  °C and a photoperiod of 16 light:8 
dark. Although some laboratories adopt environmen-
tal parameters similar to those used for laboratory mice 
(e.g., ~ 21  °C, ~ 60% humidity, 12:12  h light–dark cycle), 

these are not necessarily optimal or required for bank 
voles. Researchers should consider both animal welfare 
and practical feasibility when designing husbandry pro-
tocols. Flexibility in environmental settings, such as using 
natural light regimes, broader temperature ranges, or less 
intensive humidity control, may be acceptable, provided 
they align with the species’ biology and ethical standards 
[62, 182].

Polycarbonate or polyethene cages should be lined with 
wood shavings and supplemented with nesting materi-
als such as unbleached cellulose pulp, paper strips, and 
enrichment elements like cardboard tunnels to support 
natural behaviours and reduce stress [55]. Bank voles are 
generally fed standard pelleted rodent chow with water 
provided ad  libitum, though fresh vegetables and seeds 
should be added to encourage natural foraging [79].

Social housing practices should account for sex and 
age to minimise aggression, particularly among breed-
ing males. Breeding pairs should be monitored to ensure 
compatibility and reproductive success. Breeding typi-
cally involves keeping a male and female together for 
several days, followed by separation to reduce stress dur-
ing gestation. Females give birth after a gestation period 
of 18–21 days, with litters averaging 3–7 pups. Pups are 
typically weaned at 20–24 days of age [81, 137]. However, 
when pairs are maintained permanently to produce mul-
tiple litters, to avoid the interference between voles from 
the previous litter and newborns, the litters can be suc-
cessfully weaned also at day 17 [182].

Ensuring the safety of personnel involved in breed-
ing bank voles in the laboratory necessitates a compre-
hensive occupational health and safety program.  This 
program should encompass appropriate personal protec-
tive equipment (PPE), effective ventilation systems, and 
relevant vaccinations to mitigate potential health risks 
associated with animal handling (e.g. Puumala orthohan-
tavirus) [155, 218]. This includes immunisations against 
tetanus and, where applicable, other zoonotic diseases, 
e.g. tick-borne encephalitis virus.

Genetic and genomic foundations
In contemporary research, the development of a species 
as a model organism is strongly supported by the avail-
ability of genetic and genomic resources [2]. Advances 
in DNA sequencing technologies have facilitated the 
development of these resources even for non-traditional 
models like the bank vole. Although genomic resources 
for the bank vole are still emerging, recent progress has 
already provided valuable insights into its evolutionary 
history, immune adaptations, and physiological traits. 
The following sections highlight key genomic resources 
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developed for the bank vole and illustrate their applica-
tion across various biological contexts.

Genomic resources: current status and challenges
Genomic resources for the bank vole remain limited 
compared to traditional model species like the labora-
tory mouse, reflecting the challenges of producing high-
quality assemblies for wild species. Five fragmented 
genome assemblies are publicly available in GenBank, 
including one designated as the official reference genome 
(RefSeq accession: GCF_902806755.1). Although these 
scaffold-level assemblies lack chromosome resolution, 
they have supported single-nucleotide polymorphism 
(SNP) identification and evolutionary and developmen-
tal biology research [25]. Recently, a chromosome-level 
genome assembly with substantially improved contigu-
ity and quality was produced and has been used for SNP 
analysis [139] and in transcriptomic studies of hantavi-
rus-infected bank vole cells [41]. While Gallo et  al. [41] 
include a brief description of the assembly, a full techni-
cal report and annotation are still in preparation.

Several reference transcriptomes further strengthen 
genomic resources. Babik et  al. [7] assembled the first 
bank vole transcriptome from heart tissue, identifying 
gene expression patterns and SNP variation relevant to 
experimental laboratory evolution [7, 182]. Kotlík et  al. 
subsequently sequenced and assembled a spleen tran-
scriptome, aimed at SNP calling in population genomic 
studies [112], while Migalska et  al. [144] characterised 
immune-related genes, emphasising the role of transcrip-
tomic data in understanding rapidly evolving gene fami-
lies [144].

Although genomic resources for the bank vole are less 
developed than for M. musculus, ongoing advancements 
are enhancing its value as an emerging model in ecology, 
evolution, and host–pathogen interactions. While pro-
gress has been slower due to fewer dedicated initiatives, 
expanding datasets and improved genome assemblies 
continue to strengthen the bank vole’s role in compara-
tive and functional genomics.

Comparative genomic insights
Preliminary comparative analyses reveal notable genomic 
distinctions between the bank vole and M. musculus. 
While their genome sizes are similar (~ 2.5  Gb; ~ 20,000 
protein-coding genes), karyotypic studies indicate sub-
stantial differences in chromosome number and struc-
ture, likely affecting recombination rates, gene regulation, 
and evolution [5, 25]

A key feature of the bank vole genome is the expan-
sion of repetitive DNA elements, including ribosomal 
DNA (rDNA), linked to increased genomic plasticity in 

response to environmental stress [87]. Such structural 
variability may contribute to adaptive flexibility, particu-
larly in heterogeneous environments.

Distinctive patterns also appear in immune-related 
gene families. Comparative analyses suggest major his-
tocompatibility complex (MHC) expansions, likely 
driven by pathogen diversity [6, 144]. While M. muscu-
lus—including wild-derived strains—exhibits consider-
able MHC polymorphism, domesticated strains often 
show reduced diversity due to relaxed selection [29]. 
The importance of immune gene variability, particularly 
at the MHC, is well established in the context of evolu-
tionary ecology and conservation, and extensive MHC 
diversity in the bank vole likely reflects strong pathogen-
driven selection, underscoring the role of immune adap-
tation in ecological success [194].

Sensory adaptations further distinguish the bank vole. 
Studies have identified novel odorant-binding proteins 
(OBPs) [126, 200], suggesting species-specific expan-
sions that enhance chemosensory perception. Given 
that bank voles inhabit diverse environments and exhibit 
strict female territoriality during breeding [109], olfac-
tory adaptations likely play a critical role in navigation, 
resource detection, mate selection, and communication.

The bank vole’s globin gene repertoire is unique in 
containing three functional copies of the α-globin gene 
(HBA-T1, HBA-T2, HBA-T3), a triplicate arrangement 
that differs from M. musculus but resembles that found 
in some other rodent species [140]. This variation may 
contribute to physiological adaptations in oxygen trans-
port and metabolism, relevant for hypoxia tolerance and 
temperature fluctuations [202].

These genomic insights reinforce the bank vole’s value 
as a model for adaptation studies, including genome 
evolution, immune defence, and responses to environ-
mental change. While M. musculus remains central to 
biomedical and genetic research, the bank vole offers a 
complementary perspective on genome evolution in wild, 
dynamically evolving species.

Genetic structure, phylogeography, and hybridization
The bank vole exhibits a complex evolutionary history 
and genetic structuring of natural populations, shaped 
by past climatic fluctuations, multiple glacial refugia, 
and postglacial expansion dynamics. Early mitochondrial 
DNA (mtDNA) studies revealed distinct genetic line-
ages across Europe (Fig.  1), each associated with differ-
ent glacial refugia, with a key role for “cryptic” refugia in 
the Carpathians [110]. More recent genome-wide SNP 
studies have refined these findings, revealing intricate 
patterns of postglacial expansion and secondary contact 
zones, particularly in Central and Northern Europe [76, 
138].
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The “Celtic fringe” pattern in British bank voles is one 
of the best-documented phylogeographic examples in 
mammals [189]. It refers to the persistence of an early 
postglacial genetic lineage in the northern fringe of Brit-
ain, which was later largely replaced across most of the 
island by a second wave of colonizers from continental 
Europe (Fig. 1). Initially detected through mtDNA phylo-
geography [189] and later substantiated by genome-wide 
SNP analyses [112], this pattern exemplifies the role of 
population replacement in shaping genetic diversity and 
demonstrates how genomic data can distinguish between 
population processes and single-locus patterns. In con-
trast to Britain, bank voles in Ireland were introduced by 
humans. Mitochondrial DNA analyses show an affinity 
with German populations, aligning with historical evi-
dence that the species was introduced from Germany in 
the 1920s [204].

Hybridization has also shaped the bank vole genome. 
In northern Fennoscandia and Russia, extensive histori-
cal mitochondrial introgression from the northern red 
vole Clethrionomys rutilus has been documented (Fig. 1) 
[1, 207], yet nuclear genomic analyses indicate limited 
overall gene flow [138]. This suggests adaptive retention 
of introgressed mtDNA rather than widespread hybridi-
zation [17]. These findings highlight the role of historical 
admixture in shaping the bank vole’s genetic diversity, 
potentially affecting its ecological and physiological 
adaptations.

With its rich phylogeographic data, the bank vole pro-
vides a powerful model for understanding evolutionary 
responses to range shifts, secondary contact, and selec-
tion pressures in changing environments.

Genomic adaptation to climate change
Understanding genetic adaptation mechanisms is 
increasingly crucial as climate change continues to alter 
habitats and species distributions. The bank vole pro-
vides a unique model for studying genome-environment 
interactions, particularly in the context of physiological 
adaptation to temperature fluctuations.

One of the best-studied adaptive traits in the bank 
vole is haemoglobin (Hb) polymorphism [56, 113, 203]. 
Research on British populations has demonstrated that 
distinct Hb variants are distributed along temperature 
gradients, with evidence suggesting selection for alleles 
that enhance oxidative stress resistance under warmer 
climatic conditions [113, 139]. This system provides a 
tractable model for understanding how standing genetic 
variation facilitates climate-driven adaptation [37].

Beyond haemoglobin variation, whole-genome 
sequencing has identified climate-adaptive SNPs in 
genes involved in cellular stress response, which appear 
to be under selection in populations inhabiting warmer 

or more seasonal environments [139]. This suggests 
an adaptive advantage in coping with climatic fluctua-
tions. Interestingly, some of these genes also contribute 
to hypoxia tolerance in high-altitude mammals, includ-
ing humans, highlighting their broader evolutionary role 
in environmental adaptation [139]. These findings indi-
cate that shared genetic pathways may underlie adap-
tation to both warming climates and oxygen-limited 
environments.

Peripheral populations, such as those in Britain, may 
be approaching adaptive limits due to reduced genetic 
diversity, constraining their ability to respond to future 
climate change [139]. This raises concerns about local 
population viability and underscores the importance of 
maintaining population connectivity and facilitating gene 
flow for long-term species persistence [75]

By integrating genomic, physiological, and ecologi-
cal data, bank vole studies provide valuable insights into 
climate adaptation mechanisms, with broader implica-
tions for understanding evolutionary responses to rapid 
environmental change. These findings also have potential 
applications in conservation biology, particularly in pre-
dicting population resilience and informing strategies to 
mitigate biodiversity loss under future climate scenarios.

A laboratory model of adaptive radiation
Experimental evolution under controlled laboratory con-
ditions offers a promising tool for cross-validating con-
clusions and testing hypotheses concerning the evolution 
of behavioural and morpho-physiological adaptations, 
and a basis for studying neurobiological, biochemical, 
and molecular mechanisms underlying the adaptations 
observed at the organismal level [201]. In recent decades, 
the value of and the need for such experiments have been 
recognised. However, the selection experiments on mam-
malian models are still scarce, and most of them have 
been performed on laboratory strains of mice or rats [72]. 
Conducting long-term selection experiments on mam-
malian models presents several logistical and practical 
challenges. These include the need for sustained funding 
over multiple generations, which span several years, and 
securing and maintaining specialised facilities that meet 
strict animal welfare standards [223]. Ethical approval 
processes for such studies are often complex and must 
ensure the well-being of animals over extended periods, 
adding another layer of responsibility and planning [98]. 
In addition to the fact that such an experiment must be 
extended over years, the most challenging aspect is that 
such experiments require keeping a large number of ani-
mals and making measurements on many animals. This 
is because (a) each selection direction and unselected 
control should be represented by at least a few replicate 
lines to allow methodologically valid tests of the effects 
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of selection [68], (b) to avoid inbreeding each line must 
be represented by at least 10 successfully breeding pairs 
(and therefore the number of mated pairs must be con-
siderably larger), and (c) to allow effective selection each 
pair should produce at least 10 offspring. Several early 
selection experiments were unreplicated or had only 
two replicate lines. However, such experiments cannot 
reliably distinguish the random effects of genetic drift 
from the directional effects of selection [68]. The key 
point is that, in selection experiments, the experimental 
unit is a line (population), not an individual. In a typi-
cal study based on phenotypic manipulation, an experi-
ment involving only three individuals in the treatment 
and control groups would hardly be considered adequate. 
Such an experiment could not demonstrate a statistically 
"significant" effect (p-value < 0.05) based on a nonpara-
metric ranked test (the lowest possible p-value is 0.05). 
Thus, in selection experiments, it is advisable to include 
at least four replicate lines in each selection group. Con-
sequently, with one selection direction and a control 
group, the colony should include nearly 1,000 animals 
in each generation. These factors help explain why such 
experiments remain relatively rare, particularly in wild-
derived or non-traditional model species.

One of the few exceptions was an experiment on bank 
voles selected for high and low reproductive output [188]. 
However, the experiment was limited in scale (there 
were no replicate lines) and lasted for only a few genera-
tions. Moreover, the selected lines were used primarily 
as a basis for quantitative genetic analyses of reproduc-
tive traits, rather than as part of a broader research pro-
gram exploring the effects of selection. Despite these 
limitations, the study provided important insights into 
life-history evolution in small mammals. The quantita-
tive genetic analysis revealed that, although a phenotypic 
trade-off between the offspring number and size was 
observed (negative phenotypic correlation), this was not 
underpinned by a genetic trade-off (no negative additive 
genetic correlation). Instead, the negative phenotypic 
correlation was driven by negative correlation of the 
permanent and temporary environmental effects, while 
direct additive genetic correlations between these traits 
were neutral or even positive. The analysis also suggested 
a presence of negative correlation between direct genetic 
effects on the litter size and maternal genetic effects on 
body size. This suggests that in bank voles, the evolution 
of offspring number and size is not constrained by antag-
onistic direct genetic relationships, but rather shaped 
by complex interactions between direct and maternal 
genetic effects.

Another selection experiment on bank voles (con-
ducted in the Institute of Environmental Sciences of the 
Jagiellonian University in Kraków) is unique in its scale 

[182], [185]. The large laboratory colony was established 
from wild-trapped animals. Before launching the selec-
tion experiment, the voles were random bred for a few 
generations and served as a basis for quantitative genetic 
analyses of metabolic traits [181, 183]. Unlike in most 
other selection experiments on vertebrates, the voles 
were selected in three distinct directions: the increased 
rate of aerobic metabolism (Aerobic–A lines), the abil-
ity to grow on a herbivorous diet (H–Herbivorous lines), 
and the intensity of predatory behaviour (Predatory–P 
lines; Fig. 5). Four replicated lines in each of the selection 
directions and unselected control (C) were maintained. 
Thus, the experiment can be treated as a laboratory 
model of adaptive radiation. The direct effects of selec-
tion appeared already after two generations, and in gen-
erations 20–25 differences between the selected and 
control lines were of the order of 1.5 to 4 phenotypic 
standard deviations (Fig. 5).

This multidirectional selection experiment provides a 
unique model system for experimental evolution that can 
be used for a wide range of research concerning ques-
tions at all levels of biological organization, from the 
molecular to the ecological. One of the major aspects 
of the research program concerns the correlated evolu-
tion of behavioural and physiological performance traits. 
The distinctly selected lines showed different “personali-
ties” in an open field test [131], though they did not dif-
fer markedly in hormonal stress response characteristics 
[121, 122, 124] or learning capability [28].

Compared to Control lines, Aerobic line voles evolved a 
70% higher maximum swim-induced rate of oxygen con-
sumption (the trait directly selected for). During the tests 
the animals were not forced to exercise; thus, the selec-
tion promotes both an increased aerobic capacity per se 
(which is measured in a forced-running test) and a pro-
pensity to exercise. Indeed, both components increased 
in the Aerobic lines. Thus, the lines have become a suit-
able model for studying both neurophysiological basis of 
the motivation to exercise [83–85] and the mechanistic 
basis of the differences in metabolic performance [86, 
121, 198].

Similarly, in the Predatory lines, in which the selection 
criterion was a ranked time to capture crickets in four 
10  min trials, about 85% of individuals captured crick-
ets in at least one of the trials, while only about 15% of 
Control voles showed the predatory behaviour. How-
ever, selection also increased the swiftness of capturing 
crickets in the successful trials. Again, the lines provide 
a suitable model for the study of both the motivation to 
hunt and the neurological basis of hunting skills (work in 
progress).

Voles from the Herbivorous lines, selected for an 
ability to maintain body mass during a 4 day test with 
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low-quality diet, lose approximately 2 g less mass than 
those from Control lines, and our preliminary analy-
ses indicate that the difference arose because of both 
an increased readiness to eat the low-quality food, 
increased capacity to process the food, and a decreased 
locomotor activity. In recent decades, awareness of the 
importance of microbial symbionts has grown, lead-
ing to the development of the holobiome concept and 
hologenomic evolutionary theory [18]. An analysis of 
gut bacteria showed an altered microbiome community 
composition in the H lines [103, 123], which supports 
some assumptions of this theory.

Voles from the Aerobic lines offer a suitable model 
to investigate several aspects of physiology related to 
the rate of metabolism. They have increased basal and 
average daily metabolic rates, thermogenic capacity, 
and reproductive output, and are more vulnerable to 
overheating, but do not markedly differ in the ageing 
pattern, the degree of oxidative damage or reponses to 
high-energy diet [35, 48, 78, 160, 180, 184, 185, 197].

Selection experiments also provide a powerful tool 
to investigate molecular background of physiological 
and behavioural traits. Whole transcriptome analyses 
showed that the evolution of aerobic metabolism was 
mainly due to an altered level of expression of sev-
eral genes, while changes in allele frequencies of SNP 
loci played a more significant role in the evolution of 
the predatory behaviour [106, 107]. Thus, the general 
“genetic architecture” underlying these traits appears 
to be distinct. The analyses also indicated several 

candidate genes that could contribute to the differences 
between the lines, which opens perspective for further 
genomic and molecular analyses (work in progress).

However, perhaps the most exciting perspective offered 
by the selection experiment on bank voles—rather than 
on laboratory mice—are experiments performed under 
natural or semi-natural conditions. The first such experi-
ments showed that under semi-natural conditions, voles 
from the Predatory lines had a diet representing a higher 
trophic level, i.e., containing more animals, than those 
from the control lines [57], and voles from the Aerobic 
lines had an altered gut microbiota, even though no such 
difference was found under laboratory conditions [59].

The selection experiments not only provide suitable 
models to study various aspects of animal physiology and 
behaviour and biochemical and molecular mechanisms 
underlying these characteristics, but can also provide 
models of the processes in the natural evolutionary pro-
cesses, in which the population suddenly becomes sub-
ject to some novel selection pressures. For example, the 
ongoing invasion of Ireland by the bank vole presents a 
compelling example of adaptive processes in a natural, 
expanding population [142]. It strengthens its value as 
a model organism beyond laboratory or enclosure stud-
ies. Introduced in the early twentieth century, bank voles 
have expanded at a consistent rate of approximately 
2.5  km/year, offering a rare opportunity to study evolu-
tionary dynamics in real time. Genomic analyses have 
revealed a decline in genetic diversity toward the range 
edge, alongside evidence of spatially consistent selection 
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on loci related to immunity and behaviour—indicat-
ing adaptation during expansion. Additionally, spatially 
explicit modelling has shown that local habitat features 
and density-dependent dispersal behaviours shape the 
vole’s spread, consistent with a Type 1 range expansion 
[228]. Future selection experiments could be designed to 
mimick such processes under controlled laboratory con-
ditions, and compare the selection effect for particualr 
traits with those observed under such “natural experi-
ments” as the invasion of a new area.

A model organism to study evolutionary 
immunogenetics
Bank voles have provided important insights into the 
evolution of the immune system under pressure from 
parasites. Much focus in evolutionary immunogenetic 
studies has been on the Major Histocompatibility Com-
plex (MHC) genes, which encode proteins responsible for 
presenting antigens to T-cell receptors (TCRs), thereby 
eliciting adaptive immune responses. MHC molecules 
tend to specialise in the presentation of antigens from 
intracellular (class I) or extracellular (class II) patho-
gens. Bank voles were used to test a hypothesis explain-
ing extreme polymorphism of MHC genes in vertebrates 
(with dozens to hundreds of allelic variants per locus 
found in populations).

Using the parasitological dataset of more than 900 
bank voles, sampled within the long-term PolVole pro-
ject in northeastern Poland (spanning 11 years), demon-
strated how parasites tend to adapt to the most common 
MHC alleles [179]. The study thus provided support for 
one of the major hypotheses explaining the maintenance 
of MHC polymorphism, which is negative frequency-
dependent selection resulting from fast-evolving patho-
gens adapting to common MHC alleles (reviewed in 
[173]).

Furthermore, bank voles were used to forward our 
understanding of the evolution of the number of MHC 
genes in an individual genome. Across vertebrates, indi-
vidual genomes typically contain from a few to a couple 
of dozen MHC loci, which is only a fraction of the allelic 
diversity found in their populations. Raising the question 
of why natural selection appears to limit MHC gene num-
ber despite its potential benefits in antigen presentation.

The optimality hypothesis has been proposed to 
explain this limitation by a trade-off between the ability 
to present antigens from diverse pathogens and the loss 
of TCR diversity due to the autoimmunity-protection 
mechanism involving the deletion of self-reacting lym-
phocytes [156]. Consequently, excessive MHC diversity is 
hypothesised to increase the risk that antigens presented 
by MHC would not find a lymphocyte partner with an 
appropriate TCR, thus failing to elicit an appropriate 

immune response. Bank voles were well suited to test this 
hypothesis because of their considerable inter-individual 
variation in the number of expressed MHC genes (6–19 
loci [146]), surpassing variation in inbred laboratory 
mice, which typically express only five classical MHC 
genes with little variation between individuals, and thus 
represent another valuable system for studying natural 
immunogenetic variation [120]. However, the hypothesis 
has proven difficult to test due to technical difficulties of 
genotyping paralogous MHC loci, as sequence similarity 
across loci precluded the design of locus-specific prim-
ers. Such co-amplifying MHC loci, observed across verte-
brate taxa, were notoriously problematic for genotyping 
using classical methods. Immense TCR diversity, arising 
during somatic recombination, posed an even greater 
challenge. Bank voles were used as a first non-model sys-
tem in which these technical challenges were overcome 
using a combination of high-throughput sequencing and 
exploiting bioinformatic developments [8, 145]. This 
allowed Migalska et al. [146] to demonstrate that indeed 
in bank voles the TCR repertoire correlated negatively 
with the number of MHC class I, but not MHC class II 
alleles, possibly due to additional pathways of dealing 
with auto-immunity available to CD4 lymphocytes inter-
acting with the latter.

Bank voles are also an emerging model system for the 
study of host-parasite co-evolution at a gene level, focus-
ing on the Lyme-disease spirochete, Borrelia spp. as an 
infectious agent. Bank voles are one of the major hosts of 
this tick-transmitted spirochete in Europe. There is evi-
dence for fitness consequences of infection with Borrelia 
sp for bank voles [26]. Infection with B. afzelii in voles 
was found to be associated with TLRs in Swiss popula-
tions [211], although this finding was not confirmed in a 
Polish population of bank voles, or in a controlled labora-
tory experiment [45, 206]. This discrepancy may reflect 
differences in local host genetic backgrounds, pathogen 
strain variation, or ecological conditions, suggesting that 
immune gene-pathogen associations may be context-
dependent. However, a set of other candidate genomic 
regions associated with susceptibility to B. afzelii infec-
tion was identified using reduced-representation genome 
sequencing [31].

The recent publication of the annotated bank vole 
genome promises a finer level of resolution. The advan-
tage of using Borrelia is that the molecular basis for its 
infectivity is relatively well understood because of its bio-
medical importance. OspC is one of the outer subphase 
proteins of Borrelia that allow the spirochete to evade 
host immune responses. OspC is at the same time immu-
nogenic, and recent work [172] suggested that strains 
carrying different OspC variants interact with MHC 
DQB (class II) in determining the success of infection. 
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Such causality has been suggested by more recent work 
demonstrating that MHC determines the level of anti-
bodies against specific OspC variants [179].

Anti-borrelial antibodies have been demonstrated to 
be transmitted from mother to pups in [46], and simi-
lar findings have been reported for antibodies against 
Puumala orthohantavirus [92]. This maternally derived 
immunity has significant implications for ecoimmunol-
ogy, as it demonstrates that passive immunity can influ-
ence infection dynamics in early life stages, potentially 
affecting both individual fitness and pathogen transmis-
sion within wild populations. Studying such mechanisms 
in natural systems, such as the bank vole, provides valu-
able insight into how immune defences are transferred 
across generations and how they interact with environ-
mental and evolutionary pressures.

Eco‑epidemiological studies
Bank voles, as the key component of woodland rodent 
communities, act as an important reservoir of numer-
ous pathogens (Fig. 6) including metazoan and protozoan 
parasites, bacteria, fungi, and viruses [101, 102]. The wide 
distribution of C. glareolus in the Palearctic and its high 
abundance throughout Europe explain why many hel-
minthofaunistic studies have been conducted on this host 
[16, 65]. Their ecological flexibility and high population 
densities across diverse habitats contribute to their expo-
sure to, and maintenance of, a wide range of infectious 

agents, including zoonotic viruses [52]. Due to their wide 
distribution in various environments, bank voles act as 
a reservoir for a range of different infectious agents [33, 
215].

Numerous studies on bank vole parasites, including 
ectoparasites, helminths, haemoparasites, and intestinal 
protists, have been conducted in the Mazury Lake Dis-
trict of northeastern Poland, forming the basis of one of 
the most comprehensive long-term monitoring efforts 
in Central-Eastern Europe [15, 64, 166]. This initiative, 
known as the PolVole Project, began in 1999 and has 
involved repeated sampling in 1999, 2002, 2006, 2010, 
2014, 2018, and 2022 [15, 16, 49, 51].

Ectoparasites
The ectoparasite community of bank voles consists of 
juvenile ticks, mites, a range of flea species and lice [226] 
Bank voles play an important role in transmission of 
flea- and tick-borne pathogens because they serve as the 
source of infection for numerous generations of fleas and 
juvenile ticks, larvae and nymphs feeding on them. Bank 
voles serve as hosts for Ixodes ricinus, Ixodes persulcatus, 
Ixodes trianguliceps and Dermacentor reticulatus tick 
species [77, 129].

In a long-term study of the tick community of bank 
voles conducted in North-Eastern Poland, bank voles 
were infested mainly with the larvae of I. ricinus, with 
I. ricinus nymphs, and with nymphs and larvae of D. 

Fig. 6  List of the most important zoonotic pathogens vectored/transmitted by bank voles (Picture: Maciej Grzybek)
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reticulatus [166]. They were also infested with several 
generalist species of fleas (Ctenophthalmus spp, Megabo-
thris spp., Hystrichopsylla talpae) [3, 88].

Haemoparasites
In consequence, the community of blood parasites moni-
tored during the long-term PolVole Project (1999, 2002, 
2006, 2010, 2014) consisted of tick-borne pathogens—
(Babesia microti [14], Borrelia burgdorferi sensu lato) 
[192], flea-borne parasites (Hepatozoon erhardovae, 
Trypanosoma evotomys) and bacteria (Bartonella spp.) 
[13, 14]. Zoonotic species and strains (genotypes) of Bar-
tonella and B. microti, including Bartonella grahamii and 
B. microti Jena genotype, were identified in bank voles 
in the Mazury Lake District, indicating a possible risk 
for humans in the region [226]. Both extrinsic (year and 
season of study, site of the study) and intrinsic factors 
(especially, age of voles) had a significant effect on species 
richness, prevalence, and abundance of haemoparasites 
[14, 70, 165]. For example, Bartonella spp. infections in 
C. glareolus were more common during autumn months 
and in juvenile and young adults (age classes 1 and 2) 
than in adults (age class 3) [227].

Intestinal protozoan parasites
An important component of the study on bank voles 
was determining the role of bank voles as a reservoir of 
intestinal protozoan parasites: Cryptosporidium and 
Giardia spp. [9, 10]. In an eight-year period, a relatively 
high prevalence of these intestinal parasites in three 
bank vole populations (54% for Cryptosporidium and 
58% for Giardia spp.) was observed. An especially high 
prevalence of Giardia spp. was repeatedly observed in 
spring in overwintered voles (Bajer, unpublished). Pre-
liminary molecular typing revealed the occurrence of 
zoonotic species/genotypes in naturally infected voles, 
including Cryptosporidium parvum and Giardia intesti-
nalis (syn. G. duodenalis) [12]. Several Cryptosporidium 
strains have been found in voles, including bank voles, 
and shrews in Finland [11, 51, 66, 100]. The prevalence 
of intestinal protozoa was positively associated with 
nematode infection (Heligmosomum mixtum, Helig-
mosomoides glareoli), especially in the oldest voles (age 
class 3) [11]. This pattern of increasing parasite richness 
with host age is consistent with earlier findings from 
Finland, where Haukisalmi, Henttonen, and Tenora [66] 
showed that older voles harboured the most diverse hel-
minth communities, with parasite dynamics influenced 
by host population cycles and parasite life histories. 
Grzybek et al. [51] further confirmed these trends in Pol-
ish populations, observing that mean nematode species 
richness increased with host age, and highlighted how 
seasonal and demographic factors contribute to parasite 

assemblage structure across individuals. Together, these 
studies provide a broader framework for understanding 
age-dependent patterns in helminth community dynam-
ics across different vole populations and regions [66].

Viruses
Bank voles serve as hosts for various viruses, includ-
ing cowpox virus, Puumala orthohantavirus (PUUV), 
and lymphocytic choriomeningitis virus (LCMV). Many 
rodent-borne viral diseases are sustained in nature 
through direct transmission within and between rodent 
species, without the involvement of arthropod vectors, 
and viral infections cause persistent infections in rodents 
(e.g. PUUV). However, some others, such as Cowpox 
virus infections, last only a few weeks in rodent hosts 
[38]. Transmission occurs through contact with rodent 
body fluids or excreta [217]. Among the most prevalent 
rodent-borne zoonotic viruses carried by bank voles are 
hantaviruses, LCMV, Cowpox virus, and Ljungan virus 
(LV) [215]. Puumala virus (PUUV) is widespread in bank 
vole populations [89, 161]. Hantavirus infections in bank 
voles are chronic, resulting in life-long persistent viral 
replication [90, 93],). Consequently, the rodent host can 
remain infectious throughout its lifespan [143, 222].

Ribas Salvador et al. studied hantavirus–helminth coin-
fections in natural populations and found that interac-
tions between helminth presence and landscape features 
can either enhance or reduce the likelihood of coinfec-
tions between Puumala orthohantavirus (PUUV) and H. 
mixtum or Aonchotheca muris-sylvatici [186]. Guivier 
et  al. studied how environmental heterogeneity influ-
ences immune responses and susceptibility to PUUV 
infection in bank voles. By examining the expression of 
immune genes Tnf-α and Mx2, the researchers found that 
PUUV load was negatively correlated with gene expres-
sion, suggesting that stronger immune responses may 
suppress viral replication. Habitat structure, particularly 
forest fragmentation, was linked to variation in immune 
gene expression, with lower  Mx2  levels in large forests. 
Co-infection with the helminth H. mixtum also reduced 
proinflammatory responses, potentially increasing PUUV 
susceptibility. The findings highlight how landscape fea-
tures and co-infections interact with host immunity to 
shape PUUV epidemiology [53]. These studies demon-
strate that both helminth co-infections and environmen-
tal heterogeneity significantly influence host immune 
responses and the risk of Puumala hantavirus infection, 
providing key insights into the complex ecological driv-
ers of coinfection dynamics in wild rodent populations. 
Cell lines derived from bank vole represent an important 
resource for studying virus-rodent host interaction and 
pathogenicity. For example, experimental infection of 
bank vole cells with three different orthohantaviruses has 
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shown that they are restricted at different levels of the 
replication cycle, likely due to differences in the initiation 
of the innate immune response. Only PUUV achieves a 
complete cycle in bank vole cells, whereas Microtus car-
ried Tula virus (TULV) does not enter cells and Prospect 
Hill virus (PHV) infects cells but does not produce infec-
tious particles [41].

Bank voles, along with other rodents such as Apodemus 
spp. and Microtus spp. have also been considered reser-
voir hosts for Cowpox virus [27], the only known wildlife-
borne Orthopoxvirus (OPV) in Europe [99]. However, 
the role of bank voles as Cowpox reservoirs was recently 
questioned by Franke et  al. [40] based on experimental 
laboratory infections. However, field studies have con-
cluded that since, bank voles show a high Cowpox sero-
prevalence, they most likely act as the reservoir for the 
maintenance of poxviruses [39, 52, 208]. Although isolat-
ing the virus from vole samples is rare, probably because 
earlier wrong tissues have been analysed, human Cowpox 
infections primarily occur through contact with diseased 
incidental hosts, such as cats or domestic rodents [27].

Recently, Wasberg et  al. [224] highlighted the discov-
ery of a novel Betacoronavirus isolated from C. glareo-
lus. Consequently, scientists now think that various viral 
strains co-circulate within the bank vole population, but 
further analysis is required to comprehend the transmis-
sion pathways. Experiences of the COVID-19 pandemic 
emphasized the need for constant biomonitoring of pos-
sible virus hosts and reservoirs monitoring. Experimental 
studies showed that bank voles can be infected with the 
SARS-CoV-2 virus, however, transmission to contact ani-
mals has not been detected [213]. Bourrett et al., sampled 
1202 rodents trapped across Europe, but found no SARS-
CoV-2 seropositive bank voles [19]. Knowledge of most 
viral zoonotic infections in rodents is based on short-
term cross-sectional studies reporting pathogen preva-
lence at a single location and time point. Nevertheless, 
some recent studies have been investigating the dynam-
ics of orthohanta- and arenaviruses in wild rodents [39], 
over long periods and exploiting the resulting long-term 
datasets for detailed analysis at [52, 175, 209, 220]. Unlike 
cross-sectional studies, these long-term investigations 
have revealed more complex epidemiological patterns, 
including seasonal fluctuations in infection prevalence, 
delayed density-dependent transmission, and associa-
tions with environmental drivers such as mast seeding 
or climate variability. These findings highlight the impor-
tance of longitudinal monitoring for understanding the 
temporal ecology of rodent-borne viruses.

The contrasting biomic differences in population 
dynamics of bank voles are reflected, for example, in 
the epidemiology of Nephropathia Epidemica, caused 
by Puumala orthohantavirus [119, 162]. In temperate 

broad-leaf forests, heavy mast seeding (usually in beech 
or oak) during an “mast year” boosts overwinter survival, 
leading to a multi-annual population high that peaks sea-
sonally in late spring–summer, when breeding activity is 
at its maximum. Consequently, the human disease peak 
in these regions also falls in summer [97]. By contrast, in 
the northern boreal zone most transmission among bank 
voles occurs in late autumn–winter among non-breeding 
subadults voles [220], and the human incidence peak is 
recorded from October to January. The virus remains 
infectious outside the host for up to 2  weeks at room 
temperature and even longer in winter’s low tempera-
tures [91].

Tick‑borne encephalitis virus
The tick-borne encephalitis virus (TBEV), responsible for 
tick-borne encephalitis (TBE), is a zoonotic flavivirus in 
the Flaviviridae family that is endemic across the North-
ern Palearctic region, from Central and Northern Europe 
to Siberia and Japan in the Far East [118]. In nature, it is 
maintained in a cycle involving ticks of the Ixodes persul-
catus and Ixodes ricinus complex as vectors and a range 
of vertebrate hosts including small mammals (such as 
rodents), mammals (e.g. red foxes) and ground-dwelling 
birds [94]. Bank voles are the most significant hosts for 
the immature stages of these ticks [147, 210]. Grzybek 
and colleagues studied TBEV seroprevalence in bank 
voles using a long-term approach [49]. The most signifi-
cant factors affecting seroprevalence were the location 
of vole capture and the year of sampling. Seroprevalence 
increased notably with increasing host age, with signifi-
cant interactions observed between these three factors. 
There was no difference in seroprevalence between the 
sexes. Based on seroprevalence, the dynamics of TBEV 
infection vary over time, between local sub-populations 
of voles, and with host age.

Zoonotic nematodes
Bank voles also play a role in the circulation of zoonotic 
nematodes, including Toxocara spp. and Trichinella 
spiralis. Biomonitoring focusing on Toxocara spp. has 
revealed the presence and circulation of Toxocara spp. 
agents among bank voles [4]. Older bank voles were more 
frequently infected than younger individuals, likely due 
to their longer exposure to environmental contamination 
with Toxocara eggs [73, 114].

Grzybek et  al. studied the seroprevalence of Trich-
inella spp. in bank voles from NE Poland, and found a 
seroprevalence of 1.52% [52]. Seroprevalence was pri-
marily concentrated in one of three study sites and lim-
ited to the oldest individuals in the study, but did not 
differ between the sexes. Although a local prevalence of 
1.52% may seem low, when extrapolated to the national 
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population of bank voles during peak years, potentially 
numbering in the hundreds of millions of animals, the 
number of infected bank voles is likely to exceed tens 
of millions on a nationwide scale. Other studies carried 
out in Europe indicate that bank voles play a minor role 
in spreading Trichinella spp. [216].

The relationship between disease ecology and biologi-
cal invasions is complex, as invasive species can impact 
host–parasite dynamics through processes such as par-
asite spillover to native hosts, parasite spillback from 
natives back to invaders, and enemy release-concepts 
emphasized in the review by [232]. This integrated per-
spective can help predict ecological outcomes, includ-
ing novel host–parasite interactions, shifts in disease 
prevalence among communities, and changes in eco-
system health and biodiversity. Research on bioinvasion 
and parasite transmission continues to examine both 
invasive and native host species, especially regarding 
potential transmission of virulent pathogens and their 
ecological consequences [127, 128, 142, 178].

The findings of Stuart et  al. [205] illustrate how the 
examination of invasive and native hosts, along with 
the identification of their parasitic communities, allows 
us to uncover the dynamic processes that influence the 
parasitic component within a community. The dilution 
effect, a concept describing how increased biodiversity 
or changes in host community structure can reduce 
disease transmission, is well described in general terms 
by [96]. In the case of bank voles, field studies in Ire-
land and the UK have shown that their increasing den-
sity as an invasive species was associated with reduced 
parasite burdens, including lower prevalence, richness, 
and intensity of gastrointestinal helminths and ectopar-
asites [127, 128, 205]. This may reflect both a dilution 
effect within multi-host systems and aspects of enemy 
release, whereby invasive species experience reduced 
parasitic pressure because they leave behind many of 
their natural enemies during the invasion process [30]. 
This phenomenon can contribute to the competitive 
success of invasive species in novel environments by 
reducing their parasite-mediated constraints [30].

Moreover, in multispecies small mammal communi-
ties (comprising both voles and shrews), it was found 
that the density of other species reduced the seropreva-
lence of PUUV in bank voles. However, this effect was 
observed only in spring to early summer, when popu-
lations primarily consisted of overwintered, breeding 
(and more or less territorial) individuals. In autumn, 
when most animals were nonbreeding subadults, no 
dilution effect was detected. This highlights the impor-
tance of understanding how varying population struc-
tures influence disease ecology [70, 221]. Several crucial 
factors must not be disregarded in research, including 

seasonality, which affects the presence of juveniles, 
hormonal changes, and immunoregulation [204, 205].

Together, these findings underscore the complexity of 
eco-epidemiological dynamics in bank vole populations, 
where host community composition, population struc-
ture, seasonal fluctuations, and patterns of co-infection 
influence pathogen transmission. Understanding these 
interacting factors is essential for predicting zoonotic risk 
and designing effective disease surveillance strategies in 
natural systems.

Eco‑evolutionary field experiments in bank voles
The choice of the bank vole as a model organism for 
eco-evolutionary field experiments is well-justified due 
to several key factors. It displays significant phenotypic 
and genetic variation in its life history and physiologi-
cal characteristics and behaviours [132, 134], making it 
an ideal candidate for studying selection mechanisms, 
that can maintain genetic variation and drive evolution 
in mammalian populations. Secondly, the bank vole is 
well-suited for breeding under laboratory conditions, 
which is crucial for experimental evolution studies [182]. 
In addition to laboratory experiments, field experiments 
can be conducted using large outdoor enclosures [135]. 
These enclosures provide a bridge between controlled 
laboratory settings and natural ecological conditions. By 
studying bank voles under semi-natural environments, 
researchers can gain a more comprehensive understand-
ing of their biology, behaviour, and responses to ecologi-
cal selection mechanisms, for example, the influence of 
density-dependent processes on phenotypic and geno-
typic variation [67].

In evolutionary studies, it is crucial to measure the 
fitness-related traits of individuals (e.g. number and 
size of offspring) to understand how certain traits or 
behaviours contribute to their reproductive success and 
survival. While birds have traditionally been the domi-
nant models in evolutionary studies due to their ease of 
observation and manipulation [34], it has been demon-
strated that such experiments can also be conducted 
in mammals, particularly in bank voles. By capturing 
pregnant female bank voles from their natural or semi-
natural environments and relocating them to laboratory 
settings, researchers can measure the number and size 
of offspring produced by each female [135]. After birth, 
marked mothers and their offspring are returned to their 
territories. The mother vole is allowed to carry her pups 
to a new nest. After about three weeks, researchers can 
return to recapture the mother and her young. This helps 
assess the female’s fitness to her reproductive effort and 
other factors. The procedure also allows for investigating 
evolutionary trade-offs, such as those between offspring 
number and size or a female’s reproductive effort and 
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future performance. Researchers can manipulate these 
trade-offs by altering reproductive effort through hor-
monal manipulations of gonadotropin hormones before 
copulation [159] or adjusting litter size after birth [105], 
The latter can be done by swapping pups between moth-
ers since female bank voles do not seem to recognize 
their offspring [135]. These manipulations help to assess 
the effects of altered reproductive effort on female bank 
voles’ fitness and performance under various conditions.

The high trappability of bank voles, often result-
ing in capture rates of up to 70% within a few trapping 
nights, offers a valuable opportunity to estimate the 
fitness of male bank voles [230]. Researchers can uti-
lize this advantage by releasing males into a population 
comprised of females and subsequently recapturing the 
females approximately 16–17 days after possible copula-
tions, just before the females give birth [148]. Through 
paternal analyses of the offspring, researchers can esti-
mate the mating and breeding success of the males and 
examine their mating behaviour, including instances of 
multiple mating. This approach also enables the assess-
ment of correlated traits in bank voles, e.g. the trade-off 
between testosterone levels and immunocompetence 
[149], providing insights into male strategies in bank vole 
populations.

Outdoor enclosures play a crucial role in conduct-
ing experiments with bank voles [135]. These enclosures 
provide a controlled environment where researchers can 
manipulate various factors such as vole densities and 
frequencies of different tactics within the populations 
[133]. They also help control the movement of animals, 
allowing for more reliable estimates of their survival and 
life-time fitness. To meet the requirements for the bank 
vole experiments, the outdoor enclosures should be large 
enough, with a minimum size of 2000 m2 each. This size 
ensures that 4–6 female voles can have enough space for 
their territories within each enclosure, since having suf-
ficient space is important for the natural behaviour and 
territorial dynamics of female bank voles [22]. Addition-
ally, multiple enclosures are typically used to provide 
replication and enhance statistical power (e.g., 4–12 rep-
licates depending on logistical constraints).

When testing evolutionary hypotheses, it is impor-
tant to measure the relative fitness of individuals, which 
involves assessing an individual’s fitness in relation to its 
neighbours [163]. The most effective way to assess rela-
tive fitness is through experimental designs that gener-
ate the conditions for negative frequency-dependent 
selection under captive conditions. In this design, the 
frequencies of individuals with two different tactics are 
manipulated, such that both tactics are either rare or 
common in the population [95]. If for example, the rare 
tactic can successfully invade the population, it provides 

clear evidence that individuals with different tactics affect 
each other, and in this case, the rare tactic has higher rel-
ative fitness caused by some fitness advantages over the 
common one. Negative frequency-dependent selection 
has been employed in multiple enclosure experiments 
involving bank voles [132, 133]. Here we present two 
examples of studies where this experimental approach 
has been utilised.

Infanticidal behaviour in bank voles. The killing of off-
spring by conspecifics is observed in various mammalian 
species and can be attributed to both males and females. 
However, it is notable that infanticide is particularly com-
mon among female bank voles [170]. This behaviour 
exhibits significant variation between female bank voles 
in nature, and there is evidence to suggest that it has a 
high heritability [132]. As a result, researchers can uti-
lize the different genetic behavioural tactics displayed 
by female bank voles (infanticidal and non-infanticidal) 
to investigate the potential ecological and evolution-
ary mechanisms that maintain this variation. According 
to the resource competition hypothesis, individuals that 
engage in infanticide or their relatives may gain increased 
access to resources such as food or nesting sites by elimi-
nating the offspring of competing breeders [212]. To test 
this hypothesis, an experimental design involving nega-
tive frequency-dependent selection on infanticidal tactics 
in environments with varying levels of food resources 
was applied [132]. Infanticidal strategy can success-
fully infiltrate a population of non-infanticidal individu-
als, but only under conditions of limited food resources. 
The frequencies of the infanticidal tactic may fluctuate 
in response to spatial and/or temporal variations in food 
resources, as well as density variations within bank vole 
populations. Furthermore, infanticidal behaviour can be 
an important phenomenon driving synchronous breed-
ing in bank vole populations [170].

Conflicts between sexes and sexually antagonistic selec-
tion. In bank voles, the selection of males with high 
behavioural dominance leads to reduced fertility in 
their sisters (referred to as tactic 1). Conversely, choos-
ing females with high fecundity results in their brothers 
exhibiting lower dominance when competing with other 
males (referred to as tactic 2) [150]. To investigate the 
potential for sexually antagonistic selection, Mokkonen 
et al. conducted a field experiment using a negative fre-
quency-dependent selection design [152], introducing 
tactics that were either rare or common within the pop-
ulation. High-dominance males (tactic 1) achieved the 
highest reproductive success, measured by the number of 
offspring sired, but only when they were rare within the 
population. Males, in general, showed negative frequency 
dependence, while female success was primarily driven 
by fertility rather than frequency. An effect that would 
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have remained unnoticed under laboratory conditions 
was unveiled by implementing semi-natural conditions 
alongside frequency considerations. The data suggest that 
when dominant males become too common, they face 
selection pressures that hinder their reproductive suc-
cess within the population. However, females consistently 
experience selection pressures aimed at maximizing their 
fertility. This gives rise to a conflict between males and 
females when dominant males are favoured, leading to 
selection against related females. However, this conflict 
is minimized or even eliminated when selection shifts, 
favouring subordinate males, which also benefits related 
females.

Numerous studies have now indicated that the bank 
vole is an excellent model species for experimentally 
testing behavioural, physiological and life-history traits 
involved in alternative strategies (Table 1).

Conclusions
The bank vole has become an important model organ-
ism due to its broad ecological distribution, well-char-
acterized life history, and relevance across multiple 
biological disciplines. Its well-documented biology—
including reproductive ecology, physiology, and behav-
ioural traits—provides a robust foundation for both 
field-based and experimental research.

Practical protocols for trapping, housing, and breed-
ing bank voles under laboratory conditions have enabled 
controlled studies while retaining connections to natural 
systems. These methods support the integration of exper-
imental precision with ecological realism—an important 
strength of the model.

Recent advances in genetic and genomic resources, 
including high-quality genome assemblies and tran-
scriptomes, have opened new avenues for research into 
adaptation, gene function, and evolutionary processes. 
These tools enable detailed investigations of intraspecific 
genetic variation, population structure, and the genomic 

basis of adaptation to environmental change—top-
ics central to understanding and predicting biodiversity 
responses to global challenges.

The bank vole has also proven valuable in experimen-
tal evolution research. Studies of traits such as metabolic 
efficiency, dietary specialization, and behaviour illustrate 
how this species can reveal the dynamics of natural selec-
tion in both laboratory and semi-natural conditions.

In evolutionary immunogenetics and disease ecology, 
the bank vole is a powerful system for studying natural 
variation in immune genes, particularly the MHC, and 
its relationship to pathogen exposure. Its role as a natu-
ral reservoir for zoonotic pathogens such as Borrelia 
spp. and Puumala orthohantavirus further enhances its 
relevance for understanding host–pathogen coevolution 
under realistic ecological conditions.

Finally, long-term eco-evolutionary field experiments 
using bank voles have advanced our understanding of 
how ecological and evolutionary processes interact. 
These studies allow for the examination of host density 
effects, disease dynamics, and selective pressures in real 
time, providing a framework for testing life-history the-
ory in wild populations.

Collectively, these diverse applications highlight the 
bank vole’s growing role as a cross-disciplinary model 
system. Its unique combination of ecological rele-
vance, experimental flexibility, and expanding genomic 
resources makes it exceptionally well-suited for integra-
tive research. By enabling detailed study of genetic vari-
ation, immune dynamics, and life-history traits in both 
laboratory and natural environments, the bank vole 
facilitates investigations into how organisms respond to 
environmental stressors such as climate change, habi-
tat fragmentation, and pathogen pressure. This ability to 
combine ecological realism with experimental precision 
ensures the continued value of the bank vole as a model 
for addressing both fundamental and applied questions 
in biology.

Table 1  A future goal is to test the hypothesised life-history and behavioural traits involved in the two alternative strategies in bank 
voles, as well as the potential selection mechanisms that maintain these strategies in nature

Strategy I Strategy II Selection mechanisms

Low reproductive effort (females)
Low fecundity / High survival (females)
Monogamy (females)
High immunocompetence (females)
Low basal metabolic rate (females)
Inferior in female-female competition
High testosterone level/ Low immunocompe-
tence (males)
High fecundity / Low survival (males)
Superior in male-male competition
Higher polygamy (males)

High reproductive effort (females)
High fecundity / Low survival (females)
Polygamy (females)
Low immunocompetence (females)
High basal metabolic rate (females)
Superior in female-female competition
Low testosterone level/ High immunocompe-
tence (males)
Low fecundity/High survival (males)
Inferior in male-male competition
Lower polygamy (Pair-bonding?)(males)

Negative frequency-dependent selection
Density-dependent selection
Sexually antagonistic selection
Sex and strategy specific fecundity versus survival 
selection
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Future directions
The bank vole offers exceptional potential for future 
research across evolutionary biology, ecology, immu-
nology, and disease dynamics. As genomic and 
experimental resources continue to expand, new oppor-
tunities are emerging to address complex, interdiscipli-
nary questions using this versatile model system.

One key direction involves leveraging genomic tools 
to explore local adaptation and evolutionary responses 
to environmental change. High-resolution compara-
tive genomics, functional annotation of complex gene 
families (e.g., immune and metabolic genes), and regu-
latory elements will deepen our understanding of adap-
tive mechanisms. Population-scale resequencing across 
the bank vole’s broad geographic range can reveal how 
genetic variation is structured along environmental 
gradients and shaped by selective pressures such as cli-
mate, habitat fragmentation, and pathogen diversity.

Integrating these genomic data with ecological, 
behavioural, and experimental approaches will be 
critical. For example, combining spatial ecology with 
genotype–phenotype association studies could help 
elucidate how organisms adapt to variable environ-
ments in real time. Experimental evolution in semi-
natural settings, already pioneered using the bank vole, 
can be expanded with transcriptomic and epigenomic 
profiling to capture dynamic responses to environmen-
tal stress.

The bank vole also holds particular promise for 
advancing eco-immunology and host–pathogen coevo-
lution. Future work could examine how genetic varia-
tion in immune genes, especially the MHC, interacts 
with infection dynamics across landscapes and sea-
sons. Longitudinal monitoring and experimental infec-
tion models may help disentangle causal relationships 
between immune variation, pathogen load, and fitness 
in natural populations.

Finally, comparative studies with other small mam-
mal models—such as Mus musculus, Microtus spp., 
and Sorex spp.–can help contextualize findings from 
the bank vole and facilitate the transfer of methodo-
logical frameworks. Such cross-species approaches 
will enhance the relevance of bank vole research and 
extend its utility across a broader spectrum of biologi-
cal inquiry.

In sum, the bank vole is ideally suited for integrative, 
question-driven research at the intersection of genomics, 
ecology, and evolution. By harnessing multidisciplinary 
methods and scaling up genomic sampling, research-
ers can fully unlock the potential of this model organism 
to address both fundamental and applied challenges in 
biology.
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