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ABSTRACT  

Mountain ecosystems are hotspots for biodiversity and endemism. At the same time, they are 

threatened by increasing warming due to climate change, which is more than double than in 

lowlands. This makes mountains one of the world's most vulnerable ecosystems and therefore of 

great conservation concern. To protect mountain species from extinction a basic understanding of 

their ecology and physiology is required, which, however, is largely lacking due to the practical and 

logistical difficulties of conducting research in these landscapes. Despite this, mountains offer an 

excellent study system by providing an elevation gradient and great variability of habitats, 

facilitating the study of species’ adaptations to changing environmental conditions. This thesis 

focuses on temperate mountains, which are highly seasonal, resulting in high resource variability 

across the year, driven by temperature and snow cover. The first part focuses on larger-scale 

patterns of morphological adaptation and species distribution along elevation gradients. The second 

part investigates four ground-dwelling forest rodents' physiological and behavioural adaptations: 

Apodemus flavicollis, A. sylvaticus, A. alpicola and Clethrionomys glareolus. 

Previous literature on mountain ecology describes important patterns in species’ biology and 

ecology. When looking at morphological traits, Bergmann’s and Allen’s rules have been supported 

by some studies that found larger bodies and shorter extremities in animals living at high elevations. 

However, many exceptions to these rules have been noted, showing a preponderance of smaller 

individuals at higher elevations. In Chapter 2 we analysed the direction of phenotypic variation 

along elevation gradients in four sympatric rodents’ species occurring along a wide elevational 

range. We found that two species with the wider altitudinal distribution both support (C. glareolus) 

and contradict (A. flavicollis) the Allen’s and Bergmann’s rules. 

Animal colouration has been related to fitness in many species. The animal to background 

matching may result in a lower predation risk for prey species or, conversely, greater hunting 

success for predators. In Chapter 2, it is shown that this animal to background match is a species-
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dependent factor, and it is linked with elevation. This factor divides species with narrow habitat 

niches from more generalist species that exploit a broader range of environmental conditions. This 

is particularly evident in our results, where we show how two different groups of rodents adopt two 

opposite colouration strategies. 

In Chapter 3, species' behavioural traits in relation to elevation are considered. The shy-bold 

continuum is a trait linked to an individual’s personality. Individuals may display varying levels of 

boldness or shyness that can affect the outcome of daily ecological challenges, such as competing 

for food, habitat selection, and foraging under the pressure of predation. However, as boldness is 

controlled by physiological components and can be heritable, it can be subject to evolution, 

following natural selection in subsequent generations. Here, we compared the inter-specific 

variation of behavioural traits in sympatric wild rodent species and analysed this variation along a 

gradient of elevation. In our results, we observed an opposite behaviour between Apodemus spp. 

and C. glareolus, with the first more explorative and bold than the second one, and we hypothesised 

a different genetic and physiological bases of these strategies both probably advantageous for the 

survival of these species in Alpine environment. 

The cost for thermoregulation in many taxa, including rodents, increases with elevation, 

with great differences in physiological adjustment between high and low elevation. A negative trend 

of body temperature along elevation has been supported by some studies that focused on the 

physiological response of highland rodents during winter. In Chapter 4, it is shown that this 

negative trend in body temperature is not confirmed during the reproductive season when species 

are exposed to higher air temperature. This result was similar for males and females, suggesting that 

the high costs of reproduction of females might not be the main reason for the observed pattern. It 

could be hypothesised that such a mechanism is related to mild tissue hypoxia and greater 

ventilation of individuals from higher elevations. If true, it would suggest that even weak but 
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chronic hypoxia can have a fitness effect in small endotherms, perhaps influencing on their aerobic 

capacity performance. 

For adequate species protection in mountain areas, it is necessary to better understand 

species' adaptations. Here, we have contributed to the knowledge of what drives rodent species 

distributions across elevation gradients by investigating a broad spectrum of these adaptations.  We 

analysed the physiological, behavioural, and morphological mechanisms of alpine rodents, testing 

the complex interplay between elevation and habitat on these characteristics. Thanks to our results, 

it is possible to predict the profound impact that phenomena such as deforestation, habitat 

degradation, landscape changes and even more the ongoing climatic changes can have on species 

adapted to the Alpine environment. On this basis, further studies could elaborate the determinants of 

these ecological mechanisms in Alpine rodent populations by linking them with fitness components, 

such as reproductive success and survival rate, under different environmental conditions, 

investigating environmental variables to ultimately develop management strategies for the 

conservation of diverse Alpine communities. 
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CHAPTER I − Introduction  

The importance of mountains to global biodiversity 

Mountain regions, here defined to include not only mountain slopes and peaks but also valleys and 

adjacent foothills (Rahbek et al. 2019), are home to a remarkable proportion of Earth’s terrestrial 

vertebrate species (Körner et al. 2017; Noroozi et al. 2018; Myers et al. 2000; Martin et al. 2021). 

Weathering and erosion in mountainous ecosystems lead to highly intricate environmental 

heterogeneity, ultimately providing high biodiversity conditions (Antonelli et al. 2018). In 

particular, mountain can support hotspots of species richness, including endemisms (Noroozi et al. 

2018), due to the compression of a wide range of ecosystems into a relatively short distance, and 

often provide islands of suitable habitat, isolated from unfavourable surrounding lowlands (Keppel 

et al. 2016). This thesis focuses on the Alpine landscape, which is characterized by strong natural 

gradients and considerable spatial and temporal heterogeneity, which give rise to a great diversity of 

habitats and species (Theurillat et al 2003). Furthermore, human land use has shaped biodiversity, 

especially below the treeline, where most grasslands are artificial. The Italian Alps, in particular, 

host a wide range of species. Some of them are alpine endemism, such as the alpine field mouse 

(Apodemus alpicola), others are widespread species both at high and low altitudes, as bank voles 

(Clethrionomys glareolus) and yellow-necked mouse (A. flavicollis). Studying biodiversity in 

mountains is, therefore, of global importance for conservation. 

Mountain habitats are far less impacted by anthropogenic disturbance and show lower rates of land-

use change (Martin 2001) than lowland habitats. Apart from their role as refugia during past (non-

anthropogenic) climate-driven species extinctions (Rahbek et al. 2019), they provide a current 

refuge not only for cold-adapted species, but also for lowland generalist species that have suffered 

recent population declines due to land-use change, including agricultural intensification and 

urbanisation (Scridel et al. 2018).  

At the same time, mountains show a more than doubled rate of warming compared to the global 

average (Brunetti et al. 2009; Oyler et al. 2015; Wang et al. 2016). Global average surface 

https://bioone.org/journals/mountain-research-and-development/volume-28/issue-2/mrd.0964/Agricultural-Land-Use-and-Biodiversity-in-the-Alps/10.1659/mrd.0964.full#i0276-4741-28-2-148-b21
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temperatures increased by 0.85 °C between 1880 and 2012 and are likely to rise by a further 1.0–3.7 

°C by the end of this century (IPCC 2014), causing many species to shift their geographic ranges. In 

mountain environments temperatures increased by 1 °C between 1880 and 2012. Even though these 

changes are not well studied, and general patterns are not yet understood, this level of warming is 

expected to cause a phenological shift toward earlier springs across trophic levels and potentially 

prolonged summers (Asam et al. 2018; Jabis et al. 2020; Migliavacca et al. 2008; Vitasse et al. 

2021. Moreover, an increasing frequency of extreme weather events, such as late snowfalls in 

spring, is observed in mountains (Brundl et al 2020), potentially disturbing important phenological 

events, such as reproduction and migration in birds. Finally, habitat shifts resulting from climatic 

changes lead to overlap between species that did not interact or compete over some limited 

resources in the past, affecting the composition of animal and plant communities (Inouye et al., 

2000; Réale et al., 2003). 

Adaptations to high elevations 

Due to their significant environmental variation, mountains provide a wide array of habitats along 

an elevational gradient at a reduced spatial scale. Animals face this ecological variability with 

specific adaptations. As altitude increases, the duration of the vegetative period and biomass 

production decreases, and plant phenology is delayed (Hille & Cooper 2015). As a result, trophic 

resources are reduced and more scattered across space, predatory pressure decreases, as well as the 

structure and diversity of vegetation (Laiolo et al., 2004; Nagy & Grabherr, 2009; Hürlimann et al., 

2019). At high elevations, animals need to cope with higher precipitation, windier climatic 

conditions, high solar radiation, lower ambient temperature and lower oxygen partial pressure, 

which result in a range of physiological and behavioural adaptations. Additionally, the high daily 

and seasonal variability in all environmental conditions, such as environmental temperature, forces 

animals to react flexibly to these changes. Species, need to cope with extremely high and low 

temperatures, or dry and wet conditions, often within a short timeframe (Levy et al. 2011; Careau et 

al. 2012). Contrary to short-term acclimatization - and immediate physiological response to 
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environmental change - high altitude adaptation also means irreversible physiological responses 

associated with inheritable changes, evolved for high altitude environments. Environmental 

conditions can be challenging for many animals, especially small endothermic mammals and birds. 

As body size decreases, the surface area over which heat is lost increases relative to the volume of 

tissue available for heat production. Small mammals also have a limited capacity for insulation with 

either fat accumulation or fur composition compared to larger animals (Scholander 1955). For many 

species, the temperatures at high altitude are often below their thermoneutral zone - the narrow 

range of ambient temperatures where body temperature can be maintained solely using basal 

metabolic rates - especially during winter (Levy et al., 2011). Therefore, small endotherms at high 

altitudes are challenged with high demands for thermogenesis, likely contributing to their very high 

daily energy expenditures, and possibly restricting the aerobic activity (Hayes 1989). The ability of 

high-altitude animals to maintain adequate aerobic performance could result from a combination of 

genetic specializations, environmentally induced plasticity (i.e., acclimatization, developmental 

plasticity, etc.), and the interaction between these two processes (Storz 2010). 

Morphological adaptations 

Along elevation gradients, numerous factors shape morphological adaptations. Bergmann's rule 

explains morphological differences across climatic gradients, predominantly from warmer to colder 

environments (Meiri and Dayan 2003; Gohli & Voje, 2016). Expanding on Bergmann’s rule 

(Bergmann, 1847, Mayr, 1956), body sizes should exhibit a positive correlation with elevation. This 

can result from the selection of larger animals with a lower surface-volume ratio than smaller 

animals, thus radiating less body heat per unit of mass. However, exceptions to this rule have been 

reported (Eastman et al., 2012, Grieco & Rizk, 2010, Tomassini et al., 2014, Yom-Tov et al., 2006, 

Yom-Tov et al., 2003, Yom-Tov et al., 2012, Yom-Tov et al., 2013), showing a preponderance of 

smaller individuals at higher elevations (Lundblad and Conway 2019). This could be explained as 

smaller bodies require lower total energy intake, which might be a limiting factor in high elevation 

habitats with seasonally variable resource availability. Thus, it has been suggested that food 
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availability may be a driver of body size in mammals contradicting Bergmann’s rule (Yom-Tov et 

al., 2006). 

Physiological adaptations 

In endotherms living in cold and hypoxic conditions at high altitudes, there are ecologically important 

measures of whole-organism performance, such as capacities for sustained exercise and 

thermogenesis, which are directly related to aerobic metabolism. An animal’s rate of aerobic 

metabolism can be measured as the oxygen (O2) consumption rate because oxygen is required for 

ATP synthesis via oxidative phosphorylation in the mitochondria (Storx, 2021). The most obvious 

high altitude challenges for endothermic vertebrates are the reduced partial pressure of oxygen and 

the generally cooler temperatures. This reduction of atmospheric oxygen can result in serious deple-

tion of O2 in the tissues, impairing metabolism. This not only may affect the maintenance of regular 

activity but also may impair the capacity to maintain a constant internal temperature in the face of 

cooler ambient temperatures (Storz et al. 2010; Cheviron and Brumfield, 2012; Lövy et al., 2022). 

Another challenge is maintaining adequate hydration as several responses to high altitude hypoxia 

(low O2) also lead to increased water loss. One of the first physiologic responses to hypoxia is an 

increase in ventilation (breathing) to increase the oxygen partial pressure in the lungs, helping to 

compensate for the drop in oxygen partial pressure in the atmosphere. However, increased ventilation 

results in increased respiratory water loss. Down-regulation of the kidney system results in increased 

urinary output (Yanagisawa et al. 2012). These responses necessitate an increase in water intake to 

avoid dehydration. Another strategy adopted by high-altitude animals is the increase in haemoglobin 

(Hb) affinity with O2, which improves the amount of oxygen transported to tissues. The high Hb-O2 

affinity in alpine populations is associated with a greater maximal rate of O2 consumption at high 

altitudes. This allows for greater aerobic activity and thermogenic capacity in the active, non-

hibernating rodents (Storz, 2007; Cheviron and Brumfield, 2012; Natarajan et al. 2013). 

Behavioural adaptations 
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The activity rate of a species is shaped not only by internal signals but also by external factors, such 

as distribution and abundance of resources, competition, predation risk and climatic factors (i.e. 

rainfall or temperature; Halle & Stenseth 2000; Körtner & Geiser 2000; Fragaszy et al., 2004). The 

optimal amount, duration and distribution of activities are influenced by the availability of energy 

which is strongly related to the distribution of food resources and ambient temperature (Daan & 

Aschoff 1982; Angilletta et al. 2010). In particular, the energy balance of small endotherms can be 

challenged by variations in the ambient temperature due to a relatively high surface-to-volume ratio 

and, therefore, to a low heat capacity which increases the energy demand for thermoregulation 

(McNab 2002). Maintaining body temperature within certain limits is essential for homeostasis; 

animals could, therefore, modify their activity rhythms to cope with ambient temperature changes, in 

order to avoid episodes of hyper or hypothermia (Sassi 2015). Due to their significant 

environmental variation, mountains represent a valuable context where environmental 

conditions influence animal behaviour, both within and between populations. Among 

behavioural traits, the so-called “bold-shy” continuum, where individuals show consistent differences 

in their degree of risk-prone behaviour (Ioannou et al. 2008; Réale et al. 2007; Zidar et al. 2017), was 

found to have an adaptive value when environmental conditions change rapidly (e.g., rodents, 

Dammhan et al., 2020).  Environmental conditions associated with elevation gradients, can 

equally select bold and shy behavioural traits. Bold animals could be favoured by their greater 

exploratory activity and might dominate sparsely distributed resources (Huntingford et al., 2012). 

On the other hand, when resources are scarce and scattered, selection could favour shy behaviours, 

characterised by less active and slower animals, minimizing energy consumption in such harsh 

conditions (Mettke-Hofmann et al., 2002).  

Adaptation of colourations 

Animal colouration is shaped by multiple selective pressures, including camouflage, 

communication, and thermoregulation (Zimova et al., 2018), and has been related to fitness in many 

species (Kappers et al., 2020; Morosinotto et al., 2020; Roff & Fairbairn, 2013). An advantage of 
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camouflage may result in a lower predation risk for prey species or, conversely, greater hunting 

success for predators (Galeotti et al., 2003; Zimova et al., 2018). In addition to the selective 

advantage of camouflage, a potential role of thermoregulation as an ecological driver of fur 

colouration has been proposed and has received empirical support (Caro, 2005; Clusella Trullas et 

al., 2007; Stuart-Fox et al., 2017). Since the adaptive value of camouflage is mainly based on the 

similarity of individuals to visual characteristics of the environmental background, specific 

phenotypic characteristics should only be effective in a limited set of environments (Hughes, 

Liggins, & Stevens, 2019; Ruxton et al., 2004; Stevens & Merilaita, 2009; Thayer, 1896). Animals 

have many ways to optimize camouflage. For example, they may evolve a generalist tactic 

(‘imperfect camouflage’), which confers a reasonable level of concealment across a range of habitat 

types but fails to be optimal in any (Houston et al. 2007). Alternatively, some species may adopt 

more specialized camouflage, which provides better protection in specific environments but 

constrains the use of other habitats at the cost of increased vulnerability (Michalis et at., 2017). 

Thus, it can be predicted that animals inhabiting a heterogeneous range of environments should 

adopt a more generalist and compromise camouflage tactic. In contrast, sedentary and less 

exploratory species should rely on more specialized camouflage (Fennell et al., 2018; Hughes et al., 

2019; Merilaita et al. 2017). Alpine environments are characterized by extreme and changing 

climatic conditions, which make the species inhabiting them particularly diversified in terms of 

adaptive strategies. Along the altitudinal gradient, we assist to a variation of structure and 

complexity of a habitat which may affect the habitats and animal colour and lighting patterns 

(Cuthill, 2019). 

Effect of Global Warming  

In seasonal environments, the optimal exploitation of food resources by species at higher trophic 

levels requires synchronization with productivity at lower trophic levels, namely plant phenology 

and insect emergence for rodents (Kristensen et al. 2015; Kubelka et al. 2022). The need for 

synchronization is likely to be particularly marked at high latitudes and elevations, given the 
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relatively short vegetation and breeding season. Recently, phenological shifts across taxa under 

climate change have been observed in alpine habitats (Chen et al., 2011; Vitasse et al. 2021). 

Phenological mismatches can drastically affect animals’ fitness if a minimum of resources is not 

available to raise offspring (Corkery et al. 2019). In addition to potential phenological mismatches 

in seasonal environments, extreme weather events are likely to become more frequent with global 

warming, with cold snaps, late snowfall and high precipitation affecting reproductive success 

(Kluen et al. 2011; Moreno et al. 2015). 

Aims of the thesis 

This thesis aims to determine the mechanisms underlying phenotypic variation of mountain rodent 

species, in order to predict the impacts of environmental change on this particular ecosystem. In the 

first part, a broader perspective is taken by considering four rodents’ species, yellow-necked mouse 

Apodemus flavicollis, wood mouse A. sylvaticus, alpine field mouse A. alpicola and bank vole 

Clethrionomys glareolus, investigating interspecific variation in morphological traits across an 

elevational gradient, and the potential habitat factors affecting this variability. The variation in 

animal colouration to background match according to habitat structure and sex is described in 

Chapter 2 using digital images of the animals and their respective backgrounds. Behavioural traits 

described at the species level are investigated in Chapter 3, comparing two behaviours associated to 

the shy-bold trait, to observe their variation between species and the effect of elevation and habitat 

complexity.. These studies shall help to understand how rodents might react and adapt to the future 

landscape and climate change, i.e. phenological shifts in spring progression and exceptional (more 

extreme) weather conditions. Chapter 4 presents the results on the thermoregulatory adaptations of 

these four species, considering body temperature and the effect of elevation, habitat structure, sex, 

and body condition. This is the first study on the body temperature of these wild rodent species 

across altitudes during their reproductive season. In Chapter 5, we discuss the overall implications 

of the results of the thesis in a broader context of environmental change and propose the next 

crucial research steps needed for a better understanding of species adaptations to alpine habitats. 
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Abstract  

The study of phenotypic variations along gradients can provide information on the mechanisms that 

drive the distribution of species and therefore can be a useful indicator of environmental change. In 

mountain, numerous factors can shape morphological adaptations, including ultraviolet radiation, 

temperature, air pressure and oxygen levels, and food availability. We analysed three years data to 

measure the direction of phenotypic variation along elevation gradients in four sympatric rodent 

species occurring along a wide elevation range. We modelled inter-specific change in foot length 

and body mass with elevation and found an opposite pattern between the two groups: in Apodemus 

foot length increased along elevation while body mass decreased; in C. glareolus foot length was 

shorter than in Apodemus species, and not affected by elevation, while body mass increased along 

this gradient. Another interesting result was the relationship between body temperature and body 

mass. In particular, in C. glareolus smaller bodies had higher body temperature, but this was not the 

case in Apodemus species. The results of our exploratory analysis show the potential of studying 

species living along broad elevation gradients, as they are exposed to diverse climatological and 

ecological conditions and this environmental variation is thus expected to drive morphological 

variation. 

 

 

 

 

Keywords: Alps, body mass, foot length, morphological traits, rodents.  

Running head: Morphological variation in Alpine rodents 
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INTRODUCTION  

Morphology can provide information on the ability of species to respond to a changing environment 

(Hoffmann & Parsons, 1991; Yom-Tov & Yom-Tov, 2005). Both spatial and temporal differences in 

habitat variability significantly influence the variation in morphology within species (Wauters et al., 

2007; Hopkins, 2008; Jetz et al., 2009; Ozgul et al., 2010; Tranquillo et al., 2022). In particular, 

many studies have focused on the change in body size in response to warmer environments (Porter & 

Kearney, 2009; Gardner et al., 2011). Although change in body size or a similar phenotypic response 

is one of the most evident adaptations of species to environmental change (Barnosky et al., 2003), 

genetic adaptation of other traits may be a further response to such events (Stockwell et al., 2003; 

Davis et al., 2005; Leech & Crick, 2007).  

In mountain environments, numerous factors can shape morphological adaptations. Variables 

related to elevation include ultraviolet radiation, temperature, air pressure and oxygen levels. 

Bergmann's Rule, which says that population and species of larger size are found in colder 

environments, is often used to explain morphological differences across climate gradients 

(Bergmann, 1847). This common trend in body size can result from the selection of larger animals 

which have lower surface-to-volume ratio than smaller animals, and so they radiate less body heat 

per unit of mass. Allen's rule predicts that animals living in cold climates should evolve shorter limbs 

and extremities to minimize the surface area, thus dissipating less heat (Allen, 1877). However, many 

exceptions to these rules have been reported (e.g. Eastman et al., 2012, Grieco & Rizk, 2010, 

Tomassini et al., 2014, Yom-Tov et al., 2013), particularly among birds, which show a preponderance 

of smaller individuals at higher elevations (Lundblad & Conway 2019). A hypothesis to explain these 

opposite patterns could be that smaller bodies require less energy intake, which could be 

advantageous in high altitude habitats, where resource availability varies seasonally. These 

contradictory trends suggest that there may be other factors contributing to the change in body size 

patterns (Wolverton et al., 2009; McNab, 2010), one of which it could be the nutrition and food 

availability (Langvatn & Albon, 1986; Geist, 1987; Wauters et al., 2007). 
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Recent global warming and its consequences, such as rising temperatures at higher altitudes, early 

snowmelt and greening, and an extended growing season, lead to a high heterogeneity in the 

magnitude and direction of responses in size of animals (Gardner et al., 2011). Some research has 

reported an increase in body size as some species respond positively to nutritional changes or 

increased food availability because of early greening and more extended growing season (Yom-Tov 

& Yom-Tov, 2005; Yom-Tov et al., 2006; McNab, 2010; Ozgul et al., 2010; Eastman et al., 2012). 

Other studies, however, have shown that due to the increase in spring and summer temperatures 

(Luterbacher et al., 2004; Brunetti et al. 2009; Oyler et al. 2015; Wang et al. 2016), individuals reduce 

foraging time to avoid heat stress (Aublet et al., 2009) with consequent reduction in body size 

(Gardner et al. 2011; Mason et al., 2014). Thus, studying trait variation within and across species 

along environmental gradients can be used to understand potential reactions to future global changes. 

Rodents living in mountain habitats are interesting model species to study such variation since they 

rich a good compromise in the accuracy of matching across different habitat types (Nokelainen et al. 

2020) and thanks to their genetic and adaptive plasticity (Hürlimann et al. 2019), they show a more 

rapid population response to habitat variations (Vessey et al. 2007). Nevertheless, comparative studies 

in mountain habitats used by small mammals’ species are few (Armstrong, 1977) and, consequently, 

we still have a limited understanding and information on the mechanisms and the habitat use strategies 

behind those species adapted to live at high altitudes. 

In this study, we explored the existence of intra and interspecific variation between four rodent 

species in two phenotypic traits: body size and body mass, and the presence of sexual dimorphism in 

these traits. In particular, we wanted to test whether, increasing in elevation, rodents follow Bergman’ 

and Allen’s rules. We predicted 1) differences in body size and mass along the elevation, with smaller 

animals of lower body mass in the higher elevation, as they may be advantaged by having lower daily 

energy-requirements than larger and heavier individuals. We therefore evaluated whether 2) smaller 

bodies have a lower body temperature, due to a lower absolute energy requirement. Finally, we also 

tested for 3) difference in these traits associated to variation between trapping sites, characterized by 
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variation in type and overall availability of the major food resources. We also investigated sexual 

dimorphism in these traits (Bednarz & Zwolak, 2022; see also in squirrel, Wauters et al. 2007).  

 

METHODS 

Study area  

In this analysis, we used data collected during two sampling periods: the first one during 2017 and 

the second during 2020 and 2021, within the Gran Paradiso National Park, in the Graian Alps 

(northwestern Italy). Trapping was conducted during the breeding season of the target species, in 

spring and summer.  In 2017, seven altitudinal levels separated 300 m of altitude were selected, 

between 800 and 2,600 m a.s.l. At each altitudinal level, two trapping sites were identified (except 

for the highest altitudinal level with only one trapping site), for a total of thirteen trapping locations. 

Each trapping area was composed of a line with 40 sampling points distanced 10 m from each other, 

where 120-140 live traps (Sherman traps, Ugglan and Longworth) were placed in groups of 3-4 

traps. Each transect was surveyed in two sessions in May-July and July-September with traps left 

active for three days. During the years 2020 and 2021, from April to September, we sampled three 

wide altitudinal ranges (from 400 to 800 m, from 900 to 1,300 and from 1,500 to 1,822 m a.s.l). 

Four trapping sites were identified at each altitudinal level for a total of twelve trapping locations. 

Days of trapping at high- and low-altitude sites were randomly alternated, and the order of trapping 

was recorded. Each trapping area consisted of a line of 30 sampling points with 60 live traps 

(Sherman traps, Ugglan and Longworth) placed in groups of 2, located every 10 m (Figure 1) and 

left active for one week. Traps were baited with apple, sunflower seeds and peanut butter and 

provided cotton as bedding. The animal’s sex was recorded, along with body mass (Pesola spring 

balance; ±1 g), foot length and other body measurements (see Melcore et al., 2022). Each captured 

individual was assigned to an age class (young and adults, based on fur characteristics and body 

dimensions, e.g. Gurnell and Flowerdew 2019), and tissue ear samples were collected and used in 

genetic barcoding of the Apodemus species. In 2020 and 2021, body temperature was also recorded 
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using a rectal thermocouple (RET-3; accuracy: ± 0.1 C°) connected to a thermometer (model 

PST095) on adult individuals acclimatised to laboratory conditions during the active phase of the 

species’ daily cycle, around 10:00 p.m (see Melcore et. al, 2022). 

 

Statistical analysis 

For the analysis, we considered only adult individuals of four species: yellow-necked mouse 

Apodemus flavicollis, wood mouse A. sylvaticus, alpine field mouse A. alpicola (with a minimum 

body mass of 15 g for Apodemus spp.) and bank vole Clethrionomys glareolus (with a minimum 

body mass of 13 g). All continuous variables (foot length, body mass, elevation, and body 

temperature) were log10 transformed before analyses to improve normality in the distributions of 

residuals.  

We conducted two separate analyses. For the first analysis, we used the whole database to evaluate 

whether the four species differed in foot length and body mass. Since data were non normalized, we 

used Kruskal-Wallis ANOVA and then pairwise.wilcox.test with corrections for multiple testing 

(Benjamini–Hochberg correction; Beyer, 2002) for pairwise comparisons. We explore the effect of 

elevation (from 390 to 2286 m a.s.l.) on foot length, and body mass (dependent variables) within 

each species. For the second analysis, we used the database of the years 2020-2021 to assess for 

each species the effect of trapping site, sex, and body temperature (continuous variables) on foot 

length and body mass. For these analyses we applied generalized linear mixed models 

(glmmADMB package) accounting for variation among years (random factor; Bolker et al. 2012; R 

Core Team 2019). The goodness of models fit was compared using the Likelihood Ratio Test 

(hereafter LRT; package “lmtest” in R), to compare the full model, where all the variables were 

included, with the reduced models, excluding one variable at the time.  (Self et al., 1992). 

 

RESULTS 
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In total, 1,197 individuals have been analysed for the period 2017-2021, out of which 396 

individuals belonged to A. flavicollis, 168 to A. sylvaticus, 98 to A. alpicola, and 535 to C. 

glareolus.  For the second analysis 680 individuals were analysed, out of which 154 individuals 

belonged to A. flavicollis, 112 to A. sylvaticus, 66 to A. alpicola, and 348 to C. glareolus.  

Plant diversity was correlated with trapping sites (Kruskal-Wallis chi-squared = 98.29, df = 11; p < 

0.001). Foot length correlate with body mass only in C. glareolus (r = 0.12, p = 0.002), but not in 

the Apodemus species (p ≥ 0.11). The four species differed in the foot length (Kruskal-Wallis chi-

squared = 801.5, df = 3, p < 0.001) and body mass (Kruskal-Wallis chi-squared = 14.471, df = 3, p 

= 0.002). In particular, the average foot length was significantly smaller in C. glareolus (mean ± SD 

= 18.2 ± 1.29) than in Apodemus spp. (A. flavicollis = 22.8 ± 1.39; A. sylvaticus = 22.7 ± 1.82, A. 

alpicola = 22.7 ± 1.51). The average body mass was smaller in C. glareolus (26.5 ± 6.23) compared 

to A. flavicollis (28.2 ± 7.09), followed by A. sylvaticus (27.9 ± 6.24) and A. alpicola, (27.2 ± 6.84; 

Fig. 2; Table S1). 
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Figure 2. Boxplots comparing foot length and body mass for each species. 

 

From the first analysis with the whole database, we observed that in A. flavicollis foot length 

increase (β ± SE = 0.086 ± 0.041; z = 2.090; p = 0.03) and body mass decrease (β ± SE = -0.092 ±  

0.031, z = - 2.93, p = 0.003) along elevation, while in C. glareolus body mass increase (β ± SE = 

0.058 ±  0.027, z = 2.13, p = 0.03) along the altitudinal gradient. 

From the second analysis, the outputs of the Likelihood Ratio Test showed that for the foot length, 

trapping site was the main variable improving the fit of the model in A. flavicollis (χ² = 26.47, p = 

0.005), together with sex (χ² = 4.38, p = 0.03; Fig. 3; Table S2.1), where female showed smaller 

foot (mean ± SD = 21.8 ± 1.35) than males (22.3 ± 1.55), and in A. sylvaticus (χ² = 27.86, p = 

0.003; Table S2.2). In A. alpicola only sex seems to influence the fit of the model (χ² = 4.41, p = 

0.03; Fig. 3; Table S2.3). Similar results were obtained for the body mass, where trapping site was 

the main variable improving the fit of the model in all the four species (A. flavicollis: χ² = 47.15, p < 

0.001; A. sylvaticus: χ² = 22.15, p = 0.02; A. alpicola: χ² = 38.63, p < 0.001; Table S2). However, in 
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A. sylvaticus the best model was the one also including sex (χ² = 4.21, p = 0.02), and in A. alpicola 

the one including foot length (χ² = 7.55, p = 0.004). 

 

Figure 3. Boxplot showing the difference in foot length between male and female in A. flavicollis and A. 

alpicola. 

 

In C. glareolus (Table S2.4), none of the tested variables affected the foot length. However, for the 

body mass trapping site (χ² = 47.67, p < 0.001), sex (χ² = 4.54, p = 0.03), with female heavier (28.2 

± 5.88) than males (27.2 ± 6.29) and body temperature (χ² = 6.91, p = 0.008; Fig. 4) were found to 

improve the model fit. Indeed, we found that in C. glareolus, individuals with low body mass had 

higher body temperature but this relation was not observed in the other species. 
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Figure 4. Left: Boxplot showing the difference in foot length between male and female in C. glareolus. 

Right: Marginal effect showing the predicted values of body mass in function of body temperature variation 

in C. glareolus. 

 

DISCUSSION 

In this study, we presented how body morphological characteristics differ between species, trapping 

sites and sexes. We found an opposite pattern between the two groups, Apodemus spp. and C. 

glareolus, with body mass decreasing in A. flavicollis and increasing in C. glareolus at high 

altitudes.  

Interestingly, the two species with the broader altitudinal distribution support (C. glareolus) and 

contradict (A. flavicollis) the Allen’ and Bergmann’ rules. The mechanisms for both rules lay 

behind optimization of thermoregulatory costs, reducing heat dissipation in animals with smaller 

extremities, and increasing thermal inertia in larger individuals. In our results, C. glareolus had 

small extremities, and its body mass increased along the elevation, following both rules. There is 

some evidence in birds (Pyrrhocorax pyrrhocorax, P. graculus), and in amphibians and turtles 
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(Alho et al., 2011) of the prevalence of larger individuals (i.e. higher body mass) with relatively 

shorter extremities (e.g. legs) at high altitudes (Laiolo and Rolando 2008, Meiri and Dayan 2003, 

Poblete et al. 2018). This can result from the selection of larger animals with short extremities, 

which have a lower surface-to-volume ratio than smaller animals and thus a lower body heat 

dispersion per unit of mass. However, in the same area, A. flavicollis contradicts both rules, as it 

exhibited longer feet and lower body mass along the elevation. Previous studies have observed that 

lower body mass at high altitudes occurs commonly and becomes particularly pronounced with 

increasing altitudes (Kayser, 1994; also in red squirrels, see Wauters et al., 2007 and Tranquillo et 

al., 2022). The reduction in body size could be partially connected to a reduced energy intake at 

high altitudes where resources are limited (Westerterp & Kayser 2006). We can suppose that the 

two rodent species examined here have been affected differently by high altitude selection: C. 

glareolus developed morphological adjustment to avoid heat dissipation, while A. flavicollis instead 

found an advantage of having a smaller body in order to reduce the amount of energy needed (Bears 

et al. 2008). Other hypotheses to explain such trend could be that a variation in size (and/or 

processing time) of major food types, could have affected these differences. For example, studies on 

red squirrels showed that individual are bigger where they feed on larger seeds (Wauters et al., 

2007). It is also possible that Apodemus, which are more explorative rodents compared to C. 

glareolus (Dammhahn et al. 2020), at higher altitudes have longer feet and slimmer body to 

optimize mobility when food resources are more limited.  

An interesting result was observed in C. glareolus, where we found a negative relationship between 

body temperature and mass, with animals with smaller bodies having higher body temperatures. A 

previous study showed a similar correlation in birds (Prinzinger et al., 1990), and we confirmed the 

same in this rodent species. It could be that in rodents, smaller bodies need more energy for 

searching for resources and shelter, especially in unstable environments, such as mountains. This 

could suggest that several physiological mechanisms are involved to generate heat and cope with 

cold environmental conditions, such as the active organs involved in energetically demanding 
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aerobic activity (Abumrad, 2017; Jastroch et al., 2021; RodriguezSerrano & Bozinovic, 2009). This 

hypothesis, however, needs to be corroborated by other studies considering the effects of 

physiological measures of the animals, such as the organ masses and the brown adipose tissue. 

The ability of species to adapt, is of vital importance to their survival in a changing environment. 

Species must be able to adjust either through evolutionary changes or phenotypic plasticity, or face 

risk of extinction under ongoing rapid habitat and climatic changes. Species living along broad 

elevational gradients provide an excellent opportunity to study morphological variation, as they are 

exposed to diverse climatic and ecological conditions, which could drive morphological variation. 

This study indeed showed that some species such as A. flavicollis, which have a typical lowland 

distribution and probably only recently colonised high-altitude areas, and thus not yet well adapted 

to such environment, is under stronger selection by the instable food resources availability. Others 

such as C. glareolus, which was found at high density population in high altitude areas, adopt more 

thermoregulatory strategies to preserve heat dissipation. These results suggest a species-specific 

morphological adaptations imposed by the mountain environment. 
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Appendix 

Table S1. Pairwise Wilcox test for foot length and body mass. Table show the p-values of the pairwise 

comparisons between the four species with corrections for multiple testing. Values in bold are statistically 

significant. 

 

Foot length  Body mass 

 Pairwise Wilcox test: 

Kruskal-Wallis chi-squared = 801.5, df = 3, p < 0.001 

 

 Pairwise Wilcox test:  

Kruskal-Wallis chi-squared = 14.47, df = 3, p = 0.002 

 
  A. alpicola A. flavicollis A. sylvaticus   A. alpicola A. flavicollis A. sylvaticus 

A. flavicollis 0.84 - - A. flavicollis 0.33 - - 

A. sylvaticus 0.84 0.68 - A. sylvaticus 0.55 0.60 - 

C. glareolus < 0.001 < 0.001 < 0.001 C. glareolus 0.58 0.001 0.06 
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Table S2. Single species analysis for foot length and body mass. Likelihood ratio test of the generalised 

linear model testing the effect of trapping site, sex and body temperature on foot length and body mass of 

the animals. Df = model’s degree of freedom; df = degree of freedom of the test statistic; logLik = 

loglikelihood; χ² = chi square statistic test; p = p value. In bold are shown the significant p-values of the 

models where the excluded tested variable was significant on the model fit. 

 

2.1)          A. flavicollis 

foot length Df LogLik Df χ² P-value  

Full model:  ~ trapping site + sex + body temperature 15 335.52                              

- body temperature 14 335.31 -1 0.41     0.51 

- sex 14 333.37   -1 4.29  0.038 

- trapping site 4 322.28 -11 26.47 0.005 

   ~ 1 2 320.63 -13 29.78 0.005 

 
body mass Df LogLik Df χ² P-value  

Full model: ~ trapping site + sex + body temperature + foot length 16 159.64    

- foot length 15 158.98 -1 1.32 0.24 

- body temperature 15 159.21 -1 0.87 0.34 

- sex 15 159.54 -1 0.42 0.51 

- trapping site 5 136.07 -11 47.15 < 0.001 

~ 1 2 133.65 -15 51.98 < 0.001 

 

 

2.2)          A. sylvaticus 

foot length Df LogLik Df χ² P-value  

Full model:  ~ trapping site + sex + body temperature 15 221.33    

- body temperature 14 221.27 -1 0.11 0.73 

- sex 14 221.33 -1 0.0003 0.98 
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- trapping site 4 207.40 -11 27.86 0.003 

~ 1 2 206.98 -13 28.7 0.007 

 

body mass Df LogLik Df χ² P-value  

Full model: ~ trapping site + sex + body temperature + foot 

length 

16 109    

- foot length  15 109 -1 0.002 0.96 

- body temperature 15 108.98 -1 0.02 0.86 

- sex 15 106.89 -1 4.21 0.04 

- trapping site 6 97.91 -11 22.15 0.02 

~ 1 2 96.28 -14 25.43 0.03 

 

 

2.3)          A. alpicola 

  foot length Df LogLik Df χ² P-value  

Full model:  ~ trapping site + sex + body temperature 15 139.34    

- body temperature 14 139.07 -1 0.53 0.46 

- sex 14 137.13 -1 4.41 0.03 

- trapping site 4 135.96 -11 6.76 0.81 

~ 1 2 134.77 -14 9.13 0.76 

 

body mass Df LogLik Df χ² P-value  

Full model: ~ trapping site + sex + body temperature + foot 

length 

16 75.16    

- foot length  15 71.38 -1 7.55 0.005 

- body temperature 15 75.05 -1 0.20 0.64 

- sex 15 75.15 -1 0.01 0.88 

- trapping site 5 55.84 -11 38.63 < 0.001 

~ 1 2 52.27 -14 45.76 < 0.001 
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2.4)          C. glareolus 

foot length Df LogLik Df χ² P-value  

Full model:  ~ trapping site + sex + body temperature 15 721.43    

- body temperature  14 721.42 -1 0.02 0.89 

- sex 14 721.39 -1 0.07 0.78 

- trapping site 5 712.66 -1 17.54 0.09 

~ 1  2 712.52 -13 17.82 0.16 

 

body mass Df LogLik Df χ² P-value  

Full model: ~ trapping site + sex + body temperature + foot 

length 

16 320.77    

- body temperature 15 317.31 -1 6.91 0.008 

- sex 15 318.50 -1 4.54 0.03 

- trapping site 5 296.93 -11 47.67 < 0.001 

~ 1 2 292.97 -14 55.60 < 0.001 
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Abstract 

Mountains provide a vast and diverse range of habitats which vary along an elevational gradient, 

influencing animal adaptations. Natural selection act on phenotypic variation which includes 

differences in morphological traits such as animal colouration. Camouflage is one of the most 

efficient anti-predator strategies as it makes it difficult for the predator to detect or recognize the prey. 

We investigated camouflage in four rodent species inhabiting elevation gradient in Alps. Specifically, 

we estimated the accuracy of camouflage to distinguish between generalist and specialist strategies 

and investigated the effect of elevation and some microhabitat element on chromatic component 

(hue), brightness and mismatches of animal dorsal fur. We observed that all species shared a similar 

high accuracy of camouflage in the hue of the dorsal fur, perfectly matching their habitat colouration. 

However, for the brightness component of the colour, we did not observe the same optimal 

camouflage as before, and in none of the studied species the brightness of the animal and of substrate 

were correlated. At the species level, we found different camouflage strategies which varied between 

species and along the elevational gradient. In Apodemus alpicola and Clethrionomys glareolus we 

registered higher value in brightness, probably due to the near-white radiance spectrum of higher 

altitude. A. sylvaticus exhibits darker coloration compared to the other species and to its habitat, and 

this colouration became lighter along the elevation. This may suggest that in the habitats this species 

lives, may not be under strong selection for background matching in its coloration, but for some other 

reason of coloration (e.g., thermoregulation). Regarding the dominant wavelength, we observed an 

opposite trend between C. glareolus and A. flavicollis, with the first showing lower wavelengths 

(redder colouration) compared to the other Apodemus spp., and the latter becoming more redder 

(lower hue) along the elevation, suggesting an evolutionary and adaptive differential effect to altitude. 

Thus, we can suppose that fur colouration can influence the activity patterns and other ecological 

factors of the species, such as behaviour or thermoregulation.  

 

Keywords: Rodents, dominant wavelength, mismatch, elevation, species comparison   
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INTRODUCTION  

Mountains are characterized by strong natural gradients and large spatial and temporal 

heterogeneity (Theurillat et al 2003). Due to their significant environmental variation, mountains 

provide a vast and diverse range of habitats which vary along an elevational gradient, influencing 

animals’ adaptations. The adaptations of rodents to mountain environments involves not only 

physiological performance to deal with the harsh high-altitude condition, but also include specific 

behavioural, morphological, and phenotypical adaptations, which are usually not unique to 

mountain animals, but they may be especially prominent in extreme habitats (Sears et al. 2009).  

Natural selection acts on phenotypic variation influencing animal adaptation which can be defined 

as heritable phenotypic change (Draghi, 2019). Among the most classical examples of adaptive 

evolution is the emergence of colour polymorphism, particularly with the evolution of camouflage 

colouration in animals (Endler et al., 1988; Mappes et al., 2014). Camouflage is one of the most 

efficient anti-predator strategies as it makes it difficult for the predator to detect or recognize the 

prey, increasing its similarity to the surrounding natural environment or to objects contained therein 

(Bond & Kamil, 2002; Duarte, Stevens, & Flores, 2018; Cuthill, 2019; Nokelainen et al., 2019). 

There are different types of camouflage strategies (e.g., background matching, disruptive 

colouration, self-shadow concealment and many others; Merilaita, 2011). Here, we considered the 

background-matching, which is the most common camouflage type. The background-matching can 

be defined as the adaptation of an animal's body colouration to the habitat colouration, to reduce its 

visibility to predators (Endler, 1978; Merilaita et al., 2017). Animals have many ways to optimize 

camouflage, in relation to their distribution range and the complexity of their habitats (Nokelainen 

et al, 2020). In diverse habitats, composed by different background elements animals can both 

evolve a generalist tactic, in which it matches well with the different visual backgrounds but its 

camouflage is not optimal in any of them (Houston et al., 2007; Hughes et al., 2019) or can adopt a 

specialist tactic to match one of the backgrounds well, which, however, results in greater visibility 

and vulnerability in other habitats (Cuthill, 2019). In homogeneous habitat, instead, animals may 
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adopt more specialised camouflage, which provides better protection in specific environments 

(Kjernsmo & Merilaita, 2012; Michalis et al., 2017; Fig. 1). 

 

 

Figure 1. Different camouflage accuracy in two specie: Apodemus flavicollis (top) and Myodes glareolus (bottom) 

 

Although the phenotype-environment match is well known and studied across different taxa 

(Barbosa et al., 2008; Kang et al., 2012; Wilson-Aggarwal et al., 2016), it is very challenging to 

quantify camouflage directly while checking different types of natural backgrounds (Macedo et al., 

2022). Furthermore, until now the tools available to study such mechanisms were not very adequate 

and for these reasons there are still very few direct studies on camouflage in nature (Nokelainen et 

al., 2020) and in particular on species inhabiting mountain habitats.  

In this work, we investigated camouflage in rodent species inhabiting elevation gradients in the 

Alps. We estimated the accuracy of camouflage of these species in relation to their background to 

distinguish between generalist and specialist camouflage strategies and investigated the effect of 

elevation and the habitat structure on fur colour properties and mismatch between the animal and its 

background. We expected 1) low animal-background mismatch (more specialist strategies) to be 

found at high elevations since species have to match in more homogeneous habitat. On the contrary, 

species at lower elevations should have evolved higher animal-background mismatch (generalist 

strategy), averaging the backgrounds that they experience. We predicted that 2) individual from 

higher elevation are darker (lower brightness values), because the substrate is also darker, and 

vegetation is more scarce compared to lower elevation (Rios & Álvarez-Castaneda, 2012; Reguera 

et al. 2014). Finally, we expected that 3) sympatric species will not differ significantly in the 

dominant wavelength (hue), but we expected within the species, individuals at higher altitude to be 

redder (lower values of hue), because red pigmentations are more prevalent in habitats with 

exposure to high solar radiation (high UV exposure; Cooper, 2010). 
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METHODS 

Study area  

The study area was located in the Piedmont region (North-western Italy), within the Gran Paradiso 

National Park territory, in the Graian Alps. A peculiarity of the territory is the presence of diffuse 

rocky areas, located mainly above the altitudinal limit of the trees, sometimes even at lower 

altitudes. Deciduous forests at low elevations (400-1000 m), were composed of European beech 

(Fagus sylvatica), followed by sycamore maple (Acer pseudoplatanus), large-leaved linden (Tilia 

platyphyllos), European ash (Fraxinus excelsior), poplar (Populus spp.), birch (Betula spp.) and 

chestnut (Castanea sativa) species. Coniferous forests, at high elevations (1800-2000 m) were 

dominated by larch (Larix decidua), often mixed with Norway spruce (Picea abies). At mid-

elevation (1000-1800 m) the mixed forests were composed by several deciduous and coniferous 

species. 

 

Trapping and handling 

The sampling season started on April 15 and ended on September 15, 2020, during the breeding 

season of the target species and the study was repeated in the same period during 2021. The days of 

capture were randomly alternated at high and low altitude sites to avoid the effect of seasonality in 

rodent moulting. We identified 12 trapping sites distanced at least 5 km from each other, distributed 

along an elevational gradient, from 400 to 1822 m a.s.l (Figure A1 and Table A1). Each trapping 

site was composed of a line of 30 live traps (Sherman traps, 229 mm x 89 mm x 76 mm in size), 

located every 10 m. Traps were set up in the field for one week and checked at dawn and dusk. 

Traps were baited with apple, sunflower seeds, and peanut butter, and provided with cotton as 

bedding. Trapped species were yellow-necked mouse Apodemus flavicollis (hereinafter AF), wood 

mouse A. sylvaticus (AS), alpine field mouse A. alpicola (AA) and bank vole Clethrionomys 

glareolus (CG; also known as Myodes glareolus; Kryštufek et al., 2020). Two of these species, AF 

and CG had a wide altitudinal range, the other two AS and AA are mainly distributed in the low and 
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the high altitudinal gradient, respectively. Tissue samples were collected from the ear of captured 

animals and used to identify the different Apodemus species through barcoding (Aljanabi et al. 

1997). Only adult individuals (based on fur characteristics and body dimensions, e.g. Gurnell and 

Flowerdew 2019; see also Melcore et al. 2022) were selected for the camouflage analysis to have 

well-formed fur coat. Within each plot we registered the elevation (GPS Garmin Etrex 32x). 

We collected vegetation data in seven plots located within the trapping line: the first plot was 

centered around the first trap, and the following plots were placed every five traps. Each plot was 

constituted by a 5 x 5-m square with a live trap located in the center. The tree/bush species present 

in the plot were identified, and percentage of cover of each shrub species, and of the herbaceous and 

rocky cover at the ground level were visually estimated. The percentage of shrub coverage was 

calculated to account for variation in plant diversity (Shannon Index) and vegetation coverage. 

 

Image analysis 

To quantify colour phenotypes and their match to the background, both the animals and their habitat 

backgrounds were digital photographed directly in the field. Three photos were taken for each 

animal in three different points around the trap (within a range of maximum 3 m) in order to include 

in the analyses, the different elements of the habitat in which the animal was captured. The 

photographic scene focused on the entire dorsal view of the animal (excluding the tail) and the 

habitat background, with a grey colour reference scale (Fig 1). Photographs were taken during the 

morning traps check (around 9 am) and from similar height from the ground (about 1 m) under 

natural light conditions. The photographs were all taken using a Nikon D3100 camera with basic 

lens (50 mm). Images were analysed with ImageJ (version 1.5k) an open-source Java-based image 

processing program developed to display, edit, analyse, and process different image file formats. 

Before starting with photo analyses, we calibrated the camera, using a standard colour chart (X-Rite 

color Checker passport) to create a cone-catch model in ImageJ. Then, the images were 

standardised (equalised) with white and black standards using an ImageJ plugin, micaToolbox 
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(Troscianko & Stevens, 2015). The process of elaboration of the photographs involved various 

procedural steps (available on the ImageJ guide). The images were scaled to reflectance values in 

red, green and blue (RGB) layers. For each image, we measured two regions of interest (ROIs), one 

of the entire dorsum of the animal and one of the background, and we calculated the RGB values 

(0-255) for both these ROIs. Since for each animal were taken three photos in the different habitat 

background around the trap where it was captured, we associated the average value of the three 

background RGBs to each individual. 

To analyse the mismatch between animal colouration and its background, we transformed RGB 

values to HSV colour space (hue, saturation, and value or brightness) (using “rgb2hsv” R package). 

The HSV value gives information about the dominant wavelength (hue), the purity of the colour 

(saturation), and the brightness of the target (value). HSV are a colour space closer to how colour, 

and consequently prey camouflage, is perceived (Ajmal et al., 2018). Since the species studied were 

both crepuscular and nocturnal and considering that quite large changes in the spectrum of light can 

also occur within forests due to the diversity in vegetation structure and habitat type (Warrant & 

Johnsen, 2013), we decided to consider only hue and brightness values in the analyses. Saturation 

could be not as important as the other camouflage parameters, as some predators vision models 

could interpret saturation poorly (Kelber & Osorio, 2010). Then, for each individual we calculated 

mismatches as the difference in the value of the animal dorsum against the background in which it 

was found. 

 

Statistical analysis 

Continuous variables (elevation, vegetation cover, herbaceous and rocky coverage, plant diversity, 

hue, brightness and mismatches values) were log10 transformed before analyses to improve 

normality of distributions of their residuals. We used one-way ANOVA test and then pairwise t 

tests comparisons with corrections for multiple testing (Benjamini–Hochberg correction; Beyer, 

2002), to analyse the differences in camouflage adaptations between the different species. 
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First, we tested how elevation, vegetation cover, herbaceous and rocky coverage, and plant diversity 

(independent variables) affected camouflage accuracy using a generalised linear model. We 

conducted four separate analyses for animal hue, brightness and the respective mismatches as 

dependent variables, assuming Gaussian distribution. We included species as a factor, and in 

analysis for hue and brightness only, we included habitat hue and brightness as continuous 

predictors in the model. We tested two-way factorial interaction between species and elevation to 

test for the differences among species in camouflage. Lack of multicollinearity among predictors 

was confirmed with variance inflation factors (< 2.5). The goodness of models fit was compared 

using the Likelihood Ratio Test (package “lmtest” in R), which determine whether adding 

complexity to the model makes the model significantly more accurate (Self et al., 1992). 

Second, to determine species-specific camouflage responses to habitat characteristics, we 

constructed similar to above analyses but separately for the four species ensuring we had enough 

records for conclusive statistical investigation (N>30).  

 

 

RESULTS 

We captured a total of 461 individuals: 118 AF, 95 AS, 46 AA, 202 CG. When testing correlations 

between animal and habitat colouration, we found a significant correlation for hue (Pearson’s 

correlation: r = 0.66, t = 19.02, p < 0.001) but not for brightness (r = - 0.02, df = 459, t = -0.42, p = 

0.67). 

Hue and brightness values 

Hue of the habitat was correlated with plant diversity (r = 0.12, t = 2.78, p = 0.005), but not with the 

other predictors (elevation, herbaceous, rocky and vegetation coverage; p ≥ 0.77). Brightness of the 

habitat was not correlated with any of the predictors (p > 0.33). 

The four species differed in the hue (F = 3.27, df = 3, p = 0.021) and brightness (F = 3.75, df = 3, p 

= 0.010) values. In particular, the average hue value was significantly smaller in CG (mean ± SD = 
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91.050 ± 28.8) than in Apodemus spp. (AF = 100.876 ± 33.96, AS = 101.185 ± 32.97, AA = 103.613 

± 28.23). The average brightness was significantly smaller in AS (0.037 ± 0.02) compared to CG 

and AA which had a similar brightness value (0.041 ± 0.01), followed by AF (0.038 ± 0.02; Fig. 2; 

Table S2). 

 

 

 

Figure 2. Boxplot of hue, brightness and the respective mismatches for the four species. 

 

 

Results from the LRT analyses for hue and brightness, including species as factor, showed that the 

interaction between elevation and species improved the fit of the model both for hue (χ² = 33.59, p 
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< 0.001) and for brightness (χ² = 35.36, p < 0.001). For animal hue, the best model included the 

habitat hue (χ² = 276.39, p < 0.001), while for brightness the vegetation cover (χ² = 4.92, p = 0.02) 

and plant diversity (χ² = 4.92, p = 0.017). The other covariates considered here had no clear effect 

on model fit either for the hue (p ≥ 0.13) and for the brightness (p ≥ 0.12; Table 1).  

 

Table 1. Likelihood ratio test of the generalised linear model testing the effect of elevation, species and their 

interaction, herbaceous, rocky and vegetation coverage, plant diversity and hue of the habitat on animals’ 

hue on animals’ hue (a) and brightness of the habitat on animals’ brightness (b). Df = model’s degree of 

freedom; df = degree of freedom of the test statistic; logLik = loglikelihood; X2 = chi square statistic test; p = 

p value. In bold are shown the significant p-values of the models where the excluded tested variable was 

significant on the model fit. 

 

    (a)     Hue_animal 

  Df df logLik X2 p 

Full model: ~ species* elevation + hue_habitat + her-

baceous + rocky + vegetation cover + plant diversity 14 
 

349.690 
 

  

- interaction species * elevation 11 -3 332.860 33.59 < 0.001 

- plant diversity 13 -1 348.680 2.01 0.15 

- vegetation cover 13 -1 348.710 1.95 0.16 

- rocky 13 -1 348.550 2.27 0.13 

- herbaceous 13 -1 348.790 1.79 0.18 

- hue_habitat  13 -1 211.490 276.39 < 0.001 

- elevation 10 -4 332.810 33.74 < 0.001 

- species 8 -6 324.680 50.01 < 0.001 

 ~ 1 2 -12 184.960 329.45 < 0.001 
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    (b)     Brightness_animal 

  Df df logLik X2 p 

Full model: ~ species* elevation + bright-

ness_habitat + herbaceous + rocky + vegetation 

cover + plant diversity 14 
 

167.220 
  

- interaction species * elevation 11 -3 149.530 35.36 < 0.001 

- plant diversity 13 -1 164.750 4.92 0.017 

- vegetation cover 13 -1 164.750 4.92 0.021 

- rocky 13 -1 167.130 0.17 0.67 

- herbaceous 13 -1 166.030 2.36 0.12 

- brightness_habitat 13 -1 167.200 0.02 0.88 

- elevation 10 -4 143.300 47.82 < 0.001 

- species 8 -6 148.200 38.02 < 0.001 

 ~ 1 2 -12 133.170 68.09 < 0.001 

 

At the species level, the results for hue values from LRT analysis, showed that hue of the habitat 

had a positive effect in all the four species (AF: χ² = 81.42, p < 0.001; AS: χ² = 88.67, p < 0.001; 

AA: χ² = 15.17, p < 0.001; CG: χ² = 76.76, p < 0.001; Fig 3). Elevation had a negative effect on the 

hue in AF (χ² = 11.06, p < 0.001) and a positive effect in CG (χ² = 9.92, p = 0.001); for AA we 

found a negative effect of herbaceous cover (χ² = 10.77, p = 0.001) and a positive effect of 

vegetation cover (χ² = 10.25, p = 0.001; Fig. 2; Table S4). The results for brightness showed no 

effect of the tested variables on the brightness of animals in AF and AA (p ≥ 0.06), while in AS we 

observed a negative effect of the brightness of the habitat (χ² = 11.58, p < 0.001) and a positive 

effect of elevation (χ² = 33.74, p < 0.001). In CG we observed a positive effect of the herbaceous (χ² 

= 8.40, p = 0.003) and plant diversity (χ² = 9.83, p = 0.001; Fig.3; Table S4).   
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Figure 3: Plot from the summary of the regression model of species hue values (top) and brightness values (bottom). 

The stars indicate the significance level of the tested covariates. 

 

Mismatches 

The four species differed in the brightness mismatch (F = 7.77, df = 3, p < 0.001) but not for the hue 

mismatch (F = 0.36, df = 3, p = 0.78). In particular, brightness mismatch was significantly higher in 

AS (0.0261 ± 0.0146), followed by CG and AF, where the values were similar (mean ± SD = 0.0172 

± 0.0155), and AA (0.0162 ± 0.0104; Fig. 4; Table S3). 
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Figure 4. Boxplot of brightness value of the animal (red) and the habitat (blue) for the four species 

 

Analyses for mismatches showed that the species-elevation interaction had an effect in improving 

the model fit for hue mismatch (χ² = 16.13, p < 0.001), while for brightness mismatch only species 

seemed to influence the model fit (χ² = 20.65, p = 0.002). No other relation with any of the tested 

covariates was found in the mismatches (p ≥ 0.15; Table 2).  

 

Table 2. Likelihood ratio test of the generalised linear model testing the effect of elevation, species and their 

interaction, herbaceous, rocky and vegetation coverage, and plant diversity on hue and brightness 

mismatches. Df = model’s degree of freedom; df = degree of freedom of the test statistic; logLik = 

loglikelihood; χ² = chi square statistic test; p = p value. In bold are shown the significant p-values of the 

models where the excluded tested variable was significant on the model fit 

      Hue mismatch  Brightness mismatch  

  Df df logLik χ² p logLik χ² p 
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Full model: ~ species* elevation + herbaceous + rocky + 

vegetation cover + plant diversity 13 
 

-2092.1 
 

  1385.5 
 

  

- interaction species * elevation 10 -3 -2100.1 16.14 < 0.001 1383.4 4.32 0.22 

- plant diversity 12 -1 -2092.3 0.52 0.46 1385.5 0.02 0.87 

- vegetation cover 12 -1 -2092.7 1.31 0.25 1385.4 0.28 0.59 

- rocky 12 -1 -2093.1 2.06 0.15 1385.0 1.14 0.28 

- herbaceous 12 -1 -2092.1 0.00 0.95 1385.2 0.64 0.42 

- elevation 9 -4 -2103.0 21.91 < 0.001 1383.4 4.32 0.36 

- species 7 -6 -2104.0 23.83 < 0.001 1375.2 20.65 0.002 

 ~ 1 2 -11 -2107.1 30.12 0.001 1372.8 25.34 0.008 

 

At the species level, the results for hue mismatch from LRT analysis, showed that elevation had a 

positive effect in AF (χ² =5.14, p = 0.023) and AS (χ² =5.08, p = 0.024). We also observed a 

negative effect of the vegetation coverage in AF (χ² = 5.67, p = 0.017), and a positive effect of plant 

diversity in CG (χ² =5.28, p = 0.021). None of the other tested variable improved the fit of the 

single-species models for hue mismatch (p ≥ 0.07; Fig. 3; Table S5). For the brightness mismatch 

we observed in AF a low effect of the rocky cover (χ² = 3.95, p = 0.046), while in AA there was a 

moderate positive effect of the vegetation coverage (χ² = 5.18, p = 0.022) and a strong negative 

effect of the herbaceous coverage (χ² = 9.34, p = 0.002). In MG and AS none of the tested variables 

had a clear effect on the model fit (p ≥ 0.07; Fig. 5; Table S5).    
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Figure 5: Plot from the summary of the regression model of species hue mismatch (top) and brightness mismatch 

(bottom). The stars indicate the significance level of the tested covariates. 

 

 

 

DISCUSSION 

Rodents’ community living in the Alps provides a fruitful model system to study how animals adopt 

different strategies to survive in their habitat (Kay & Hoekstra, 2008). In this study, we presented 

results from analyses on camouflage in four sympatric rodents’ species and showed that species 

differed in their camouflage adaptations. We also showed how fur colouration characteristics (hue 

and brightness) have a different role among the two groups of rodents (i.e., mice vs bank voles), 

perhaps reflecting differential species activity patterns and microhabitat use.  
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Hue, saturation and brightness (HSV, also known as HSB) are alternative representations of the 

RGB color model to align with the way human vision perceives color-making attributes more 

closely. In HSV a color with maximum value/brightness is analogous to shining a white light on a 

coloured object (e.g. shining a bright white light on a red object causes the object to still appear red, 

just brighter and more intense, while shining a dim light on a red object causes the object to appear 

darker and less bright; Ihaka et al. 2022; Ottosson & Björn, 2022). Thus, HSV is a valuable analysis 

tool, because it extensively characterises colour variation across the visible spectrum of 400-700 nm 

(which is also the human visible spectrum), making interpretation somewhat receiver independent. 

For these analyses we decided to consider only hue and brightness values because saturation in the 

predators’ vision models could be interpreted poorly (Kelber & Osorio, 2010). 

Following the hypothesis that predator is the major selective pressure driving background matching 

in rodents’ colouration, animal colour characteristics should correlate with the corresponding values 

of backgrounds (Boratyński et al., 2014, 2017). In general, our results are consistent with this 

hypothesis and showed that all species shared a similar high accuracy of camouflage in the 

chromatic component of the colour (hue) of the dorsal fur, perfectly matching their habitat 

colouration. However, for the brightness component of the colour, we did not observe the same 

optimal camouflage since in none of the studied species the brightness of the animal correlated with 

the substrate, except in AS which exhibits darker coloration compared to its habitat. This may 

suggest that this species may not be under strong selection for background matching in its 

coloration, but for some other reason of coloration (i.e., thermoregulation, immune defence, genetic 

components etc.; Dreiss et al., 2016).  

At the species level we observed a different pattern in the colour components here analysed, and the 

differential effect of some habitat characteristics, such as elevation and microhabitat variables, 

suggesting that in addition to the optimised camouflage achieved by each species, there are 

differential effects of the habitat at the local scale that must be taken into consideration (Macedo et 

al. 2022).  
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Regarding the brightness component of the colour, our second prediction that darker colourations 

are predominant at higher elevation is not confirmed by our results. In fact, AA showed lighter 

colouration compared to the lowland species AS. This could be due to the habitat used by the 

highland species, which is restricted to high altitudes grassland dominated by rocky scree habitats 

and sparce larch woodland with a rich herbaceous layer (Storch & Lütt, 1989;). Open habitats are 

dominated by a near-white radiance spectrum (Dreiss et al., 2016), which probably lead this species 

to evolve brightness camouflage strategy in such brighter habitats. Lighter colouration was 

observed also in CG, and it was positive correlated with plant diversity and herbaceous coverage. 

This result may reflect the microhabitat used by this species, mostly found in grass covered habitat 

and in coniferous forests (Gurnell, 1985; Mazurkiewicz 1994; Canova, 1993).   

Regarding the dominant wavelength (hue), our results showed a differential strategy between the 

two groups, Apodemus spp. vs bank vole, consequently rejecting our third hypothesis that sympatric 

rodents may share similar colouration component. In fact, CG showed lower wavelength, and thus 

reddish colourations, compared to Apodemus species. However, a reversal trend is observed along 

the elevation: AF become more reddish (lower hue, confirming our fourth hypothesis) while CG 

become less reddish (higher hue). This result could be due to two factors. On the one hand AF has a 

typical low-land distribution well adapted to deciduous forests and colonised high-altitude 

environment only recently (Reutter et al., 2003). In our study areas it was found at high elevation 

only at low population density. These ecological characteristics may have influenced its 

wavelength, probably for thermoregulation mechanisms and for protection from solar radiation 

(Nor, 2001). This result was also supported by the increasing in hue mismatch with elevation, 

supporting the hypothesis of recent adaptation to the high altitude (Rios & Álvarez-Castañeda, 

2011). On the contrary, in CG, and also in AA, hue was higher at high elevation, where the species 

were captured mainly in rocky environments, with herbaceous cover and coniferous forests with 

low canopy, suggesting an anti-predatory strategies in hue component for these species. A 

hypothesis could be that lighter colouration and higher wavelength at high altitude might be 
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expected to be less noticeable in habitats that are often snow-covered or lacking dark vegetation, to 

the detriment of heat absorption in these cold environments. There is also experimental evidence 

showing that both aerial (Dice, 1947; Kaufman, 1974) and terrestrial (Brown, 1965) predators select 

against conspicuously coloured mice. Thus, we can suppose that fur colouration can influence the 

activity patterns and other ecological factors of the species, such as behaviour or thermoregulation.  

The colouration matching patterns may be an essential parameter to be considered in the analysis 

for camouflage, as natural environments are variable in visual texture (e.g. river banks, gravel of 

various sizes, and rocks; Michalis et al., 2017). This sets different strategies for species that live in 

such habitats (Dimitrova & Merilaita, 2014; Kjernsmo & Merilaita, 2012). Habitat characteristics 

such as elevation, the vegetative, herbaceous and rocky cover at the ground level, and the plant 

diversity have to be considered as they determine the level of natural selection pressure (Rios & 

Álvarez-Castaneda, 2012). For example, in our study plant diversity, vegetation and herbaceous 

coverage were the main factors affecting both the hue and the brightness of the species in a 

differential way (Körner, 2007; Macedo et al. 2022). The data showed that selection acts 

differentially on fur dominant wavelength and brightness and could be used to explain the 

mechanisms underlying the choice of one camouflage strategy over the other in sympatric species. 

However, it is important to point out that hue should be used with caution to interpret background 

matching, as the vision system of relevant predators is not known. HSV is a valuable analysis tool, 

because it extensively characterises colour variation across the visible spectrum of 400-700 nm 

(which is also the human visible spectrum), making interpretation somewhat receiver independent. 

However, the camouflage strategy in the dominant wavelength using HSV-hue could be an indirect 

signal, but not direct evidence, because it is not known whether predators are sensitive at those 

wavelengths that the hue of HSV indicates. In future studies, a model of animal vision could be 

conducted, to provide evidence of the animal vision system, and whether it is able to detect the 

wavelengths registered here. An analysis of other variables, i.e. spatial and temporal scales, are 

needed to have a better understand of fur colour evolutionary adaptation to habitat characteristics. 
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This study sets the stage for a more detailed analysis of the differences in fitness in relation to 

animal-background similarity, which are needed to explore the relative importance of camouflage 

and thermoregulation as selective drivers of fur colouration in alpine rodents. So far, no empirical 

study has addressed the fitness of the camouflage strategies under natural conditions, and the 

selection forces driving the observed variation in their spatial distribution remain unknown.  
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Figure A1. Land use map of the PNGP (Park Plan 2019) 
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Table S1. Coordinates (longitude; latitude) of the twelve trapping location, the weather stations and 

the laboratories: 

  Trapping locations Weather stations Laboratories 

1 7.62805 45.40565 7.57330 45.55680 7.52220 45.49770 

2 7.61568 45.40899 7.48720 45.51350 7.31445 45.45137 

3 7.59606 45.42822 7.61110 45.42000 

  
4 7.43559 45.42309 7.54100 45.40890 

  
5 7.54968 45.50748 7.43820 45.42670 

  
6 7.31445 45.45137 7.41150 45.43840 

  
7 7.39580 45.45295 7.31140 45.45280 

  
8 7.48709 45.51901 7.20910 45.44110 

  
9 7.47173 45.52610 

    
10 7.51484 45.55321 

    
11 7.21039 45.43669 

    
12 7.56948 45.55651 
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Table S2. Pairwise t test for animals’ hue and brightness values. Table show the p-values of the pairwise 

comparisons between the four species with corrections for multiple testing. Values in bold are statistically 

significant. 

 

 

Hue animals Brightness animals 

 One-way ANOVA test: F = 3.27, df = 3, p = 0.021 

 

 One-way ANOVA test: F = 3.75, df = 3, p = 0.010  

  A. alpicola A. flavicollis A. sylvaticus   A. alpicola A. flavicollis A. sylvaticus 

A. flavicollis 0.60 - - A. flavicollis 0.23 - - 

A. sylvaticus 0.60 0.60 - A. sylvaticus 0.05 0.23 - 

M. glareolus 0.05 0.05 0.05 M. glareolus 0.85 0.16 0.013 

 

 

Table S3. Pairwise t test for animals’ hue and brightness mismatches. Table show the p-values of the 

pairwise comparisons between the four species with corrections for multiple testing. Values in bold are 

statistically significant. 

Hue mismatch Brightness mismatch 

 One-way ANOVA test: F = 0.36, df = 3, p = 0.78 

 

One-way ANOVA test: F = 7.77, df = 3, p < 0.001  

  A. alpicola A. flavicollis A. sylvaticus   A. alpicola A. flavicollis A. sylvaticus 

A. flavicollis 0.91 - - A. flavicollis 0.87 - - 

A. sylvaticus 0.91 0.91 0.91 A. sylvaticus 0.015 < 0.001 - 

M. glareolus 0.91 0.91 0.91 M. glareolus 0.61 0.61 < 0.001 
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Table S4. Single species analysis for hue and brightness. Likelihood ratio test of the generalised linear 

model testing the effect of elevation, herbaceous, rocky and vegetation coverage, plant diversity and hue 

oh the habitat on animals’ hue and brightness of the habitat on animals’ brightness. Df = model’s degree of 

freedom; df = degree of freedom of the test statistic; logLik = loglikelihood; χ² = chi square statistic test; p 

= p value. In bold are shown the significant p-values of the models where the excluded tested variable was 

significant on the model fit. 

         
      Hue_animal Brightness_animal 

A. flavicollis Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + hue_habitat + herbaceous + 

rocky + vegetation cover + plant diversity 8 
 

79.300 
 

  33.990 
 

  

- plant diversity 7 -1 78.245 2.11 0.14 33.389 1.21 0.27 

- vegetation cover 7 -1 77.732 3.13 0.07 32.651 2.67 0.10 

- rocky 7 -1 77.746 0.48 0.07 33.923 0.13 0.71 

- herbaceous 7 -1 78.430 1.74 0.18 33.863 0.51 0.47 

- hue_habitat     /- brightness_habitat 7 -1 38.580 81.42 < 0.001 32.173 3.63 0.06 

- elevation 7 -1 73.770 11.06 < 0.001 33.123 1.73 0.18 

 ~ 1 2 -6 33.345 91.91 < 0.001 28.854 10.27 0.11 

A. sylvaticus Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + hue_habitat + herbaceous + 

rocky + vegetation cover + plant diversity 8 
 

87.964 
 

  33.181 
 

  

- plant diversity 7 -1 87.948 0.03 0.86 32.542 1.27 0.25 

- vegetation cover 7 -1 87.954 0.01 0.88 33.166 0.02 0.86 

- rocky 7 -1 87.730 0.46 0.49 32.855 0.65 0.41 

- herbaceous 7 -1 87.027 1.87 0.17 31.912 2.53 0.11 

- hue_habitat     /- brightness_habitat 7 -1 43.628 88.67 < 0.001 27.389 11.58 < 0.001 

- elevation 7 -1 87.782 0.36 0.54 16.310 33.74 < 0.001 

 ~ 1 2 -6 34.651 106.62 < 0.001 11.340 43.67 < 0.001 

A. alpicola Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + hue_habitat + herbaceous + 

rocky + vegetation cover + plant diversity 8 
 

43.089 
 

  22.504 
 

  

- plant diversity 7 -1 41.512 3.15 0.07 22.478 0.05 0.82 

- vegetation cover 7 -1 37.962 10.25 0.001 22.191 0.62 0.42 



78 
 

- rocky 7 -1 43.026 0.12 0.72 22.464 0.08 0.77 

- herbaceous 7 -1 37.700 10.77 0.001 22.503 0.00 0.97 

- hue_habitat     /- brightness_habitat 7 -1 35.506 15.17 < 0.001 21.943 1.12 0.28 

- elevation 7 -1 41.840 2.49 0.11 21.084 2.84 0.09 

 ~ 1 2 -6 26.537 33.10 < 0.001 20.105 4.79 0.57 

C. glareolus Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + hue_habitat + herbaceous + 

rocky + vegetation cover + plant diversity 8 
 

133.270 
 

  100.087 
 

  

- plant diversity 7 -1 133.130 0.28 0.59 95.169 9.83 0.001 

- vegetation cover 7 -1 132.520 1.49 0.22 99.006 2.16 0.14 

- rocky 7 -1 132.920 0.70 0.40 100.050 0.07 0.79 

- herbaceous 7 -1 132.550 1.45 0.22 95.882 8.40 0.003 

- hue_habitat     /- brightness_habitat 7 -1 94.895 76.76 < 0.001 99.969 0.23 0.62 

- elevation 7 -1 128.310 9.92 0.001 100.080 0.01 0.90 

 ~ 1 2 -6 80.444 105.66 < 0.001 86.160 27.85 < 0.001 
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Table S5. Single species analysis for hue and brightness mismatches. Likelihood ratio test of the generalised 

linear model testing the effect of elevation, herbaceous, rocky and vegetation coverage, and plant diversity 

on hue and brightness mismatches of the animals. Df = model’s degree of freedom; df = degree of freedom 

of the test statistic; logLik = loglikelihood; χ² = chi square statistic test; p = p value. In bold are shown the 

significant p-values of the models where the excluded tested variable was significant on the model fit. 

 

 
    Hue mismatch  Brightness mismatch  

A. flavicollis Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + herbaceous + rocky + 

vegetation cover + shannon 7 
 

-79.471 
  

-67.313 
 

  

- plant diversity 6 -1 -79.753 0.56 0.45 -68.721 2.81 0.09 

- vegetation cover 6 -1 -82.306 5.67 0.017 -68.503 2.37 0.12 

- rocky 6 -1 -79.679 0.41 0.51 -69.290 3.95 0.046 

- herbaceous 6 -1 -79.834 0.72 0.39 -67.788 0.94 0.32 

- elevation 6 -1 -82.041 5.14 0.023 -67.734 0.84 0.35 

 ~ 1 2 -5 -84.542 10.143 0.07 -71.800 8.97 0.11 

A. sylvaticus Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + herbaceous + rocky + 

vegetation cover + shannon 7 
 

-58.235 
  

-48.018 
 

  

- plant diversity 6 -1 -59.040 1.61 0.20 -49.197 2.35 0.12 

- vegetation cover 6 -1 -58.728 10.98 0.32 -48.018 0.008 0.99 

- rocky 6 -1 -58.563 0.65 0.41 -48.673 1.30 0.25 

- herbaceous 6 -1 -58.250 0.03 0.86 -48.018 0.001 0.98 

- elevation 6 -1 -60.778 5.08 0.024 -48.379 0.72 0.39 

 ~ 1 2 -5 -62.611 8.75 0.11 -49.956 3.87 0.56 

A. alpicola Df df logLik χ² p logLik χ² P 

Full model: ~ elevation + herbaceous + rocky + 

vegetation cover + shannon 7 
 

-29.386 
  

-21.599 
 

  

- plant diversity 6 -1 -29.409 0.04 0.82 -21.599 0.002 0.98 

- vegetation cover 6 -1 -29.466 0.16 0.68 -24.193 5.18 0.022 

- rocky 6 -1 -30.122 1.47 0.25 -21.830 0.46 0.49 

- herbaceous 6 -1 -29.441 0.10 0.74 -26.273 9.34 0.002 

- elevation 6 -1 -29.409 0.04 0.82 -21.988 0.77 0.37 
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 ~ 1 2 -5 -30.738 2.70 0.74 -27.025 10.85 0.05 

C. glareolus Df df logLik χ² p logLik χ² p 

Full model: ~ elevation + herbaceous + rocky + 

vegetation cover + shannon 7 
 

-122.90 
  

-146.53 
 

  

- plant diversity 6 -1 -125.54 5.28 0.021 -146.54 0.01 0.91 

- vegetation cover 6 -1 -122.94 0.15 0.69 -146.98 0.89 0.34 

- rocky 6 -1 -123.84 1.87 0.17 -147.71 2.35 0.12 

- herbaceous 6 -1 -123.56 1.32 0.24 -148.08 3.10 0.07 

- elevation 6 -1 -124.49 3.17 0.07 -146.64 0.21 0.64 

 ~ 1 2 -5 -132.62 19.44 0.002 -149.47 5.88 0.31 
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Abstract 

Behavioural responses are particularly important to quantify species-specific habitat influences on 

natural selection. Mountains, with their wide range of habitats, can be regarded as a valuable 

context where the environmental conditions influence animal behaviour. We studied the inter-

specific variation in the escape tendency and the mobility behaviours in four alpine rodents’ 

species, a bank vole (Clethrionomys glareolus) and three Apodemus mouse, to evaluate the 

differential boldness degree and its variation with elevation. A zero-altered Gamma GLMs revealed 

that the two groups of rodents (Clethrionomys vs. Apodemus) differed in both these traits. The 

latency time to first jump, an index of escape behaviour, was approximately 42% lower in 

Apodemus mice than in C. glareolus, in which 46.2% of individuals did not jump during the entire 

experiment. Also, the mobility, measured as the distance travelled, was 55% lower in C. glareolus 

compared to Apodemus mice. However, the leave-one-out cross validation did not detect any effect 

of elevation, neither on the distance travelled, nor on the latency time to the first jump. The apparent 

absence of any environmental influence on the behaviours here considered, could also indicates the 

presence of a genetic basis that regulates their expression in such species. These results can be 

interpreted in the context of differential habitat use and microhabitat segregation due to interspecific 

competition. In fact, the differentiation of niches (spatial, trophic and temporal) between the two 

taxa may have led to differences in behavioural traits. 
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Introduction 

Mammals show behavioural responses to various limiting factors, such as anthropogenic activities 

(Wong & Candolin, 2015), or food resources (Bayliss & Choquenot, 2002), which can be particularly 

important to understand species adaptation, in particular in the context of environmental changes 

(Hager, 2010). 

Apart from traits acquired through learning and cultural transmission (e.g., primates, Lefebvre 1995, 

e.g., cetaceans, Simões-Lopes et al. 2016), a substantial portion of behavioural variation is heritable 

(Titterington et al., 2022; Bubac et al., 2020). Therefore, environmental pressures can drive the extent 

to which animal species could express behavioural adaptation (Wong & Candolin, 2015). Among the 

behavioural traits, the so-called “bold-shy” continuum (or degree of boldness), where individuals 

within and between populations show consistent differences in their degree of risk-prone behaviour 

(Ioannou et al., 2008; Réale et al., 2007; Zidar et al., 2017), was found to have an adaptive value in 

face of rapidly changing environmental conditions (e.g., rodents, Dammhan et al., 2020). Bold 

individuals have often a high level of general mobility and are more explorative, take more risks, 

learn more quickly (Sneddon, 2003), exhibit greater aggression, and readily form persistent routines 

(Sih et al., 2004). By contrast, shy individuals show neophobia, with comparatively lower levels of 

activity and general mobility, taking less risks (Wilson et al., 1993; Koolhaas et al., 1999; Carere et 

al., 2005), and paying attention to external stimuli, adjusting cautiously to changes in the 

environment. The degree of boldness displayed by an individual is consistently expressed in a range 

of behavioural tests (Frost et al., 2007) and it can carry a substantial portion of additive genetic 

variation, therefore responding to natural selection (van Oers et al., 2004). Whereas boldness seems 

to increase fitness under stable environmental conditions, shy individuals seem to respond better to 

changing environments (Le Coeur et al., 2015; Santicchia et al., 2018). 

Mountains are characterized by pronounced habitat variation along an elevational gradient, often 

across small ranges of latitude and longitude. Part of the natural selection in these habitats is exerted 
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through reduced productivity: as altitude increases, environmental temperature, the duration of 

vegetative period and biomass decrease, and plant phenology is delayed (Hille & Cooper, 2015). 

Energetic resources are reduced and more spatially scattered, and the structure and diversity of 

vegetation decreases at higher altitudes (Laiolo et al., 2004; Nagy & Grabherr, 2009; Hürlimann et 

al., 2019). Thus, the habitat heterogeneity, here considered as plant diversity (Delarue et al., 2015), 

is another important factor that can strongly affect behavioural traits (Abramsky et al., 1992), as its 

elements represent a protection from predators during animals foraging and dispersion (Delarue et 

al., 2015). Heterogeneous habitat presents a high and complex structural variation, a considerable 

vegetational density, greater wealth, and plant richness, due to the increase in microhabitats 

availability (Kovalenko et al., 2012; Delarue et al., 2015). On the other hand, homogeneous habitat 

exhibits environmental and ecological characteristics that tend to be relatively stable over time 

(Delarue et al., 2015; Williams et al., 2002). 

Mountains therefore represent a valuable context where environmental conditions may influence 

animal behaviour. Rodents are particularly suitable to study how the environment can influence 

individual behaviours, being among the mammals with the lowest age of first reproduction (Wootton, 

1987), the highest reproductive rates (Butet & Leroux, 1993) and a very “fast” life history (Dobson 

& Oli, 2008). These characteristics make rodents particularly responsive to selective pressures, being 

capable of selecting fitness-related behavioural traits (Dammhahn et al., 2020), at fine spatial scales 

(Smolka et al., 2012) or across short temporal scales (Harris & Munshi-Shout, 2017). 

To evaluate if behavioural characteristics of the species determine their altitudinal distribution, here 

we analysed escape and mobility behaviours, in four sympatric rodents, which co-occur in the 

Western Italian Alps and are partially segregated on the elevation gradient (400 to 1,800 m a.s.l.): the 

bank vole Clethrionomys glareolus (also known as Myodes glareolus; Kryštufek et al., 2020) and 

three Apodemus mice (the yellow-necked mouse A. flavicollis, the wood mouse A. sylvaticus and the 

alpine field mouse A. alpicola; Fig.1).  
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We predicted that elevation had a non-neutral effect over boldness-related traits (H1), either because 

food resources may often become rarer and patchier, favouring bolder individuals with a greater 

exploration potential (Hurlimann et. al., 2019), or on the other hand favouring less active and slower 

animals which maximize energy-saving (Sears et al., 2009; Sears et al., 2006). We also predicted that 

species distributed across a wide altitudinal range, such as C. glareolus and A. flavicollis, which have 

therefore adapted to different types of habitats and variable environmental conditions (Stenseth, 1985; 

Haapakoski & Ylönen 2010; Hille & Mortelliti, 2010), would have had a greater inter-individual 

variability in level of boldness as they may respond faster to variable and changing environments (H2, 

Ruperto et al., 2023). In line with field evidence indicating that species of the genus Apodemus are 

more reactive to manipulation than voles (Galsworthy, 2005), we also hypothesised species-specific 

differences in boldness-related traits between the four species (H3). Finally, we predicted a sex-

dependent effect affecting boldness, as found for A. flavicollis where males are more exploratory than 

females given their greater reproductive potential (H4) (Bednarz & Zwolak, 2022). 

 

MATERIAL AND METHODS 

Study area and animal trapping 

The study area was located in the Piedmont region (North-western Italy), within the territory of the 

Gran Paradiso National Park and nearby areas. Twelve trapping sites were identified and distributed 

along an elevation gradient, from 400 to 1822 m a.s.l (Table. A1). At each trapping site, a line of 30 

live traps (Sherman traps, 229 x 89 x 76 mm in size), located every 10 m, was placed. Traps were set 

up in the field for one week and checked at dawn and dusk, being baited with apple, sunflower seeds, 

and peanut butter, and provided with cotton as bedding. We registered the elevation (using a GPS 

Garmin Etrex 32x) and geographic exposure of each trapping site (values from 0° north and deviation 

from that exposure moving clockwise and anti-clockwise to 180° as maximum value as south). The 
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percentage covered by shrub and tree species in each plot was measured to evaluate plant diversity, 

represented by the Shannon index (see Appendix A1 for description of vegetation plot). 

Animals were captured between the 15th of April and the 15th of September 2020, during the 

breeding season of the target species. Capture days were randomly alternated at high and low altitude 

sites to avoid the effect of delay in seasonality along the altitudinal gradient. Trapped animals were 

marked with fur-clipping, sexed and weighted. Only adult individuals (excluding evidently pregnant 

or lactating females) of the trapped species (based on fur characteristics and body dimensions, e.g. 

Gurnell & Flowerdew, 2019) with a minimum body weight of 15 g for Apodemus spp. and 13 g for 

C. glareolus, were selected for the behavioural experiments to reduce potential effects of body growth 

and ontogeny on the expression of behavioural traits (Balčiauskiene et al., 2009a; Balčiauskiene et. 

al., 2009b). Captured animals were transported to the closest of the three available laboratories 

(located at 497 m, 972 m and 1065 m a.s.l.; Table. A1). Animals were kept in captivity in individual 

cages with food and water at libitum for no more than 24 h and then released at their capture location. 

All experimental procedures were approved by the national bioethical committee (Ministry for health, 

protocol n.  618/2020-PR), ISPRA - Institute for environmental protection and research, (protocol n. 

13486 del 23/3/2020) and trapping and handling of animals were authorized by the Gran Paradiso 

National Park (protocol n. 0003037/2020 del 18/08/2020) and the Province of Turin (Authorization 

n. 618/2020-PR). 

 

Behavioural trials 

To estimate the level of boldness we measured escape behaviour and the mobility of animals in open 

field test (Šíchová et al., 2014; Koski, 2014). The novel environment presented by the open field test 

provides a contrast for comparing similar behaviour in the field (Réale & Dingemanse, 2012). 

Experiments were conducted during the active phase of the species daily cycle (around 10:30 pm). 

First, the animal was transferred from its cage into a cylinder in the centre of the arena (see Appendix 

A2 for description of arena structure), to accommodate animal to arena for 1 min. After removing the 
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cylinder, individual behaviour was recorded for 600 seconds using a camera (Panasonic Lumix DMC-

FT30EG-A) fixed above the arena. Afterwards the individual was recovered and placed into its cage. 

After each trial, the arena was cleaned with 75% alcohol before the next trial, to eliminate urine, fecal 

pellets and scents that could affect the behaviour of the next animal (Mazzamuto et al., 2018).  

Available software facilitates quantification of various aspects of animal behaviour, using 

commercial automatic tracking systems. Mobility and escape behaviour were assessed using 

EthoVision XT 14.0 (Noldus et al., 2001) by measuring respectively the total distance (in centimeter) 

covered by each animal (Henry et al., 2010), and the latency to the first jump (in second), as an 

attempt by the animal to leave the arena by jumping toward the edge of the walls (Marics et al., 2014). 

We considered the latency and distance travelled as a metric for boldness degree: as distance travelled 

increases and latency time decreases, the individual boldness degree increases (Eccard & Herde, 

2013). To standardise the length of the videos before the analysis, we manually checked each video, 

cutting the seconds before the exact moment the cylinder was removed from the arena and considered 

a total of 570 s thereafter.  

Statistical analyses: effect of elevation and habitat variables on the escape behaviour and mobility 

First, we tested the correlation between elevation, and habitat heterogeneity, measured through the 

Shannon’s index, in the various species (Spearman’s rank correlation: A. alpicola = 0.76; A. flavicollis 

= - 0.02; A. sylvaticus = -0.57; C. glareolus = 0.70). We used Bayesian Generalized Linear Models 

(GLM) to evaluate the effect of elevation on the escape behaviour and mobility of A. alpicola (n = 

33), A. flavicollis (n = 60), A. sylvaticus (n = 43) and C. glareolus (n = 106). The first hypothesis (H1) 

was tested by including a linear predictor for the effect of elevation, which was found to be correlated, 

although with different strengths or directions, to the Shannon’s diversity index. As the four species 

have different elevational distribution, we standardised and centered elevation values for each 

species, then we added the species as a covariate and used an interaction term to disentangle species-

specific effects of elevation, as well as to test for species-specific differences (H3) in boldness related-
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traits. Finally, we controlled for potential differences in spatial exploration due to sex (Bednarz & 

Zwolak, 2022). 

We fit two separate models, one for the latency time and another one for travelled distances. Based 

on a preliminary exploration of the data, we used a Gamma distribution with a log link to model the 

distance travelled by the different individuals. However, due to zero-inflation, as some animals had 

not moved during the experiment, we used a Hurdle Gamma distribution to model the latency time. 

Zero-altered models, also known as Hurdle models, differently from zero-inflated models quantify 

separately the probability that the response is zero, or some other non-zero value (Zuur et al., 2017). 

Model selection was based on a stepwise backward approach, based on leave-one-out cross validation 

(Vehtari, 2017). To improve model regularisation, we adopted moderately informative prior 

distributions for regression slopes, setting them according to a normal distribution with mean equal 

to 0 and variance equal to 2, as suggested by Lemoine (2019). Parameter estimation was based on 

Markov Chains Monte Carlo methods with 4 chains, 5,000 iterations and a burn-in of 2,000 iterations. 

We used the Gelman-Rubin statistics, as well as the graphical inspection of posterior distributions of 

model parameters, to check for convergence. Finally, we also explored model residuals to detect the 

non-linearity of covariates and used posterior predictive checks to test for the goodness of fit of our 

data to the model. 

To test H2 and measure the inter-individual variability of the latency time and the distance travelled 

we calculated the Coefficients of Variation for each species using the Modified signed-likelihood 

ratio test (MSLRT) for the equality of CVs’ (Krishnamoorthy & Lee, 2014) in R (package 

“cvequality”; Marwick et al., 2022). Statistical analyses were carried out in R (R Core Team 2022) 

and STAN (Carpenter et al., 2017), with the package ‘brms’ (Bürkner et al., 2017). 

 

RESULTS 

Behavioural experiments were conducted on 242 individuals (124 females and 118 males): 136 

Apodemus spp. and 106 to C. glareolus (57 females and 49 males). After genotyping Apodemus spp. 
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were determined as: 60 A. flavicollis (36 females and 24 males), 43 A. sylvaticus (10 females and 33 

males) and 33 A. alpicola (21 females and 12 males). We found a negative correlation between latency 

time (before zero-transformation) and mobility (r = - 0.53). 

Leave-one-out cross validation did not detect any effect of elevation, neither on the distance travelled, 

nor on the latency time to the first jump. Moreover, it did not detect any difference in these two 

quantities, between the two sexes (Table 1). 

As for species-specific differences, C. glareolus travelled smaller distances (mean ± SE= 2854.6 ± 

267.7 cm) than species from the genus Apodemus: A. flavicollis = 6258.3 ± 390.9; A. sylvaticus = 

6321 ± 411.7; A. alpicola = 6441.9 ± 423.6 cm (Fig. 2). Moreover, although individuals of C. 

glareolus did not have longer latency times than individuals from the genus Apodemus, model 

selection indicated that the zero-inflation parameter varied between species (Table 1). This was in 

line with the fact that 46.2% of C. glareolus did not jump during the experiment, while only about 

11% of Apodemus did so (Fig. 3). 

Finally, we found a significant difference between the species in the variance of latency to the first 

jump (MSLRT = 39.50, p < 0.001), which was high in C. glareolus (CV = 96.56) followed by A. 

flavicollis (CV = 45.4), A. alpicola (CV = 37.7) and A. sylvaticus (CV = 31.7; Fig. 4). For the distance 

travelled we did not find any significant difference between the species in the variance of the data (p 

= 0.35).  

 

DISCUSSION 

We compared the inter-specific variation of behavioural traits in sympatric wild rodent species and 

analysed this variation along a gradient of elevation. “Boldness” (or the corollary “shyness”) is 

defined as “an individual’s reaction to any risky situation” (Réale et al., 2007). Therefore, in line with 

other studies conducted on rodents (Stratton et al., 2021; McMahon et al., 2023; Krebs et al., 2019), 

we expected the behavioural trait “boldness” to affect the escape behaviour, as well as the distance 
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travelled, and the area covered in the novel environment represented by the arena. Distance travelled 

is a behaviour that can be linked to the shy-bold continuum with individuals traversing longer 

distances usually considered bolder (Peignier et al., 2022; Huntingford et al., 2012). In this study, the 

latency to the first jump and the distance travelled were negatively correlated. This allowed us to use 

the distance travelled to corroborate results from the latency time.  

We found evidence that different species can exhibit a specific behavioural type, not rejecting H3. In 

this study, C. glareolus was predominantly a shy species, as it was more likely that animals did not 

jump when placed in a novel arena. In support of this finding, a study by Galsworthy (2004) 

highlighted the freezing behaviour of C. glareolus during manipulation and arena tests. The distance 

travelled by this species was much shorter than in Apodemus spp., confirming the less mobility 

attitude and, therefore, perhaps shyness trait of C. glareolus. On the contrary, high level of boldness 

were previously described in A. sylvaticus (Dammhahn et al., 2020). Here we confirmed that high 

level of boldness can be present in other Apodemus mice, such as A. flavicollis and A. alpicola. 

Contrary to hypothesis H4, no significant differences in the level of boldness were found between 

males and females, in accordance with other studies on differences in exploratory behaviour between 

the sexes (Hürlimann et al., 2019; Lodewijckx, 1984). The high variance of the escape behaviour 

(measured as latency to the first jump) in C. glareolus, confirmed our hypotheses (H2) that generalists 

species adapted to different microhabitat and to use different type of food resources, have a greater 

plasticity to adjust their behaviours, compared to other species, such as Apodemus, which are more 

specialists on diet (granivorous) and habitat (forests) that tend to perform well in a particular habitat 

type (Boon et al., 2008; Gray et al., 2000; Sneddon, 2003). In fact, our studied species are typical 

forest dwellers, but a certain degree of flexibility is possible both at habitat and microhabitat level, 

especially in mountain areas. Some, like C. glareolus, can be found in a wide range of habitats, such 

as deciduous, mixed and coniferous forests, usually associated to forest edges (Niethammer & Krapp, 

1982), but are often also found inside the forest, at places with high canopy cover of old trees and 
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with good cover of high shrubs. This species is also found to be very flexible in adapting its habitat 

use when resources become scarce (Hille & Mortelliti, 2010). Other species, like the Apodemus spp., 

outperform in more restricted habitat types. Although occasionally found in coniferous forests, A. 

flavicollis is a species related mostly to mature broad-leaved and mixed forests. It is mainly associated 

with forest edges (Hille & Mortellini, 2010), where it lives in sympathy with A. sylvaticus (Spagnesi 

& De Marinis, 2002), sharing the same ecological niches. At high altitudes, A. flavicollis lives in 

partial syntropy with A. alpicola in Alnus viridis shrubs and in open habitats characterised by 

herbaceous patches, rocky debris and low woody vegetation (Debernardi et al., 2003). In mixed 

subalpine forests A. flavicollis is found in sympatry with C. glareolus, leading to a differential use of 

the microhabitats by the two rodents (Hille & Mortelliti, 2010). This segregation is predicted to reduce 

interspecific competition, especially in favour of C. glareolus to avoid the more aggressive and bigger 

A. flavicollis, which can attack and expel it from resources (Andrzejewski & Olszewski, 1963). This 

differentiation of niches (spatial, trophic and temporal) between the two taxa may have led to 

differences in behavioural traits (Probst & Probst, 2023). 

However, contrary to our prediction formulated in H1, elevation did not affect the latency time, nor 

the distance travelled in the four species. This finding could be due to the moderate altitudinal gradient 

considered here, which therefore does not fully represent the harsh environmental conditions of high 

altitudes. Species-specific behaviours are almost always created and influenced by social interactions 

and environmental influence. The apparent absence of any environmental influence on the behaviours 

here considered, could also indicates the presence of a genetic basis that regulates their expression in 

such species (De Meester, 1996; Haraway et al., 1998).  

We are aware that considering only one behavioural trait (degree of boldness) in the analyses is a 

limitation of the study. Integrate the analysis of behaviours associated with the boldness continuum, 

such as latency to emerge from the trap (Brehm et al., 2019) and response to manipulation (Brehm & 

Mortelliti, 2022), together with other behavioural traits, such as individuals’ activity in a non-risky 
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and a non-novel environment (Réale et al., 2007), could give greater support to the hypotheses 

presented here. A comprehension of the behavioural adaptation could become even more critical 

considering climate change scenarios where the increasing temperatures, especially at high altitudes, 

are expected to cause species movement and new species interactions. Integrative studies on the 

genetic and physiological mechanisms underlying species behaviour, their selective benefits and 

microhabitat use will help to clarify how rodents have adapted to their environments. This will shed 

light on the adaptation of mountain species to this peculiar and extreme habitat. In this study we have 

shown the two opposite strategies adopted by sympatric species of rodents, proposing a possible 

extension of the behavioural concept, from the individual level to the species level. 
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Figures 

 

 

Fig. 1. Distribution of deciduous, mixed and coniferous forests and study species (Apodemus 

flavicollis, A. sylvaticus, A. alpicola and Clethrionomys glareolus) across elevational gradient (400 

to 1,822 m. a.s.l.) in Alps. Bars represent the altitudinal distribution where species were captured. 
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Fig. 2. Conditional effect, showing interspecific differences in the distance travelled by individuals 

during the arena test. 
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 Fig. 3. Number of trapped individuals, that did not move at all, during the arena test, between the 

four species. 
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Fig. 4. Boxplot of the variance coefficient of the latency to the first jump in the four species examined. 
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Table 1. Overview of model selection, for the distance travelled and latency times, through Bayesian leave-

one-out cross validation. The table represents model formula and the expected log-pointwise predictive density 

(ELPD, the closer to zero the better). For latency times, zero values corresponds to odds ratio of the Hurdle 

gamma, representing the probability that values were zero. As the four species were treated as a factor variable 

with sum-to-zero contrasts, differences in the hu parameter are not directly interpretable from a table. But the 

model where zero-inflation varied by species was retained by cross validation. For a graphical interpretation, 

we encourage you to read Fig. 3, where the number of animals that did not jump was reported for each species. 

A null model is added for comparison for both measures. 

Distance travelled 

Model formula ELPD ± S.E. 

Distance ~ elevation + species + sex + (elevation X species) 2265.0 ± 13.6 

Distance ~ elevation + species + (elevation X species) -2264.3 ± 13.7 

Distance ~ elevation + species -2263.5 ± 12.9 

Distance ~ species -2262.6 ± 12.6 

Distance ~ 1 -2287.7 ± 9.7 

Latency times 

Model formula ELPD ± S.E. 

Non-zero values ~ elevation + species + sex + (elevation X species) 

Zero values ~ elevation + species 
-1209.7 ± 38.6 

Non-zero values ~ elevation + species + sex + (elevation X species) 

Zero values ~ species 
-1209.0 ± 38.7 

Non-zero values ~ elevation + species + sex + (elevation X species) 

Zero values ~ 1 
-1226.8 ± 37.0 

Non-zero values ~ elevation + species + (elevation X species) 

Zero values ~ species 
-1207.8 ± 38.6 

Non-zero values ~ elevation + species 

Zero values ~ species 
-1206.6 ± 38.5 

Non-zero values ~ species 

Zero values ~ species 
-1205.9 ± 38.5 

Non-zero values ~ species 

Zero values ~ species 
-1204.6 ± 38.3 
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APPENDIX 

Table A1. Coordinates (longitude; latitude) of the twelve trapping location, the weather stations and 

the laboratories: 

 Trapping locations Weather stations Laboratories 

1 7.62805 45.40565 7.57330 45.55680 7.52220 45.49770 

2 7.61568 45.40899 7.48720 45.51350 7.31445 45.45137 

3 7.59606 45.42822 7.61110 45.42000   

4 7.43559 45.42309 7.54100 45.40890   

5 7.54968 45.50748 7.43820 45.42670   

6 7.31445 45.45137 7.41150 45.43840   

7 7.39580 45.45295 7.31140 45.45280   

8 7.48709 45.51901 7.20910 45.44110   

9 7.47173 45.52610     

10 7.51484 45.55321     

11 7.21039 45.43669     

12 7.56948 45.55651     
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APPENDIX A1. Vegetation plot 

We collected vegetation data in seven plots located within the trapping line: first plot was placed with 

the first trap in the centre, the following plots placed every 5 traps. Each plot was represented by a 

5x5 m squares with a live-trap located in the centre. All the trees/bush species presented within the 

plot have been detected and cover of each species was estimated visually. We assigned to each species 

one class of coverage out of five (<5%; 5-25%, 25.1-50%, 50.1-75%, 75.1-100%). We calculated the 

midpoint of each assigned coverage class (Wikum & Shanholtzer, 1978), and we sum them to obtain 

the vegetation coverage of each trapping location. We calculated plant diversity using the Shannon 

diversity index (Rad et al., 2009). In order to calculate the proportional abundance needed for this 

index, we assigned a score to each coverage class (1: <5%; 2: 5-25%; 3: 25.1-50%; 4: 50.1-75%; 5: 

75.1-100%) and divided each score by the sum of the scores of all the species at each site. 
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APPENDIX A2. Arena structure 

For the behavioural experiments, the individuals were transported to a laboratory and placed 

individually in special cages for rodents. The laboratory was protected from any source of light and 

from any other type of external disturbance. To carry out the behaviour experiments, each individual 

was placed inside an arena. The arena was composed by a wood box (100×100×100 cm), wholly 

covered with a thick white plastic sheet (Gould et al., 2009). Open field trials were recorded using a 

video camera (Panasonic Lumix DMC-FT30EG-A) fixed on a tripod, and a set of 4 red light lamps 

to illuminate the arena without affecting the animal's behaviour. 
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ABSTRACT 

Understanding the physiological adaptations of animals living in mountain landscapes is a key to 

predicting the responses of individuals to environmental changes, especially those imposed by 

climate. In this regard, the mechanism of body temperature regulation is particularly important in 

determining the physiological limits for activity under hypoxic and climatic stressful conditions. 

Numerous studies have shown that body temperature of rodents and other animals decreases with 

elevation and with extreme winter temperatures. But surprisingly, it is still not known how body 

temperature of wild animals varies along elevation during their reproductive seasons. We studied 

variation in core body temperature among individuals (N = 294) of four rodent species (Apodemus 

flavicollis, Apodemus sylvaticus, Apodemus alpicola, Myodes glareolus) and its association with 

elevation (from 400 to 1,822 m asl), accounting for variation in environment temperature, 

microhabitat structure, body condition, and sex. Results showed a strong positive effect of elevation 

and a more limited effect of environmental temperature on rodents’ body temperature during spring 

and summer. The effect of elevation on body temperature was influenced neither by interactions with 

environmental temperature or sex nor by the microhabitat structure. We suggest that in normothermic 

condition at high elevations, small mammals experiencing hypoxic exposure might show 

physiological adjustments for increasing efficiency of thermoregulation in low oxygen conditions. 
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INTRODUCTION 

Regulation of body temperature (Tb) is a key aspect of endothermic physiology (Hankenson et al. 

2018), where animals maintain high and relatively stable core temperature optimizing cellular 

physiological processes (Chappell et al. 2007). Individual temperature varies between and within 

species, and this variation can reflect adaptive and plastic responses to environmental heterogeneity 

(Heinrich 1977; Geiser 2004; Angilletta et al. 2010). Over the past years, evidence has accumulated 

describing variable physiological mechanisms across elevational gradients (Careau 2012; Cheviron 

et al. 2012, 2013; Dzal 2018). High altitudes are characterized by decreased ambient temperatures 

and oxygen partial pressure (Storz et al. 2010), challenging animals’ Tb regulation (Tattersall and 

Milsom 2009). Animals of relatively small bodies (< 100 g), such as many mammals and birds, are 

under increased pressure because of their high surface-to-volume ratio, resulting in high relative 

energetic demands to support temperature regulation (Robertson et al. 2019).  

In mountains, air temperature decreases by approximately 0.55 C°–0.65 C° every 100 m of 

altitude increase (Anslow and Shawn 2002). Animals adapted to high altitudes and exposed to cold 

environments may apply physiological adjustments to increase heat production, or thermogenesis 

(e.g., by increased vascularization of brown adipose tissue and upregulation of mitochondrial 

thermogenic respiration; Shabalina et al. 2013). Maintaining high Tb by endothermic mechanisms 

under low air temperatures is physiologically costly and depends on the degree and duration of cold 

exposure and habitat productivity (Bastos et al. 2021). Hypoxic conditions can further limit Tb 

regulation, as the exposure to decreased partial pressure of oxygen can limit aerobic physiology 

(Chappell and Snyder 1984; Cadena and Tattersall 2014). Tb also has a clear sex-dependent pattern 

in response to environmental constraints. For instance, post pubertal female mice can have 0.2 C° –

0.5 C° higher temperatures than male mice (Marques et al. 2017). However, it is not clear how 

sexual differences in Tb can interact with plastic and adaptive responses to other factors, such as 

elevation (Marques et al. 2017).  
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Endothermic thermoregulation physiology demands a high amount of energy to maintain a stable 

and high Tb (Wooden and Walsberg 2002). Vegetation provides important food resources and 

habitat for rodents, and Tb regulation may be affected by fluctuation in availability of food 

resources (Bastos et al. 2021). Fluctuating and harsh conditions at high altitudes result in lower 

plant diversity and coverage (Nor 2001) and reduced seed production (Hodkinson 2008). Decreased 

food diversity, abundance, and predictability and shelter availability expose rodents to nutrients 

restriction and variable air temperatures (Nagy and Grabherr 2009; Camacho et al. 2019). In 

response to these environmental challenges, animals may adopt an effective energy-saving strategy, 

such as daily torpor, which can reduce energy expenditures (Ruf and Geiser 2015). Despite the 

many factors that may affect Tb in animals living across altitudes, surprisingly few studies have 

collected data at the individual level and tested how environmental and individual predictors affect 

variation in Tb in the wild (but see, e.g., Boratyński et al. 2021). 

Here, we studied variation in Tb in four rodent species across a moderate altitudinal gradient in 

the Alps during their reproductive season. In high altitudes, individuals are exposed to decreasing 

air temperature and oxygen partial pressure. If air temperature influences rodents’ Tb, it can be 

predicted that individuals inhabiting higher altitudes would have higher Tb (i.e., as a result of 

increased heat production). On the other hand, when air temperature becomes too low, animals from 

high altitudes could evolve low Tb to decrease the body-environment temperature gradient and costs 

of homeothermic thermoregulation. We also predicted that a sex-dependent pattern of Tb and 

habitat variation, such as slope exposure and plant diversity, richness, and coverage, could further 

modulate the elevation effects. 

 

MATERIAL AND METHODS 

Study Area 

The study area was located in Piedmont region (north-western Italy), within the territory of the Gran 

Paradiso National Park, in the Graian Alps (fig. 1, top). We identified 12 trapping locations 
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distanced at least 5 km from each other, spanned across a moderate elevational gradient, from 400 

to 1,822 m asl (fig. 1, bottom). Deciduous forests, at low elevations (400–1,000m), were composed 

of European beech (Fagus sylvatica), followed by sycamore maple (Acer pseudoplatanus), large-

leaved linden (Tilia platyphyllos), European ash (Fraxinus excelsior), Populus spp., Betula spp., 

and chestnut (Castanea sativa). Mixed forests, at mid elevations (1,000–1,800 m), were composed 

of species belonging to deciduous and coniferous trees. Coniferous forests, at high elevations 

(1,800–2,000 m), were dominated by larch (Larix decidua), often mixed with European spruce 

(Picea abies) 

Trapping and Handling of Animals 

Trapping was conducted during the breeding season of the target species, from April 15 to 

September 15, 2020. Days of trapping at high- and low-altitude sites were randomly alternated, and 

the order of trapping was recorded. Each trapping location consisted of a line of 30 live traps 

(Sherman traps, 229 mm x 89 mm x 76 mm in size) located every 10 m. Traps were set at sunset 

and inspected at sunrise. Each trapping session lasted 1 wk. Traps were baited with apple, sunflower 

seeds, and peanut butter, and cotton was provided as bedding. Trapped animals were marked with 

fur clipping and weighed. Adult individuals of the trapped species (based on fur characteristics and 

body dimensions; e.g., Gurnell and Flowerdew 2019 — yellow-necked mouse (Apodemus 

flavicollis), wood mouse (Apodemus sylvaticus), alpine field mouse (Apodemus alpicola), and bank 

vole (Myodes glareolus) — with a minimum body weight of 15 g for Apodemus spp. and 13 g for 

M. glareolus were transported to the laboratory (fig. 1, top), kept in individual cages, and provided 

with water. 

Rectal Tb was measured on postabsorptive animals acclimatized to laboratory conditions for 

approximately 14 h. Tb was measured during the active phase of the species’ daily cycle, around 

10:00 p.m. on the same day of capture. A rectal thermocouple (RET-3; accuracy: ± 0.1 C°)   

connected to the thermometer (model PST095) was inserted 2 cm into the animal’s rectum for 
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10 s. Animals with Tb < 35 °C (eight individuals probably in hypothermic condition) or Tb > 41 °C 

(one individual who may have suffered from fever) were excluded from analyses. Animal’s sex was 

recorded, along with body weight (Pesola spring balance; ± 1 g) and head width and head, ear, foot, 

body, and tail lengths measured with calipers (Mitutoyo 530–119 calipers; ± 0.02 mm). Tissue ear 

samples were collected and used in genetic bar coding of the Apodemus species. Animals were kept 

for no more than 24 h and then released to the location of capture. All experimental procedures 

were approved by the national bioethical committee (Ministry for Health, 618/2020-PR; Institute 

for Environmental Protection and Research, protocol 13486 del 23/3/2020), and trapping and 

handling of animals were authorized by the Gran Paradiso National Park (0003037/2020 of 

18/08/2020) and the Province of Turin (618/2020-PR). 

Environmental Data 

Daily minimum air temperature was selected as the probable driving variable for Tb adaptation in 

nocturnal animals to estimate thermal stress. We obtained these data from a meteorological database 

available online (ARPA Piedmont; http://www.arpa.piemonte.it). Eight of 12 weather stations were 

located within 2 km of and at the same altitude as the trapping sites. The remaining four weather 

stations were located within 5 km of and at the same altitude as the trapping sites (fig. 1, top). 

Mean values of daily minimum air temperature (TEmean) for 30 d before trappings were used in the 

analysis.  

The number of shrub and tree species was included in the analyses to account for variation in 

plant richness. The percentage of shrub and tree species coverage was calculated to account for 

variation in plant diversity and vegetation coverage. We collected vegetation data in seven plots 

located within the trapping line: the first plot was centered around the first trap, and the following 

plots were placed every five traps. Each plot was constituted by a 5 x 5-m square with a live trap 

located in the center. The tree/bush species present in the plot were identified, and cover of each 

species was estimated visually. 
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Figure 1. Top, location of the Gran Paradiso National Park (45° 31′ 7.02″ N, 7° 16′ 2.22″ E) and the 12 trapping 

sites, weather stations, and laboratories (table A1). Bottom, habitats (deciduous, mixed, and coniferous forests) and 

species (Apodemus flavicollis, Apodemus sylvaticus, Apodemus alpicola, and Myodes glareolus) studied across an 

elevational gradient (400–1,822 m asl) and numbers of captured female/male rodents. 
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We assigned to each species one class of coverage out of five (<5%, 5%–25%, 25.1%–50%, 

50.1%–75%, 75.1%–100%). We then calculated the midpoint of each assigned coverage class 

(Wikum and Shanholtzer 1978) and summed them to obtain the vegetation coverage of each 

trapping location. We calculated plant diversity using the Shannon diversity index (Rad et al. 2009). 

To calculate the proportional abundance needed for this index, we assigned a score to each coverage 

class (1 for <5%, 2 for 5%–25%, 3 for 25.1%–50%, 4 for 50.1%–75%, 5 for 75.1%–100%) and 

divided each score by the sum of the scores of all of the species at each site. Within each plot, we 

registered elevation (GPS Garmin eTrex 32x) and geographic exposure of the trapping site (values 

from 0° as north and deviation from that exposure moving clockwise and counter clockwise to 180° 

as maximum value as south). 

Statistical Analyses 

All continuous variables (Tb, elevation, TEmean, plant richness, plant diversity, vegetation 

coverage, and exposure) were log10 transformed before analyses to improve normality of 

distributions of their residuals. To assess how Tb (response variable) varied as a function of 

elevation, minimum environment temperature, plant richness and diversity, vegetation coverage, 

exposure, and sex (predictors), we applied generalized linear mixed models accounting for variation 

among trapping locations (random factor), body size (head width), and condition (continuous 

predictors), using the package glmmADMB (Bolker et al. 2012; R Core Team 2019). 

Body condition was calculated as residual variation from body mass regressed against head 

width (e.g., Boratyński et al. 2010). We evaluated Tb variation across all rodent species and tested 

differences among species (fixed factor). We account for two seasons (spring and summer) included 

in this study as fixed factors. To evaluate differential responses to elevation among females and 

males, a two-way interaction between elevation and sex was tested. To assess whether air 

temperature influences response to elevation, a two-way interaction between elevation and 

minimum air temperature was tested. Nonsignificant interactions were excluded from the analysis 

by applying a stepwise backward reduction approach. Lack of multicollinearity among predictors 
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was confirmed with variance inflation factors (< 2.5). The best model was selected according to the 

lowest Akaike information criterion (Harrison et al. 2018). To test whether movement of the 

animals to the laboratory could have affected our results, we ran an additional analysis including the 

absolute difference in elevation between the laboratory and the trapping site. Such effect was 

insignificant (absolute elevation difference: β (SE) = -0.0129 (± 0.0115), z = -1.13, p = 0.26); 

therefore, it was excluded from the final analysis. To investigate consistency of detected results, 

separate analyses for each species were also performed. 

 

RESULTS 

Tb was measured in 294 individuals (141 females and 153 males), out of which 153 belong to the 

genus Apodemus and 141 are Myodes glareolus (69 females and 72 males). After genotyping, 

Apodemus spp. were determined to be 74 A. flavicollis (37 females and 37 males), 48 A. sylvaticus 

(18 females and 30 males), and 31 A. alpicola (17 females and 14 males; fig. 1; see also fig. A1 and 

table A2 [fig. A1 and tables A1–A4 are available online]). Across a gradient of elevation (mean: 

1,084 m asl; first quartile: 723 m asl; third quartile: 1,564 m asl), we recorded TEmean of 10.4 °C, 

with a difference of 4.6 °C between mean TEmean at the highest (7.7 °C) and lowest (12.3 °C) 

elevations. Elevation was negatively correlated with TEmean (Pearson product moment correlation: 

r = -0.16, p = 0.003) and positively correlated with vegetation coverage (r = 0.44, p < 0.001) and 

plant diversity (r = 0.19, p < 0.001), while there was no correlation with plant richness (r = 0.05, p = 

0.29). 

We found that rodents’ Tb increased with increasing elevation (β ± SE = 0.023 ± 0.007, z = 3.53, 

p < 0.001; table 1; fig. 2). We also found higher Tb in females than in males (β = 0.004 ± 0.001, z = 

3.85, p < 0.001; fig. 2). The interactions between elevation and TEmean (β = -0.064 ± 0.037, z = -

1.75, p = 0.08) and between elevation and sex (β = -0.004 ± 0.005, z = -0.77, p = 0.44) did not 

affect animals’ Tb. We found a positive effect of minimum environmental temperature on Tb (β = 
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0.027 ± 0.006, z = 5.93, p < 0.001) but only in the analysis including 10 rodents captured in April, 

when TEmean’s were very low (tables 1, A3). 

The positive covariation between Tb and elevation was detected in separate analyses for A. 

flavicollis (β = 0.020 ± 0.006, z = 3.08, p = 0.003) and M. glareolus (β = 0.024 ± 0.008, 

z = 2.75, p = 0.006), but not for A. alpicola (β = - 0.035 ± 0.107, z = - 0.33, p = 0.74), and the effect 

was negative for A. sylvaticus (β = - 0.071 ± 0.025, z = - 2.85, p = 0.007; fig. 3; table A4).  

 

Table 1. Generalized mixed analysis to quantify effect of elevation (and other predictors) on rodents’ body temperature.  

   β (SE) z p   

A. flavicollis 0.003 (0.002) 1.23 0.22 

M. glareolus 0.001 (0.002) 0.38 0.70 

A. sylvaticus 0.0003 (0.002) 0.11 0.91 

Seasonality (1, 2) 0.001 (0.003) 0.22 0.82 

Elevation 0.023 (0.007) 3.53 < 0.001 

TEmean 0.009 (0.015) 0.59 0.55 

Sex (0,1) 0.004 (0.001) 3.85 < 0.001 

Richness 0.003 (0.011) 0.27 0.78 

Vegetation cover -0.002 (0.011) -0.24 0.80 

Plant diversity -0.001 (0.003) -0.48 0.63 

Exposure -0.001 (0.003) -0.27 0.78 

BC -0.007 (0.006) -1.10 0.27 

Head width 0.002 (0.019) 0.13 0.90 

NOTE. The model included log10-transformed variables (elevation; mean daily minimum air temperature, TEmean; 

plant richness; plant diversity; vegetation coverage; exposure; head width) and body condition (BC) as continuous 

variables, and seasonality (1 for spring and 2 for summer), sex (1 for female, 0 for male) and species (A. flavicollis, M. 
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glareolus, A. sylvaticus and A. alpicola) as categorical factors. Area was set as random effect: Variance = 2.4e-06, SD = 

0.001549. R2 = 0.2278; Adjusted R2 = 0.2035. 

 

Figure 2. Variation in rodent body temperature as predicted by (A) elevation, (B) sex and daily minimum air 

temperature (TEmean) before (C) and after (D) exclusion the lowest ten values of TEmean (< 9.8 °C). Correlation 

coefficient and p values are reported. 

 

We found that females have higher Tb than males in A. flavicollis (β = 0.006 ± 0.002, z = 2.53, p = 

0.013) and M. glareolus (β = 0.003 ± 0.001, z = 2.37, p = 0.018), but not in A. sylvaticus (β = 0.003 

± 0.003, z = 1.05, p = 0.29) or in A. alpicola (β = 0.002 ± 0.004, z = 0.60, p = 0.54). In A. sylvaticus 

Tb positively covaried with TEmean (β = 0.233 ± 0.062, z = 3.75, p < 0.001), and weakly negatively 

with plant diversity (β = -0.019 ± 0.009, z = -2.13, p = 0.040), vegetation cover (β = -0.044 ± 0.021, 

z = -2.08, p = 0.044) and positively with northern exposure (β = 0.011 ± 0.005, z = 2.09, p = 0.044). 

No other environmental predictors or body size or condition affected Tb in any of the species (table 

A4). 

 

DISCUSSION 

To the best of our knowledge, this is the first study to evaluate how rodents’ Tb varies across a 

moderate elevation gradient in Alpine habitats during the reproductive season of the studied species. 

We found that rodents’ Tb was positively correlated with elevation, the same for the two species 

inhabiting the entire elevation gradient. As expected, Tb in females was higher than in males, but 

this sex difference did not influence the elevation gradient. Air temperature influenced Tb only in 

one species, and habitat structure, as defined by plant richness and diversity and vegetation 

coverage, did not substantially affect Tb variation.  

Rodents’ Tb increased in our study with elevation, on average by 0.2 °C in mice and 0.3°C in 

voles every 200 m. In mountain habitats, especially during cold seasons, animals inhabiting high 

elevation are exposed to harsh environmental conditions. Low ambient temperatures and hypoxia 

(Storz et al. 2010) together can affect Tb regulation (Tattersall and Milsom 2009). For example, 

r 

r r 

r 
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captive populations of deer mice (Peromyscus maniculatus) originating from highlands expressed 

higher oxygen consumption and Tb compared with captive populations from lowlands (Ivy and 

Scott 2017). 

 

 

 

 

 

 

Figure 3. Predicted values of body temperature from regression models plotted against elevation, for A. flavicollis, A. 

sylvaticus, A. alpicola and M. glareolus. 

 

In general, our results are consistent with these findings and also showed that wild rodents captured 

at higher elevations in the Alps maintained higher Tb during warm seasons compared with animals 
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captured at lower elevations (figs. 1, 2). These results were consistent when considering species 

distributed across the complete elevation gradient studied here (Apodemus flavicollis and Myodes 

glareolus; fig. 3). The results were not significant in high-altitude species (Apodemus alpicola). In 

contrast, in species with lowland distribution (Apodemus sylvaticus), with very low densities at high 

altitudes (fig. 1), Tb was positively influenced by air temperature, and it was lower at higher 

elevations (fig. 3; table A4). The mechanisms behind these detected patterns are not clear. It may be 

hypothesised that plastic and adaptive responses in ventilatory performance (Ivy and Scott 2017) 

and a-globin affinity for oxygen (Chappell and Snyder 1984; Sears et al. 2009), imperative for 

aerobic performance, are involved in differential responses among species. The cost for 

thermoregulation in homeothermic endotherms is high and increases with decreasing ambient 

temperature (Levy et al. 2011). Consequently, in species adapted to warm conditions, it would be 

energy efficient to reduce the body-environment temperature gradient (Gordon 2017). In our study, 

highland species did not reflect the Tb gradient according to air temperature, suggesting that they 

may be well adapted to low temperatures. However, we must be careful with this interpretation, as 

it could be influenced by the relatively weak environmental gradient during our study seasons, 

particularly for the highland species. We found that, on average, lowlands (12.3 °C at 400 m) were 

only 4.6 °C warmer than highlands (7.7 °C at 1,800 m). This difference in temperature along 

elevationis lower than expected (7.7 °C–9.1 °C for 1,400m of altitudinal range; Anslow and Shawn 

2002) and may have made it difficult to detect the thermal environmental effects experienced by 

those species. Despite the weak air temperature gradient, the effect of air temperature on the Tb of 

the lowland species was evident, suggesting distinct physiological adaptation in A. sylvaticus 

compared with other Apodemus mice. Assessing Tb fluctuation in wild performing animals will 

provide detailed information about daily regulatory mechanisms and confirm patterns detected here 

on animals transferred to the common laboratory condition for measurements. 
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Our results showed that rodents from higher elevations expressed higher Tb than those from lower 

elevations. For most of the studied species, the effect was independent from variation in air 

temperature, habitat productivity, and body size or condition, suggesting that there are other 

mechanisms behind the detected pattern. It could be hypothesised that such a mechanism is related 

to mild tissue hypoxia and greater ventilation of individuals from higher elevations (Chappell and 

Snyder 1984). If true, it would suggest that even weak but chronic hypoxia can have a fitness effect 

in small endotherms, perhaps influencing their aerobic capacity performance. A comprehension of 

the thermoregulation mechanisms of studied species could become even more critical considering 

climate change scenarios where the warmer temperatures in high altitudes are expected to become 

more frequent (Sears et al. 2009). Integrative studies on thermoregulation (i.e., behavioural 

adaptations, physiological mechanisms, and their selective benefits) and microhabitat use will help 

clarify how rodents adapted to extreme highland environments and shed light on the possibility for 

them to adapt to increasing air temperatures. 
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Online Material 

Table A1. Coordinates (longitude; latitude) of the twelve trapping location, the weather stations and 

the laboratories: 

  Trapping locations Weather stations Laboratories 

1 7.62805 45.40565 7.57330 45.55680 7.52220 45.49770 

2 7.61568 45.40899 7.48720 45.51350 7.31445 45.45137 

3 7.59606 45.42822 7.61110 45.42000 

  
4 7.43559 45.42309 7.54100 45.40890 

  
5 7.54968 45.50748 7.43820 45.42670 

  
6 7.31445 45.45137 7.41150 45.43840 

  
7 7.39580 45.45295 7.31140 45.45280 

  
8 7.48709 45.51901 7.20910 45.44110 

  
9 7.47173 45.52610 

    
10 7.51484 45.55321 

    
11 7.21039 45.43669 

    
12 7.56948 45.55651 
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Table A2. Descriptive statistics of phenotypic traits measured for Apodemus flavicollis, A. 

sylvaticus, A. alpicola and Myodes glareolus in the Gran Paradiso National Park divided into three 

altitudinal levels. Abbreviation: wt (body weight); hl (head length); hw (head width); bl (body 

length); BT (body temperature); SD (standard deviation). 

A. flavicollis 

< 1000 m a.s.l. 1000-1500 m a.s.l. >1500 m a.s.l. Female Male 

Mean (SD) Range Mean (SD) Range Mean (SD) Range Mean (SD) 

wt (g) 30.0 (5.18) 21-43 30.5 (6.67) 19-43 26.1 (10.22) 17-40 30.5 (5.81) 31.6 (7.41) 

hl (mm) 27.9 (2.81) 21.8-34 28.04 (2.70) 20.1-32 28.8 (2.88) 24-32.1 27.9 (2.86) 28.4 (2.60) 

hw (mm) 15.5 (1.36) 10.2-17.9 15.6 (1.11) 13-17.9 15.3 (1.22) 13.5-17 15.3 (1.31) 15.5 (1.19) 

bl (mm) 79.0 (7.69) 62-96 80.5 (6.45) 68-90 75.1 (10.92) 60-92 78.7 (6.8) 81 (8.2) 

BT (°C) 37.6 (1.15) 35-40 38.3 (0.67) 37-40 38.7 (0.65) 37.5-39.5 38.3 (0.85) 37.96 (0.84) 

A. sylvaticus 

                

                

wt (g) 29.8 (4.71) 22-43 28.5 (8.49) 18-38 - - 27.7 (4.59) 30.8 (5.42) 

hl (mm) 27.0 (2.38) 22.9-32 29 (3.29) 23-32 - - 26.9 (2.11) 27.6 (2.63) 

hw (mm) 15.4 (1.08) 13.2-17.9 15.2 (0.74) 14-16 - - 15.4 (0.98) 15.3 (1.01) 

bl (mm) 75.8 (7.35) 57-93 80.8 (9.78) 65-92 - - 76.6 (6.04) 77.4 (8.78) 

BT (°C) 37.3 (0.98) 35-39.7 37.9 (1.56) 35-39.6 - - 37.8 (0.90) 37.3 (1.04) 

A. alpicola 

                

                

wt (g) - - 28.8 (6.83) 17-40 29 (6.24) 18-40 28.5 (5.73) 29.7 (7.16) 

hl (mm) - - 27.9 (2.04) 25-32 28.8 (1.44) 26-32 28.2 (1.82) 28.9 (1.65) 

hw (mm) - - 15.8 (1.06) 14-17 15.5 (1.46) 13-18.9 15.4 (1.28) 15.8 (1.28) 

bl (mm) - - 80.5 (8.94) 68-95 79.2 (8.12) 65-94 79 (7.45) 81 (9.42) 
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BT (°C) - - 38.3 (1.09) 36-39.8 38.5 (0.69) 37.1-39.8 38.5 (0.53) 38.2 (1.20) 

M. glareolus 

                

                

wt (g) 25 (5.20) 14-36 26.8 (5.83) 14.5-35.5 30 (6.89) 13.5-38 27.9 (5.98) 27.1 (6.32) 

hl (mm) 26.9 (4.09) 19.6-34 26.95 (2.33) 22-31.2 27.8 (2.99) 11.5-33 27.9 (3.13) 27.8 (2.52) 

hw (mm) 14.5 (0.89) 12-16.2 14.92 (0.81) 13.8-16 15.1 (0.90) 13-17 14.9 (0.79) 14.8 (0.84) 

bl (mm) 79.8 (7.52) 68-94 81.5 (9.29) 60-98 85.7 (10.12) 60-99 82.8 (8.27) 82.9 (9.84) 

BT (°C) 37.7 (1.17) 35-39.8 38.3 (0.93) 36.2-40.4 38.7 (0.83) 36.9-40.1 38.5 (0.86) 38.1 (1.0) 

NOTE. Abbreviations: wt (body weight); hl (head length); hw (head width); bl (body length); BT 

(body temperature); SD (standard deviation). 
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Table A3. Significance of the effect between body temperature and the tested variables in mixed-

effects models.  

 β (SE) z p 

A. flavicollis 0.003 (0.002) 1.17 0.24 

A. sylvaticus 0.001 (0.003) 0.33 0.74 

M. glareolus 0.001 (0.002) 0.36 0.72 

Season (1, 2) -0.001 (0.002) -0.42 0.67 

Elevation 0.027 (0.005) 5.05 < 0.001 

TEmean 0.023 (0.006) 3.93 < 0.001 

Sex (0,1) 0.004 (0.001) 3.94 < 0.001 

Plant richness 0.007 (0.009) 0.71 0.48 

Vegetation coverage -0.005 (0.009) -0.53 0.59 

Plant diversity -0.002 (0.003) -0.58 0.56 

Exposure -0.002 (0.003) -0.57 0.57 

BC -0.007 (0.006) -1.02 0.31 

Head width 0.002 (0.020) 0.09 0.93 

NOTE. The models included log10-transformed variables (elevation; daily minimum air temperature, 

TEmean; plant richness; plant diversity; vegetation coverage; exposure; head width) seasonality (1 for 
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spring and 2 for summer) and body condition (BC) as continuous variables, sex (1 for female, 0 for 

male) and species (A. flavicollis, M. glareolus, A. sylvaticus and A. alpicola) as categorical factors. 

Bolded text highlights statistically-significant results. 
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Table A4. Single species models in which ten records with very low TEmean (< 9.8 °C) were 

excluded. Species were analysed separately: (a) A. flavicollis (N = 69), (b) A. sylvaticus (N = 43), 

(c) A. alpicola (N = 33), (d) M. glareolus (N = 151). The effect of seasonality and the interaction 

effect between elevation and sex and elevation and TEmean were excluded from these analyses due to 

the small sample size. 

(a)     

Apodemus flavicollis  β (SE) z p 

Elevation 0.020 (0.006) 3.08 0.003 

TEmean 0.016 (0.026) 0.63 0.52 

Sex (0,1) 0.006 (0.002) 2.53 0.013 

Richness 0.0002 (0.018) 0.01 0.99 

Plant diversity 0.001 (0.006) 0.22 0.82 

Vegetation cover  0.007 (0.016) 0.46 0.64 

Exposure - 0.004 (0.004) -0.91 0.36 

BC - 0.010 (0.013) - 0.75 0.45 

Head width  0.022 (0.030)  0.74 0.46 
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(b)     

Apodemus sylvaticus  β (SE) z p 

Elevation - 0.071 (0.025) - 2.85 0.007 

TEmean 0.233 (0.062) 3.75 < 0.001 

Sex (0,1) 0.003 (0.003) 1.05 0.29 

Richness -0.006 (0.033) -0.19 0.84 

Plant diversity - 0.019 (0.009) - 2.13 0.040 

Vegetation cover - 0.044 (0.021) - 2.08 0.044 

Exposure 0.011 (0.005) 2.09 0.044 

BC -0.027 (0.026) - 1.02 0.31 

Head width  - 0.061 (0.059)  - 1.03 0.30 
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(c)     

Apodemus alpicola  β (SE) z p 

Elevation -0.035 (0.107) -0.33 0.74 

TEmean 0.031 (0.129) 0.24 0.81 

Sex (0,1) 0.002 (0.004) 0.60 0.54 

Richness 0.047 (0.051) 0.92 0.36 

Plant diversity  0.021 (0.019) 1.11 0.27 

Vegetation cover  - 0.054 (0.054) - 1.01 0.32 

Exposure 0.010 (0.022) 0.48 0.63 

BC - 0.046 (0.027) - 1.70 0.10 

Head width - 0.026 (0.056) - 0.46 0.64 
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(d)     

Myodes glareolus  β (SE) z p 

Elevation 0.024 (0.008) 2.75 0.006 

TEmean 0.003 (0.017) 1.18 0.85 

Sex (0,1) 0.003 (0.001) 2.37 0.018 

Richness 0.004 (0.012) 0.37 0.70 

Plant diversity - 0.007 (0.004) - 1.70 0.091 

Vegetation cover 0.007 (0.016) 0.48 0.63 

Exposure 0.002 (0.004) 0.60 0.54 

BC - 0.011 (0.009) - 1.26 0.21 

Head width  - 0.010 (0.036)  -0.29 0.76 
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Figure A1. Altitudinal range distribution of the study species within the Gran Paradiso National 

Park.  
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CHAPTER VI − General Discussion  

 

Discussion 

The rodent community from the alpine environment provides a fruitful model to study how animals 

adapt to their habitat. This PhD project aimed to increase the knowledge of mountain rodents’ 

ecology and their adaptations to alpine habitats, focusing on their morphological, physiological, and 

behavioural strategies. Using a multi-species approach by selecting four species widely distributed 

in different habitat types, Apodemus flavicollis, A. sylvaticus, A. alpicola and Clethrionomys 

glareolus, we were able to analyse and compare their adaptive strategies along an altitudinal 

gradient and see the effect of habitat variables on these species.  

Phenotypic plasticity is assumed to be a good predictor of resilience to environmental change, 

as high plasticity facilitates range shifts or adaptation to changing conditions. In Chapter 2 we 

investigated whether four rodent species across a wide elevational range (400 to 1,800 m a.s.l.) 

show intra-specific variations in morphological traits. By analysing biometrical data collected 

during 2017 and from 2020 to 2021, we found two opposite patterns between the two groups of 

rodents: Apodemus spp. and C. glareolus. We found that at high altitude body weight increases in 

C. glareolus, which had also shorter foot length than Apodemus species, supporting Bergmann’ 

(larger individuals in colder environments) and Allen’ (shorter limbs in colder climates). In 

Apodemus species instead, we observed a general increase in foot length along the elevation, while 

body weight decreases, contradicting both these rules. These results suggest that variables other 

than temperature might explain the variation in these morphological traits. Higher elevations require 

a range of physiological adaptations due to factors besides the low ambient temperature, such as 

hypoxia and reduced food resources. Different hypotheses have been proposed. The impact of a 

change in body weight during exposure to high-altitude hypoxia is not well known. Weight loss 

could result from caloric restriction during prolonged exposure to hypoxia (Karwi et al., 2019). It is 

hypothesised that lower body weight in hypoxia exposure would promote reduced ventricular 
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hypertrophy through physiologic upregulation mechanisms. Exposure to hypoxic environments 

induces cardiopulmonary alterations that allow the maintenance of circulatory demands and tissue 

homeostasis in conditions of limited oxygen availability (Ostadal et al., 1998). Thus, a caloric 

restriction is a potent dietary intervention to produce beneficial cardiac effects (Kobara et al., 2015; 

Melo et al., 2016). Another hypothesis on the role of body weight in the adaptations at high 

altitudes concerns the effect of the resource availability hypothesis, which predicts a positive 

association between body size and the amount of food resources in a habitat (Rosenzweig, 1968; 

Blackburn et al., 1999; Blackburn & Hawkins, 2004; Virgós et al., 2011). In mountain environment, 

plant productivity is one of the leading forces acting on rodents’ survival: as altitude increases, 

environmental temperature, the duration of the vegetative period and biomass decrease, and plant 

phenology is delayed (Hille & Cooper, 2015). Trophic resources are reduced and more scattered 

across space, and the structure and diversity of vegetation decrease (Laiolo et al., 2004; Nagy & 

Grabherr, 2009; Hürlimann et al., 2019). In these conditions, lower body masses may be beneficial 

when resources are scarce and highly seasonal, and energy intake is thus limited. Thus, we can 

suppose that the two groups of rodents here examined have been affected in a different way from 

high altitude selection: C. glareolus developed morphological adjustment to avoid heat dissipation, 

while A. flavicollis instead found advantage of having a smaller body in order to reduce the amount 

of energy needed (Bears et al. 2008). It is also possible that Apodemus at higher altitudes have 

longer feet and slimmer body to optimize mobility when food resources are more limited. Studying 

the trait variation within and across species along environmental gradients can be used to 

understand potential reactions to future global changes, and thus highlights the importance of 

increasing the data collection on rodents and other taxa. Here, we have shown that rodents 

inhabiting similar habitats over a large elevation gradient have high phenotypic variation. 

Most of the ecology studies done so far in mountain systems are mainly conducted on single 

species, and the comparison of ecological strategies and their driving factors in the Alpine 

mountains is rather scarce. In chapters 3-5, we moved from studying single-species phenotypical, 
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behavioural and physiological adaptations to species comparison across an elevational gradient, 

trying to identify a common pattern of these mechanisms. 

In Chapter 3, we have considered the phenotypical variation in fur colouration across an elevational 

gradient. We have shown that species differed in their camouflage adaptations and that the colour 

characteristics have variable importance among the species. Animal adaptation is an outcome of 

natural selection, which shapes inheritable phenotypic change (whether on a molecular or 

morphological level), resulting in increased fitness of individuals in a particular environment 

(Boomsma, 2016). Classic examples of adaptive evolution are related to the emergence of colour 

polymorphism, particularly with the evolution of camouflage colouration in animals (Endler & 

Greenwood, 1988; Mappes et al., 2014). Camouflage is one of the most efficient anti-predatory 

strategies, and it is a functional trait characterised by the correspondence between the colour/pattern 

of the organisms and their background to avoid being discovered by predators (Roff & Fairbairn, 

2013; Kappers et al., 2020; Morosinotto et al., 2020). In mammals, colouration depends primarily 

on the deposition of two forms of melanin, red to pink pheomelanin and black to brown eumelanin, 

during hair growth. The regulation of the expression of two antagonist genes (melanocortin-1 

receptor and Agouti signalling protein) determines the proportion of expression of the darker or 

lighter form (Hubbard et al., 2010). We observed that fur colouration in our target species was 

strictly linked with the background colouration, indicating a high match with their respective 

habitats. However, under stressful conditions, the production of one of the two forms of melanin 

(darker or lighter) can have different expression levels (Galván et al., 2012). Indeed, in our study, 

we observed a different trend between the two rodents’ groups: Apodemus spp. and C. glareolus. 

This result could be due to two factors. On the one hand A. flavicollis has a typical low-land 

distribution well adapted to deciduous forests and colonised high-altitude environment only recently 

(Reutter et al., 2003). In our study areas it was found at high elevation only at low population 

density. These ecological characteristics may have influenced its wavelength, probably for 

thermoregulation mechanisms and for protection from solar radiation (Nor, 2001). This result was 
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also supported by the increasing in hue mismatch with elevation, supporting the hypothesis of 

recent adaptation to the high altitude (Rios & Álvarez-Castañeda, 2011). On the contrary, in C. 

glareolus and also in A. alpicola, hue was higher at high elevation, where the species were captured 

mainly in rocky environments, with herbaceous cover and coniferous forests with low canopy, 

suggesting an anti-predatory strategies in hue component for these species. A hypothesis could be 

that lighter colouration and higher wavelength at high altitude might be expected to be less 

noticeable in habitats that are often snow-covered or lacking dark vegetation, to the detriment of 

heat absorption in these cold environments. There is also experimental evidence showing that both 

aerial (Dice, 1947; Kaufman, 1974) and terrestrial (Brown, 1965) predators select against 

conspicuously coloured mice. Thus, we can suppose that fur colouration can influence the activity 

patterns and other ecological factors of the species, such as behaviour or thermoregulation. The 

different patterns of colouration here presented, suggest that selection may be stronger in the 

mountain habitat, acting on a physiological and genetic level. Thus, we can suppose that fur 

colouration can influence the activity patterns and other ecological factors of the species, such as 

behaviour or thermoregulation.  This result requires future insight with research focusing on the 

strength of selection during ontogenetic development and the effectiveness of this selection on 

animal fitness.  

Behavioural strategies have been considered in Chapter 4, where we compared the inter-

specific variation of behavioural traits in sympatric wild rodent species and analysed this variation 

along a gradient of elevation. Predatory pressures mainly determine and select animal behaviour 

(Lima, 1998). However, preys must trade off their antipredator responses with other functions, such 

as foraging, mating or thermoregulate (e.g., Gilliam & Fraser, 1987). An animal's propensity to take 

a risk is often described along an axis of boldness and shyness. A high probability of taking risks is 

defined as boldness, and a low probability is defined as shyness. Individuals may display varying 

levels of boldness or shyness that can affect the outcome of daily ecological challenges, such as 

competing for food (Dingemanse et al., 2004), habitat selection (Pay et al., 2022), and foraging 
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under the pressure of predation (Lima, 1998; Stamps, 2007). Consequently, boldness and shyness 

can affect reproduction and survival, and thus, ultimately affect fitness. However, as foraging is a 

trait typically related to boldness (Dochtermann, et al., 2015; Mousseau & Roff, 1987; Sih et al., 

2004), this behaviour can have underlying physiological components and can be heritable (Chuang 

& Riechert, 2022; Brown, 2007), so it can be subject to evolution following natural selection in 

subsequent generations (Réale, 2003). In our results, we observed two opposite behaviours that 

emerged between the two groups of rodents examined. Apodemus, which showed consistency in 

bold and exploratory behaviours in the three species (A. flavicollis, A. sylvaticus and A. alpicola), 

and C. glareolus which instead showed high variability in the escape behaviour, but with a 

predominance of shy individuals, who mainly froze during the arena experiment. The absence of 

any effect of environmental variables on these traits suggests the existence of genetic and 

physiological factors underlying the behavioural traits of the species. Voles and mice diverged by 

approximately 20-40 million years ago (Horner et al., 2007; Honeycutt, 2009), and it could be 

hypothesised that this degree of divergence led to the evolution at the genetic and physiological 

levels of distinct behavioural strategies, both advantageous for the different species. More studies 

are needed to analyse the existence of a physiological trend at the species level, and considering 

survival success and reproductive strategies as measures of the consequences that specific 

behavioural strategies can have on animals’ fitness. 

Homeothermy is a defining trait for endothermic mammals, and the capacity for sustained 

metabolic heat production (or thermogenesis) is considered one of the hallmarks of mammalian 

evolution (Crompton, 1978). Changes in thermogenic performance can be achieved via 

physiological adjustments that occur within the lifetime of individuals (phenotypic plasticity) and 

genetically based changes that occur across generations (genetic adaptation) (Garland & Carter, 

1994; Hammond et al., 2002; Storz et al., 2010; Swanson, 2010). Prolonged cold stress can strongly 

affect the capacity for metabolic heat production, particularly in small homeothermic endotherms 

(Conley & Porter, 1986; Hayes & O’Connor, 1999). Indeed, due to their high surface-to-volume 
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ratio rodents have relatively high energy demands to support temperature regulation (Robertson et 

al., 2019). These conditions become even more energetically critical in mountain habitats where 

cold, wind, hypoxia and scarce food resources represent an important selective pressure. In the last 

Chapter 5, we considered the fundamental aspect of the adaptations of rodents to the mountain 

environment, analysing the effect that the altitude and habitat variables have on the 

thermoregulation of the species. We have shown how body temperature varies along an altitudinal 

gradient in wild populations and during the breeding season of species (spring and summer). Most 

of the previous works on this topic (Cheviron et al., 2012, 2013; Careau, 2012; Dzal, 2018) have 

addressed the physiological responses of animals when exposed to the extreme winter cold at high 

elevations. When rodents are exposed to cold and hypoxic conditions, they may apply physiological 

adjustments to increase heat production through vascularization of brown adipose tissue, up-

regulating mitochondrial thermogenic respiration (Shabalina et al., 2013), through increasing 

ventilatory performance (Ivy & Scott, 2017), and the α-globin affinity for oxygen (Chappell & 

Snyder, 1984; Sears et al., 2009). On the other hand, maintaining high body temperature by 

endothermic mechanisms under low air temperatures is physiologically costly and depends on the 

degree and duration of cold exposure and habitat productivity (Bastos et al., 2021). When air 

temperature becomes too low, animals from high altitudes enter a torpor state to decrease the body-

to-environment temperature gradient and costs of homeothermic thermoregulation. However, our 

study showed that during their reproductive period, rodents from high elevations have higher body 

temperatures compared to the conspecific from lower elevations. This result was similar for males 

and females, suggesting that the high costs of reproduction of females might not be the main reason 

for the observed pattern. Body temperature increased by 0.2 °C in Apodemus species and 0.3 °C in 

C. glareolus. For most of the studied species, the effect was independent from variation in air 

temperature, habitat productivity and body size or condition, suggesting other mechanisms behind 

the detected pattern. A hypothesis is that this physiological mechanism is related to mild tissue 

hypoxia and greater ventilation of individuals from higher elevations (Chappell & Snyder, 1984), 
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which could be advantageous for small endotherms, perhaps influencing their aerobic capacity 

performance.  

A cross-analysis between the four adaptive mechanisms presented in this thesis, could provide 

more information on rodents' resilience and resistance capacities to challenging mountain 

environments. This becomes even more important given climate change, particularly evident in the 

mountains. In recent years we are witnessing extreme and highly variable climatic conditions (Hille 

& Cooper, 2015), greater drought also at high altitudes, with a consequent reduction in trophic 

availability, a melting of glaciers and an early melting of snow, and a progressive shift of vegetation 

to higher elevations.  

The overall data showed that selection acts differentially on the species and could be used to explain 

the mechanisms underlying the choice of one strategy over the other in sympatric species. 

 

Future perspectives 

Within the years of this PhD project, we have collected far more data than we could present here. 

We plan to continue the work on our model species combining yet many other challenging aspects 

of their biology. In particular we want to analyse core body temperature data collected during 2021, 

where the animals were exposed to food deprivation, to detect the differential thermoregulation 

mechanism of the species from high and low altitudes, when food resources are scarce. 

Furthermore, we want to combine body temperature and camouflage data, to test the hypothesis 

advanced for A. flavicollis and A. alpicola, that the darker colouration found at high elevation have 

a thermoregulatory purpose. Another important aspect that we want to investigate are the anti-

predator strategies, both for the camouflage and the behavioural aspects, taking into account the 

predator perspective, in particular of its visual capacity, and to analyse how this influences the 

effectiveness of prey camouflage. 

This study sets up several avenues of potential research. It is impossible to say whether the species 

difference found in this project is the result of phenotypic plasticity or evolutionary changes. 
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Furthermore, since the data were collected in a moderate geographic area, it may be the result of a 

specific environmental adaptation. For these reasons, I propose first, a long-term continuous data 

collection from the same area, to identify the direction of species changes. In this way, we can 

examine seasonality variation as well as long-term patterns in morphological, physiological, and 

behavioural changes. Furthermore, recording environmental conditions data, we can attribute 

particular phenotypic changes to environmental parameters. Secondly, it would be useful to study 

the same parameters here considered in other mountain areas to provide more information on how 

these species are responding to environmental change in different areas. Combining multiple 

species and geographic areas will allow for a broad overview of what drives overall alpine rodent 

populations. 
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