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Abstract

Rodents are among the most successful mammals because they have the ability to adapt to a
broad range of environmental conditions. Here, we present the first record of a hitherto unknown
thermal adaptation to low temperatures that repeatedly occurred in two species of non-
commensal rodents (Apodemus flavicollis and Apodemus agrarius) between January 16 and
February 11, 2021. The classic rodent literature implies that rodents prevent heat |oss via a broad
range of behavioral adaptations including sheltering, sitting on their tails, curling into aball, or
huddling with conspecifics. Y et, we have repeatedly observed an undescribed behavior which we
refer to as “tail-belting”. The behavior was performed during the lowest temperatures, whereby
animals - which were attracted out of their over-wintering burrows for a highly-palatable food
reward - lift and curl the tail medially, before resting it on the dorsal, medial rump while feeding
or resting between feeding bouts. We documented 115 instances of the tail-belting behavior; 38
in Apodemus agrarius, and 77 in Apodemus flavicoallis. In A. flavicallis, this behavior was only
observed below -6.9C, and occurred more often than in A. Agrarius. The latter only
demonstrated the behavior below -9.5C. We further detail the environmental conditions under
which the behavior is performed, and provide possible functions. We then set several directions

for future research in this area.

Keywords: Apodemus, heat 1oss, non-commensal rodents, temperature regulation, thermal
adaptation
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I ntroduction

The yellow-necked mouse, Apodemus flavicollis (Melchior 1834), and the striped field mouse,
Apodemus agrarius (Pallas 1771), are small non-commensal rodents in the family Muridae. They
are common across Eurasia, and when conditions are favorable, reproduce rapidly to form
numerous populations (Simeonovska-Nikolova, 2007). Despite the differencesin their biology
and ecology, both A. flavicollis and A. agrarius have become succesful in the same
environments, including urban and peri-urban areas (Simeonovska-Nikolova, 2007; Vukicevic-
Radic et al., 2006). However, unlike Mus species and commensal rodents, these species are not
dependent on human refuse for food, and are therefore, lesslikely to be observed close to human
residences. Though they are of the same genus, a number of differences including
morphological, biochemical, and gene location (rearrangement on chromosomes), demonstrate
fundamental differences that undermine their presumed systematic relationship (Filippucci et al.,
2002; Hille et al., 2002; Rubtsov et al., 2015).

A. flavicollisis more closely related to representatives of Mus and Rattus than to A.
agrarius (Filippucci et al., 2002; Hille et al., 2002; Rubtsov et al., 2015). Because of these
differences, A. flavicollis are sometimes considered within the subgenus Sylvaemus, while
Sylvaemus is occasionally used as the genus instead of Apodemus (Filippucci et al., 2002; Martin
et a., 2000). Smilar to other rodents, both species successis partly due to their ability to adapt to
highly-variable environmental conditions (Auffray et a., 2009; Bronson and Pryor, 1983; Kay
and Hoekstra, 2008). Indeed, A. flavicollisand A. agrarius are among the best examples of
rodents demonstrating tolerance to a broad range of environmental conditions and thus, comprise
populations that are widely-distributed from high to low latitudes of Eurasia. These speciesfirst
ranged in Europe from the southern areas of Scandinavia through western, central, and
Mediterranean areas to the northern coast of Africa. Later, two ranges were formed; the western
range, covering the south-east Scandinavia through the central and eastern Europe to northern
Balkans and central Asia; and the far eastern range, from the south of Russia through eastern
China, including the Pacific coast. As aresult, representatives of both species persist in disparate
areas across temperate, subtropical, and tropical climates. A. agrariusisalso found in the
continental climate zones where seasonal and daily temperature fluctuations can range from ca.
30°C to -30°C.
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Given the widespread distribution, these two species could be excellent rodent subjects
for studies on adaptations to extreme temperatures. Such previous studies have included efficient
mechanisms of thermoregulation studied at the molecular and sub-cellular levels (Klaus et al.,
1988), basal metabolic rate and thermogenesis (Bligh et al., 1990; Boratynski and Szafranska,
2018; Haim et al., 1995), and behavioral mechanisms such as social thermoregulation (1Jzerman
et a., 2021; Tertil, 1972). In many studies of thermoregulation in endotherms, particular
emphasisis given to characteristics of the protruding, exposed parts of the body (Arad et al.,
1989; Hester et al., 2015; Raman et al., 1983; Romanovsky et al., 2002; Tattersall et al., 2009).
The presence of exposed organs can be a challenge when the ambient temperature drops below
thermoneutrality, thus they must have mechanismsto prevent heat loss. This strategy resultsin
vasoconstriction that reduces blood flow and helps retain heat (O'Leary et al., 1985; Tan and
Knight, 2018).

Other mechanisms protecting against heat |oss are countercurrent heat exchangers
closaly-spaced vessels, often organized in retes, supplying warm blood to the protruding parts of
the body and draining cool blood. This process allows hest to radiate from arterial to venous
blood before it reaches the periphery of the protruding organs, where it could be significantly
cooled (Scholander and Krog, 1957). This approach occursin such species as sloths (Scholander
and Krog, 1957), cetaceans (Heyning, 2001) and turtles (Davenport et al., 2015). But among rats
(Rattus spp.), countercurrent heat exchangers are not likely to beinvolved in preventing the loss
of heat from tails, where vasodilation plays a major role (Dawson and Keber, 1979; Y oung and
Dawson, 1982). Similarly, in Mus muscul us, tails also appear to contribute little to
thermoregulation (Skop et al., 2020).

The threats that could result from the destabilization of the body's temperature balance,
can also be mitigated behaviorally. In rodents, behavioral adaptations include changesin
foraging behavior in the Degu, Octodon degus; Bozinovic et a., 2000) and deer mice,
Peromyscus maniculatus; Sears et a., 2009). This seemsto imply that, for these species,
thermoregulatory abilities may actually be more crucial than mitigating threats from predators
(Lagos et al., 1995). Avoiding thermal stress may also involve modifying essential life tasks,
such as finding resources at different times between day and night (desert woodrat, Neotoma
lepida; Murray and Smith, 2012) and different seasons (common vole, Microtis arvolis;
Hoogenboom et al., 1984). For review of the latter, see (Bennie et al., 2014). Behavioral
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thermoregulation is also associated with the exploitation of various thermal refuges, such as
vegetation plant cover (D'Odorico et a., 2012; Pigeon et al., 2016).

A common behavioral adaptation involves constructing burrows leading to an
underground nest, and remaining therein during the coldest periods (Amori et a., 1986; Baléz
and Ambros, 2012; Stradiotto et al., 2009). This strategy allows for hoarded food reservesto be
utilized in the effective shelter, which A. flavicollis especially relies on during the winter. In
addition, constructing nests near human settlements or in urbanized areas often increase access to
crop resources (Bal¢iauskas et al., 2020) and therefore, increases the chance of survival for A.
agrarius (Andrzejewski et al., 1978; Gliwicz and Taylor, 2002). For comparisons of both
species’ biology see (Balaz and Ambros, 2012).

Another behavioral phenomenon observed at low temperature is curling into aball-like
posture in order to keep warm, and adopting this posture to reduce the surface-to-volume ratio
(Terrien et al., 2011). Curling, commonly observed in mammals, including domestic pets, has
also been described in the rodent literature (Godling, 1979; Moinard et al., 1992; Morrison and
Tietz, 1957). In many animals, such reductions in body surface area aso involve setting the
protruding parts of the body so that they adhere to its surface as much as possible (Prestrud,
1991; Scholander, 1955). This behavior is perhaps also important to protect them from damage,
such as by frostbite, as the trunk temperature is usually higher and kept relatively constant
compared to these protruding parts of the body.

A similar phenomenon, which we now refer to as ‘tail belting’, where the animal lifts and
may curl the tail medially, before resting it on the dorsal, medial rump, was observed in both A.
flavicollisand A. agrarius, during feeding and resting between feeding bouts. The behavior
occurred when the surrounding temperature was below -6.9°C. in A. flavicollis, and -9.5 °Cin A.
agrarius. Asfar as we know, this phenomenon has not been described in the literature, and here

we systematically document the occurrence under particular circumstances.

Methodsand Materials

The observed behavior was recorded during afield study conducted on free-living colonies of
yellow-necked mice (Apodemus flavicollis) and striped field mice (Apodemus agrarius) on a

private, suburban property in Warsaw, central Poland (52°20'N 21°03'E, altitude: 80 m). The

experiment took place between 1 November, 2020 and 15 March, 2021 during the Winter

season. Temperatures during this period ranged from +16°C to -20°C. Based on direct and video
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114  observations over five months, we estimate the population size of each colony to be in excess of
115 10individuals of each species. Individual recognition was sometimes possible based on

116  didtinctive variationsin coat patterns, body size, and individual characteristics including marks,
117  scars, wounds, variegation of color and shape of tail.

118 The study included continuous video recording of two chambers which were constructed
119 totest individual responsesto scents from conspecifics and/or predators. Two chambers were
120  constructed from 12mm waterproof plywood and painted with odorless paint. The internal floor
121  dimensionswere 35! 1x[ 1401 Icm with awall height of 701 ilcm. Chambers were deployed near
122  cover beside bushesin the natural habitat of neighboring forest and meadows. Malleable bent
123 sewer pipes (70mm diameter and 50cm length; Certus, Cieszyn, Poland) were connected to

124  entrance holes. The bottom of the chambers was covered with 1cm of rinsed sand and replaced
125  twice per week. Animals were baited to the chambers nightly at dusk with 5g of chocolate-nut
126  cream (Nuss Milk Krem; i.e., Nutella; Jackson et al., 2016) placed on 70mm Petri dishes.

127 For continuous surveillance, we used three infrared cameras (Easycam EC-116-SCH,;
128  Naples, FL, USA) connected to adigital video recorder (Easycam EC-7804T; Naples, FL, USA).
129  Thissetup enabled 24/7 motion detection recording for the duration of the study. Following our
130 repeated observation of this behavior, we also utilized thermal imaging (Seek Thermal Shot SW-
131  AAA thermal camera; Santa Barbara, CA, USA) and recorded two visitsto the chambers by

132  yelow-necked mice (both at +1.5°C) and five instances of visits by striped field mice (at -1.5°C,
133 -25°C,5°C, 6°C, & 8°C).

134  Ethics Satement

135 Thisobservational study was a non-invasive experiment based on the surveillance of free-

136  ranging animals that were free to enter or ignore experimental chambers with food and video
137  cameras. Thus, it did not require permission of the local ethics committee for animal

138  experimentation. The study was carried out on private land with permission of its owners, and all
139  procedures were conducted in accordance with the Polish Animal Protection Act (21 August,
140  1997).

141
142
143
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144  Results

145  Werecorded 115 instances of tail-belting (38 in A. agrariusand 77 in A. flavicollis) during five
146  months of continuous observation of the two colonies. Within this 5-month period, the only

147  instances of tail belting occurred between January 16 and February 11, 2021 during a particularly
148  harsh winter period in Warsaw, Poland (Supplemental Table 1). Given the number of incidents
149  and the colony size of both species, it is possible that over a dozen animals of each species

150 displayed this behavior. While we could not always identify individuals due to their somewhat
151  uniform appearance, we can be certain that at least 8 individuals (4 of each species) displayed
152  thisbehavior. We were able to distinguish the 8 individual s due to observable differencesin coat
153  patterns, body size, and individual characteristics such as scars, or crooked tails.

154 The lowest chamber temperature recorded during foraging was -17°C for A. flavicollis
155  (Figure 1; Supplemental video 1) and -14.5°C for A. agrarius (Supplemental video 2). While
156  animals were recorded across many temperatures during the 5-month period, tail-belting was
157  first recorded when the temperature dropped to -6.9°C in A. flavicollis, and -9.5°C in A. agrarius
158  (Figure 1). Thermal images showed the temperature of the tail equaling dropping well below
159  trunk temperature and, in some cases, equaling ambient temperature below 0°C for both species
160  (Figure 2; Supplemental video 1, 2). The frequency of tail-belting may have increased with

161  additional decreasesin temperature (Supplemental Table 1), though we did not quantify this

162  number.
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164  Figurel. Video stills from IR cameras showing visible tail-belting in mice. A-C: Y ellow-necked mice; D-E: Striped
165 field mice. A and D show the lowest temperature that tail-belting was recorded at for each of the two species, C and
166 F show the highest temperature that tail-belting was recorded at for the two species. Red arrows indicate the position
167  of thetail being belted.

168

+1.5°C

169

170  Figure 2. Thermal images showing temperature of the tail equaling ambient temperature (for NETD = 70mK).
171  A-C) astriped field mouse; D) a yellow-necked mouse. NETD= Noise Equivalent Temperature Difference.

172
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173  Discussion

174  We have documented over one hundred instances of tail-belting, a previoudy undescribed

175  behavior, among two non-commensal rodents. Because this behavior only occurs below a

176  temperature threshold, it is most likely an adaptation to prevent frostbite of an exposed,

177  protruding appendage or freezing of the tail to a surface. Indeed, we assume frostbite prevention,
178  and not decreased heat loss, is the most likely explanation for two reasons. Firstly, thermovision
179  (Figure 2, Supplemental video 1, 2) showed that tails dropped well below trunk temperature and
180  secondly, tails appear to contribute very little to thermoregulation among mice (Skop et al.,

181  2020).

182 Between the two species, A. agrarius demonstrated tail-belting more rarely than A.

183 flavicollisand at colder temperatures. This discrepancy is likely because A. agrarius has shorter
184 tailsand ceased foraging at a higher temperature. Given that rodents are among the most

185  successful and best-known animals, particularly the genus Mus (Kay and Hoekstra, 2008), we
186  can only assume this behavior has not previously been documented because of the difficulty of
187  observing small, free-ranging rodent species in sub-optimal conditionsin the wild. Additionally,
188  mice minimize foraging in winter while remaining in burrows and consuming hoarded food.

189  Under natural conditions (e.g., without access to our experimental chambers with food), during
190 temperatures when thistail-belting behavior is prominent, most mice would likely not even come
191  out of their burrows. These individuals may have ventured out only because we provided a

192  consistent, aromatic and highly-palatable food on a daily basis for months before and after the
193  cold temperatures of the particularly harsh winter of 2021 in Warsaw, Poland. Indeed, we

194  suspect we only observed this behavior because we set up trials intending to record and assess
195 behaviorsin the presence or absence of particular scents near afood reward. Given the relatively
196  digtant relatedness between the two species, it islikely that this behavior also occursin other
197  rodents, particularly free-ranging animals that usually remain inside burrows in colder climates.
198 Future studies should involve exact measurement of temperature of body parts using

199 thermo-vision cameras, aswell as morphological and histological comparisons of the species.
200  Preciselinear studies should ensue to determine if decreasing temperatures below the threshold
201 increasethe frequency of thisbehavior. Anecdotally, it appears that this was the case, however,
202  wedo not know if temperature isthe only factor that causes this behavior. It is unknown whether
203  anyone has reduced the temperature in the laboratory in attempts to induce the behavior in other
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204  gpecies. Mus musculusiis currently the primary model for studying frostbite injuries, however,
205 thisisnot done by lowering the temperature, but instead by adhering frozen magnets to the skin
206  (Auerbach et al., 2013). Thus, tail-belting would not have been expressed under these conditions.
207  Moving forward, this behavior could aso be sought out within laboratory conditions, with direct
208  comparisons between the two Apodemus species and Mus.

209 Mice assays are very popular throughout science and account for more than 60% of all
210 laboratory assays with animals used in research in Europe (European Commission, 2020) Thus,
211  there should be many opportunities to examine whether this behavior is aso observed among
212  laboratory animals. We do not know if the behavior is an unconditioned reflex, perhapsif thisis
213  shown to bethe case, then studies could seek to determine a corresponding neural pathway.

214  Regardless of the mechanism, it appears that this behavior is yet another example, among many,
215  of how rodents have become one of the most diverse. adaptable and successful taxa.

216

217  Acknowledgements

218  Thisresearch was self-funded by the authors, with the exception of equipment funds awarded to
219 RS (Polish National Science Centre (NCN) — Grant Number: UM O-2013/09/B/HS6/03435) and
220 PB (Polish National Science Centre (NCN) — Grant Number: UM O-2013/11/B/NZ4/03310). All
221  authorsdeclare no conflict of interest.

222


https://doi.org/10.1101/2021.04.12.439224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.12.439224; this version posted April 13, 2021. The copyright holder for this preprint (which

223

224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Amori, G., Panno, E., Cristaldi, M., 1986. Preliminary observation on the nesting pattern of wild
rodents’ in the Macchia della Manziana (Rome, Italy). Italian Journal of Zoology 53, 369-372.
Andrzejewski, R., Babinska-Werka, J., Gliwicz, J., Goszczynski, J., 1978. Synurbization
processes in population of Apodemus agrarius. I. Characteristics of populations in an
urbanization gradient. Acta Theriol 23, 341-358.

Arad, Z., Midtgard, U., Bernstein, M.H., 1989. Thermoregulation in turkey vultures: vascular
anatomy, arteriovenous heat exchange, and behavior. The Condor 91, 505-514.

Auerbach, L.J., Galvez, M.G., De Clerck, B.K., Glotzbach, J., Wehner, M.R., Chang, E.I.,
Gurtner, G.C., Auerbach, P.S., 2013. A novel mouse model for frostbite injury. Wilderness &
Environmental Medicine 24, 94-104.

Auffray, J.-C., Renaud, S., Claude, J., 2009. Rodent biodiversity in changing environments.
Agriculture and Natural Resources 43, 83-93.

Balaz, I., Ambros, M., 2012. Population analysis and spatial activity of rodents in flooded forest
conditions. Ekoldgia (Bratislava) 31, 249-263.

BalCiauskas, L., Stirke, V., BalCiauskiené, L., 2020. Chunky reproduces better? Small rodent
fertility and fitness in commercial orchards.

Bennie, J.J., Duffy, J.P., Inger, R., Gaston, K.J., 2014. Biogeography of time partitioning in
mammals. Proceedings of the National Academy of Sciences 111, 13727-13732.

Bligh, J., Voigt, K., Braun, H., Brick, K., Heldmaier, G., 1990. Thermoreception and temperature
regulation. Springer.

Boratynski, J.S., Szafranska, P.A., 2018. Does Basal Metabolism Set the Limit for Metabolic
Downregulation during Torpor? Physiological and Biochemical Zoology 91, 1057-1067.
Bozinovic, F., Lagos, J.A., Vasquez, R.A., Kenagy, G., 2000. Time and energy use under
thermoregulatory constraints in a diurnal rodent. Journal of Thermal Biology 25, 251-256.
Bronson, F., Pryor, S., 1983. Ambient temperature and reproductive success in rodents living at
different latitudes. Biology of Reproduction 29, 72-80.

D'Odorico, P., Okin, G.S., Bestelmeyer, B.T., 2012. A synthetic review of feedbacks and drivers
of shrub encroachment in arid grasslands. Ecohydrology 5, 520-530.

Davenport, J., Jones, T.T., Work, T.M., Balazs, G.H., 2015. Topsy-turvy: turning the counter-
current heat exchange of leatherback turtles upside down. Biology Letters 11, 20150592.
Dawson, N., Keber, A., 1979. Physiology of heat loss from an extremity: the tail of the rat.
Clinical and Experimental Pharmacology and Physiology 6, 69-80.

European Commission,.2020. Report from the commission to the European parliament and the
council. 2019 report on the statistics on the use of animals for scientific purposes in the Member
States of the European Union in 2015-2017, Brussels, Belgium.

Filippucci, M.G., Macholan, M., Michaux, J.R., 2002. Genetic variation and evolution in the
genus Apodemus (Muridae: Rodentia). Biological Journal of the Linnean Society 75, 395-419.
Gliwicz, J., Taylor, J.R., 2002. Comparing life histories of shrews and rodents. Acta theriologica
47, 185-208.

Gosling, L., 1979. The twenty-four hour activity cycle of captive coypus (Myocastor coypus).
Journal of Zoology 187, 341-367.

Haim, A., McDevitt, R., Speakman, J., 1995. Daily variations in the response of wood mice
Apodemus sylvaticus to noradrenaline. Journal of Experimental Biology 198, 561-565.

Hester, P., Al-Ramamneh, D., Makagon, M., Cheng, H.W., 2015. Effect of partial comb and
wattle trim on pullet behavior and thermoregulation. Poultry Science 94, 860-866.

Heyning, J.E., 2001. Thermoregulation in feeding baleen whales: Morphological and
physiological evidence. Aquatic Mammals 27, 284-288.


https://doi.org/10.1101/2021.04.12.439224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.12.439224; this version posted April 13, 2021. The copyright holder for this preprint (which

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Hille, A., Tarkhnishvili, D., Meinig, H., Hutterer, R., 2002. Morphometric, biochemical and
molecular traits in Caucasian wood mice (Podemus/Sylvaemus), with remarks on species
divergence. Acta Theriologica 47, 389-416.

Hoogenboom, 1., Daan, S., Dallinga, J., Schoenmakers, M., 1984. Seasonal change in the daily
timing of behaviour of the common vole, Microtus arvalis. Oecologia, 18-31.

IJzerman, H., Hadi, R., Coles, N., Paris, B., Elisa, S., Fritz, W., Klein, R.A., Ropovik, I., 2021.
Social thermoregulation: A meta-analysis.

Jackson, M., Hartley, S., Linklater, W., 2016. Better food-based baits and lures for invasive rats
Rattus spp. and the brushtail possum Trichosurus vulpecula: a bioassay on wild, free-ranging
animals. Journal of Pest Science 89, 479-488.

Kay, E.H., Hoekstra, H.E., 2008. Rodents. Current Biology 18, R406-R410.

Klaus, S., Heldmaier, G., Ricquier, D., 1988. Seasonal acclimation of bank voles and wood
mice: nonshivering thermogenesis and thermogenic properties of brown adipose tissue
mitochondria. Journal of Comparative Physiology B 158, 157-164.

Lagos, V.O., Bozinovic, F., Contreras, L.C., 1995. Microhabitat use by a small diurnal rodent
(Octodon degus) in a semiarid environment: thermoregulatory constraints or predation risk?
Journal of Mammalogy 76, 900-905.

Long, R.A., Martin, T.J., Barnes, B.M., 2005. Body temperature and activity patterns in free-
living arctic ground squirrels. Journal of Mammalogy 86, 314-322.

Martin, Y., Gerlach, G., Schlétterer, C., Meyer, A., 2000. Molecular phylogeny of European
muroid rodents based on complete cytochrome b sequences. Molecular Phylogenetics and
Evolution 16, 37-47.

Moinard, C., Doncaster, C.P., Barré, H., 1992. Indirect calorimetry measurements of behavioral
thermoregulation in a semiaquatic social rodent, Myocastor coypus. Canadian Journal of
Zoology 70, 907-911.

Morrison, P.R., Tietz, W.J., 1957. Cooling and thermal conductivity in three small Alaskan
mammals. Journal of Mammalogy 38, 78-86.

Murray, 1.W., Smith, F.A., 2012. Estimating the influence of the thermal environment on activity
patterns of the desert woodrat (Neotoma lepida) using temperature chronologies. Canadian
Journal of Zoology 90, 1171-1180.

O'Leary, D.S., Johnson, J.M., Taylor, W.F., 1985. Mode of neural control mediating rat tail
vasodilation during heating. Journal of Applied Physiology 59, 1533-1538.

Phifer-Rixey, M., Nachman, M.W., 2015. The Natural History of Model Organisms: Insights into
mammalian biology from the wild house mouse Mus musculus. Elife 4, e05959.

Pigeon, K.E., Cardinal, E., Stenhouse, G.B., Cété, S.D., 2016. Staying cool in a changing
landscape: the influence of maximum daily ambient temperature on grizzly bear habitat
selection. Oecologia 181, 1101-1116.

Prestrud, P., 1991. Adaptations by the arctic fox (Alopex lagopus) to the polar winter. Arctic,
132-138.

Raman, E.R., Roberts, M.F., Vanhuyse, V.J., 1983. Body temperature control of rat tail blood
flow. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 245,
R426-R432.

Romanovsky, A.A., Ivanov, A.l.,, Shimansky, Y.P., 2002. Selected contribution: ambient
temperature for experiments in rats: a new method for determining the zone of thermal
neutrality. Journal of Applied Physiology 92, 2667-2679.

Rubtsov, N., Karamysheva, T., Bogdanov, A., Kartavtseva, |., Bochkarev, M., lwasa, M., 2015.
Comparative analysis of DNA homology in pericentric regions of chromosomes of wood mice
from genera Apodemus and Sylvaemus. Russian Journal of Genetics 51, 1233-1242.
Scheffers, B.R., Edwards, D.P., Diesmos, A., Williams, S.E., Evans, T.A., 2014. Microhabitats
reduce animal's exposure to climate extremes. Global Change Biology 20, 495-503.


https://doi.org/10.1101/2021.04.12.439224
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.12.439224; this version posted April 13, 2021. The copyright holder for this preprint (which

321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Scholander, P., Krog, J., 1957. Countercurrent heat exchange and vascular bundles in sloths.
Journal of Applied Physiology 10, 405-411.

Scholander, P.F., 1955. Evolution of climatic adaptation in homeotherms. Evolution, 15-26.
Sears, M.W., Hayes, J.P., Banta, M.R., McCormick, D., 2009. Out in the cold: physiological
capacity influences behaviour in deer mice. Functional Ecology 23, 774-783.
Simeonovska-Nikolova, D.M., 2007. Interspecific social interactions and behavioral responses
of Apodemus agrarius and Apodemus flavicollis to conspecific and heterospecific odors. Journal
of Ethology 25, 41-48.

Skop, V., Guo, J., Liu, N., Xiao, C., Hall, K.D., Gavrilova, O., Reitman, M.L., 2020. Mouse
thermoregulation: introducing the concept of the thermoneutral point. Cell Reports 31, 107501.
Stradiotto, A., Cagnacci, F., Delahay, R., Tioli, S., Nieder, L., Rizzoli, A., 2009. Spatial
organization of the yellow-necked mouse: effects of density and resource availability. Journal of
Mammalogy 90, 704-714.

Tan, C.L., Knight, Z.A., 2018. Regulation of body temperature by the nervous system. Neuron
98, 31-48.

Tattersall, G.J., Andrade, D.V., Abe, A.S., 2009. Heat exchange from the toucan bill reveals a
controllable vascular thermal radiator. Science 325, 468-470.

Terrien, J., Perret, M., Aujard, F., 2011. Behavioral thermoregulation in mammals: a review.
Front Biosci 16, 1428-1444.

Tertil, R., 1972. The effect of behavioural thermoregulation on the daily metabolism of
Apodemus agrarius (Pallas, 1771). Acta Theriologica 17, 295-313.

Vukicevic-Radic, O., Matic, R., Vujadinovic, T., Jovanovic, T., Kataranovski, D., 2006. Spatial
Distribution of Apodemus Flavicollis and A. Agrarius in a Forest Community Quercetum-Petraea
on Mt. Avala (Serbia). Biotechnology & Biotechnological Equipment 20, 57-60.

Young, A., Dawson, N., 1982. Evidence for on—off control of heat dissipation from the tail of the
rat. Canadian Journal of Physiology and Pharmacology 60, 392-398.


https://doi.org/10.1101/2021.04.12.439224
http://creativecommons.org/licenses/by-nc-nd/4.0/

