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The heat is on: impacts of rising
temperature on the activity of a
common European mammal

Jonas Stiegler*, Janice Pahl, Rafael Arce Guillen,
Wiebke Ullmann and Niels Blaum

Plant Ecology and Nature Conservation, Institute of Biochemistry and Biology, University of Potsdam,
Potsdam, Germany
Climate conditions severely impact the activity and, consequently, the fitness of

wildlife species across the globe. Wildlife can respond to new climatic conditions,

but the pace of human-induced change limits opportunities for adaptation or

migration. Thus, how these changes affect behavior, movement patterns, and

activity levels remains unclear. In this study, we investigate how extreme weather

conditions affect the activity of European hares (Lepus europaeus) during their

peak reproduction period. When hares must additionally invest energy in mating,

prevailing against competitors, or lactating, we investigated their sensitivities to

rising temperatures, wind speed, and humidity. To quantify their activity, we used

the overall dynamic body acceleration (ODBA) calculated from tri-axial

acceleration measurements of 33 GPS-collared hares. Our analysis revealed

that temperature, humidity, and wind speed are important in explaining changes

in activity, with a strong response for high temperatures above 25°C and the

highest change in activity during temperature extremes of over 35°C during their

inactive period. Further, we found a non-linear relationship between

temperature and activity and an interaction of activity changes between day

and night. Activity increased at higher temperatures during the inactive period

(day) and decreased during the active period (night). This decrease was strongest

during hot tropical nights. At a stage of life when mammals such as hares must

substantially invest in reproduction, the sensitivity of females to extreme

temperatures was particularly pronounced. Similarly, both sexes increased

their activity at high humidity levels during the day and low wind speeds,

irrespective of the time of day, while the effect of humidity was stronger for

males. Our findings highlight the importance of understanding the complex

relationships between extreme weather conditions and mammal behavior,

critical for conservation and management. With ongoing climate change,

extreme weather events such as heat waves and heavy rainfall are predicted to

occur more often and last longer. These events will directly impact the fitness of

hares and other wildlife species and hence the population dynamics of already

declining populations across Europe.
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1 Introduction
Global changes in climate and landscape structure can have

severe ecological consequences for wildlife across organizational

levels (genes, individuals, populations, communities, Møller, 2013;

Lau and terHorst, 2020; Ruland and Jeschke, 2020; Theodoridis

et al., 2021). Wildlife is capable of responding to new climatic

conditions with local genetic adaptation, migration to more

favorable conditions, or phenotypic plasticity (Walther et al.,

2002; Hetem et al., 2014). However, human-induced changes in

climate and landscape connectivity are rapid and severe, thereby

limiting local genetic adaptation and opportunities for migration

(Meester et al., 2018). Genetic adaptations are likely to fail in

the case of wildlife species that have long generation times

and low reproductive output (and therefore low population sizes),

making it difficult to keep up with the pace of climate changes

(Boutin and Lane, 2014; Hoffmann et al., 2017). With increasing

habitat loss and ongoing landscape fragmentation, climate-induced

migration and dispersal movements are often limited (Collingham

and Huntley, 2000; Walther et al., 2002; Travis, 2003). In

fragmented landscapes, phenotypic plasticity including changes in

phenology, physiology, and behavior (Boutin and Lane, 2014;

Hetem et al., 2014), is likely the most immediate response

of wildlife to counter the negative effects of rapidly changing

climatic conditions on their activity and energy budgets (Noonan

et al., 2018). One of the most fragmented landscapes worldwide are

agricultural landscapes in Europe where changes in climate affect

the temperate seasonal weather conditions: summers tend to cover a

more extended period accompanied by higher temperatures and

less rainfall, and winters get shorter with more precipitation and

increasing temperatures (Klein Tank et al., 2002; Ergon et al., 2018).

In Nordic regions, the annual average temperature increased by

more than 2°C since the middle of the 19th century, and a

prolongation of the growing season by more than a month is

predicted by the end of the 21st century (Ruosteenoja et al., 2011;

Ruosteenoja et al., 2016). Increases in rainfall events and

precipitation intensity have been observed for locations across

northern and middle Europe (Widmann and Schär, 1997;

Hanssen-Bauer and Førland, 1998; New et al., 2001). Further,

wind speeds are predicted to increase slightly (Pryor et al., 2006)

and extreme weather events like heat waves or heavy rain events are

predicted to increase in frequency (Coumou and Rahmstorf, 2012;

IPCC, 2014).

For wildlife, changing weather conditions due to climate change

can strongly affect their activity, movement behavior, and energy

expenditure, crucial for an individual’s fitness (Brown et al., 2004).

Unfavorable conditions like cold and humid weather increase the

energy investment necessary for the thermoregulation of

homeothermic animals (Seltmann et al., 2009; Klüg-Baerwald

et al., 2016; Lenis Sanin et al., 2016), and may enhance the

development of pathogens, thereby possibly increasing the spread

of diseases (Altizer et al., 2006; Rödel and Dekker, 2012) and the risk

of predation (Mech et al., 1987; Rödel and Dekker, 2012). A large

proportion of energy is required for movements to reach and

explore resources for foraging, finding mates, or withstanding
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adverse situations that might lower survival probability

(Alexander, 2006). Depending on the internal state of an

individual (e.g., whether it is hungry or not) and the

environmental conditions, movements vary in speed, acceleration,

or maneuverability (Nathan et al., 2008; Spiegel et al., 2017). Hence,

energy investments differ even between recurring behaviors (e.g.,

foraging, mating) (Börger et al., 2020; Shaw, 2020; Wilson et al.,

2020) in relation to the context-specific environmental condition

with the prevailing weather as an important factor. For example, red

deer (Cervus elaphus) in Europe increase their home range sizes

with rising temperatures during winter and vice versa during

summer (Rivrud et al., 2010). In addition, behavior and activity

adjustments have been shown for different species globally.

Japanese macaques (Macaca fuscata) decrease their movement

activity during rainfall (Hanya et al., 2018), and North American

passerines adjust their daily movement distances depending on

wind speed and temperature (Grubb, 1978). Also, unfavorable

weather conditions like cold or wet conditions decreased activity

and shifted the temporal peaks of activity in tropical bats (Appel

et al., 2019). With changing weather conditions, the activity and,

consequently, the energy expenditure of animals can change to

adapt to favorable or adverse conditions (Vickery and Bider, 1981;

Hanya et al., 2018; Noonan et al., 2018; Appel et al., 2019).

A widespread species in Europe and parts of Asia is the

European hare (Lepus europaeus, Pallas, 1778) (Hackländer and

Schai-Braun, 2019). Its range covers the temperate zones of Europe

from the Mediterranean zones in the south to the cold zones in the

north (Figure 1). The European hare, a common umbrella species in

agricultural landscapes, can indicate threats to a variety of species in

ecological communities (Schai-Braun et al., 2020). However, hare

populations have declined for the last few decades, mainly

attributed to the intensification of agriculture (Tapper and

Barnes, 1986; Vaughan et al., 2003). In addition, seasonally

unfavorable weather conditions are yet another reason for the

decline, as energy demand inevitably increases and, if not met,

can even cause mortalities (Tapper and Barnes, 1986). Hares,

especially the leverets, experience higher mortality rates under wet

and cold conditions (Hackländer et al., 2002; Smith et al., 2005; Van

Wieren et al., 2006), while warm temperatures lead to longer

breeding seasons and higher pregnancy rates (Hewson and

Taylor, 1975). On the other hand, high temperatures can also

increase the risk of spreading diseases (Smith et al., 2005), and,

extremely high temperatures may exacerbate food shortages during

drought periods (Baudach et al., 2021). Hares’ native habitat is

steppe landscapes (Baudach et al., 2021), which are usually warm

and dry. We, therefore, assume that rising temperatures are not

necessarily disadvantageous for hares and that they adjust their

activity accordingly. They do not have to spend as much energy on

thermoregulation and can consequently invest more in increased

activity or fighting off pathogens (Lenis Sanin et al., 2016).

Conditions like high humidity, known for its adverse effects on

leveret survival (Hackländer et al., 2002), and the cooling effect at

high wind speeds, could be detrimental by further decreasing an

individual’s body temperature. We assume that they will negatively

affect hares’ activity, while the activity increases with lower

humidity and lower wind speed. On the other hand, the cooling
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effect of wind at high temperatures can be beneficial and

support thermoregulation.

In this study, we analyze how extreme weather conditions affect

the activity of European hares in a central part of their distribution

range. We were particularly interested in their sensitivities to rising

temperatures, wind speed, and humidity during the reproduction

period, when hares have to additionally invest energy in mating,

prevailing against competitors (males), or lactating (females)

(Lincoln, 1974). 1,237,176 acceleration measurements of 33 GPS-

collared individuals were used to calculate overall dynamic body

acceleration (ODBA), a proxy for hare activity (Wilson et al., 2006;

Halsey et al., 2009). Changes in hare activity in response to ambient

weather were analyzed separately for their active period at night and

the resting period during the day. We hypothesize they react more

strongly to extreme weather conditions during the active period at

night, with males being more active than females due to larger home

ranges and longer daily distances traveled (Rühe and Hohmann,

2004; Mayer et al., 2019). Further, since females must care for and

feed their offspring irrespective of prevailing weather conditions,

they are less capable of adapting their behavior accordingly. Thus,

we expect sex-specific responses to extreme weather events.
2 Material and methods

2.1 Study area

The study area is located in an agricultural landscape 100 km

northeast of Berlin (53°21’22 N, 13°48’03 E; WGS84) within the

“AgroScapeLab Quillow” catchment, the research platform of the

BioMove research training group and the Leibniz Centre for

Agricultural Landscape Research (ZALF). The landscape is

characterized by arable land with relatively large fields of an

average size of 27.5 ± 1.1 ha, dominated by intensive cultivation

of winter cereals, rapeseed, and maize (Ullmann et al., 2020).
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Agricultural land covers approximately 74% of the area. The

remaining area consists of patchy grasslands, several small water

bodies, small forest areas, a few small villages, and single houses.

The climate is described as continental-Atlantic transition with long

dry phases in spring and cold winters. The mean annual

precipitation is 486 mm, and the mean annual air temperature is

8.4°C (Ullmann et al., 2020; Stiegler et al., 2022).
2.2 Animal tracking data

We used accelerometer data of 33 hares (11 females, 22 males,

all adults) recorded in 2014, 2015, 2019, and 2020 containing

1,237,176 measurements (Table S1). Individuals were tagged with

e-obs GPS collars containing internal tri-axial accelerometers

(model 1AA, 69g, e-obs GmbH, Germany) (Ullmann et al., 2018;

Stiegler et al., 2022). Trapping, collaring, and data collection are

described in detail in Rühe and Hohmann (2004), and Ullmann

et al. (2018). Tri-axial acceleration bursts were recorded every four

minutes in 2014 and 2015 (n = 20, Table S1), and every 2 minutes in

2019 and 2020 (n = 13, Table S1). Bursts were recorded at a

frequency of 33 Hz for 3.3 sec (resulting in 110 acceleration

samples per axis and burst). For each burst, we then calculated

the overall dynamic body acceleration (ODBA) as a proxy for hare

activity (Stiegler et al., 2022), using the R package moveACC

(Scharf, 2018) with ODBA = jAxj + jAyj + jAzj, where Ax, Ay, and

Az are the derived dynamic accelerations corresponding to the three

perpendicular axes of the sensor (Qasem et al., 2012). Activity data

(ODBA values measured in g-force) were subsequently averaged

over 10-minute intervals (i.e., 2 to 5 measurements) and merged

with corresponding weather data. For our analysis, we only

considered hares with more than 30 consecutive tracking days

within the peak reproduction period (May–August, Table S1)

(Hewson and Taylor, 1975) where approximately 75% of the

annual leverets are born and nursed (Hansen, 1992).
A B

FIGURE 1

Distribution range of European hares (A) with the respective temperature range (B). (A) Native distribution area (dark grey) and areas where hares
were introduced (light grey) (GBIF.org, 2023). Dots indicate the AgroScapelabQuillow study area north of Berlin (Germany) and Rome (Italy) as an
example of the southern edge of the distribution range. (B) Temperature range within the distribution area (grey) calculated from monthly
temperature values of 10 European cities, the AgroScapelabQuillow study area (solid white line), and Rome (dark grey line) between 1970 and 2010.
The dashed lines indicate the warming of the last decade and show the mean temperatures of the study area (white dashed line) and the hottest and
coldest places in the distribution area between 2010 and 2020.
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2.3 Weather data

Weather data originated from a local (within 14 km of the

collared hares) weather station (56 m a.s.l., 53°31’53 N, 13°93’38 E,

WGS84) managed by the DWD (Deutscher Wetterdienst,

opendata.dwd.de). Weather data contained 10-minute

measurements of temperature (°C), precipitation (mm), relative

humidity (%), and wind speed (m/s) over a period of 27 years

(1993–2020).
2.4 Statistical analyses

All analyses were conducted in R version 4.0.3 (R Core Team,

2020) and R-Studio version 1.4.1103 (R Studio Team, 2021). We

applied generalized additive models (GAM), with the R package

mgcv, version 1.8-40 (Wood, 2011) to estimate the effects of

weather conditions (temperature, wind speed, and humidity;

Pearson correlation coefficient< 0.7) on the activity of hares

(ODBA). As an extension to generalized linear models, GAMs

use smooth functions to account for non-linear relationships

between response and explanatory variables. Thus, a flexible

description of the dependency between the response variable and

predictors is possible (Wood, 2011). In our case, it is natural to

expect a different movement behavior under extreme temperatures

than under äverage” weather conditions. Therefore, a simple linear

model would not explain as much of the variation of the ODBA as

the GAM approach.

ODBA values were log-transformed in order to assume

normality. The explanatory variables in the model were the three

aforementioned weather variables for the combinations of the levels

of sex (female/male) and time of the day (day/night), as well as sex

and month as fixed effects. As random effects, we included hour of

the day, day of the year, and individual id. The day (7 AM–6 PM)

reflects the resting period with the lowest activity, and the night (6

PM–7 AM) reflects the time with higher activity (Figure 2). In

addition, we included the pairwise combined effects of our weather
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variables as bivariate smooth functions to account for

interaction effects.

We used our weather covariates in combination with the time of

day and sex, respectively as smooth functions. This way, we could

understand the effect of the weather variables more profoundly

rather than understanding the overall effect of the weather variables

on ODBA. As a smoothing basis, penalized splines were used for the

weather variables to avoid overfitting. In addition, the hour of the

day, the day of the year, and the individual ID were included as

random effects since we expected them to influence ODBA. We

used the lagged logarithmized ODBA as a smooth effect to respect

the error terms independence assumption. In other words, we used

the log(ODBA) at time t-1 to also explain the log(ODBA) at time t.

Ignoring the independence assumption could lead to

underestimating the uncertainty of the estimated effects and

therefore provide false significant effects. Subsequently, we

performed model selection (Appendix: Table S2) based on the

deviance information criterion (AIC) using the dredge function

implemented in the R package MuMIn (Bartoń, 2022), with the

best-fit model including all variables. A possible pairwise

correlation between the three continuous weather variables (10-

min measurements) was tested and ruled out. Model validation was

conducted with diagnostic residual plots and the ACF of the

residuals. Thus, the estimated error terms were much less

temporally autocorrelated as observed in the autocorrelation

function [ACF, which displays how consecutive data points are

correlated to each other in a time series (Turchin and

Taylor, 1992)].

Our final model was specified as follows:

log  (ODBAt,id) ∼ N (ht,id ,s 2)

ht,id = b0 + bsexsexid + bmonthmontht + s(temperaturet , humidityt) + s(temperaturet , wind speedt)

+s(wind speedt , humidityt) + s(temperaturet , by = c(time of dayt , sexid))

+s(humidityt , by = c(time of dayt , sexid)) + s(wind speedt , by = c(time of dayt , sexid))

+uhour + uday of year + uid + s( log  (ODBAt−1,id)),

(1)

where id indicates the animal identifier and t the corresponding

time point. In addition, s() indicates smooth functions. At last, u
A B

FIGURE 2

Change of hare activity over a day for males (A) and females (B). Shown is the mean hourly activity (ODBA½m
s2
�) for each hour of the day during the

reproduction period (May–August) of males (n=22) and females (n=11). The grey areas indicate the approximate times of dawn and dusk (exact times
depending on the time of the year).
frontiersin.org

https://doi.org/10.3389/fevo.2023.1193861
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Stiegler et al. 10.3389/fevo.2023.1193861
indicates the usage of random effects. As likelihood for the

logarithmized ODBA, we assume a Gaussian distribution. The

lagged logarithmized ODBA accounts for the temporal

autocorrelation, which was clearly present for this kind of data.
3 Results

3.1 General activity

Based on our recollected data, hares were on average more active in

the night (ODBAnight = 0:33) than during the day (ODBAday = 0:14).

Thus, hares were on average 136% more active during the night

(Figure 2). Highest activity peaked around dawn and dusk and was

still comparatively high at night between dusk and dawn. In contrast,

during the day between dawn and dusk, hares spent most of the time
Frontiers in Ecology and Evolution 05
resting or doing other non-energy-demanding activities (e.g., grooming

or moving slowly). The lowest activity was recorded around noon,

between 11 AM and 2 PM (Figure 2) In addition, our data show that

males (ODBAmales = 0:25) were on average more active than females

(ODBAfemales = 0:19). This represents an average activity difference of

32% (Figure 2). This pattern was also supported by our model, which

indicated that male individuals are likely to have a larger activity

(coefficient = 0.15, p-value< 0.001) compared to females (Table 1).
3.2 Impacts of weather on activity during
peak reproduction period

While considering the interactions of sex and time of day;

temperature, humidity, and wind speed influenced the activity of

hares. Our model shows evidence that the ambient weather
TABLE 1 Estimates (Est.), standard deviation (SD), t values, and p values are shown for the model’s fixed effects.

Parametric coefficients Estimate Std. Error t value Pr(> |t|)

(Intercept) -2.326 0.084 -27.594 <0.001

sex (male) 0.151 0.036 4.171 <0.001

month (July) 0.090 0.011 8.307 <0.001

month (June) 0.104 0.011 9.251 <0.001

month (May) 0.103 0.013 7.900 <0.001

Smooth effects edf ref.df F value p value

temperature, humidity 6.448 8.009 1.418 0.207

temperature, wind speed 7.662 9.299 6.665 <0.001

wind speed, humidity 5.671 7.127 4.810 <0.001

temp (day, f) 4.015 5.138 5.491 <0.001

temp (night, f) 5.320 6.697 2.730 0.01

temp (day, m) 10.247 12.266 6.401 <0.001

temp (night, m) 7.249 8.963 4.833 <0.001

humid (day, f) 4.345 5.488 4.127 0.001

humid (night, f) 1.066 1.122 26.587 <0.001

humid (day, m) 10.731 12.986 11.542 <0.001

humid (night, m) 3.673 4.664 6.392 <0.001

wind (day, f) 2.587 3.307 13.667 <0.001

wind (night, f) 1.065 1.127 77.276 <0.001

wind (day, m) 5.791 7.271 31.868 <0.001

wind (night, m) 3.226 4.145 31.225 <0.001

hour 21.988 22.000 872.612 <0.001

doy 94.816 123.000 4.645 <0.001

id 30.612 31.000 121.897 <0.001

ODBAt-1 11.389 13.456 4432.523 <0.001
fron
The model contained the fixed effects sex (f, m), and the month (May, June, July, August). Effective degrees of freedom (edf), reference degrees of freedom (ref.df), F values, and p values are shown
for the smooth effects that contained the variables: temperature (temp), humidity (humid), wind speed (wind speed), each in interaction with sex and time of the day, the combined effects of the
weather variables (temperature & humidity, temperature & wind speed, wind speed & humidity), and the random terms hour, day of the year (doy), the individual (ID), and the lagged ODBA to
account for temporal autocorrelation (ODBAt-1).
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conditions likely affect their activity during the peak reproduction

period (GAM R2 = 0.429, Table 1).

Based on our model, hares are likely to have the strongest

reactions to extreme temperatures (Figure 3) compared to humidity

and wind speed. We found a non-linear relationship between the

temperature and activity of both males and females at day and

nighttime. During the daytime, when hares mostly rest, both males

and females increase activity at temperatures above 20°C, while

females generally increase their activity with rising temperatures.

For both sexes, the highest increment occurred during temperature

extremes of over 35°C. In contrast, at night, when hares are usually

active for foraging and other purposes, both sexes decrease activity

at temperatures above 20°C (Figure 3). However, the absolute effect

is larger for females than males during both night- and daytime

temperatures. When warm temperatures (> 25°C) are accompanied

by rather low wind speeds (< 3 m/s), activity is likely to decrease,

while comparatively higher wind speeds combined with warmer

temperatures result in increased activity of hare. When humidity is

rather low (< 40%), our model indicates that hares are expected to

increase their activity at particularly low (≤ 10°C) and high (> 35°C)

temperatures (Figure S1).

Our model indicates that the main effect of humidity on

movement activity is stronger during the day (Figure 3). During

this resting period, males are expected to increase their activity

drastically compared to females when humidity is above 80%,

especially in combination with higher wind speeds (> 8 m/s)

(Figure S1). While the males decrease their activity towards lower

humidity levels, females seem to remain more stable compared to

males when humidity is below 40%. During the night in their active

time, increasing humidity has a small negative effect on activity.

This effect is similar for both sexes.

With increasing wind speeds, males and females are likely to

decrease their activity similarly during both day and night
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(Figure 3), except for particularly high wind speeds accompanied

by humidity values above 80% (Figure S1). The relationship

between the activity of females and the wind speed during the

night was almost negative linear (edf: night = 1.06, Table 1). In

addition, males start to decrease their activity to wind speeds at

approximately 3 m/s. This effect was negative up to a threshold of 6

m/s. Above the threshold, the effect on activity levels out during the

day. At night, it still decreases above 6 m/s but more decelerated.
4 Discussion

Temperature, humidity, and wind speed were all important in

explaining changes in the activity of hares, a widespread wildlife

species occurring in a range of climatic zones across Europe and

Asia. At temperatures above 20°C, hares decreased their activity

during the night but showed an increase during the day. While

tropical nights are still rare in Central Europe, hot daytime

temperatures well above 25°C combined with high solar radiation

occur frequently, and extremes in both are increasing due to climate

change (IPCC, 2014). Such elevated temperatures, as well as high

humidity and high wind speeds, were most important for

immediate and distinct adjustments in activity during both the

active period at night and the resting period during the day.

However, we also found that high wind speeds have a regulating

effect when temperatures are particularly hot, presumably

supporting thermoregulation. While earlier studies suggest

prevailing weather to have little influence on habitat selection and

daily home range size of hares (Mayer et al., 2019), we show clear

impacts of extreme weather conditions on hare activity during peak

reproduction time. Activity adjustments were similar in both sexes,

and males were, on average, more active than females

corresponding to generally larger home ranges of males recorded
FIGURE 3

Impacts of temperature, humidity, and wind speed on changes in hare activity ( log  (ODBA½m
s2
�)) during peak reproduction period (May–August) for

females (above) and males (below). Red lines represent activity changes for the resting period during the day, and blue lines for the active period
during the night. Smooth plots show the average effects on the logarithmized ODBA of hares.
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in earlier studies (Rühe and Hohmann, 2004; Ullmann et al., 2018;

Mayer et al., 2019). Remarkably, we observed contrary reactions in

activity between day and night.

Many mammals cope with the effects of rising temperatures

associated with climate change by seeking out cooler microclimates

and shifting their activity towards more suitable times of the day

(Berry et al., 2023; Hetem et al., 2012; McFarland et al., 2014). The

decreasing activity of hares during tropical nights could, therefore,

also be a mechanism to avoid overheating, as observed in many

wildlife species (Hill, 2006; Rivrud et al., 2010; Lenis Sanin et al.,

2016). For example, the subterranean rodent coruro (xtitSpalacopus

cyanus) was found to fully adjust its activity rhythm to the ambient

temperature by switching from diurnal to nocturnal behavior with

high temperatures (Rezende et al., 2003). However, in the animal

kingdom, there is considerable variation in the ability of

endotherms to tolerate high environmental temperatures (Boyles

et al., 2011); hence, the rationale for the behavior of the hares

remains speculative. The increasing activity of hares during

extremely warm daytime temperatures seems counterintuitive, yet

high wind speeds also had an antagonistic effect, presumably by

supporting thermoregulation. We explain this increase by the

resting habits of hares. They usually rest in depressions with good

visibility to detect and allow escape movements from potential

predators (e.g., Baudach et al., 2021). Therefore, these critical

microhabitats are often exposed to direct sunlight without any

cover from protective vegetation. Extremely elevated temperatures

during the resting period shift the trade-off between predator

detection and prevention of overheating. On days with extremely

hot temperatures and intense insolation, hares need to search and

move to shady depressions with more favorable microclimatic

conditions for resting (Lenis Sanin et al., 2016), possibly at the

cost of a reduced predator detection capacity. Mayer et al. (2019)

showed that the habitat selection of hares changed with increasing

temperatures towards areas containing a vegetation height above 50

cm. That suggests that hares react to thermal stress by looking for

shelter. Although we did not quantify how temperature affects

hares’ reproduction success, earlier studies show that the litter

size of hares is generally larger under warmer temperatures

(Hewson and Taylor, 1975). However, from the observed

responses in the activity of the adult hares, we speculate that

extremely hot temperatures reduce the survival of leverets. While

hares are adapted to warm temperatures, there might be a

temperature threshold where it gets too hot for them. A model by

Acevedo et al. (2012) shows, that L. europaeus as well as two other

hare species native in Europe (L. timidus, L. granatensis) are likely

to shift their ranges northward to escape increasing temperatures

predicted by the IPCC A2 emission scenarios.

Wet conditions, such as extended rainfall or high humidity

periods, reduce leveret survival. The higher energy expenditure for

thermoregulation during wet conditions and higher susceptibility to

infections through pathogens and parasites (Smith et al., 2005;

Rödel and Dekker, 2012) will consequently lead to increased leveret

mortality (Hackländer et al., 2002). Adult hares in our study slightly

decreased activity with increasing humidity at night, indicating that

hares try to avoid activities such as exploration movements to

search for high-quality food sources when they get wet. Indeed, the
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thermal loss of wet fur through evaporation requires additional

energy investments for thermoregulation (Jennings et al., 2006).

Further thermal losses through convection when moving may

explain the observed reduction in the activity of hares under

humid conditions and may be an energy-saving mechanism. In

contrast, hares increased their activity during the daytime resting

period when air humidity exceeded 80%, with the latter possibly

also being related to rain events. While wet fur leads to a higher

energy consumption due to heat loss (Seltmann et al., 2009), hares

might also have started moving to get dry by producing body heat.

High humidity during the resting period may be better countered

with movement than during the active periods at night because

muscular work to produce body heat is costly (Terrien et al., 2011).

Wind can have a cooling effect by increasing heat dissipation

from the body due to higher airflow. (Chappell, 1980). Hence, hares

slightly reduced their activity in response to high wind speeds. The

reduction was observed in both sexes and was slightly more

pronounced during the active period at night. During the day, the

small but distinct depressions in the ground used for resting most

probably already provided a protective wind shelter. A decrease in

activity with increasing wind speeds has been observed for many

different wildlife species (e.g., the red squirrel (Tamiasciurus

hudsonicus), or the alpine chamois (Rupicapra rupicapra)

(Williams et al., 2014; Brivio et al., 2016). Wind affects an

animal’s visual, olfactory, and auditory senses (Ruzicka and

Conover, 2012; Cherry and Barton, 2017), which often influences

the detection probability of predators by their prey and vice versa.

For prey species like hares, the best strategy with increasing wind

speeds is to hide rather than move around and increase the

probability of encountering predators. Terrestrial predators like

red foxes (Vulpes vulpes) or raccoons (Procyon lotor) are most active

with moderate wind speeds that provide the optimal conditions to

detect prey’s odor and decrease their activity with low and high

wind speeds (Ruzicka and Conover, 2011). Hence, with increasing

wind speeds, hares select shelters containing a low vegetation cover,

enabling them to detect predators as early as possible. However,

when high wind speeds were accompanied by particularly high

temperatures, hares increased their activity, presumably due to the

cooling effect of the wind.
4.1 Conservation challenges under extreme
climate conditions and climate change

In the future, extreme weather periods, such as heat waves or

extreme precipitation events witnessed during the recent summers in

Europe, are predicted to occur more often and last longer with ongoing

climate change (IPCC, 2014). Our study area is located in one of the

driest regions of Germany, with the fewest days of precipitation and

already high temperatures in summer. For those parts, more days with

heavy rain, an increasing temperature in summer, and more heat days

are predicted towards the middle of the 21st century (IPCC, 2014). In

Europe, the study area is in the middle of the temperature range of the

current hare distribution (Figure 1). where the temperature has

significantly increased in the last decade (2010-2020) compared to

1970—2010. Although temperature is considered less important than
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precipitation for short-term hare population fluctuations (Rödel and

Dekker, 2012), we found strong evidence that hares immediately

change their activity when confronted with high-temperature

extremes (decreases in activity during hot tropical nights; increase in

activity during the resting period at day). Particularly, the substantial

decrease in activity during the night is lost time for essential activities

such as foraging or mating. Extended heat waves in summer with dry

conditions will additionally affect hares by decreasing food availability

(Baudach et al., 2021) or limiting reproductive output due to

aggravated heat dissipation (Kearney et al., 2013). With less forage to

find, hares may have to increase their daily activity to cover larger

distances for finding necessary resources. Badgers (Meles meles) have

been shown to adapt their activity to the optimum food intake by

avoiding non-essential energy expenditure. Considering the scenario of

increasing weather extremes, they are predicted to compensate for

milder and drier conditions with behavioral plasticity, i.e., an increase

in night activity (Noonan et al., 2018). While hares may also have the

potential to encounter weather extremes with behavioral plasticity,

there might be limitations. Especially females can be affected by food

limitations and additional movements during the resting period on hot

summer days when hares are forced to search for depressions with

more suitable microclimatic conditions. Females must produce highly

nutritious milk to satisfy the energy demands of the leverets.

The predicted increase in the number of days with heavy rainfall

and the linked increase of extended conditions with high air humidity

will likely additionally negatively affect the energy budgets of hares.

Hares will have to adjust their activity under these conditions to

save energy or get wet and presumably must invest more energy in

thermoregulation. In both scenarios, either lost foraging time or

foraging with higher energetic demands will directly affect the

fitness of lactating females and the leverets (Hackländer et al., 2002;

Rödel and Dekker, 2012), and hence population dynamics of many

already threatened hare populations across Europe (Hackländer and

Schai-Braun, 2019).
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