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In North America, winters are becoming more variable such that warm and cold extremes are increasingly common. Refugia (in time or 
space) can reduce the exposure animals experience to extreme temperatures. However, animals must be able to adjust their behavior 
to capitalize on refugia. Our goal was to identify the behavioral mechanisms that grant access to refugia in time and space, focusing 
on a northern ungulate (white-tailed deer, Odocoileus virginianus) as a model. We drew upon an extensive camera trap network in 
Wisconsin, USA, over two winters that experienced both warm and cold extremes. To understand the use of temporal refugia, we mod-
eled deer activity (at daily resolution) during night, dawn, day, and dusk as a function of weather predictors. To understand the use of 
spatial refugia, we modeled deer activity at camera locations (at daily resolution) as a function of landscape characteristics, weather 
conditions, and landscape–weather interactions. During anomalously cold temperatures, deer became more diurnal; conversely, on 
anomalously warm days, deer were more nocturnal. Deer were more active in conifer-dominated landscapes on cold days. Conversely, 
during warm extremes, deer increased activity in deciduous-dominated landscapes. Finally, deer showed multiple modes of behavioral 
flexibility (activity in time as well as space) and demonstrated stronger responses to temperature anomalies later in the winter, sug-
gesting that the effects of extreme events are dependent upon their seasonal timing. Behavioral shifts presumably reduce exposure to 
extremes and may render species more resilient to increasingly variable winter climates.

Key words:  climate change, diel activity patterns, extreme weather, habitat selection, occupancy modeling, phenotypic plas-
ticity, refugia.

INTRODUCTION
The global climate is warming and becoming more variable 
(Rahmstorf  and Coumou 2011; IPCC 2013). Such variation—
particularly extreme weather events—pushes the limits of  adapta-
tion for many species (Post 2013; Latimer and Zuckerberg 2019). 
Overall, winters in the northern hemisphere are trending milder 
(Schwartz et al. 2006; IPCC 2013), but weakening and wobbling of  
the jet stream are increasing the incidence of  cold extremes (Cohen 
et al. 2018). As a result, many regions are seeing juxtapositions of  
anomalously cold and warm temperatures within single winter sea-
sons (Casson et al. 2019). Such variation—by exposing organisms 
to cold extremes—may force animals to retain adaptations related 
to cold tolerance and limit their adaptive capacity to warming 
trends (Post 2013).

Behavioral flexibility can be a key defense against short-term 
perturbations such as warming trends and extreme events (Beever 
et  al. 2017; van de Pol et  al. 2017; Fey et  al. 2019; Wong and 
Candolin 2015). Indeed, behavioral thermoregulation is ubiqui-
tous in the animal kingdom, with organisms as diverse as insects 
(May 1979; Huey and Pascual 2009; Abram et  al. 2017), fish 
(Armstrong et al. 2013), lizards (Muñoz and Losos 2018), and hu-
mans (Schlader et  al. 2010) shifting their behaviors to ameliorate 
thermal stress. By changing their behavior, animals can capitalize 
on refugia, or conditions that reduce exposure to stressors and 
thus facilitate energy conservation (Scheffers et al. 2014; Levy et al. 
2019; Morelli et al. 2020). Importantly, refugia may exist in 
time or space.

Certain times during the 24-hour cycle may serve as refugia 
that buffer individuals from extreme conditions. According to the 
temporal refugia hypothesis, animals shift their activity in 
time to reduce exposure to stressors. While many factors structure 
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a species’ activity timing (e.g., light-gathering capacity of  eyes, pre-
dation risk; Kronfeld-Schor and Dayan 2003; Hut et  al. 2012), 
extreme weather can induce altered activity timing (Vinne et  al. 
2019). For example, van der Vinne et  al. (2014) exposed mice 
(Mus musculus) to cold conditions and observed shifts to daytime ac-
tivity in the normally nocturnal mice (van der Vinne et al. 2014). 
Similarly, cold temperatures induce daytime activity in normally 
crepuscular Drosophila flies (Dubruille and Emery 2008; Huey and 
Pascual 2009).

Landscape features such as dense forest (Kearney et  al. 2009; 
De Frenne et al. 2021), topographic relief  (Suggitt et al. 2018), and 
burrows (Riddell et al. 2021) create refugia that reduce exposure to 
stressors; the spatial refugia hypothesis predicts that animals 
shift their activity in space to take advantage of  these refugia. For 
example, Moore et al. (2018) discovered that the burrows used by 
the desert lizard Liopholis kintorei buffer temperatures by as much 
as 40°C as compared to surface temperatures (Moore et al. 2018). 
Similarly, Shipley et  al. (2019) found that individual ruffed grouse 
(Bonasa umbellus) roosting in snow burrows experienced less cold-
associated stress than individuals that roosted on the ground or in 
trees (Shipley et al. 2019).

High-latitude winters are energetically demanding, and behav-
ioral flexibility may be crucial to withstanding winter’s thermal 
and energetic challenges (Kronfeld-Schor and Dayan 2003; Hall 
and Chalfoun 2019). During cold extremes, animals can minimize 
heat loss by allocating activity to daytime or using refugia habitats 
that are thermally buffered relative to the surrounding landscape 
(Scheffers et al. 2014; van der Vinne et al. 2014; Vinne et al. 2019). 
Winter warm extremes relax thermal constraints and allow animals 
to use times and habitats that would be inhospitable under colder 
temperatures (Cohen et al. 2021). An animal’s body condition (e.g., 
fat reserves)—which likely underpins decisions to change its beha-
vior—varies over the course of  a winter, generally deteriorating 
in groups like ungulates but potentially improving in taxa such as 
scavengers (Mattisson et al. 2016; Kautz et al. 2020). Thus, behav-
ioral shifts in response to extreme winter weather are likely con-
tingent upon when extreme weather occurs. However, it is poorly 
known how animals modify their activity in time and space relative 
to extreme winter weather, particularly in the context of  routine 
seasonal shifts in behavior (Maxwell et al. 2019).

Here, we investigate the behavioral mechanisms that 
grant animals access to refugia in time and space. Our 
goals were to 1) establish how animals shift temporal and spatial ac-
tivity relative to daily and seasonal weather conditions, and 2) assess 

these behaviors during warm and cold extremes. We addressed 
these points using two winters of  data from a network of  camera 
traps operated by volunteers in Wisconsin, USA. We focused on 
a northern ungulate, the white-tailed deer (Odocoileus virginianus), 
which represents an ideal model because the northern extent of  
their range is limited by winter severity (Kautz et al. 2020), and be-
havioral flexibility is presumably an important mechanism under-
pinning their occurrence in high-latitude regions (Dawe and Boutin 
2016).

Following the temporal refugia hypothesis, we predicted that 
deer would increase their daytime activity under anomalously cold 
temperatures and as winter progresses (Figure 1). Similarly, during 
anomalously warm days and earlier in the winter, we predicted 
that deer would be active primarily during dawn, dusk, and night, 
which are generally considered to be the times of  peak deer activity 
under typical circumstances (i.e., when animals are not exposed to 
thermal stress; Hewitt 2011). Under the spatial refugia hypothesis, 
we predicted that, as the winter progresses and during anomalously 
cold days, deer would anchor their activity around refugia habitats 
(e.g., coniferous forests, which trap infrared radiation emitted from 
Earth’s surface and intercept snow, resulting in shallower accumula-
tion that is easier for deer to traverse; DelGiudice et al. 2013). On 
anomalously warm days, we predicted that deer would be less likely 
to use refugia habitats and more likely to use non-sheltered but nu-
tritionally rewarding habitats (e.g., waste grain in open croplands; 
Figure 1).

METHODS
Camera trap data

We obtained time-stamped detections of  deer from Snapshot 
Wisconsin, an extensive network of  >2000 camera traps main-
tained by community (citizen) scientists and overseen by the 
Wisconsin Department of  Natural Resources (WDNR; Townsend 
et al. 2021). Since its launch in 2016, Snapshot Wisconsin has gath-
ered >55 million photos. Snapshot Wisconsin uses United States 
quarter-townships (23 km2) as survey units and prioritizes prospec-
tive camera hosts from unoccupied quarter-townships to maximize 
survey coverage across the state of  Wisconsin, with exceptions for 
denser placement of  cameras to monitor local elk (Cervus canadensis) 
herds and deer populations in hotspots for chronic wasting disease 
(Supplementary Figure S1). The WDNR mails a Bushnell Trophy 
Cam (Overland Park, KS) to camera hosts, who place the cam-
eras—without bait or lures—along wildlife trails or water features 
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Figure 1
Predicted behavioral flexibility in response to cold and warm extremes. During cold extremes (top row), we predict that deer become more diurnal, move less, 
and show stronger anchoring to refugia habitats such as coniferous forest. During warm extremes (bottom row), we predict that deer become more nocturnal 
and crepuscular, move more, and are more likely to use open habitats.

Page 2 of  9

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/advance-article/doi/10.1093/beheco/arab154/6501635 by guest on 11 January 2022



Gilbert et al. • Behavioral flexibility and winter weather

(within 3–5 m of  the targeted feature) and at least 100 m from 
buildings or major roads. Hosts mount their camera 0.75–0.9 m 
from the ground, position the camera such that it faces north to 
avoid false triggers from sunrise or sunset, and trim any vegetation 
between the camera and the target to maximize the detectability 
of  animals (Rovero and Zimmerman 2016). Finally, hosts check on 
their cameras every 1–3  months to replace batteries and retrieve 
photos, which they upload to a WDNR server.

Photo classification takes three forms: classification on a WDNR 
interface by camera hosts, crowd-sourced classification on the 
Zooniverse platform, and expert classification (generally by WDNR 
scientists; Townsend et  al. 2021). Verification against expert clas-
sification has demonstrated that host and crowd-sourced classi-
fication of  photos containing deer is >99% accurate (Clare et  al. 
2019; Townsend et al. 2021). To isolate the core of  the winter, we 
focused on the period 15 December–10 March in the winters of  
2017–2018 and 2018–2019.

Weather and landscape data

We used three dynamic (daily) weather predictors. First, we 
obtained daily temperature anomalies from Daymet, a gridded 
product (1 km2 resolution) created by interpolating observations 
from weather stations (Thornton et  al. 2016). We calculated the 
anomalies as the difference between each day’s minimum tem-
perature and the 1980–2019 average minimum temperature for 
that location and ordinal date. Second, we used snow depth from 
SNODAS, a gridded product (1 km2 resolution) derived from sat-
ellite sensors and weather stations (NOHRSC 2004). Third, we 
calculated a cumulative winter severity index, defined here as the 
cumulative sum of  days between 1 December and 30 April with 
temperature less than –17.8  °C and/or snow depth greater than 
38  cm, which approximates a snow depth that severely impairs 
deer movement (DelGiudice et  al. 2002; Kautz et  al. 2020). As a 
cumulative metric, winter severity increased over the winter and 
was highest in northern Wisconsin, which generally experiences 
colder temperatures and deeper snow than southern Wisconsin 
(Supplementary Figure S2). Winter severity correlated strongly with 
ordinal date (r > 0.9); thus, we used it both as a measure of  winter 
severity as well as progress through the season. Finally, in addition 
to these dynamic weather predictors, we identified cold and warm 
extremes so that we could qualitatively compare model predictions 
from extreme days to non-extreme days, defining extremes as the 
coldest and warmest 5% of  days calculated from statewide averages 
of  the temperature anomalies.

We used four landscape predictors (Supplementary Figure S3) 
that were static over the course of  the study. We measured the 
landscape predictors within a 1-km buffer around camera loca-
tions, which approximates the “scale-of-effect” at which predictors 
are most strongly associated with deer occurrence (Hewitt 2011; 
Jackson and Fahrig 2015). First, we calculated topographic relief  
(hereafter “relief ”) as the standard deviation of  a digital elevation 
model with 30 x 30 m resolution (USGS 2019). We anticipated 
that topographic relief  would correlate with refugia, since topo-
graphic variation drives microclimate diversity, some of  which may 
buffer against thermal extremes (Dobrowski 2011; Suggitt et  al. 
2018). Second, we calculated percent coniferous forest as the pro-
portion of  coniferous and mixed forest classes from Wiscland 2, a 
30 x 30 m land cover product derived from Landsat imagery and 
comparable to the National Land Cover Database in terms of  clas-
sification accuracy (WDNR 2016). We expected coniferous forest 

to represent refugia that would buffer against wind, cold, or snow 
(Scheffers et  al. 2014; De Frenne et  al. 2021). Indeed, previous 
work has indicated that deer at northern latitudes congregate in co-
nifer stands during the winter, presumably to reduce exposure to 
cold temperatures, deep snow (which impedes movement), and pre-
dation risk (Van Deelen et al. 1998; Hewitt 2011; DelGiudice et al. 
2013; Kautz et  al. 2020). We included the mixed forest class be-
cause we assumed that deer might use individual or small patches 
of  conifers embedded within deciduous forest as refugia (De Frenne 
et  al. 2021). Third, we calculated percent deciduous forest from 
Wiscland 2 (WDNR 2016). We predicted deciduous forests would 
serve as refugia, albeit less effective ones than coniferous forest, 
since deciduous trees intercept less snow and wind than conifers 
(De Frenne et  al. 2021). Finally, we calculated percent open hab-
itat as the proportion of  cropland or grassland cover classes from 
Wiscland 2 (WDNR 2016). We expected open habitat to contain 
high-quality forage (i.e., waste grain; Hewitt 2011) but provide no 
buffering against wind, cold, or snow.

Temporal refugia analysis

The goal of  the temporal refugia analysis was to determine how 
deer allocate activity to night, dawn, day, and dusk periods relative 
to daily and seasonal weather conditions. The response variables 
were the proportions of  activity during night, dawn, day, and dusk 
periods of  each day (Figure 2). To measure this response, we first 
estimated daily activity curves with a nonparametric kernel density 
function from the activity R package (Rowcliffe et al. 2014), pooling 
deer detections from all cameras on a given day. From these activity 
curves, we calculated the proportion of  activity occurring during 
night, dawn, day, and dusk periods. We defined each period using 
the suncalc R package (Thieurmel and Elmarhraoui 2019) and con-
verted detection times and period endpoints to solar time to correct 
for seasonal and geographic variation in daylength (Vazquez et al. 
2019).

We used beta regression (Douma and Weedon 2019) to model 
the activity proportions as a function of  weather predictors. We 
developed five candidate models incorporating non-collinear com-
binations of  the predictors; high correlation (r > 0.9) prevented 
us from including winter severity and snow depth together in any 
model (Table 1; Dormann et  al. 2013). We included temperature 
anomaly–snow and temperature anomaly–winter severity inter-
actions in the models that included more than one predictor (Table 
1). Finally, we included a random effect for year (Table 1). We ran 
all models in the R package NIMBLE (de Valpine et al. 2017) and 
ranked the candidate models with the Watanabe-Akaike informa-
tion criterion (Watanabe 2013). For data, code, and details, please 
see Gilbert et al. (2021).

Spatial refugia analysis

The goal of  the spatial refugia analysis was to evaluate how deer 
changed their activity levels over space relative to daily and seasonal 
weather conditions. We used occupancy models (MacKenzie et al. 
2018), which distinguish an ecological state that cannot be directly 
observed (here, whether or not deer activity occurs at a location on 
a given day) from the process of  imperfectly observing the ecolog-
ical state (whether or not a camera detects deer activity, given that 
deer activity occurs). To do so, occupancy models require repeated 
surveys at fixed locations (making inference about the observational 
process via detection/non-detection patterns in the replicate sur-
veys) and can accommodate predictors at the ecological and/or 
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observational levels in the model to describe patterns in occurrence 
and detectability, respectively (MacKenzie et  al. 2018). To make 
inference about occurrence of  deer activity at daily resolution, 
we divided each day into three 8-hour replicate surveys (between 
00:00–08:00, 08:00–16:00, and 16:00–00:00 hrs, respectively) and 
recorded whether or not each camera detected deer during each 
8-hour survey on each day during the two winters.

We interpret the ecological state as “occurrence of  deer activity 
at cameras” instead of  “occurrence” or “occupancy” (MacKenzie 
et al. 2018; Steenweg et al. 2018) because we wished to make infer-
ence at a daily scale, in contrast to more common use of  occupancy 
models to make inference about occurrence of  a species over some 
longer duration such as a breeding season (MacKenzie et al. 2018). 
Because deer occupy fairly static winter home ranges over the scope 
of  analysis (Nelson 1995; Van Deelen et al. 1998), we reason that 
daily variation in estimated deer occurrence correlates with overall 
activity levels within home ranges (versus broader habitat selection; 
Johnson 1980).

We modeled the daily probability of  deer activity (the ecolog-
ical level of  the model) as a function of  the four landscape pre-
dictors, two weather predictors (temperature anomaly and winter 
severity; we omitted snow depth due to strong correlation with 
winter severity), and landscape–weather interactions. We included 
quadratic terms for coniferous forest, deciduous forest, and open 

habitat because we anticipated that deer activity would be most 
strongly associated with intermediate levels of  these landscape pat-
terns (Hewitt 2011). In addition to the predictors, we included a 
random intercept for year and a spatial random effect (Crainiceanu 
et al. 2005). The spatial random effect accounts for the location of  
the cameras and captures unmodeled broad-scale patterns in deer 
activity.

We modeled detection probability (the observational level of  the 
model; MacKenzie et  al. 2018) with a binary predictor indicating 
whether or not a replicate survey period was during the day (i.e., 
08:00–16:00 hrs) and random effects of  site and year. We ran all 
models in the R package NIMBLE (de Valpine et al. 2017). After 
fitting, we plotted the predicted probability of  deer activity at rep-
resentative cameras and inspected the activity dynamics relative 
to the extreme days. For details and code, please see Supporting 
Information.

RESULTS
Over the two focal winters (2017–2018 and 2018–2019), Snapshot 
Wisconsin accumulated 195 481 deer detections from 2028 cam-
eras (Supplementary Figure S1). We identified nine cold extremes 
and nine warm extremes during the two winters. The minimum 
temperatures during the cold extremes ranged from –35.3 to 
–24.9 °C (or 19.9 to 13.8 °C colder than 1980–2019 averages, re-
spectively), while the daily minimum temperatures during warm ex-
tremes ranged from –6.4 to –0.67  °C (or 9.8 to 12.7  °C warmer 
than 1980–2019 averages). Three and six of  the cold and warm 
extremes occurred during 2017–2018, while six and three cold and 
warm extremes occurred during 2018-2019. Cold extremes oc-
curred during December (3), January (3), Feburary (1), March (2), 
while warm extremes were concentrated in January (7), with single 
warm extremes falling in December and February.

Temporal refugia

Deer altered their activity timing in response to both daily and 
seasonal weather conditions (Figures 2 and 3). The top-ranked 
model for night, dawn, and day activity included both tempera-
ture anomaly and either snow depth or winter severity (Table 1). 

Table 1
Candidate models for the proportion of  activity during each 
period as a function of  weather predictors. In the Predictors 
column, TMIN denotes minimum temperature anomaly, WSI 
denotes winter severity index, and SNOW denotes snow depth. 
In the Night, Dawn, Day, and Dusk columns, the “X” denotes 
the top model.

Predictors Night Dawn Day Dusk

TMIN + WSI + TMIN * WSI X  X  
TMIN + SNOW + TMIN * SNOW  X   
TMIN     
SNOW     
WSI    X

2017–2018
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Figure 2
Proportions of  deer activity falling within night, dawn, day, and dusk periods over two winters. Note the decrease in nighttime activity and increase in 
daytime activity as the winter progresses. Dusk activity is relatively stable whereas dawn activity is less common and highly variable.
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Under anomalously cold temperatures and deeper snow, deer be-
came more day-active and less dawn- and night-active (Figure 3). 
Deer became less night- and dawn-active and more day-active over 
both winters (Figure 2) and as winter severity increased (Figure 3, 
Supplementary Figure S4). Finally, deer became more day-active 
on cold days under severe winter conditions than on similarly cold 
days under mild winter conditions (Supplementary Figure S4). 
Notably, deer did not alter their dusk activity relative to weather 
conditions (Figure 3).

During cold extremes, dawn activity was lower than seasonal 
averages (Supplementary Figure S5). In most cases, daytime ac-
tivity during cold extremes was higher than seasonal averages 
(Supplementary Figure S5). On the coldest day (31 January 2019 
with an average minimum temperature of  –35  °C), deer showed 
the lowest and highest proportions of  dawn and daytime activity, 
respectively (Supplementary Figure S5). During warm extremes, 
deer reallocated daytime activity to the night and dawn, while 
dusk activity was not dramatically different from seasonal averages 
(Supplementary Figure S5).

Spatial refugia

Deer adjusted their activity in space relative to daily and espe-
cially seasonal weather conditions (Figure 4). First, deer activity was 
higher in landscapes with more topographic relief, particularly as 
winter severity increased (Figure 4). Second, deer were generally 
more active in landscapes with intermediate levels of  coniferous 
forest; during cold anomalies, deer were more likely to be active 
in landscapes with greater proportions of  coniferous forest (Figure 

4). Under severe winter conditions, deer activity was lower but re-
mained greatest in landscapes with intermediate levels of  coniferous 
forest (Figure 4, Supplementary Figure S6). Third, deer showed 
highest levels of  activity in landscapes with intermediate levels of  
deciduous forest (Figure 4, Supplementary Figure S6) but reduced 
activity in deciduous-dominated landscapes during cold extremes 
and under severe winter conditions (Figure 4). Finally, deer activity 
was highest in landscapes with intermediate levels of  open habitat 
and did not change according to daily temperature anomaly (Figure 
4, Supplementary Figure S6). Conversely, under high winter se-
verity, deer activity was generally lower (but still highest at interme-
diate levels of  open habitat), particularly in landscapes dominated 
by open habitat (Figure 4, Supplementary Figure S6).

Considered holistically, probability of  deer activity dropped 
gradually over the course of  the winter across the state (Figure 5) 
but dropped most drastically in deciduous- and open-dominated 
landscapes in northern Wisconsin (Figure 5a). This model pre-
diction was driven by the strong negative effect of  winter severity 
as well as its interactions with the landscape predictors (Figure 4, 
Supplementary Figure S6). In contrast, daily temperature anomaly 
alone showed only a weak negative effect on spatial activity (Figure 
5a, Supplementary Figure S6). Finally, temperature anomaly and 
winter severity interacted (Supplementary Figure S6) such that deer 
showed idiosyncratic responses to temperature extremes over time 
and space (Figure 5b, c). For example, a major mid-winter cold 
wave in 2018–2019 seemed to accelerate the season-long decline 
in deer activity, but the effect was most pronounced in northern 
Wisconsin (Figure 5c).
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Figure 3
Relationships between weather predictors and proportion of  deer activity during night, dawn, day, and dusk (univariate models; see Table 1). Asterisks denote 
significant relationships (i.e., the 95% credible interval of  the slope excluded zero). Deer showed more daytime and less dawn and night activity, respectively, 
under cold temperatures, deep snow, and severe winter conditions. Note also that deer did not change dusk activity relative to weather predictors.
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DISCUSSION
We documented behavioral flexibility in the use of  temporal and 
spatial refugia by a northern ungulate in response to extreme 
temperatures and seasonality. During cold extremes and late in 
the winter, deer were more day-active and less dawn- and night-
active; conversely, on warm days and early in the winter, deer 
were relatively more active at night. Similarly, deer were more 
active in landscapes with abundant coniferous forests during cold 

extremes and in landscapes with abundant topographic relief  
late in the winter. These results suggest that behavior might be 
key in adapting to increasing climatic variability and the greater 
likelihood of  extreme weather. Importantly, such behavioral flex-
ibility allows animals to access refugia in time (Levy et  al. 2019) 
and space (Scheffers et al. 2014); understanding how animals use 
such refugia is crucial to predicting the consequences of  warming 
trends and extreme events.
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Figure 5
(a) Predicted deer activity for early winter (15 December 2018), a warm extreme (8 January 2019), a cold extreme (31 January 2019), and late winter (10 
March 2019). (b) Three representative landscapes: the northern landscape (purple) is densely forested (60% deciduous, 21% coniferous); the middle landscape 
(maroon) is flat and dominated by open habitat (68%) with limited deciduous (18%) and coniferous (5%) forest; the southern landscape (gold) is a forest-
agriculture mosaic (68% deciduous, 30% open) with abundant topographic relief. (c) Predicted deer activity dynamics for the three landscapes over the winter 
of  2018–2019. Note the larger decline in deer activity over the winter in the northern landscape as well as a slight kink in all the lines corresponding to a 
major mid-winter cold wave.
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Figure 4
Partial effect plots showing weather-mediated shifts in associations between deer activity and landscape patterns. Lines represent means and shaded areas 
represent 95% credible intervals. During cold extremes, deer were slightly more active in conifer-dominated landscapes. Under high cumulative winter 
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coniferous forest, deciduous forest, and/or open habitat.
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Temporal refugia

We found support for the temporal refugia hypothesis (Hut et  al. 
2012; van der Vinne et al. 2014), which posits that animals may shift 
activity in time to reduce exposure to stressors. Under cold conditions, 
energetic stress likely overwhelms other factors—for example, pre-
dation—that are fundamental in shaping a species’ activity patterns 
(Oates et al. 2019). Night and dawn are typically the coldest portion 
of  the 24-hr cycle, and thus deer can conserve energy by restricting 
activity during these periods and allocating activity to the day, which 
is consistently the warmest portion of  the 24-hr cycle. Similarly, en-
ergy balance optimization explains the seasonal trends of  increased 
daytime and reduced nighttime activity (Figure 2). As an animal’s 
condition deteriorates over the winter, the temporal refugia hypothesis 
asserts that it should be active during times that are the energetically 
least costly. In contrast, warm extremes relax thermal constraints and 
release animals to structure their activity budgets in response to other 
constraints. For example, with thermal constraints relaxed, increased 
predation risk during day and night may coerce an animal to concen-
trate activity during dawn and dusk (Kohl et al. 2018).

While activity timing flexibility has attracted attention as a po-
tential mechanism for “behavioral rescue” from climate change 
(Fey et al. 2019; Levy et al. 2019; Bonebrake et al. 2020; Veldhuis 
et al. 2020), most studies have focused on activity timing flexibility 
as an antidote to warming trends, not extremes, and particularly 
not cold extremes (Maxwell et al. 2019). Importantly, time is a re-
source (Kronfeld-Schor and Dayan 2003) that can be partitioned 
and used as a refugium (Kohl et al. 2018; Levy et al. 2019; Riddell 
et  al. 2021), but only when animals can dynamically adjust their 
activity budgets.

Spatial refugia

We found some support for the spatial refugia hypothesis, which 
predicts that animals adjust activity in space to reduce exposure to 
stressors. For example, deer were more active in landscapes with 
abundant topographic relief  or coniferous forests under severe 
winter conditions and during cold extremes, respectively (Figure 
4). Topographic relief  has been linked to microclimate diversity 
(via processes such as ridges blocking wind or south-facing slopes 
gaining greater solar radiation; Suggitt et al. 2018), while coniferous 
forests create warmer and more stable winter microclimates and 
shallower snow accumulation than other forms of  land cover (De 
Frenne et al. 2021). Strikingly, winter severity had a strong negative 
effect on deer spatial activity, meaning that cameras in high-severity 
areas (e.g., northern Wisconsin late in the winter; Supplementary 
Figure S2) were far less likely to detect deer than cameras in milder 
areas (e.g., southern Wisconsin; Figure 5c). This strong effect 
of  winter severity is likely an artifact of  reduced movement and 
stronger anchoring to specific refugia habitats (e.g., conifer stands), 
which would result in fewer detections at cameras. Importantly, 
deer may show such behavior not only to reduce exposure to en-
ergetic stress (cold temperatures) but also to reduce predation risk, 
since the shallower snow in conifer stands facilitates escape from 
wolf  predation (DelGiudice et al. 2013).

The spatial refugia hypothesis implies that, when a stressor is 
relaxed, animals are free to use habitats that would otherwise be 
inhospitable (Figure 1). Consistent with this idea, we documented 
that deer were more active in open landscapes under low winter 
severity (Figure 4, Supplementary Figure S6). In the context of  
thermal energetics, using open habitats is high risk (elevated ex-
posure to thermal stress; De Frenne et  al. 2021) but high reward 

(waste grain can rapidly balance energy deficits; Fowler et al. 2020). 
Open habitat showed a stronger interaction with winter severity 
than temperature anomaly (Figure 4, Supplementary Figure S6), 
indicating that factors such as snow depth and energetic condition 
constrain deer activity in open habitats more so than temperature.

Resilience to increasing climatic variability

Behavioral flexibility lays the groundwork for resilience to greater 
climatic variation, including extreme events (Beever et  al. 2017). 
The behavioral flexibility that we observed indicates that, on the 
whole, large mammals such as deer may be able to withstand cold 
extremes by seeking refugia in time and space. Large body size and 
activity timing flexibility have been identified as the two traits that 
most strongly predict a species’ ability to respond to climate change 
(McCain and King 2014). Ungulates exhibit both of  these traits. 
Nevertheless, in northern regions, deer non-hunting mortality is 
highest during the winter due to starvation and increased predation 
(DelGiudice et  al. 2002; Weiskopf  et  al. 2019). Indeed, energetic 
stress may dampen antipredator behavior (the so-called starvation-
predation tradeoff), since cold and starving animals often prioritize 
obtaining food at the expense of  avoiding predators (McNamara 
et al. 2016; Oates et al. 2019). Thus, cold extremes pose a partic-
ularly dire survival challenge if  they occur during the late winter. 
In both the temporal and spatial refugia analyses, we found 
temperature-winter severity interactions that indicate deer show 
stronger behavioral responses to daily temperature under severe 
versus mild winter conditions (Supplementary Figures S4 and S6). 
Thus, animals may display multiple modes of  behavioral flexibility 
in response to acute stressors, depending upon seasonal context.

Winter warm extremes are a respite from thermal stress and pro-
vide the opportunity to forage in habitats such as croplands, which 
are high risk in terms of  potential cold exposure but high reward in 
nutritional payoff. However, the opportunity afforded by warm ex-
tremes is contingent on existing conditions, particularly snow cover. 
A single anomalously warm day following deep snow accumulation 
will offer poor foraging opportunities because most ungulates are 
reluctant to move through deep snow (Hewitt 2011). Moreover, 
warm extremes may exacerbate snow conditions; freeze-thaw and 
rain-on-snow events create dense, crusty snow, which impairs move-
ment and foraging for ungulates (Robinson and Merrill 2012) and 
may make them more vulnerable to predators (Kautz et al. 2020). 
The stronger interaction between open habitat and winter severity 
versus temperature anomaly supports the idea that seasonal condi-
tions may constrain behavioral flexibility in space use. In addition, 
warm extremes may have other deleterious effects including heat 
stress (Sherwood and Huber 2010) due to physiological adapta-
tions to cold (e.g., thick pelage; Hewitt 2011) or increased disease 
transmission (Weiskopf  et al. 2019; Cohen et al. 2020). Thus, warm 
extremes likely enhance energetic condition and thus predator 
avoidance (Oates et al. 2019; Weiskopf  et al. 2019) but do not nec-
essarily represent a “free lunch” for cold-adapted organisms.

Ultimately, because this study is observational, there remains a 
need to link behavioral flexibility to fitness metrics and direct meas-
ures of  energy expenditure to determine whether such flexibility can 
indeed promote resilience to winter temperature extremes. Doing 
so would necessitate continuous monitoring of  the physiological 
condition or survival of  individuals in different landscapes as they 
experience extreme events (Latimer and Zuckerberg 2019; Lamb 
et al. 2020). In particular, a natural experiment in which researchers 
deploy “physiologgers” (which record variables such as heart rate, 
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blood oxygen content, or breathing frequency; Hawkes et al. 2021) 
on animals in landscapes with low and high refugia potential—or 
on animals confined to areas without refugia—would elucidate the 
efficacy of  behavioral flexibility for modulating energy expenditure. 
In addition, future research should explore the community- and 
ecosystem-level consequences of  such behavioral flexibility. For ex-
ample, by shifting activity in space and time, do ungulates increase 
(or decrease) their exposure to predation risk (Kohl et  al. 2018) or 
exert greater browsing pressure on plant communities (Alverson 
et  al. 1988)? Finally, behavioral flexibility should inform manage-
ment and conservation efforts under climate change; for example, 
management efforts could focus on maintaining microclimate di-
versity to buffer organisms against cold extremes (Keppel and 
Wardell‐Johnson 2012; Woods et  al. 2015) or mitigating increases 
in wildlife-vehicle collisions due to increased animal activity during 
warm extremes and winters with reduced snow cover (Raynor et al. 
2021; Thompson et  al. 2021). In conclusion, spatial and temporal 
refugia are key to withstanding extreme events, and species (such as 
deer) which show the behavioral flexibility necessary to access these 
refugia will likely be more resilient than those that do not.
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