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Climate change increases predation risk for a
keystone species of the boreal forest

Michael J. L. Peers ©'*%, Yasmine N. Majchrzak’, Allyson K. Menzies?, Emily K. Studd?,
Guillaume Bastille-Rousseau?, Rudy Boonstra?, Murray Humphries?, Thomas S. Jung ©5¢,
Alice J. Kenney’, Charles J. Krebs’, Dennis L. Murray® and Stan Boutin'

Canada lynx (Lynx canadensis) and snowshoe hares (Lepus americanus) form a keystone predator-prey cycle that has large
impacts on the North American boreal forest vertebrate community. Snowshoe hares and lynx are both well-suited for snowy
winters, but climate change-associated shifts in snow conditions could lower hare survival and alter cyclic dynamics. Using
detailed monitoring of snowshoe hare cause-specific mortality, behaviour and prevailing weather, we demonstrate that hare
mortality risk is strongly influenced by variation in snow conditions. Although predation risk from lynx was largely unaffected
by snow conditions, coyote (Canis latrans) predation increased in shallow snow. Maximum snow depth in our study area has
decreased 33% over the last two decades and predictions based on prolonged shallow snow indicate that future hare survival
could resemble that seen during population declines. Our results indicate that climate change could disrupt cyclic dynamics in

the boreal forest.

tion and is critical for predicting climate change effects on

species or communities”. Climate change could impact
predator-prey dynamics by altering prey detection probability
or predator hunting success™, or through changes in behaviour
altering prey encounter rates by predators®. For prey species, the
influence of climate change on risk will depend on the degree to
which prolonged changes in weather can influence survival rates,
as well as the sensitivity and elasticity of the demographic variables
that are impacted®. For predator communities, climate change may
shift hunting advantages from one predator to another, with the
species best-suited to past conditions being disadvantaged relative
to species that more effectively respond to new environmental con-
ditions’. Understanding these patterns will provide critical insight
into how community composition will be affected by climate change
but such mechanisms remain largely unexplored in wild popula-
tions because of the challenges in monitoring relevant changes
in environmental conditions simultaneously with cause-specific
mortality of prey.

Population cycles are among the most intriguing and studied
ecological phenomena®. Perhaps the most famous example is the
8-10-yr cycle of snowshoe hares (Lepus americanus) across the
boreal forest of North America. Snowshoe hares can represent over
50% of prey biomass and changes in their abundance drive that
of numerous predator species, including the Canada lynx (Lynx
canadensis)’. Snowshoe hares and lynx have large feet that contrib-
ute to low foot-loading and both are well-suited for boreal winters
with deep snow. Coyotes (Canis latrans) are a generalist predator
throughout the boreal region that originate from the central prairies
of North America and have four to eight times higher foot-loading
than lynx'’. Changes in winter climate and the resulting changes in

| | ow climate influences biotic interactions is an urgent ques-

snow conditions could influence hare survival by altering predator
hunting success and hare escape potential’. Specifically, reduced
snow depth and increased snow hardness may amplify predation
risk from coyote over lynx, altering predator—prey dynamics in this
system'’. This could ultimately impact cyclical dynamics'*", as
winter mortality is an important driver of cycle phase'>'® and sub-
stantial changes in snowfall and cover are expected across North
America over this century”. Indeed, snowshoe hare populations
that have been monitored for multiple cycles have potentially
declined in amplitude'® and broad-scale climate has been linked to
fluctuations in the number of harvested hares and lynx".

In this study, we test the prediction that changes in winter snow
conditions can impact over-winter survival in snowshoe hares. We
also examine whether winter conditions differentially influenced
mortality caused by lynx and coyote predation, which would indi-
cate the degree to which predator communities in this system may
be altered by climate change. We further used consistent snow depth
measurements taken in our study region to determine whether
snow depth has changed over the last two decades. This will aid
our understanding of how snow depth may be impacted by climate
change in the region, given that future projections are challenging"’.
Finally, we examine the influence of temperature and snow con-
ditions on the foraging behaviour of hares to determine potential
mechanisms driving weather-related changes in risk and differences
between age groups. Ultimately, our study contributes to a currently
limited body of literature on the complex relationship between envi-
ronmental variation and predator-prey dynamics. We surmise that
this effort will improve our ability to forecast the effects of envi-
ronmental changes on community interactions’, in particular the
influence of climate change on cyclic dynamics in these important
boreal species.
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Fig. 1| Predicted effect of climate on monthly hare survival. a-c, Modelled
effect of snow depth (a), temperature (b) and snow hardness at 25cm
(red, dashed) and 60 cm (blue, solid) snow depths (~-90th percentiles of
winter snow depth) (c), on monthly snowshoe hare (L. americanus) survival.
Solid lines represent covariate effects based on coefficients from the best
supported CPH model and hollow lines represent coefficients from models
built from 500 bootstrapped datasets. The dotted line at 0.90 survival is
given for comparison between panels.

We monitored the daily survival and cause-specific mortality of
321 snowshoe hares across four winters (2015-18) in southwestern
Yukon, along with daily changes in temperature and snow condi-
tions (see Supplementary Fig. 1 for map of study area). These years
represented the increase (2015-16), peak (2016-17) and decline
(2017-18) phases of the hare cycle (Extended Data Fig. 1). In total,
we had 153 predator-caused mortalities, with lynx (59.4%) and
coyote (25.5%) representing most predation events, and a smaller
percentage to goshawks (Accipiter gentilis, 9.4%) and great-horned
owls (Bubo virginianus, 5.7 %; Supplementary Table 1). On the
basis of results from survival modelling, hare mortality risk was
strongly influenced by snow conditions (Supplementary Tables 2
and 5). Prolonged changes in winter snow conditions and associ-
ated risk are predicted to strongly influence hare survival (Fig. 1).
Snow depths >60cm (with other weather variables at their mean
value) correspond to a mean 30-d survival rate of 0.97 (95% con-
fidence intervals (CI): 0.93, 0.99), whereas depths of 25cm corre-
spond to a mean survival probability of 0.87 (95% CI: 0.83, 0.91).
When the sinking depth of a penetrometer used to measure snow
compaction is 20 cm during shallow snow depth (that is, soft and
shallow snow), survival probability is further reduced (0.77, 95%
CI: 0.69, 0.84; Fig. 1). This indicates that prolonged changes in snow
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Fig. 2 | Snow depth change over the last two decades. a,b, The effect of
year on average snow depth in January (cm) (@) and maximum winter
snow depth (cm) (b) from 2001 to 2019 in the Kluane Lake region, Yukon.
Shaded areas represent predicted response standard errors. Snow depth
measurements were recorded throughout the winter (November-March)
at nine consistent locations, <72 h following snowfall events.

conditions can substantially alter hare demography, since winter
survival rates in shallow soft snow resemble those observed during
the decline phase of the hare cycle (~0.8); deeper snow corresponds
to rates seen during periods of population growth (>0.9), irrespec-
tive of snow hardness'.

Over-winter survival significantly differed across the 3years
(2015-16 [0.35; 95% CI: 0.26, 0.48]; 2016-17 [0.54: 0.44, 0.66];
2017-18 [0.49: 0.35, 0.69]; Extended Data Fig. 2). Survival was
lowest in the winter of 2015-16, relative to 2016-17 and 2017-18
(P=0.05), while survival did not differ significantly between the last
two winters (P=0.86). This was unexpected, as the winter of 2015-
16 represents the population-increase phase of the cycle, where
survival is expected to be highest's. However, this winter coincided
with the longest duration of time where snow depth was shallower
than 35cm, which represents a snow depth threshold above which
mortality risk is reduced (that is, baseline mortality risk; Extended
Data Fig. 3). Predictions of over-winter survival under shal-
low snow and low survival rates we observed during the increase
phase, may become common in our study region, as snow depth
has significantly declined over the last two decades (Fig. 2). Mean
January snow depth has declined 36.0% since 2001 (—1.27 +0.46,
P=0.014), while maximum snow depth over-winter has declined
32.5% (—1.96+0.92, P=0.048).

The influence of snow on hare mortality appeared to be driven
by its influence on risk from coyotes. Decreasing snow hardness
(increasing sinking depth of the penetrometer) increased risk from
coyote (hazard ratio (HR) =1.244, 95% CI: 1.060, 1.456), whereas
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Fig. 3 | Relationship between cause-specific mortality and climate.

a-c, Modelled effect of snow depth on snowshoe hare (L. americanus)
mortality risk from coyote (C. latrans) and lynx (L. canadensis) (a),
temperature on hare mortality risk from coyote and lynx (b) and snow
hardness on hare mortality risk from coyote at two different snow depths
(c). Mortality risk is based on coefficients from the best supported CPH
model and shaded areas represent predicted response standard errors. The
dotted line represents baseline risk for hares.

increasing snow depth reduced risk from coyote (HR =0.866, 95%
CI: 0.776, 0.967). Although the effect of snow hardness on risk
from coyote is contrary to expectations, it appears to be driven by
its effect in shallow snow (Fig. 3¢). Risk from coyotes is highest in
shallow soft snow; however, in deep snow, risk increases as snow
hardness increases. In contrast, lynx predation risk appeared less
affected by changes in the environment, with variation in snow
depth (HR=0.992, 95% CI: 0.959, 1.025) and hardness (HR=0.998,
95% CI: 0.938, 1.063) having no influence; increasing ambient tem-
perature qualitatively reduced predation risk from lynx (HR =0.960,
95% CI: 0.920, 1.001; Fig. 3). Differences between predators in the
influence of snow conditions is further demonstrated when exam-
ining snow conditions at the kill site. Coyotes killed hares in areas of
shallow and hard snow, relative to lynx (see Extended Data Fig. 4).
Snow depth had a comparable effect on mortality risk for
both adults and sub-adults; however, the effect size was larger
for sub-adults (HR=0.935, 95% CI: 0.889, 0.984) than for adults
(HR=0.969, 95% CI: 0.938, 1.002; Fig. 4). Snow hardness, as mea-
sured by sinking depth of the penetrometer, did not differentially
affect mortality of sub-adults (HR=1.035,95% CI: 0.951, 1.125) and
adults (HR=1.044, 95% CI: 0.986, 1.106). Similarly, temperature
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did not influence risk for sub-adults (HR=0.974, 95% CI: 0.922,
1.028) or adults (HR =0.984, 95% CI: 0.944, 1.025), with adults hav-
ing an overall higher survival rate during our study (see Extended
Data Fig. 5). There was no difference in the proportion of sub-adult
(0.33) and adult (0.25) mortalities attributable to coyote (z=0.83,
P=0.41; Supplementary Table 1).

Changes in hare behaviour associated with environmental con-
ditions did not drive winter mortality rates. We equipped 137 indi-
vidual hares with accelerometers for a total of 4,530 hare-days and
classified daily time spent foraging using behavioural classifica-
tions according to a decision tree distinguishing their foraging time
every 4s at 93.1% accuracy”. Adults spent less time foraging per
day (10.1h) across all weather conditions than sub-adults (10.8h;
Fig. 4), indicating that variation in environmental effects on sur-
vival between age classes may be partially caused by differences in
foraging requirements. However, the effect of snow conditions on
hare survival are probably caused by changes in predator mobility
and hunting success. Although hare foraging increases in shallow
snow (sub-adult: —0.06+0.008, t=-7.36; adult: —0.07+0.007,
t=-10.2), coinciding with increased mortality risk, individuals also
forage for longer per day during warmer temperatures (sub-adult:
0.05+0.006, t=28.39; adult: 0.06+0.003, t=21.9), which did not
coincide with a similar change in risk (Fig. 4). Individuals reduced
their foraging time similarly in shallow soft snow and deep snow
but only experienced increased mortality risk in shallow snow
(Extended Data Fig. 6). This may be caused by a discrepancy in the
impact on hare and coyote mobility. When snow is soft, hare mobil-
ity is reduced similarly, regardless of depth (see Extended Data
Fig. 6b,d). However, in shallow soft snow coyote retain their mobil-
ity due to their relatively long legs and chest height'’. Indeed, the
snow depth where hares begin to outperform predators (35cm) is
approximately the average chest height for coyotes in our region'’.

Recent evidence suggests that a reduction in snow cover dur-
ing the autumn and spring causes increased coat-colour mismatch
in hares”', which hinders camouflage and reduces individual sur-
vival*??, Coupled with the impact of snow depth and hardness on
winter mortality demonstrated here, in addition to the significant
decrease in snow depth that we observed, snowshoe hares may be
particularly vulnerable to climate change. Our results further indi-
cate that coyotes will be more responsive to changes in winter weather
conditions than lynx and negative effects of altered snow conditions
on lynx demography may stem from exploitative or agonistic com-
petition with coyotes®, as lynx appear well-suited to hunt across a
range of snow depths and hardness (Fig. 3; ref. **). The decrease in
snow depth occurring across the boreal zone'” and observed in our
study region (Fig. 2) may shift competitive advantages in favour of
coyotes over lynx. Indeed, coyote density responds positively to a
negative value of the North Atlantic Oscillation (NAO) *, which
corresponds to reduced snow depth in our region®. Increased kill
rates in shallow snow may be a potential mechanism for the effect of
the NAO, as increased kill rates drive coyote numerical response?”.

Our research adds to a growing body of evidence that cyclic spe-
cies at northern latitudes may be vulnerable to changes in winter
snow conditions and the associated changes in predation risk'>".
Monthly survival rates of 0.9 are required to sustain population
growth in snowshoe hares**. Our models predict that prolonged peri-
ods of shallow snow can significantly reduce hare winter survival,
to rates observed during cyclic declines (~0.8; ref. ). Therefore,
reductions in snow depth may limit population increase, reducing
peak amplitudes. Our results probably reflect broad-scale patterns
across the boreal forest, as the demographic processes driving cyclic
dynamics are consistent among populations'>** and much of the
biome is experiencing reduced snow cover duration”. Furthermore,
models containing solely weather variables outperformed those
consisting of year or cycle phase (Supplementary Table 8), suggest-
ing that these patterns can emerge despite large changes in predator
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Fig. 4 | Effect of climate on age-specific mortality risk and foraging behaviour. a-d, Modelled effect of snow depth (a,b) and temperature (¢, d) on the
mortality risk and daily foraging time for both sub-adult and adult snowshoe hares (L. americanus). Shaded areas represent predicted response standard
errors and the dotted lines represent baseline mortality risk (a,c) or the average time spent foraging per day in hours across the winter (b,d).

and prey densities (see Extended Data Figs. 1 and 7). That being
said, future work should examine the degree these effects vary
across snowshoe hare populations with different predator com-
munities or local climate conditions™' and similar studies should
be continued across multiple cycle phases. Regardless, our results
demonstrate that changes in weather conditions can have an impor-
tant influence on cause-specific mortality risk. Given that snowshoe
hares represent a primary food source for numerous species in the
boreal region”**%, climate change could substantially influence the
boreal forest community.
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Methods

Study area and long-term snow depth measurements. Our study was conducted
in southwestern Yukon, Canada (60.9°N, —138.0° W), where snowshoe hares

have been studied for the last 40 years (ref. **). The boreal forest in this region

is comprised primarily of white spruce (Picea glauca), with smaller amounts of
trembling aspen (Populus tremuloides) and balsam poplar (Populus balsamifera).
The shrub layer is dominated by areas of grey willow (Salix glauca) and dwarf birch
(Betula glandulosa). In addition to Canada lynx and coyote, other predators include
great-horned owl (B. virginianus) and goshawk (A. gentilis), which account for a
smaller percentage of hare mortalities"”. During this study (2015-18), snowshoe
hare populations were at their late increase, peak and entering the early decline of
their cycle®.

Along a 25-km transect in the study region, snow depth measurements were
recorded throughout the winter (November-March) since 2001. Snow depth
measurements were recorded at consistent locations every 5km, <72h following
snowfall events. We examined the change in average January snow depth across
all locations and the maximum winter snow depth from 2001 to 2019 using linear
regression in the program R.

Monitoring survival and daily weather. Between January 2015 and May 2018,
we captured hares in Tomahawk live-traps (Tomahawk Live Trap Co.) on three
different trapping areas within an ~8-km stretch of forest (see Supplementary
Fig. 1). Hares weighing >1,100 g were fitted with very high frequency (VHF)
collars equipped with mortality sensors (Model SOM2380 from Wildlife Materials
or Model MI-2M from Holohil; <40 g, <5% body weight). Handling and collaring
procedures were approved by the University of Alberta Animal Care and Use
Committee (protocol AUP00001973).

We monitored the survival of 321 individuals almost daily throughout the
winter. We considered the winter season as December through March. During
this time, snow cover was continuous and average monthly temperatures
remained below 0°C throughout the four winters we monitored survival. When
a mortality signal was detected, we located the kill site to determine cause of
death and identified the predator species responsible based primarily on the
presence of predator tracks in snow, portions of the carcass remaining and other
field sign such as feathers, scat and pellets'*. We attempted to locate kill sites on
the date the mortality signal was detected to reduce the potential for scavenging
by predators to be misidentified as sign of predation. To further examine this
possibility, we monitored hare carcasses in our study area using remote cameras
and determined scavenging as an unlikely bias in our designation of cause of death,
as predators only visited 35% of carcasses and took an average of 5.5d to discover
the carcasses™. However, we acknowledge the possibility that some instance of
mortality may represent scavenging events or individuals that died due to other
ultimate factors (parasitism).

On each of the three trapping areas, we monitored snow conditions at three
stations in relatively open forest: total snow depth was measured to the nearest
0.5 cm; snow hardness was determined by the sinking depth of a 250 g cylinder
penetrometer dropped from 50 cm above the snow'’; and daily snowfall was
determined using plywood boards that were laid on the snow surface to capture
snow that fell during the last 24h. We determined daily temperature using a
minimum of two Ibuttons (DS1922L, Maxim Integrated) on each grid that took
at least six temperature recordings per day. Ibuttons were mounted on stakes
and facing north to reduce the influence of sunshine. Locations where snow and
temperature data were recorded were fixed during the study. Across the study
years, hardness and depth were recorded on >60% of days and snowfall and
temperature were recorded every day. Days with missing snow depth and hardness
measurements were linearly interpolated using the ‘zoo’ package in R (ref. *°).

We also measured snow depth and hardness at each kill site; and 10m in
each direction from the kill site, if we were confident the carcass remains had not
been moved by predators or scavengers. Snow conditions at each kill site were
considered the average of the five measurements.

Effects of environment on survival. We assessed the influence of environmental
conditions on winter hare survival using semiparametric Cox-proportional hazards
(CPH) models. Time intervals in our CPH models represented each telemetry
check (68.8% 1d, 97.0% within 3 d) and we excluded monitoring gaps that
exceeded 7 d. Daily weather values were averaged over monitoring intervals

and each hare was associated with weather conditions from its trapping area.

We used a right-censored design with time-at-risk (days) based on time since the
start of the season”.

First, to examine the influence of weather conditions on overall hare mortality
risk, we developed CPH models (hereafter referred to as all-cause model) that
grouped all causes of death together (lynx, coyote, birds of prey and unknown
predator). Over the 4 years, we had a total of 153 predator-caused mortalities and
four mortalities that were attributed to starvation and subsequently censored. We
censored 35 individuals because of either collar failure causing an unknown status
(n=28) or the removal of their collar before the completion of the study (n=7).
To ensure that informative censoring did not influence our results, we developed
models (detailed below) on datasets that either censored missing individuals
or treated them as mortality events®. These models reveal qualitatively similar

results (Supplementary Table 7) implying that our results are robust to informative
censoring™”.

For our all-cause CPH model, we included daily temperature, snow depth and
snow hardness as explanatory variables given their suspected impact on predator—
prey interactions in our system™’, as well as our interests in their influence on risk.
We then used a model selection approach to test the importance of daily snowfall,
days since snowfall >1 cm and an interaction between snow depth and hardness*.
This was done by including combinations of these variables with temperature,
snow depth and snow hardness (the core group of variables). Exploratory analysis
revealed that sex was not influential to hare survival and was not considered
further (P=0.37). Candidate survival models also considered random effects
of year and trapping area. We determined HRs for each variable in the all-cause
model using our top model on the basis of lowest Akaike information criterion
(AIC,). For the top model, we assessed multicollinearity using a variance inflation
factor (VIF; ref. *') and ensured that no variables had a VIF > 2, except between
main variables and those representing interactions between multiple variables.
We further ensured that the top model satisfied the proportionality assumption of
CPH models, that the HR of two covariates remains proportional through time™®.
We used the predict function in R to examine the effect of prolonged weather
conditions on monthly hare survival. We compared the effect of weather covariates
from our top model to models built from 500 bootstrapped samples of our data
to produce a measure of uncertainty on the effect of each covariate on monthly
survival. Each bootstrapped dataset included resampled survival intervals, with
replacement, until the number of intervals in the resample equalled the original
dataset™.

Next, we examined how our weather variables influenced risk from lynx
and coyote using a competing-risk framework based on the data augmentation
approach™*. We replicated our dataset for each cause of death and a dummy
variable was used to assign each risk to a specific cause*’. Within each risk set,
we identified death only for the appropriate cause (lynx or coyote), with all
other entries being censored. Mortalities from goshawks and great-horned owls
were not considered in the cause-specific analysis due to the limited sample
sizes (ten and six, respectively). Unknown causes primarily occurred due to
inclement weather limiting kill site classification (snowfall after mortality) and
were suspected to consist largely of predation events from either lynx or coyotes.
We therefore censored unknown mortality events in the cause-specific model as
opposed to including them as an ‘other’ classification. However, to ensure our
results are not sensitive to this decision, we developed models including an ‘other’
classification that failed to reveal qualitatively different results (see Supplementary
Table 7), implying that our designation of only two mortality events is robust to
the classification of unknown mortalities’. We included two-way interaction
terms between causes of death in the model to allow the effects of environmental
covariates to vary on the basis of predator species. We used AIC. to identify the
model that best explained variation in cause-specific mortality and included
combinations of variables from the all-cause model with an interaction term
for cause of death. However, given the smaller sample size of predator-caused
mortalities (lynx, 63; coyote, 27) relative to the all-cause model, we included only
single effect terms to reduce the number of parameters in the model®.

Finally, we examined whether hare survival between age classes is differentially
affected by winter conditions by splitting our dataset into sub-adults and
adults. Adults consisted of tagged individuals known to be >1year of age, while
suspected sub-adults were individuals who were caught for the first time that
autumn or summer and weighed <1,000 g if first capture occurred in June or July
(as in ref. *°). We restricted data used in age-specific models to study areas that
were monitored over the previous year, which reduced our sample size to 236
individuals and 116 mortality events. Our classification of sub-adults therefore
assumes that newly caught hares in the autumn represent juveniles as opposed to
dispersing adults. We feel this approach is more accurate than purely body mass
given: (1) most individuals in the autumn population are juveniles'” and instances
of adult dispersal over summer are relatively rare”’; (2) hares have multiple litters
per summer and early litter juveniles are indistinguishable from adults based on
mass by autumn, therefore mass restrictions would remove early litter juveniles
and potentially bias results to late litter juveniles which have relatively low
survival*. Furthermore, >96% of individuals captured in May during our study
were previously tagged by us (M.].L.P, unpublished observations), suggesting
that unmarked individuals on our study grid were rare at the beginning of the
breeding season. We determined the top predictors of age-specific mortality by
comparing CPH models in an AIC, framework that included all causes of mortality
and variables were stratified by age-class. We further examined if cause of death
between sub-adults and adults differed using a z-test of proportions.

Effects of snow and temperature on hare foraging. A subset of the individuals
monitored during our study (n=137) were equipped with AXY-3 accelerometers
(Technosmart Europe Srl.). Accelerometers measure the acceleration of the body
along three axes: anterior—posterior (surge), lateral (sway), dorsal-ventral (heave),
allowing for the characterization of different behavioural patterns®. Accelerometers
were attached to VHF collars on the dorsal side of the neck and recorded at 1 Hz
with a resolution of +8¢ forces. Using behavioural classifications according to the
decision tree developed for snowshoe hare accelerometers by Studd et al.”’, we
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calculated the daily time spent foraging for each individual. The foraging behaviour
represented feeding mixed with single hop movements and was classified over 4-s
intervals with an accuracy of 93.1% (ref. °).

We examined the influence of weather variables on daily foraging rate (hd)
using a linear mixed effects model that included individual ID and year as random
effects. We considered the same combination of variables as our all-cause survival
models, stratified by age-class.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Data available from the Dryad Digital Repository https://doi.org/10.5061/dryad.
bzkh1896b.

Code availability
The R code used to analyse the data and produce figures is available in the Dryad
Digital Repository https://doi.org/10.5061/dryad.bzkh1896b.
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Extended Data Fig. 1| Snowshoe hare density in our study region. Spring snowshoe hare density (+ 95% Confidence Intervals) in the Kluane Lake region,
Yukon over the last cycle. Hare density estimates are determined through mark-recapture as part of the Community Ecological Monitoring Project (CEMP;
https://www.zoology.ubc.ca/~krebs/kluane.html), and densities displayed here come from trapping area 2 (blue) in the study area map (Supplementary
Fig. 1). Shaded area represents the years where we monitored detailed survival and weather data throughout the entire winter (that is Dec-Mar).
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Extended Data Fig. 2 | Over-winter survival of snowshoe hares. Kaplan-Meier four-month survival curves (+ 95% Confidence Intervals) for snowshoe
hares in the Kluane Lake region, Yukon, across the three winters in which we monitored survival from December until March.
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Extended Data Fig. 3 | Relationship between snow depth and mortality risk. Modelled effect of snow depth (cm) on mortality risk in snowshoe hares.
Mortality risk is based on coefficients from the best supported Cox-proportional hazards model, and shaded areas represent predicted response standard
errors. The dotted line represents baseline risk for hares.
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Extended Data Fig. 4 | Snow conditions at snowshoe hare kill sites. Difference in a) snow depth (cm), and b) sinking depth of the penetrometer (cm) at
kill site locations for each predator species compared to the daily snow measurements taken on the date of the mortality.
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Extended Data Fig 5 | Over-winter survival between age classes. Kaplan-Meier four-month survival curves (+ 95% Confidence Intervals) for sub-adult
(red) and adult (blue) snowshoe hares during the winter of a) 2015-16, b) 2016-17, ¢) 2017-18, and d) all years combined.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

NATURE CLIMATE CHANGE ARTICLES

51 a b
13
4.
121
3.
111
4 T
10+
PR P I e =
g _g 94 EZScm
o 0- E |E| 60 cm
(7)) c 8'
® r r r — < r r r r
o 5 10 15 20 o 5 10 15 20
0 £
9 51 C ol d
S £ 13/
5 4 &
4 S 121
0 8-
5 10 15 20 5 10 15 20

Sinking depth of penetrometer (cm)

Extended Data Fig 6 | Effect of snow conditions on age-specific mortality risk and foraging behaviour. Modelled effect of the sinking depth of the
penetrometer (cm) on mortality risk and daily foraging time for sub-adult (a, b) and adult (¢, d) snowshoe hare at two different snow depths. Shaded areas
represent predicted response standard errors and the dotted line represents baseline mortality risk (a, c) or the average time spent foraging per day in
hours across the winter for sub-adults (b) and adults (d).
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Extended Data Fig 7 | Predator density in our study region. Canada lynx (blue, solid) and coyote (red, dashed) density in the Kluane lake region, Yukon,
for each winter over the last snowshoe hare cycle. Densities in the region are determined each year based on track transects as part of the Community
Ecological Monitoring Program (CEMP; https://www.zoology.ubc.ca/~krebs/kluane.html), where tracks are counted along a 25-km transect that traversed
our study area, on days after fresh snowfalls while tracks were distinguishable (see Krebs et al. *°). Shaded area represents the years where we monitored
detailed hare survival and weather data throughout the winter (that is Dec-Mar).
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Software and code
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Data collection  No software was used.

Data analysis We used the open source statistical software R and the packages "survival" and "AlCcmodavg" to implement the cox proportional hazards
models and model selection described in detail in the Methods section. Code for the implementation of these analyses are available from the
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Data available from the Dryad Digital Repository https://doi.org/10.5061/dryad.bzkh1896b (Peers et al., 2020).
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Analysis examining how changes in environmental conditions (snow depth, snow hardness, temperature, daily snowfall, days since
snowfall) influence the behaviour and cause-specific mortality of snowshoe hares. This study was conducted to examine whether
changes in weather conditions associated with climate change may impact population cycles of hares and influence the predator-
prey community of the boreal forest.

Between January 2015 and May 2018, we captured hares in Tomahawk live-traps (Tomahawk Live Trap Co. Tomahawk, WI, USA) on
three different trapping areas within an ~ 8 km stretch of forest. Only hares weighing over 1100g were used in this study which
represents weight restrictions approved by the University of Alberta Animal Care and Use Committee (Protocol: AUPO0001973).

Survival: 321 snowshoe hares over 4 winters, which includes 153 predator-caused mortalities. 106 mortalities were identified to a
specific predator, including 65 mortalities from lynx and 27 from coyote for cause-specific analyses. For age-specific analyses, this
sample size was reduced to 236 individuals and 116 mortalities.

Behaviour: 137 individuals were equipped with accelerometers for a total of 4530 hare-days.

We continuously deployed VHF collars and accelerometers on hares between December-March to ensure we had an adequate
sample of hares to examine how the environment correlates with survival and behaviour. Adult and sub-adult hares as well as males
and females were used in our study. The temporal span of the study was large in order to capture variation in environmental
conditions, and extend across the increase, peak, and decline of the snowshoe hare cycle. Locations of daily snow measurements
were kept consistent throughout the four years of the study and a minimum of three sample sites at each trapping area were
measured.

Long-term monitoring of snow depth in our study region has been conducted since 2001, along a 25 km transect. Snow depth
measurements were recorded throughout the winter (Nov-March) at consistent locations every 5 km, less than 72 hours following
snowfall events.

VHF collars and accelerometers were deployed on hares by MJLP, YNM, AKM, EKS, or research technicians, and these individuals
monitored survival and daily snow conditions over the study. Survival was checked near daily over this time. Snowfall was monitored
daily at each study area between December-March, and snow depth and hardness were measured on greater than 60% of days. A
minimum of two Ibuttons recorded temperature 6 times per day between December-March.

Survival and accelerometer data used in this paper occurred between February 2015 and March 2018. This temporal scale ensured
we captured variation in snow conditions and temperature. Hares were monitored from three trapping areas within an ~ 8 km
stretch of forest. These study areas were chosen as they were established locations for monitoring snowshoe hares as part of the
Community Ecological Monitoring Project (CEMP), a long-term project ongoing in the region (https://www.zoology.ubc.ca/~krebs/
kluane.html).

There were no exclusions of data in this study.

The information provided above, details provided in the manuscript, and data available in a public repository gives sufficient
information to repeat this study. However, aspects not controlled by the methodology such as natural temporal variation in
environmental covariates cannot be repeated.

Snowshoe hares to be collared were selected based on weight restrictions established by the University of Alberta Animal Care and
Use Committee (Protocol: AUP0O0001973), as well as available equipment at the time of capture.

Blinding participants was not relevant to this study.

Did the study involve field work? [ Yes [ No

Field work, collection and transport

Field conditions

Location

All field conditions relevant to this study are included in the study design and analyses and are described in detail in the
manuscript.

This study was conducted in southwestern Yukon, Canada (Lat: 60.9 N, Long: -138.0 W) in the Kluane Lake region which is comprised
primarily of white spruce (Picea glauca).
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Access & import/export  Working with wildlife in our study region requires a Yukon Scientists and Explorers Permit and a Wildlife Research Permit from the
Yukon Government. We had the appropriate permits that were renewed each year of our study.

Disturbance There was no perceivable disturbance caused by the study, apart from animal handling which was approved by the University of
Alberta Animal Care and Use Committee (Protocol: AUPO0001973).

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChlIP-seq
Eukaryotic cell lines IZI D Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The study did not involve laboratory animals.

Wild animals We captured hares in Tomahawk live-traps (Tomahawk Live Trap Co. Tomahawk, WI, USA) baited with alfalfa, rabbit pellets, and
apple slices. After measurements were taken, and select animals were collared, the individual was released at the location it was
trapped.

Field-collected samples  This study did not include laboratory work on field collected samples.

Ethics oversight Ethical approval occurred through the University of Alberta Animal Care and Use Committee (Protocol: AUPO0001973).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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