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Title: Localclimate determines vulnerability to camouflage naisri in snowshoe hares

Runningtitle: Local climate determines mismatch

ABSTRACT:

Aim: Phenological mismatches, when life-events become nadtinith optimal environmental
conditions, have become increasingly common under clioketege. Population-level
susceptibility to mismatches depends on how phenology and typenplasticity vary across a
species distributional range. Here, we quantify the envirotahdrivers of color molt
phenologyphenotypic plasticity, and the extent of phenologicamaitch in seasonal
camouflage.to assess vulnerability to mismatch in a camiath American mammal.

L ocation:.North America.

Time period: 2010-2017.

Major taxa studied: Snowshoe hare (Lepus americanus).

M ethods: We"used >5,500 by-catch photographs of snowshoe hares from 448 cammera

trap sites atthree independent study areas. To quantifyph@nology and phenotypic plasticity,
we used multinomial logistic regression models that jpa@ted geospatial and high-resolution
climate dataWe_estimated occurrence of camouflage mismatch betweesi baat color and

the presence.and absence of snow over seven years odmmgni

Results: Spatial and temporal variation in molt phenology dependddaal climate conditions
more so thawnlatitude. First, hares in coldenowier areas matl earlier in the fall and later

in the spring. Nexthares exhibited phenotypic plasticity in molt phenologsesponse to annual
variation in temperature and snow duration, especially isghiag. Finally, the occurrence of

camouflage mismatch varied in space and time; whitest@raelark, snowless background
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occurred primarily during low-snow years in regions chisréged by shallow, short-lasting
snowpack.

Main Conclusions; Long-term climate and annual variation in snow and teatpsx determine
coat color_ molt phenology in snowshoe hares. In racesds, climate change leadsshorter

snow seasons, but the occurrence of camouflage misvetels across the species rar@ar
results underscore the population-specific susceptibiiglimate change-induced stressors and
the necessity'to understand this variation to prioritieepopulations most vulnerable under
global environmental change.

K eywords: adaptation, camouflage mismatctimate change, latitudinal gradiermhenological
mismatch,phenotypic plasticity, range edge, snow, snowsires.h

Main text:

INTRODUCTION

As a result of anthropogenic climate change, plant andadpiopulations are increasingly
confronting, environmental conditions different from tnes to which they are adapted.
Organisms occupying seasonal environments have evolved msuokdor the timing of their
life cycles (i.es; phenology) to match with optimal eowimental conditions and resousee
their location (Bradshaw & Holzapfel, 2007; Williams et 2015). When phenology and
favorable environmental conditions become asynchronizgdn@ms can suffer negative fithess
costs (Both et al., 2006; Post & Forchhammer, 2008; Lane @04R,; Zimova et al., 2016;
Senner etal., 2017). Such phenological mismatches are becoorieasingly common under
climate change"(Parmesan & Yohe, 2003; Thackeray et al., 20b8n@ov al., 2018), which in
the absence of'adaptive responses could lead to populatioredemnd local extinctions (Visser
& Gienapp, 2019). Thus, there is a pressing need to understandjtbe tiewhich climate
change leads ta phenological mismatches and the capéwiild populations to withstand
attendant fitness costs.

Understanding the variation in phenology and its envirotahelnivers is fundamental
for assessing current and future species' vulnerability to fgoal mismatches. For the
majority of traits in plants and animals in temperatgans, photoperiod serves as phincipal

cue for phenology, with temperature and other environméattdrs exerting lesser influence
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(Hofman, 2004; Bradshaw & Holzapfel, 2007). Because photoperiaddiatiand climate
covary &ross most species’ ranges, variation in phenology is often distributed along latitudinal
gradients Northern populations typically experience harsher and caldeates that correspond
with later initiation of spring and earlier initiation fafll events compared to southern
populations(Bradshaw & Holzapfel, 2007; Hut et al., 20H8)wever, latitude may not be a
reliable predictopf phenology for two reasons. First, the covariance bEtvatitude and
climatefis imperfect when other geographic factors sueteastion also affect climatic
conditions*(Chuine, 2010; Visser et al., 2Q1%3condly species show yedo-year in situ
variation in phenological traits in response to ahmagation in climate. This temporal
phenologicakariation is referred to as “population-levél phenotypic plasticityand is different
from between-individual level phenotypic plasticity (Rivibre et al., 2010; Gienapp &
Brommer, 2014)Overall, both spatial and temporal variation in phegglmay have
consequences for susceptibility to phenological mismatdotinthe local population and
broader species levels.

Seasonal coat color molt, a key phenological tras, teceived increased attention as a
trait shaped by‘climatécross the Northern Hemisphere, 21 species of mammals amsd bird
change coat or plumage color from brown in the summer teewhthe winter to match snow-
covered_ landscapes (Mills et al., 2018; Zimova et al., 2@8)vith other phenological traits,
photoperiod serves as the principal cue for molt phengieijly some evidence thgeario-year
variation in,winter weather modulates the progressiomolt (Hofman, 2004; Zimova et al.
2018). However, decreasing duration of snow cover due to clirhatege (Choi et al., 2010;
Vaughan etals; 2013; Kunkel et al., 2016) may result in phenalogismatch, whereby winter
white animals become color mismatched against dark, snoldekgrounds (Mills et al., 2013).
Field studies indicate that mismatch in seasonal coat aoll snow presence or absence leads to
high fitness,costs due to increased predator-induced mo(#ilinpva et al., 2016; Atmeh et al.
2018) and.may have already contributed to range contractioss\feral species including
Lagopus and'Lepus spp. (Imperio et al., 2013; Diefenbach et al., 20teSed al., 2016;
Pedersen etal., 2017).

The snowshoe hare (Lepus americana®ey prey species of the boreal forest of North
America (Krebs et al., 2001), exhibits seasonal color nottise majority of its range
(Nagorsen, 1983; Gigliotti et al., 2017; Mills et al., 20B8)cause of their broad distribution
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(Fig. 1a) hares inhabit a large range of environmental conditioagjmg them an ideal species
for investigating variation in molt phenology and cantegg mismatch. In the only two areas
where molts have been recently investigated in relatiohnate change (i.e., Montana and
Wisconsin, USA, phenotypic plasticity is not sufficient to prevent camagdé mismatch (e.g.,
Mills et al.,.2013; Wilson et al., 2018 or example, hares in Montana experience about a week
of mismatch annually whereby hares are in the wrong od@t in relation to their background
(i.e., white"hares on snowless background or brown lbaresow; Mills et al., 2013; Zimova et
al., 2014,22016). Because hares rely heavily on their camoddlagervival, mismatch has
strong negative fitness costs (i.e., 7-12% reduced weeklwalrthat in the absence of
evolutionary shifts and under projected snow declines woudditheient to cause steep
population‘declines and local extinction (Zimova et al. 201i&on et al. 2018). To date, no
study has evaluated the phenological drivers and camoufiegeatch across the heterogeneous
snowshoe hare range in a unified analytical framework.

To understand snowshoe hare vulnerability to camouflage nabmee quantified the
spatial andstemporal variation in color molt phenolggyenotypic plasticity, and the occurrence
of camouflagesmismatch across three disjunct, climiatiead geographically distinct
populations, First, we hypothesized that the spatial vamiationolt phenology would be
determined by latitude and local climat®e tested two predictions: i) populations in more
northern sites molt earlier in the fall and latethia spring, ii) populations in colder and snowier
sites molt'earlier in the fall and later in the spriSBgcond, we hypothesized that hares exhibit
temperature="and snow-mediated phenotypic plasticityat phenology and we predicted that
molts occurearlier in fall and later in spring duringdesland or snowier years. Third, we
guantified the occurrence of camouflage mismatch fon papulation in spring and fall and
assessed which snowshoe hare populations may be theutmestble to camouflage mismatch

now and under future climate change.

MATERIALS.,AND METHODS

Study Areas
Our analysis integrated three regional monitoring studidemh America: the Canadian
Rockies, the San Juan Mountains in Coloraatal northern New England (Fig. 1a). Together,

these areas encompass wide latitudmiitudinal and habitat variation across the distritngio
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rangeof snowshoe hares (Table Qur northernmost study ar@athe Canadian Rockies
included three national parks (Banff, Yoho, and Kootenay Ndti®aik9 and was characterized
by rugged, forested mountainous regions with a long snowrsebisis area is located within a
homogeneous boreal habitat at the core of the snowstnealistribution range (Cheng et,al.
2014) The seuthernmost study area was located in the San Juartaitof southwest
Coloradg an iselated patch of high-elevation southern boreasforearares’ southern range
boundary“The'northern New England study area, also Imeaouthern edge of hare
distribution ‘encompassed portions of the Green Mountains in VermahtrenWhite Mountains
in New Hampshire. This area stretched across a trangiiog between the northern hardwood
and borealforests ardd, on average, the mildest climate of the three aMagr hare
predators at all'areas included coyotes (Canis latrans), r€duipes vulpes), Canada lynx
(Lynx canadensis), bobcats (L. rufus), martens (Martes speasels (Mustela spp.), northern
goshawks (Accipter gentilis), and great-horned owls (Bubo virginiamts)study area in

Canada alsbad wolves C. lupus) and grizzly bears (Ursus argtos

Cameratrapping design

We obtained-our snowshoe hare phenology data as byjdatiobs from three long-term
independent.studies of forest carnivores. A combinationatibm-triggered camera models was
used across the sitdsut all produced comparable high-quality images during the day ghtl ni
The camera spacing differed between regions, but at @eg gme the minimum distance
between cameras was >1 km; grid sizes varied by study®HiealO kmin Canada4 x 4 kmin
Colorado, and 2 x 2 kin New England)Each camera site was stationary and remained within
agrid cell for-a=minimum duration of one year. We combinkdlzservations for the cameras
that weresmoved between years within <1 km distance asigihad them an average latitude,
longitude and elevation. The 1-km threshold was choseause it far exceeds average
individual hare seasonal movement and home range siktlatee areas (Hodges, 1999; Mills
et al., 2005; lvan, 2011).

Coat color monitoring
Coat color was visually estimated from the by-catch haotoginaphs by one observer,
following a standardized protocol for color classificat@om image quality filteringBriefly,

hares were classified as 1) white when >90% of the boaju@ng belly and feet) was white, 2)
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brown when <10% of the body was white, and 3) molting foothkr instances. As per

previously developed classification methods (Zimova et al., 20&4¢xcluded the feet and

belly color as these stay white all year in all thresaar(Grange, 1932). Because hares cannot be
individually identified from photos, we considered photos spdége>24 hours as independent
events, unless different individuals were distinguishélg., two hares in one pho@hare in a
different molt stage recorded within 24 hrs).

In Canada, 121 cameras operated continuously from Septembetio20ddember 2016,
yielding 1/888independent coat color observations. In @dnr206 cameras operated from
September 2010 to June 2011 and continuously from January 2014 to Augusteaing
2,027 independent observations. In New England, 121 camenadezpeontinuously from
January 2014 to January 2018, yielding 1,608 independent observations.

Statistical'analysis
We usedR (version 3.4.3) (R Core Team, 2016) for all statisticalygses.

Climate variables
To characterize annual and long-term climate conditibesaeh camera site, we prepared a set of
temperature“and snow cover variables relevant to molt phggn@\ills et al., 2018; Zimova et
al., 2018)-Annual minimum (tmin) and maximum (tmax) temperature duringhgpaind fall
were calculated for each year of monitoring (2010-2017actt eamera site using daily gridded
1 x 1 km resolution data (Daymdthornton et al., 2018). We used the same dataset to calculate
mean seasonal tmin and tmax during the 30-year period 1980-2688cibe long-term climate
at each camera sit€he seasons were defined as spring (March 1- May 31) ar{@datember
1- November 30), because at all areas the majority tifnrgaccurs during those months.

We used modeled snow water equivalent (SWE) to quantify theiaucdtthe
continuous snow season and the total number of snow daygefepring and fall. For the years
of monitoring (2010-2017), we used daily gridded 1 x 1 km resolutionbyaBnow Data
Assimilation (hereafter SNODAS: Barrett, 200Bgcause SNODAS is unavailable prior to
2000, we useddaily gridded 6 x 6 km resolution data (Livneh et al., gd@iBscribe the mean
long-term snow conditions during the 30-year period (1980-200® duration of spring snow
season each yeamgrcalculated as the number of days between Januarpd shawmelt date,

i.e. the first dg when snow is absent (SWE= 0) at a camera site fonenum of 7 days. Fall
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snow season was estimated as the number of days fajlamersummer (i.e., the longest
snowless period at each camera site each year), betweenonset date (i.e., first day when
SWE >0 for a minimum of 7 days) and Decembest3We used the 7-day buffers to discard
spurious early spring snowmelts followed by further extendew season and to account for
spurious snew. flurries in the fall. The total number awgmays was calculated as the sum of
days with SWE'>0 from Januargtto August 3%t for the spring and from Septembaest fo
December-3dtfor the fall.

M olt phenology

We used a hierarchical multinomial logistic regressiaalysis within a Bayesian framework to
describe molt phenology and its phenotypic plasticity. & models, we estimated the
probability"ef-athare being in color category i at a gansitej on a Julian day d as:

eai+ﬁ1i*d+5i’j

—
14yt %t Flivd i

Pr(y =i) =

Coat color'wastreated as a categorical variable, thatla hare on day d was either brown
(Porown), White (Runite), O molting (pnorr) and X(p1:3,jd = 1. Camera site was coded as a random
covariate §.to reflect the hierarchical structure of the dataset 4o $or repeated
measurementsy was the intercept arfil; was the effect of Julian day on the probability of

being eithersbrown, white, or molting. Fall and spring moltsewaodeled separately.

Spatial variation in molt phenology
First, to quantify average molt phenology of each populdtt@mada, Colorado, New England),
we combinedcolor observations from all years at thed and rathe model separately for each.
We used the estimated probabilities to derive approximate whteshares initiated and
completed theirsmadtas ‘initiation” and ‘completiori dates at each area. Fall start was specified
as the first=dulian day when mean,p<0.9 and end date when meanig>0.9; the opposite
condition was=used to estimate the spring dates (i.et wgtan pie<0.9 and end when
Porowr>0.9)s

Next, tastest the effect of local environmental covasiate phenology, we combined

color observations from all years and populations in otesdaand constructed a set of
univariate models. Each model included a single fixed effleah @nvironmental covariaf?;

on the probability of being brown, white, or molting. Theismnmental covariates were latitude,
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elevation, and the 30-year long-term temperature aow sonditions (i.e., tmin and tmax
duration of snow season) in spring and fall during each sedsaich camera site. We used
univariate models to avoid problems associated with muineakity asmost environmental
covariates were highly correlated (Pearson correlatiefficents > |0.60|; Table S1). To
facilitate comparisons between models, all covariates gt@ndardized to a mean of 0 and SD
of 1.

The'resulting coefficients represergdthe increase in the probability of being in a
certain color‘category on the multinomial-logit &cédr every one-unit (SD) change in the
covariate./ We considered a covariate to have a signifeffect on molt phenology when the
resultingp eoefficients’ 95% credible intervals (CRIs) did not overlap zero. Bezaveswere not
interested in quantification of the effect size perbse rather on the direction and the relative
sizes of the different covariates, we did not converctiefficients to normal scale. We
primarily focugdon the covariate effectsn probability of the season’s final color (i.e., B2white IN
the fall B2piowndn thespring) not the initial color or molting color categpiry part to simplify
the reporting of result$-urthermore, because photoperiod is known to strongly dah&o
hormonal cas€ade that triggers the molt, we expectedfdwsedf climate to be more apparent
in the finalrather than the initial stage of the nioé., follicle stimulation and hair growth
initiationwversus the appearance of the newly grown laaidsshedding of the old hai@mova
et al., 2018). Finally, in most cases, the significancésolate effect size of initial and final

color probabilities were similgall B coefficients shown in Tables S2 and .S3)

Temporalvariation in molt phenology
Next, to test the effect of annual variation in tempeeatund snow season duration, we

constructed an alternative set of univariate models. Eactel included a single fixed effect of
climate covariat§2; on the probability of being in a certain color categorgvoid

multicollinearity issues (Table S1). The covariateduded mean annual tmimmax and
duration.ef'snow season in spring and fall at each casiterd he resulting32; coefficients were
the slopes of reaction norms of the climate covagiateprobabilities of being browfZprowr) Or
white (32white)-

For all models, we obtained posterior distributions bpatameters along with their 95%
CRIs using Markov chain Monte Carlo (MCMC) implemented in $A@ersion 4.0.1), which
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we called using the R2jags package (Su & Yajima, 2012). Model agamnves was assessed
using the GelmarRubin statistic, where values <1.1 indicated convergé@eéman & Rubin,
1992). We generated three chains of 300,000 iterations aftenarbof 150,000 iterations and
thinned by three. Parameters ai, B1;, and B2; received a vague prior of N(0, 0.001), and the
standard deviation of random effegtreceived uniform prior of U(0, 100).

Camouflage mismatch
Camouflage mismatch was calculated based on the dailgrmuesr absence of snow and the
modeled ¢oat color at each camera Steow was present at a camera site when SWE>0, and
absent when'SWE=0, based on daily gridded 1 x 1 km resolutia{SISODAS, for validation
of dataset see _Sirén et al., 2018xt, we defined white hare@swhen mean gi>60% and
brown hares as;pw»>60% as these thresholds included mostly white or browrshare
respectively,"when compared to observatidie camera days with brown and white hares were
calculated using color probabilities from the medkét included the best annual climate
predictor (effect;sizes in Table 3) in order to accoaniriter-annual variation in phenology.
To'guantify the annual frequency of camouflage mismatchinvéach populatigrwe
calculatedthe'number of days at all camera sitesgi@days) when the color of hares would
either match.or mismatch against the background crite mismatchoccurred on days
when hares were white and snow was absent at théBsibevn mismatchoccurred on days
when hares were brown and snow was present (Mills et al., 2043}h’ occurred on days
when hares.were white (brown) and snow was present (abEeeatproportion of white
mismatchioccurrence, for example, was calculasttie count of all camera days when hares
would experience white mismatativided by the total numbexf camera days (i.e., number of
camerarsitesTat'each area multiplied by the total nuoflzEys in a seasonjVe calculated the
mismatch‘occurrence for two four-month periods when migmaiight occur at all three study
areas; February 1- May 31 (spring) and September 1- Dec&hlgtall). All proportions were
multiplied by 200 for interpretation in %.
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RESULTS

Spatial variation in molt phenology

Snowshoe hare molt phenology varied across the thudg ateas (Fig. 1)n the fall,

populations in Colorado and Canada initiated fall molesairty Octoberwith some evidence
that hares.in Canada molted faster (32 days total) thas ima@»lorado (42 days; Fig. 1b). The
hare population:in New England initiated fall molts alnbsee weeks later and took the longest
to completesthe:molts (46 days). In the spring, hares in[Neyland initiated the whites-

brown molts first, in late March, followed almost twoeks later by populations in Canada and
four weeks later by the southernmost populatio€@olorado. The Colorado population took the
shortest ta.complete the transitiqdd days vs. 48 and 51 days in Canada and New England,
respectively) and became brown only 2 and 3 weeks later tbgopulations in Canada and
New England, respectively (Fig. 1b)

Variation in molt phenology between populations did nobflthe north-south
latitudinal gradient as predictedmong populations, latitude had a significant effect on the
spring molt.phenologybut the effect was negative; haethigher (i.e., northern) latitudes
became brown earlier than hares in lower latitudes €Tablin the fall, latitude had no effect on
molt phenolegy (Table 2). Local climate and elevatiomenstrong predictaof molt phenology
and always in the predicted directimnboth seasons; earlier fall and later spring molts were
associated with sitdbat are generally coldesnowier and located in higher elevati&fevation
and long-tegm,minimum temperature had the strongestt @ffemolt phenology in both season
(Table 2)

Temporal.variation in molt phenology

We found evidence of population-level temperature- and snediated plasticity in molt
phenology. Al annual temperature and snow covariates affentlt phenology in the predicted
direction; molts.occurred later in the spring and potiéytarlier in the fall during colder and or
snowieryears (Table 3)nthe spring, this annual variation in temperature and snowialura
resulted in two- to three-week differences in mean populatitiation and completion dates
between some years in Canada and New England (Fig. @ntrast, we found no significant

differences between spring initiation and completion datédse Colorado population.
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Furthermorewe did not detect any differences in the fall molt phenpkigrt or end dates

any population (Fig. S3).

Camouflage mismatch

The occurrence of camouflage mismatch varied between atedg and years (Fig. Bable 4
Fig. S1). White mismatch (white hare against snowledsgibaund) was relatively infrequent at
all sites.and occurred only during low snow yearséw England and Coloraddlares in New
England experienced the highest frequency of white misntlatchg both seasons (Table 4),
with the highest proportions of camera days with whitenmatch in fall 2015 (15%) and in
spring 2016 (9%); seasons with 37-40 fewer snow days thanvetdsguring 1980-2009 (Fig. 3).
Brown mismatch was rare in the New England populatiom thi exception of fall 2016, with
6% brown'mismatch (Fig. S1). Snowshoe hares in Coloraddower proportions of white
mismatchrdays than in New England but reached 7% in theffall16 with very short snow
season (Fig. 3). In the springs, brown mismatch was owmrgnon than white mismatch in
Colorado (Table 4). In Canada, white mismatch was veey exceeding 1% in only 3 out of the

9 seasons of monitoring (Fig. 3), but brown mismatch vemgient (Table 4-ig. SJ.

DISCUSSION

Using by=cateh-photograg from remote camera trapse quantified the spatial and temporal
variation in snowshoe hare molt phenology and camgeftaismatch across nearly the full
range of environmental conditions experienced by the spebieour knowledge, this was the
first studyto evaluate these processes at such resoitmny seasonally molting speci€srst,
local climate conditions were the main drivers of spati@ temporal variation in molt
phenology;.hares in colder and snowier sites and in higjaeations molt later in the spring and
earlier insthesfallSeconghare populations exhibited temperature- and snow-mediate@ipyast
in molt phenologywe found strong evidence of later spring- and suggestive exaddrearlier
fall-molts during colder and or snowier yearsird, the occurrence of camouflage mismatch
varied in'space and time, but white mismatch was more conimmareas characterized by
shallow, short-lasting snowpack. Finally, because aréhssiallow snowpack are expected to
face the steepest declines in snow cover duration (Lutke, @015; Ning & Bradley, 2015)ve
conclude that hares occupying those southern edge poofitimsir range are the most

vulnerable to camouflage mismatch under current and futimate change.
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Local climate drives variation in molt phenology
Our analysis based on 448 camera sites and spanning over lésd#degitude showed that
local climate influenced molt phenology in snowshoe héfes 1) Mean phenology in both
seasons structured strongly along elevational, tempeyatolesnow cover gradients. Similar
findings were.described for other phenological traits etaxa (e.g., migration, reproduction
and hibernatiopwhere phenology correlated with local variation imalte (e.g., Fielding et al.
1999; Sheriff'et'al., 2011; While & Uller, 2014; Duursma et al., 2018)oAsdasonal color
molt phenelegylocal climatic factors have been previously described teraene phenology in
color molting species including snowshoe hares (Grange, 1932; Zimova 2084), mountain
hare (Watsony19633toats (Feder, 1990), and rock ptarmigan (Salomonsen, 19386)githll
were examined over relatively small spatial scales or usmis were based on opportunistic
observations and low sample sizes. Likewise, for malgplor molting species, the global
distribution of genetically determined winter brown andtesirwhite coat color morphs is driven
by variation in snow cover duration (Mills et al., 2018).

Wesfound no evidence that molt phenology variation wsisilduted along a latitudinal
(i.e., north=south) gradient. While the effects of cliemabd elevation were strong in both
seasons, the effects of latitude were not detected falttend in the opposite direction than
expected.in‘the spring (i.e., during the spring molt, theadsidity of being brown increased with
latitude, Table 2). We think that the positive effect tifuale in the spring was driven by spatial
variation in.climate; the southernmost study area, @dlo, was as cold as the northernmost
area. Althoughyour study lacked the spatial coverage to giveénéeleonclusion on the role of
latitude on'melt phenology, we showed that latitude alammat predict molt phenology across
aspecies range. Future studies that include more reliaatess the latitudinal gradient will
help elucidate the interacting effects of latitude andl lengironmental conditions on seasonal

molt phenology.

Phenotypic plasticity in response to temperature and snow

We foundithat annual temperature and snow affect the meriofdgy of snowshoe hates
However this variation resulted in differences in population tnmatiation and completion dates
between years only in the spring (Fig. Rdr example, hares in Canada became brown 21 days

earlier in spring 2016 which was on average.@armer (tmifj with a snow season 22 days
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356 shorter than spring 2014 (Fig. 2, Fig. S2). Similar diffeeanas observed between the same two
357 years in New England, where the Zhigher tmin and 21-day shorter snow season in spring
358 2016 than in 2014 corresponded with an 11-Bfday advances in molt initiation and

359 completion dates, respectively (Fig. 2, Fig. S2). In @stiiwe did not detect any differences
360 between thesspring molt phenologies in the Colorado popualduring all years of monitoring
361 (Fig. 2). However, annual temperature and snow season length ssrealeable in Colorado
362 than in the other two study areas (Fig. S2). For exarttpdel 1-day difference snow duration
363 and 1.3C difference in tmin between the two most extreme spria@%1 and 2015) might not
364 have been sufficient to observe significant differencésdxn phenology dates (Fig. 2). To
365 determineswheéther hares in Colorado have lower phengbigsticity or whether this finding
366 was caused by lower inter-annual variation will require aea\yof additional years across a
367 wider range of ¢climatic conditions.

368 We found some evidence for population-level phenotypistpay in the fall molt

369 phenology(Table 3), but we did not detect significant diffeesrbetween initiation or

370 completion'dates in any study area (Fig. S3). Lower pbeieal plasticity in the fall than in the
371 spring was préeviously described in least weasels and connectedetroviariationin the fall than
372 in the springstemperatures (Atmeh et al., 20k8)his study, the lower inter-annual variation in
373 climatic.eonditions might have similarly contributed to seasonal variation in plasticity in

374 some cases (e.g., low variation in tmax in fall im&#a; Fig S2). However, in most cases, the
375 inter-annual.variation in temperature and snow at our sttes was comparable between

376 spring andfall'seasons (Fig. S2). For example, snow iselasation differed by up to 44 days
377 and tmax by*2.3C between the most extreme falls in New England (2015 and 2@L&F), yet
378 we observed no differences between molt phenology daitesS®) Furthermorelow plasticity
379 inthe fall and similar level of phenotypic plasticitythe spring as observed here were

380 previously-described for individual snowshoe Banghe Rocky Mountains in Montana (i.e., 2-3
381 weeks in thesspring) (Mills et al., 2013; Zimova et al., 20Hé)wever, in this study, the number
382 of independent snowshoe hare color observations was thwiag the falls than in the spring at
383 most of the sites (Table 1), which may have resulteddnced statistical power to detect

384 differences during this season

385 Finally, we note that the methodology prevented phenolamyitoring of the same

386 individuals - and their fates - over multiple yearserdfore, we were unable to investigate to
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what extent natural selection against camouflage misnmaigght have contributed to the
observed differences in temporal variation molt phegwl Specifically, during the few very
short snow duration years, natural selection might hawveved highly mismatched individuals
from the population and contributed to the observed shifiarphenological distribution.
Quantifying.the relative importance of natural selectiosh iadividual plasticity on population-
level responses in phenology will require intensivél fegudies with tagged individuals over

multiple“years:

Spatial variation in camouflage mismatch
We observed high variation in the number of snow dags gear but, overaknow cover
duration has decreased over the last 30 years in adl #heas (Fig S4Harpold et al., 2012; Ning
& Bradley;"2015; Kunkel et al., 2016; Fassnacht et al., 2018; btaié, 2018)The declines in
snow covermanifested differently in each population, hewdwn the Canadian population,
white mismatch was very low each yeahile the number of snow days ranged from 1 to 28
fewer days than observed on average during 1980-2009 (Fithi8)s likely due to the very
deep long:lasting snowpack in the study area (Table 1, Big-dr example, during the years of
monitoring; spring snow season ended on average on Juige 9)(Fnore thatwo weeks after
hares finished-their white-brown molts (i.e., molts initiated on April 5 and contptton May
23; Fig. 1b). Yetannual snow season duration in the Canadian Roiskpgedicted to decrease
by about ene month by the end of the century (Pomeroy &0455). Those predictions would
advance average snowmelt to about two weeks prior to whenldemese fully brown.
Although increase in white camouflage mismatch will liketguar in very short snow years,
based on purresults a mean decrease of snow seaso@ tmpath will unlikely lead to dramatic
increasesn thesfrequency of white hares on snowless background (ge8)F

In"contrast, hares in Colorado and New England are moack wlnerable to white
camouflage mismatch. For both populations, the propodiavhite mismatch increased rapidly
with fewer snow days, especially once the snow days alyosmceeded 21 days (Fig. 3)
Beyond this three-week threshold, hares began to experégeeated white mismatch (i.e., 15%
in fall and %6 in spring in New England;% in fall in Colorado) This suggests that phenotypic
plasticity in molt phenology is insufficient to buffagainst the snow declines in those marginal

areas where snow season is already short (Table 4)Fifp contrast the New England study
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area with the previous example from Canada, the contirermws season ended on average on
April 18 (Fig. 4) but hares underwent spring molts from M&8ho May 13 (Fig. 1b).

Therefore, with mean snowmelt occurring before haredalfway through the molt, early snow
melt years (e.g., 2016 seasonal snow melted on Aprigl 32) result in steep increases in white
mismatch.

Based on our results, in the absence of evolutionaryisiphenology, snowshoe hares
in New England and Colorado will suffer drastic increaseghite mismatch over the next
century. In"the"Colorado study area, the frequency of l@w srears is expected to increase and
the annual snow season to decrease by 20-50 days (for cammésmismatch in fall 2016,
Fig. 3) by mid=eentury (Lute et al., 2015). Similarly, in mgayts of New England, snow cover
duration is'predicted to shorten from the current fiventine to three months by 2100 (Ning &
Bradley, 2015).;Under such projections, hare in both studg ardeby the end of the century
routinely experience the same amount of mismatchegsekperienced during the very low
snow year®f fall 2016 in Colorado and 2015 in New England.

Thespattern observed with white mismatch was somewheabmed by that of brown
mismatch.“In“both seasons in New England and during the fablorado, white mismatohias
more frequent than brown mismatch as snow casasrmore likely to be absent when hares
were whitesthan vice versa (Fig. 4). In contrast, duringhgprin Canada and Colorado, hares
experienced long periods when they had already molted to suibnoven pelage, but snowas
still present on the ground (Fig.. #Furthermore, the onset of snow during fall often occurred
prior to hares'eompleting their brovtorwhite molts in Canada. Overall, the relatively high
occurrencesefbrown camouflage mismatch, despite tlorded snow declines, was unexpected.
Eventually, howeveras climate change will continue to lead to shorter snow daratiross
most of the snowshoe hare range (Danco et al., 2016; Hagtetlal., 2017; Fyfe et al., 2017)
the occurrence.of brown mismatch will decrease.

The relative fitness costs of white versus brown misimate unknowrbut we suspect
that white_mismatch hashigher survival cost than brown mismatch based on our exmpein
the field while locating radio-collared har&srst, brown animals and objects (e.g., branches,
tree trunks, brown animals) are relatively common yeardplbmt white animals and objects are
rare outside of winter. Perhaps due in part to this frequebiffeyence in the two mismatch

types, a white hare against a snowless background appears facomsgEcuous than a brown
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hare resting on snawrevious quantifications of survival costs were carried @utabsolute
mismatch, that is both white and brown mismatch combined (Zimova €2@16; Wilson et a].
2018) Nonetheless, as documented here and elsewhere (Zimalkaz2f16; Wilson et al.
2018), white mismatch is already high in some populatiodsaall increase under climate
change (Mills.et al., 2013). Therefore, fitness coststoferand brown mismatch should be
guantified'to _inform conservation efforts, notably in simn@gyement actions that foster
evolutionary‘rescue, or genetic rescue by assisted gemeflmdividuals with preadapted molt
phenologies erwinter coat color (Mills et al. 2018).

Understanding the spatial and temporal variation in phereabgaits is critical for
understandingsthe impact of climate change and spemieptive potential to environmental
stressors. Here, we showed that snowshoe hare molt pggnsidetermined by local climate,
but populationsivary in their susceptibility to camouflagemmatch. Snowshoe hares responded
to annual variation in temperature and snow via some adjottnmemolt phenology, but the
buffering effects of phenotypic plasticity were diministegopulations distributed along the
southern edge:0f their range. In those areas, charactdy mild climate and shallow, short-
lived snowpackclimate change mediated snow declines led todnighenological mismatch.
Thereforephares occupying southern, marginal areaswiliei absence of rapid evolution
experiencersteep increases in camouflage mismatdmses dareas are expected to experience the
largest declines in snow cover duration (Ning & Bradley, 26¥% et al., 2017), consistent
with theoretical expectations of range contractione¢s& Morelli, 2019) More generally, our
results underseore that populations vary in their suschtgtidoi environmental stressors and
managementsefforts should consider this intra-specifiatian to identify populations most

vulnerable under global environmental change (Hampe & R80; Nadeau et al., 2017).
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648 TABLES

649 Table I»Geospatial and long-term climate details regarding @ngeca trap networks in the study areas. Number of casitesaand
650 independent coat color observations are given for esados and area. Other metrics include mean values adrosmera sites
651 within a study area with standard deviation in parenthdseng-term mean minimum (tmin) and maximum (tmar)derature and

652 snow season duration are based on 1980-2009 period.

Fall Spring
Study Latitude Elevation | Camera Obs. tmin tmax Snown Qamera Obs. tmin tmax Snown
Area (degrees) (m) sites (n) (n) (°C) (°C) (5 ds aays :s) sites (n) (n) (°C) (°C) (days)
51.38 1850.98 541 522  93.08 662 517 168.69
Canada |5 33 266.20) | 28 97 (133 (1.86) (10.93 |* 21 168 (233) (18.18)
37,63 3200.79 468 970 72.83 724 803 155.70
Colorado™ 539 215.46) | 10 322 (1009) (178) (691 |83 L705 (128 (1.71) (11.07)
New A% 54 627.18 025 1061 52.07 344 835 12501
England(0:51) (284.59) | ©° 486 089y (163) (7.30) |10° 1122 593y (1.84) (12.49)

653
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657
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660

661
662

Table 2. Effect of latitude, elevation and long-term climate aaates on snowshoe hare molt
phenology. Mean effect sizes and 95% credible inte@RI) estimates for slopes for univariate
models including data from all years and populations combinetdsBndicate effects of
covariates on the probability of thelt’s final color category (B2brownin the springB2unite In the
fall). Snow.issthe duration of continuous snow season (pagax and tmin are the mean
minimum and.Jmaximum temperaturC] in springs and falls during 1980-200%sterisks

indicate CRIs not overlapping 0. Values reflect standardiz¢al.

Covariate Fall B2unhite Spring B2urown
Latitude 0.566 0.689*
(-0.136, 1.293) (0.376, 1.012)
Elevation 2.165* -1.325*
(1.450, 3.033) (-1.631, -1.039)
Snow 0.446 -0.809*
(-0.214, 1.123) (-1.143, -0.492)
tmax -1.855* 0.776*
(-2.479, -1.288)  (0.440, 1.123)
. -2.370* 1.280*
tmin

(-2.894, -1.909)

(0.998, 1.579)
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Table 3: Effect of annual temperature and snow season duratiorotbphenology in snowshoe
hares. Betas are the slopes of reaction n@2rismean effect size of annual climate covariate)
and their 95% credible intervals (CRI) on the probability of the molt’s final color category.
Asterisks indicate CRIs not overlapping zero. Valuescefiandardized data.

Covariate Fall B2uhite Spring B2urown
1.466* -1.627*

Snow annua
(1.009, 1.929) (-1.969, -1.303)
-2.070* 1.587*

tmax annual
(2.85Q0-1.432) (1.208, 2.003)
-2.344* 1.273*

tmin annual

(-2.943 -1.845) (0.921, 1.655)
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Table 4. Modeled mean percent of camera days with white and brasmatch at each study
area. Mean percent were calculated based on annuadtssti(Canada: 6 falls and 5 springs,
Colorado and New England: 4 springs and 4 falls). Standard desatie given in parentheses

Canada Colorado New England

white brown white brown white brown

spring 0.56 (0.55) 11.96 (4.31) 1.74 (1.34) 6.39 (0.68) 2.41 (4.36) 0.98 (0.73)
fall  0.55+0:47) 9.54 (3.60) 2.69 (2.80) 1.11 (0.66) 4.72 (7.00) 2.42 (2.68)
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FIGURE LEGENDS

Figure 1. Camera site locations and snowshoe hare molt phgiaeland molt dates in the
Canada, Colorado and New England study areas. (a) snowskaarge (IUCN) is colored and
shaded by the mean annual number of snow days (Diet22ét1#l). Colored points represent the
448 remote-camera trap sites. (b) bold lines depict predctebabilities of being in the final
color categery.(white in the fall, brown in the springgotime. The dashed lines show 95%
credible intervals. The horizontal dashed lines at M&Jsect with population means to identify
molt completion dates. Population mean molt initiatiod eompletion dates are depicted as a
date range.in the bottom right corners, with the cotigmielates in bold. The predicted
probabilities'and dates were estimated for each seadqrogulation based on the model

without covariates.

Figure 2. Estimated annual spring molt initiation’§ and completion‘¢’) dates in the studied
hare populations in Canada, Colorado and New England. Bbmis mean date estimates and
are colaredbythe annual duration of spring snow seasalays). Horizontal lines show 95%

credible intervals (overlapping CRIs identify same dates)

Figure 3. Annual proportions of camera days with white mismatadugences plotted against
anomalies in.the number of snow days each season id&abalorado and New England.
Study area-specific anomaly in the number of snow daysaleslated for each year as the
differencedbetween the mean number of snow days duragigseason and the mean number of
snow days during 1980-2009 at all camera sites. Photo depicts vigribatiched hare.

Figure 4. Mean daily snow water equivalent (SWE; mm) at the remammera sites for the years
of molt phenolegy monitoring. Colored circles along trexes indicate the population mean
molt completion dates for each year, with spring moitshe left and fall molts on the right.

Mean number of snow days for years of monitoring is gimeacet titles for spring and fall.
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