Introduction (Mills et al. 2013Wilson et al. 2019 Furthermore, varia
tion in snow cover conditions determines competitive inter
Winter is a season characterized by environmental consteaitiths between sympatric carnivore spktaaiok, et al.
including reduced primary productivity, freezing tempe2820, and reduces survival of prey species through predatot
tures and the presence of snow. ese conditions can exceksdsePpkallus and Pauli 201%revious studies that inte
the physiological limits for some species; consequently,grvéted winter precipitation into distribution models often
ter is commonly a period of migration or senescence for rdanyot distinguish between di erent forms of precipitation
species as they actively avoid winter conditions. Specieartftatg seasons and along rain-to-snow gradantetf
remain active in winter face energetic and tness challekigasin and Jetz 2Q1#an et al. 2013 Most snow data cap
imposed by resource scarcities, winter climate and extr@merariation in characteristics of the snowpack (e.g. depth
weather eventBguli et al. 2003 For overwintering speciespr snowfall amountiang et al. 2006 but do not re ect
snow is an important component of their winter habitatologically relevant dynamics of snow cover such as its dur
because snow covers approximately 49% of all land irtidhe variability and coupling with frozen grou@didex-
Northern Hemisphere at some point during the ieanke Cross et al. 2021Indeed, snow cover duration, variability
2007). Snow cover dynamics have major implications for eewl lack of subnivium (i.e. frequency of frozen ground with
logical process&afnpbell et al. 2008Villiams et al. 2015 out snow) strongly in uence patterns of bird species richnes
Slatyer et al. 2021but their e ects on species distribution&Gudex-Cross et al. 202022
remain poorly understooNiittynen and Luoto 2018 Species have evolved several adaptations that incre
Several environmental factors constrain species -distoN®rwintering survival (i.e. functional traits, Voille et al.
tions by directly and indirectly a ecting demographie p2007) in snowy environments. For example, some bird an
cesses and resource acquiskHlfth @nd Leathwick 2009 mammal species have evolved cryptic winter coloration thag
Godsoe et al. 20L7Climate mediates species distributionsatches both the onset and disappearance of snow covél
directly, when it exceeds species’ physiologicaKigaitedy (Mills et al. 2018 which directly improves overwinter sur
and Porter 20Q09and indirectly through biotic interactionsival gimova et al. 201,6Nilson et al. 2019 Snow depth
and food availabilitp¢aujo and Luoto 200Alexander et al. facilitates the persistence of cold-adapted species during wid
2019. In winter environments, organisms are confrontedtély because deeper snow establishes the subnivium (a they
two primary climate-mediated pressures: 1) lower tempeadly stable refugium beneath the snow), which is why snowg
tures, which in uence metabolic and thermoregulatory ratepth is more important than both habitat structure and =
(Root 1988 Zuckerberg et al. 2013tager et al. 20L6and ambient temperature in explaining community composition
2) lower food availability, which reduces energy acquisitiosmall mammal communiti€cott et al. 2022 Similarly,
(Canterbury 2002 A third, climate-mediated pressure krds living in regions with harsh winter climates may have
precipitationBoyle et al. 2090Precipitation a ects popula key functional traits related to snow conditions they expe
tions in all seasons through its e ects on metabolic rategiande. Enhanced dispersal capabilites|je et al. 2010
resource availabilityvpite et al. 200/Martin and Maron Sheard et al. 20R0increased dietary plasticiBol( et al. _
2012 Cohen et al. 2090Winter precipitation in the form 2005 2016, greater habitat breadth and larger body size g
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of freezing rain or snow can be challenging when the(®atgmann 1847may all balance the energetic costs asso &
stress forces species to acquire more resources, butcisibesv with nding suitable food over larger areas during £
makes them inaccessible. Winter precipitation and tempeegiods of persistent snow cover. For example, larger-bodiefl
ture are considered important predictors of breeding birdsh&cies may have an energetic advantage during both longgr
tributions and abundance, and winter climate has carry-awer more variable snow seasons because of their relatively
e ects on bird productivity in summer, even for migratdgwer metabolic rates, which can reduce the costs associatéd
speciedlfan et al. 2014 with thermal stress and energetic n&dw/il and Maurer g
Despite the importance of climate as a constraint of sp&6ig9. Likewise, species with greater dispersal capacity ma:
distributions Root 1988 uiller et al. 2004, Luoto et al. gain a tness advantage if they can better access disperséd
2007, snow cover dynamics are rarely included in speessurces in snow covered landscapes. Finally, dietary arg?d
distribution models. is is surprising, given that snow covégraging strata diversity may serve as proxies for foraging
a ects many organisms throughout the Northern HemisphigrgovativenessS¢l et al. 2005 which has been linked to 3
(Pruitt 196Q Pauli et al. 201,3Villiams et al. 201,93R0svold overwinter residency in birds, whereas habitat generalism peg
2016. For example, spatial variability of snow cover persits species to access diverse microrefugia and variable fodd
tence determines Arctic plant distributions, taxonomic rigdsources during long, persistent snow seasons. ereforeg
ness and functional diversiiittynen and Luoto 2018 species functional traits that describe dispersal capacity, tr¢
Niittynen et al. 20182020. Similarly, variability in snow phic plasticity, habitat breadth and body size may mediates
cover conditions (e.g. duration and depth) has importaatv species respond to snow cover dynamics.
implications for winter mammals and birds, a ecting specieFor birds, in particular, snow cover strongly in uences
directly, via movement related castahpney et al. 2018 behavior and survival. Ru ed grodBeasa umbellus use
McKinnon et al. 2019 and indirectly, such as phenotypisnow burrows as thermal refugia and deeper snow reduce:
mismatch and corresponding increases in predation egéeiss hormones and mortal@hipley et al. 2012020.

(suon

Page 2 of 16

35UD17 SUOWWOD) SAIERID 3 \‘Kgdﬁ ay) Aq pausnob



a 'T '€20¢ '/850009T

Montane birds use snow elds as foraging substratesesg®nses from snow-associated to snow-avoidant. Lastlyélve
arthropod fallout on snow increases foraging rates, tgmqubthesized that functional traits — diet diversity, foragini
as microclimate refugiAnfor 1995 Scridel et al. 2018 strata diversity (i.e. exibility in foraging height/substrate),
Resano-Mayor et al. Zleowever for many overwinter habitat breadth, dispersal capability and body mass-— me(il
ing birds, snow cover imposes strong selective pressueds byecies responses to seasonal snow cover. Speci caIIE W
limiting access to food during an energetically stressful fimeslicted species living in regions with long, persistent snogv
Indeed, in years with higher snow fall overwintering bicdser would be larger-bodied, use more foraging strata, haéve
have reduced growth ratest{erty and Grubb 2003abun  more diverse diets and be habitat generalists with greater @s
dancesGreenwood and Baillie 199bnes et al. 20p3and persal capacities.
survival Doherty and Grubb 2002 us, snow cover may
both facilitate and limit the occurrence and abundance of
resident bird species, creating a gradient of responses 9&fhods
ferences in the duration of snow cover, its intra-annual vari
ability, and the prevalence of frozen ground without SnowBird data

Given that large areas of the globe experience snow and
snow a ects a range of ecological processes, the questioVéisesalyzed bird observation data from eBird, a globag
how snow cover structures the distributions of overwintes@gi-structured community science monitoring programz
birds at regional and continental scales? Currently, most §Gudlivan et al. 200Kelling et al. 2019 We restricted é.
ies investigating ecological responses to snow cover dyrthmidata to observations where the time, date and locatign
are focused on plants, mammals and arthropods; birds wexe reported, and observers recorded the number of m&
the focus of only 4% of studies according to a recent reviduals of all bird species detected and identi ed during th@
(Slatyer et al. 2021Additionally, most bird observation dataurvey period, resulting in a ‘complete checklist’ of spemgs
have been collected during the breeding s&esoa ¢t al. (Sullivan et al. 2009 Restricting the analysis to complete g
2015 and information on birds in snow-covered envirothecklists allowed non-detections to be inferred and prc
ments is often only anecdof@bgvold 2016 One reason vide valuable information where search e ort was expended
to explain the understudied e ects of snow cover on Hitd the species was not reporfethrgston et al. 2021We
distributions is the lack of reliable, ne-resolution -infdurther restricted checklists to those collected from 2005 t§
mation about seasonal snow cover across broad spati@0afdn the months of December, January and February 8
temporal extentdNijttynen and Luoto 2018 e recently  focus on the core of the northern hemisphere winter. ﬁ
developed ‘winter habitat indices’ (WHIs) may help |l this Because our goal was to quantify how snow cover dynam
data gap Gudex-Cross et al. 2021e WHIs leverage ics a ect overwintering bird distributions, we restricted thes
direct observations of Earth's surface from sat@ligesx¢ geographic extent of our study to states that experience Qn
Cross et al. 2021providing more reliable estimates of sn@werage snow season length of at least 30 days (mean sgov
cover dynamics than gridded snow cover products that ggason length of all pixels within a given state from 2005
duce spatial biases (e.g. high uncertainty in complex teri202§); Zeng et al. 2008using information from the WHIs
Sirén et al. 203&hown to impact wildlife modelling e orts(Gudex-Cross et al. 202We chose 30 days to maximize
(Brennan et al. 20).3 the spatial coverage of our analysis while minimizing spt

Our goal was to quantify how snow cover dynamics aréats species-snow relationships in areas with erratic sn
overwintering bird distributions at continental scales. Claver. is restricted the latitudinal extent of our study from
do so, we modeled bird distributions as a function of thH3éeN to 49 N in the East and 3N to 49 N in the West.
remotely-sensed indices of snow cover dynamics: snowVeeanly included checklists with values for all three of th@
son length, snow cover variability and frozen ground withélidIs. After these pre-processing steps, we retained =2. 8
snow (WHIs;Gudex-Cross et al. 2021Ve conducted our lion checklists (~2 million checklists in the east and ~800 0
analysis across the contiguous United States based orchexRlists in the West), covering mid to high latitudes and a
million bird observations collected by community scientistsge of elevatioriid. 1D). We modeled all species that had £
using eBirdSullivan et al. 2009We predicted that snow 5000 detections within at least one region (East and West.
cover would be an important driver of the occurrences Wedexcluded species with marine or aquatic habitat- requwé
counts of overwintering birds. Speci cally, we predicted tm@nts (orders: Anseriformes, Gaviiformes, Gruiformes
snow cover characteristics would outperform or complerRefecaniformes, Podicipediformes and Suliformes), becaLfse
temperature and land cover in models of species distributibese species are strongly associated with bodies of WQter
Alternatively, if snow cover dynamics are inconsequentiaifaere snow cover can only occur when they are covered 33)/
tors of winter species distributions, we predicted that meigiesleaving us with 150 species across 10 orders.
capturing snow cover dynamics would contribute negligible
information in our distribution models compared to tempfiodel covariates
ature and land cover. If snow cover dynamics are important
predictors of species occurrence and abundance patterivdewsed ve classes of data in our species distribution mo
predicted that di erent birds can be placed on a gradien¢lsf bird observations, snow cover dynamics, minimu
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Figure 1. (A—C) e winter habitat indices and (D) spatial density of eBird checklists by region. (A) Snow season length, de ned gs t
duration of snow-covered ground for a given snow season. Brighter colors indicate regions of long snow season length (e.g. mabnt
regions). (B) Snow cover variability, de ned as the percentage of snow cover change events (e.g. snow presence to absence) dur§1g |
season derived from eight-day composite images. Brighter areas represent regions with higher snow cover variability. (C) Frozén (
without snow quanti es the percentage of days when snow is absent, but the ground is frozen. Brighter regions represent high peopc
of such days. (A—C) Show the average winter habitat indices from 2005 to 2020. (D) Density of eBird checklists within each regiongea
USA, purple outline; western USA, green outline) used to model species distributions within the core of winter (Dec—Feb) from @OE
2020 from states within at least 30 days of snow cover. Species distributions were modeled separately based on checklists in thg e
western regions of the USA.

CY IR ETG)

temperature, landcover classes and survey-observer ae%00-m resolution: snow season length, snow cover varig
information. We averaged the spatial predictors at a 3akility and frozen ground without snow. Snow season lengthz
resolution surrounding individual checklists, a resolution captures the length of the snow season, which relates to the
enough to capture important aspects of landscape eomgasation of winter stress (e.g. length of energetic de cits) ¢
tion and con guration across a large number of species uatgspecies experience. Snow cover variability captures tHe
eBird data@ohen et al. 202Fink et al. 202 intra-annual variability of snow cover using 8-day composites

We analyzed remotely sensed metrics of snow dd@DIS imagery. Snow cover variability relates to the fre
dynamics — the winter habitat indices (WHEsidex- quency of favorable or hostile conditions and variability of§
Cross et al. 2021 to evaluate the importance of snow cotkermal conditions that species experience. Finally, frozerg
dynamics on the distributions of overwintering birds. ground without snow integrates temperature and snew pres:
WHIs capture three distinct components of snow coveemte/absence data to quantify the proportion of winter daysg
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during a snow season that the ground is frozen but lacks lemwicover edge density and land cover area (e.g. Cropland
cover. Frozen ground without snow is a proxy for times wiiBnand Cropland PLAND) were highly collinear. is
the subnivium is lackingPquli et al. 2003 Snow seasonwas not a concern because we only sought to descri
length demonstrated the lowest interannual variatien, fesponse associations with the WHIs and collinearity doé&
lowed by snow cover variability and, nally, frozen groumat adversely a ect predictions from Random Forests.
without snow. Frozen ground without snow likely exhibitedTo account for variation in detection rates, we includecE
the greatest interannual variation because it integrates iwftir each checklist several predictors describing hew incE;-
mation on both snow cover status and temperature. Radlial surveys were conducted. ese include a) the duratiorg
maximum and minimum values were represented for epeimt searching for birds, b) the distance traveled during tF
WHI across all years included in our study. For each cheelirch, c) the number of people in the search party and d) the
list, we extracted the WHIs for the corresponding winter. Elecklist calibration index, a standardized measure ef che
more information on the interannual variation in the WHIist-level variation in observer expertiseKghiag et al.
please see the Supporting information and refaudex- 2015for development of the checklist calibration index an
Cross et al. (20219r more details on the development arddhnston et al. 201®r its use in distribution modelling).
calculation of the WHIs. To account for variation in species-speci ¢ activity patterns
We included minimum temperature as a separate predanordi erences in time zones among observers, we mcluded
to account for the in uence of winter temperatures on spahestlme of day the survey was conducted coded as the di
occurrence and count. We extracted the 30-day average emoe from solar noon, the time of the day when the Sun is at
mum temperature prior to each checklist from 1-km Dayrtiet highest point in the sky at a given location. Addltlonally,g
data (ornton et al. 2020), foIIowmg precedent studiesve included “Year' as a predictor to account for interannual
(Cohen et al. 2030Firstly, species respond to intra-annuariation in occurrence and counts not associated with varlg
variations in temperature extremes by modifying occurréiocein land cover, snow cover dynamics or temperature a
rates (e.g. via reduced/enhanced activity timing) and cdorntandle the exponential increase in eBird observations. For
(e.g. via increased/decreased ocKiogen et al. 2020By a complete list of all predictors included in the model refer t@
associating the average 30-day temperature with indivitieabupporting information.
checklists we can account for species’ intra-annual responses
to temperature while characterizing average conditionsgegies distribution modelling
given checklist (e.g. removing the in uence of extreme days).
Additionally, by capturing minimum temperature at thi&e adopted a two-step hurdle model (similmttoston et al.
temporal resolution, we were able to reduce potential cdliii5 Fink et al. 202pto explicitly capture the e ect of snow
earity by partially decoupling monthly averages in tempeoaer dynamics on both species’ occurrences and counts.iln
ture and seasonal snow cover dynamics (correlation betiveerst step, we estimated the occurrence rate based on the
the WHIs and minimum temperature was moderate to Idinary detection/non-detection of a given species on surveys.
snow season length versus minimum temperatur@.54; Second, we estimated the median count of individuals of tré
snow cover variability versus minimum temperatude24; species on surveys where the species was detected. AIthciug\
frozen ground without snow versus minimum temperatate approach accounts for variation in detection rates, it doés
0.33). not directly estimate the absolute detection probability. FoE
We obtained annual landcover data from the MODtis reason, the estimates of occurrence should be consid
Land Cover Type Dataset (MCD12QHttps://Ipdaac. ered as a relative measure of species occupancy. Similarlyzthe
usgs.gov/products/mcd12qlvQ06annual water covermedian count of species should be considered a measuré of
from the MODIS water classi cation product (MOD44WYelative abundance, an index of the total count of the |nd|8
and intertidal wetland information from mud at classi ediduals of the species that are present in a given area and tig
data Murray et al. 2019 In place of the MODIS-based We used Random Forest models for both steps of the hug
urban class, we used the 2016 NOAA VIIRS nighttimie model due to their ability to t complex non-linear rela
lights re ectance producCéo and Bai 20)4o0 provide tionships, and strong predictive performaBregnian 2001
a detailed continuous index of the human-built envirdevans et al. 20)1.1Both steps were t using all predictors. In
ment along the urb-sub-exurban gradient. Lastly, we ukedecond step, we used quantile regression to estimate ghe
the vector data on roads from the Global Roads Inventoegian counts because of its robustness to the large coupts
Project Meijer et al. 2018to capture associations wittthat occur with winter ocking species (e.g. snow bunting). 2
road density (m per K Similar to our climate data, For model assessment, we applied an 80/20 split for our
we summarized cover classes and road densities wigming and testing datasets, respectively. Given spatioterh
at a 3-km resolution around eBird checklist locationsptwal biases in eBird data, we implemented a spatiotempoial
account for checklist locational err@shen et al. 2020 Iter to reduce potential spatial and temporal autocorrela$
We computed both the proportion of each class (PLANidn. is lter randomly sampled a single checklist from &
and edge density (ED) with the package landscape pwath cell across a randomly placed 3-BAam  30-day g
rics in R McGarigal et al. 201Hesselbarth et al. 2019 grid. We selected these grid dimensions to match the sp
www.r-project.ofg Only a few pairwise combinations dfotemporal resolution of the predictors. Additionally, we g

‘@JJ Ppapecteyvoq ‘T ‘€202 '2850009T

e

fIno _Icsu@u

T,

1890'5%{1?!'[

swie 1 a1 ses *[120z/20/80] uo Ariq

MmsuBﬁ

IR EVeRLIT}

fa

Page 5 of 16

85UB017 SUOLULIOD BA1Ie8 )


https://lpdaac.usgs.gov/products/mcd12q1v006/
https://lpdaac.usgs.gov/products/mcd12q1v006/
www.r-project.org

QAMOa ‘T ‘€202 'L8S0009T

implemented a case-weighting scheme conditional onsgieies that had more than 5000 occurrences in both region
year that assigns higher probability of selecting checkkstarately for each region.
from years with less data to handle the exponential increase
in eBird observations. Functional trait analyses

We examined a suite of predictive performance metrics
to evaluate our models calculated using our withheld Wali investigate how key functional traits mediate species
dation data. Speci caIIy, we assessed the performance oésponses to snow cover conditions, we used partial deper
occurrence models using area under the curve (AUC), Keppee plots to calculate a welghted mean for the average sncgw
statistic Cohen 196§) sensitivity and speci city and of ouconditions that a species occurs in, conditional on occurrencg
count models using Spearman rank correlation (SRC) gothability and relative abundance. Conceptually, this-is simi §
Poisson deviance explained (P-DE). We t Random Folasto the species thermal index (®&Victor et al. 2008 g
models using the Ranger packagight and Ziegler 2017 but for snow cover dynamics. For each species we calculated
and calculated PPMs using the PresenceAbsence packhe# ioptimal snow conditions across values of each wmteg’?
R (Freeman and Moisen 20Q0Bor more information on the habitat index, both for occurrence and relative abundance (seg
predictive performance metrics used in model assessmehes8apporting information for a complete list of optimum %
the Supporting information. WHI values for each species). We then parameterized OLS

We quanti ed the importance of our environmental prenodels to relate species-speci ¢ WHI values to the hand-wingg
dictors using predictor importance scores, which deterriridex Sheard et al. 20p0Olandscape diversity index (LDI;
the relative contribution of each predictor by evaluating diickerberg et al. 20)6diet diversity (Shannon—Weiner
ferences in model performance between models withimgek on food item proportions fravilman et al. 2014
without it Breiman 200l We then standardized predicforaging strata diversity (Shannon—Weiner index on foragings
tor importance scores by computing the proportion of #teata proportions frotvilman et al. 2014and body mass
total scores contributed by each environmental predi(Wgitman et al. 2014 Body mass was log-transformed, and all
(PL/ Pl To identify the direction and magnitude ofunctional traits were scaled prior to model tting. Two sources £
each variable, we calculated partial dependence plotof\ddlinearity can arise in functional trait data: 1) correlatlons;
estimated directionality (increasing/decreasing) by ttingnaong species from phylogenetic relatedness and 2) di ererg
simple linear model and extracting thee cient using the traits may be correlated with one another due to scaling (e.gs
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purrr packagedenry and Wickham 2020 body mass and hand-wing index). erefore, we inspected cor =
relations between functional traits to verify functional traits
Regional analyses were not colinear. Additionally, we t phylogenetic generalized

linear models (PGLMs) to account of phylogenetic eorrela
We subdivided our geographic extent into two bra@shs using a comprehensive avian phylodgmye( al. 2012
regions — East and West — because these regions haveéisttiéver, we found no evidence for phylogenetic correlation
ingly di erent snow cover dynamics due to di erencesvia Pagel'sin t PGLMs and therefore the results presented
topography and prevailing weather pattdfizs (A-D; are from simple OLS models (Supporting information). We
Gudex-Cross et al. 2021Ve split the broad regions usingan our trait-based models using the average snow conditio
the borders of Minnesota, lowa and Missouri to captureftireeach species from both occurrence and relative abundance
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western boundary of the East and the Dakotas, Nebraskpartidl dependences as the response variable. We found brodd

Kansas to delineate the eastern boundary of the West.overlap between models t using snow condition from both

divide broadly captures the 100th meridian, a biogeograpbitirrence and count-based models. erefore, we focus ong

delineation in prevailing climate and biological conditiaesults for the occurrence-based models only. For mere |nfor8

(Seager et al. 20)1&30rrespond|ngly, the east containedation on the full functional trait model output and tted g

the largely mesic, primarily deciduous forested, low ele@.Ms please see the Supporting information.

tion ecoregions whereas the West captured the topographi

cally complex, largely semi-arid/arid ecosystamslD).

Further, we did this to account for: 1) non-stationarity @esylts

species distributional responses because species in the East

||k6|y respond to latitudinal gradlents in snow cover dynm’portance of snow cover for Overwmtermg bird

ics whereas species in the West may respond to elevgiigfidutions

gradients, 2) di erent bioclimatic drivers of winter conditions

(latitude and lake e ect snow in the East versus topograpigw cover dynamics were important in our models of both

in the West) in each region, 3) di erent range in snow cowertter bird occurrence and counts. In our occurrence mod

conditions species in each region may experience (e.g.elp, tnow cover dynamics ranked within the top three predicg
364 days of snow in the west ver2d8 in the east) and 4)tors for 94% of species in east and 80% of species in the We§

to avoid con ating environmental conditions species wo8ldhilarly, snow cover dynamics ranked within the top three g

not interact with due to dispersal barriers (e.g. Great Plaiiadictors of count-based models 89% of species in both

and Rocky Mountain$/achado et al. 201.8We modelled regionsKig. 2A. However, there were important di erences
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between the eastern and western USA in terms of the ad@andful of Spec:les were clearly positively associated
tive importance of snow cover dynamics for bird distributi@mrsy snow seasons in the east but many species avoided t
(Fig. 2A B, 3insets). More species in the East were assoctateditions. e general pattern was similar in the West, but
with frozen ground without snow than in the Wieist B.  species association with long versus short snow seasons®
Snow season length was more important for bird occurremoes evenly distributeBig. 3insets). Snow cover variabil
in the East versus the Wegg.(2B 3 insets). However, snowity showed divergent patterns: a strong avoidance of hlghg/
season length was equally important for bird counts in battiable winters in eastern species (80% of species) ai;gd
regions. In contrast, in the west, snow cover variability avaslatively even distribution (association and avoidancg)
more important for both bird occurrence and cok&igsZB  of highly variable snow cover in western species (59% anid
3insets). Snow season length and frozen ground without diéwof species, respectiviély; 3insets). Species from both g
cover were also important predictors of occurrence and coegisns responded uniformly to frozen ground without snowg
for many bird species in the weg. (3. cover Fig. 3insets). In the East, 56% of species selected sﬁgs
When considering the mean relative importance scoregtbf higher frozen ground without snow, and in the Westg
the combined WHs for all bird species, the WHIs accoun&86. e magnitude and direction of species responses tog
for 19% ( 2.9%) and 17.5% ( 3.8%) of relative impeor each WHI re ected a gradient of responses from species Wifh
tance in our occurrence and count-based models, respechiiggigr occurrence and counts in areas with long, stable sn@w
in the East, and 17.4% @.5%) and 18.3% (4.3%) in the seasons (e.g. mountain chickdde/e gambel; Fig. 3 to
West, respectively. Considering the richness of our predibtme with higher occurrence and counts in areas with shoet
space (62 environmental predictors) the inclusion of smaviable snow seasons (e.g. Carolina chi¢kadkearoli-
cover predlctors was clearly important for many of the birdis; Fig. 3. Boreal and alpine species (e.g. pine grosbeak
species in our study. If we assume equal importance of Biidola enucleator) had strong positive associations with long g §
ronmental predictors the cumulative expected importancenofv seasorsid. 3. Likewise, many species that reside m;
the three WHIs would be ~4.8%, but our results found tlegten habitats during the winter were associated with h|ga
the WHIs contributed four times more predictive power themow cover variability (e.g. Lapland longSpldsrius lap-
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estimated by chance alone. ponicus, Fig. 3.
Species relationships with snow cover dynamics separaﬁed
Species-speci ¢ responses to snow cover dynamics species adapted to snowy winters from those that are not. For

example, the WHIs captured the stark di erence in the geo£
Among species, both magnitude and direction ef ggmaphic transition between two sympatric chickadee spec@s
cies responses to snow cover dynamics varied considieréidyEast (i.e. the black-capped chickadeeapil/us and
(Fig. 3. Linear models t to our partial dependence pld@arolina chickadeR carolinensis; Fig. 4. ese two species
indicated that most species (80% in the East and 71%liiered greatly along the gradients of snow season length a
the West) avoided regions with long snow seasons. @obgen ground without snow, which captured a ~20% chang
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Figure 2. Snow cover dynamics are top predictors in winter bird occurrence and count-based models. Percent of species for whic% th
were within the top three environmental predictors for patterns in occurrence and counts between the eastern (purple) and westgrn
United States. (A) Percent of species for which any WHI was ranked with the top three environmental predictor. (B) Percent of sﬁaec
which a given WHI was ranked within the top three environmental predictors.
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Snow Season Length

Snow Season Length

Clark's Nutcracker 4
Mountain Chickadee 1
Townsend's Solitaire

Black-billed Magpie A
Pygmy Nuthatch 4
California Towhee
Black Phoebe -

Mourning Dove
Yellow-rumped Warbler
White-crowned Sparrow -

Snow Cover Variability Snow Cover Variability

Allen's Hummingbird 1
Northern Mockingbird -
Black Phoebe -

House Wren -
Common Yellowthroat -
Mountain Chickadee -
Cassin's Finch
Evening Grosbeak -
Clark's Nutcracker 4
Common Redpoll

Frozen Ground without Snow Frozen Ground without Snow

Mountain Bluebird -

Chipping Sparrow 1
Curve-billed Thrasher -
Horned Lark -

Ladder-backed Woodpecker A
Red Crossbill 1

Rough-legged Hawk -
Ring-necked Pheasant
Common Redpoll4

Clark's Nutcracker

Predictor Importance

Predictor Importance

r Black-capped Chickadee
r Pine Grosbeak

F Common Redpoll
r Ruffed Grouse

r Red-breasted Nuthatch
F Song Sparrow
r White-throated Sparrow
F Turkey Vulture
rCarolina Wren

r Carolina Chickadee

rLapland Longspur
rBrown Thrasher
rAmerican Pipit

r Pine Warbler

r Eastern Screech-Owl
r Rusty Blackbird

r Hairy Woodpecker
rPurple Finch

F Snowy Owl

r Evening Grosbeak

r Carolina Chickadee

F Turkey Vulture

r Carolina Wren

r Northern Mockingbird
r Yellow-rumped Warbler
r Ruffed Grouse

F Pine Grosbeak

r Common Redpoll
r Evening Grosbeak
r Black-capped Chickadee
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Figure 3. Species-speci ¢c snow response gradient. e length of each bars shows the relative importance for the speci ed WHI, sp&ie:
region. e direction of the bars are shown according to the species response to the respective snow cover dynamics at the regionagsc:
and right of the solid black line denote negative and positive relationship, respectively). Color of the bar indicates whether a specieg in
avoidant (orange) or snow-associated (blue). We selected the ve species with the strongest positive and negative occurrence respon
rately for each WHI and region East (right) and West (left). is was done to demonstrate exemplary responses while keeping the §urr
of species tractable. Inset plots show the distributions of relative importances among all species where the corresponding WHI was
three spatial predictor for the region with bold colors to indicate the selected species. &

in occurrence probability for both spedi&s. @. In the Functional trait responses
West, we found similar species responses. Speci cally, species ) ) o ) )
strongly responded (positive and negative) to snow ceve janalysis of functional traits identi ed several key traits
ability Fig. 4. For example, black-billed magpieudsonia, that were most closely associated with the typical srow corg
a resident species known to use snow cover for food-ca@Hipgs each species inhabfable ). Species inhabiting &
(Hendricks 202 had higher probability of occurrence in lo@Vifonments with longer snow seasons had higher disperz
snow cover variability, whereas western meadbwiakkzz, Sal capabilities, as captured by hand-wing index. In contrasts
a short-distance migrant, showed the oppBisjte)( species inhabiting areas with more frozen ground without
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Figure 4. Species’ winter occurrence distributions and associations with WHIs. e predicted winter distribution maps and-partial
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dence plots for all three WHIs are shown here for two eastern species: black-capped chitkadee (op-right) and Carolina

chickadeel carolinensis; bottom-right) and two western species: black-billed mAgpiéd:ia; top-left) and western meadowlatk (
neglecta; bottom-left). e distribution maps show the predicted probability of occurrence of each species on a standardized sur
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formed by a skilled eBird participant on a 1-km transect for 1-h at the time of day when the given species is most detectable basec
land cover and average minimum temperatures for winter 2020. e partial dependence plots in the center show how each specie:
dicted occurrence varies with changes in a given WHI. To facilitate comparisons, each partial dependence function is centered t& h:
mean. e dotted lines around the solid lines denote 95% con dence intervals calculated across resampling replicates. In the exangple
two chickadee species the northern blackcapped chickadee shows a strong positive association with increased snow seasof le
reduced frequency of frozen ground without snow compared to opposite trends for the Carolina chickadee, a sympatric sister s@eci

snow had lower dispersal capability, but only for occurremcepared to the eastern USA. (0.93 versus 0.90; resp

in the east. Habitat breath, measured via landscape divavgty). e mean Kappa statistic was 0.450.13 with

index, was related to the variability of snow cover and frbikgher values in the west (0.49.12) compared to the

ground without snow. Speci cally, species in areas of keigst (0.4 0.12).

snow cover variability were typically habitat generalists, butkewise, our count-based model performed adequate

only in the East. Conversely, species in areas with-lesanfdoacross the USA, mean P-DE was 0.4X1(7), with
zen ground without snow had narrower habitat preferenuigher value in the west (mean P-IIE52  0.16) rela

Dietary diversity was lower for species in areas with hig¥ethe east (mean P-DB.42 0.16). Positive values for

snow cover variability, but only in the West.

Predictive performance metrics

P-DE demonstrated our ability to accurately capture the sp

pue-

J0Sa|n1 1oy /(mqn@o £o]1M uo (suon

a

tial patterns of species counts. Mean SRC was positive a@d
di ered little between regions (mean SRC30 0.15).

Positive values of SRC con rmed that predicted counts we
Our occurrence models had high predictive performapasitively correlated with observed counts. For a complete
for all species (mean AU®.92 0.05) in both regions. of the regional values of computed predictive performan

Mean AUC was slightly higher for the western U®#etrics, please see the Supporting information.
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Table 1. Results from ordinary least squares regression models. All potential explanation for the broad importance of snow
results included in the table below were deemed important usinga  cgyer is that snow a ects foraging e ciency for many spe
0.05. R? is the global model Bt. Hand-wing index, landscape ; : : : P
diversity index and dietary diversity are signicant predictors of cies. Species that lack adaptations for e cient foragln_g n
average snow conditions species inhabit based on occurrence PDs.  SNOW-covered areas (e.g. ground foragers) may be limited
Results are ordered by the snow cover dynamics of interest —long, persistent snow seasbin& @nd Sauer 20Q) Avhereas
(SSL  snow season length, SCV  snow cover variability, FWOS  fro- 3pec|es adaptations to snow (e.g. arboreal caching specie
zen ground without snow). For complete list of full model output, gain a competitive edge theDskorne and Green 1992
please refer to the Supporting information. — Alternatively, snow cover dynamics may interact with habi
WHI Trait Region P R tats that species use throughout winter, such as forests arj
SSL Hand-wing index East 236 0005 025  associated food resour8zmfistra et al. 2016lankin and
SSL  Hand-wing index West 128 0032 007  Bjshing 202), that are missed by coarse land cover classi ca
SCV Landscape diversity ~ East 0.29 0.010 0.15 tions and temperature alone.

ind
scv La':dseczpe diversity  West 030 0048 015 Species demonstrated a gradient of responses to snow c0\§er

1y Wo.j pepeojumod ‘T ‘€202 '£850009T
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index dynamics. However, the skewness of this gradient dependegl

SCV  Diet diversity West  0.37 0.013 0.15  on both the region and snow cover dynamic in question. In%
FWOS  Hand-wing index East 134 0012 0.16  the eastern USA, species distributions were strongly inu
FWOS  Landscape diversity ~ West ~ 0.80  0.019 0.13  enced by frozen ground without snow and snow seasorg
index length, whereas snow cover variability was most important ire

the West. In the East, snow cover dynamics vary Iat|tud|nally°

Discussion and in proximity to major water bodies (e.g. the Great Lakes);: 5

whereas in the West, they are more strongly in uenced bysg

Snow cover dynamics were strong predictors of broad- mm«;]raphic complexits(dex-Cross et al. 2021is dif -
patterns of occurrence and counts for the majority of fdvence in gradients of snow cover may impart di erences ing
150 bird species we examined across the contiguous Unitgictory strategies employed by overwintering birds in eac
States. We found consistent snow cover—species-relagigion. Birds in the West predominantly migrate along eleva &
ships in both the eastern and western USA, but speciesispal gradients, whereas birds in the East migrate datitudi
ci ¢ responses to individual snow cover dynamics variedatly Boyle 201). Snow cover variability is inversely related
region. e direction and magnitude of species responsesot@levation, where lower elevations have higher variability:
snow cover characteristics re ected a gradient where gessrating an elevational gradi@odgex-Cross et al. 2021
species avoided long, persistent snow seasons, yet a seitfare, many western species may use steep elevationad
overwintering species favored regions of longer, stable dimag to move and settle along this snow cover variabilitys
cover. ese snow-adapted species tended to be habitat ggzlient, resulting in strong distributional ties to snow cover §
cialists and dietary generalists with higher dispersalcapzmikhbility Selection for areas of high snow cover variability
ties, but the strength of these responses varied with regignincrease foraging opportunities relative to permanentl)é
and the snow cover dynamic examined. Our continestedw laden areaSufnmers and Underhill 1996while
analysis a rms that snow cover, independent of land caeelucing risk of extreme weather ev&ugd et al. 2010
and temperature, serves as an important environmentalBile 201y and distance to breeding grounds for shert dis
of species occurrences and the count of individuals.  tance migrantsH&iung et al. 2018 Minimum tempera

On average, the cumulative importance of snow cewes is also inversely related to elevation, and overwinterin\g
exceeded the importance of minimum temperature, ugls may select both milder temperatures and higher sno
gesting snow is a major and understudied, determinargooér variability to reduce metabolic costs. In the East, th@
species distributions. Although minimum temperature \fraguency of frozen ground without snow follows a strong g
the strongest individual predictor of bird distributions, edatitudinal gradient that separates species adapted to long,
individual aspect of snow cover (duration, variability and &wowy winter conditions (e.g. black-capped chickadee) froms
zen ground without snow cover) remained highly in uentidlpse that are not (e.g. Carolina chickadee). Frozen groun(§
outranking all predictors besides temperature. is suggesithout snow may capture an important climatic interaction, g-
that the duration, variability and harshness of the snow tseacoupling of presence or absence of snow cover with sevege
son, in conjunction with temperature, captures an importeald, which may exert greater energetic demands on spemgs
environmental Iter Root 1988 Zuckerberg et al. 201 lacking adaptations for cold, snowy environmButge(s
Together, these ndings supported our rst hypothesis thatl Reed 2008tager et al. 201Bhu et al. 2019
snow cover dynamics are important features describing padugh frozen ground without snow was the most-uni
terns of winter bird occurrence and abundance. Our resdtsally important component of snow cover across speci
support work that highlights the importance of snow cowantering in the east, snow season length was the most proe
dynamics determining species distributions and commundynced ecological lIter limiting most species’ occurrencesi
composition across disparate taxonomic groups and levielg@jions with long snow seasons. is suggests the reglongr
biological organizatiokVflliams et al. 201MNiittynen et al. with exceptionally long snow seasons likely impose the greag
2018 Gudex-Cross et al. 2023latyer et al. 20210ne est energetic limitations on winter birds, reducing the number s
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of species that can persist in these reGiodex-Cross et al. while minimizing costs associated with locomotion. Globall
2022. e dominance of species’ avoidance to long sndhe bird hand-wing index of breeding bird distributions is
seasons aligns well with recent work suggesting that wgneetter in regions with high temperature seasonality and lojv
length structures extratropical richness, partlcularly limifmecipitation seasonalityheard et al. 20R0at matches
resident and partial migratory bird richness in regions weitin results for overwintering species: areas with long sncgN
long winter lengthsSudex-Cross et al. 202Mterestingly, seasons (high seasonality) support species with greater disper
this pattern was not as pronounced for species in the Wabktapabilities. Hand-wing index has been positively linkezl
suggesting that 1) topographic complexity increases theomalgratory propensityPillips et al. 2018Sheard et al.  §
heterogeneity reducing negative energetic burdens d@02@) suggesting it may represent migratory tendency rather
long snow seasons for species in the Blgmt et al. 2020 than dispersal. In the context of our study we would expecta
2021 or 2) these mountainous regions have facilitated evadgative relationship between hang-wing index and snow séa
tionary dynamics (e.g. rapid evolution) necessary for spemelength during winter because migrants should avoid lorg
to adapt to long, persistent snow seasons (e.g. high-elegatonseasons in wintering grouhigsvton and Dale 1996
speciesgea and Tanentzap 2021 Somveille et al. 201.3However, we found a positive associa
e strong link between snow cover dynamics and patteticn between hang-wing index long snow seasons, suggesting
in species occurrence rate and median count in our restulissiselationship is not driven by migratory behavior alonez
an indication of the selective pressures shaping specie®menpossible mechanism linking dispersal to snow covergs
ter distributions. For example, we found that ru ed grousat low food availability and reduced territoriality in harshz
Bonasa umbellus had higher probability of occurrence in areaster environments has selected for species with enhanc%d
with long, stable snow seasons, which may limit stress byighpe ciency to optimize foraging in areas with patchy, low :
porting roosting in deep low-density snowgtubley et al. resource availabilityocque et al. 2018heard et al. 20R0
2019 2021). Grouse in areas with shallow snow cover haviVe also found that birds in areas with low snow coveg
lower survival probabilities, providing a direct link betwemmiability had higher dietary diversity and narrower habig
demography and snow cov&ripley et al. 202@hat likely tat breadth. is partially supported our predictions of
explain the correspondence between higher grouse duigirer dietary d|verS|ty during persistent snow cover, but
rence rates and counts in regions of longer, persistent aeowxpected this in conjunction with expanded habltag
cover. Other species have indirect, yet important connectioeadth. Persistent snow cover may require foraging plas
to variable snow cover conditions. For example, snowy titg by obscuring access to preferred food sources there%y
Bubo scandiacus avoided highly variable snow conditions andcessitating the use of diverse reso8mesrifd 1986 ﬁ
sites with intermediated frozen ground without snow. Sndwy example, resident palearctic birds have greater foraglg‘ng
owls may select for persistent snow cover that facilitates/ativeness in winter compared to non-winter seasons o
higher abundance of subnivium dependent prey resoweeisl winter starvatios@l et al. 2005 If higher dietary g
or occupy snow-less coastal regions to hunt overwinteﬁivrgsity is a proxy for innovativeness for acquiring food;
waterfowl Robillard et al. 2098Similarly, several species ithen this may explain why dietary diversity was higher i
the west, including Clark's nutcrackerifiaga columbiana,  areas with less variable snow cover. Alternatively, becadse
mountain chickade®vecile gambeli and Townsend solitaireour trophic traits did not include speC|es winter-speci ¢
Myadestes townsendii, were associated with long, persistatiets, low dietary breadth may arise via species tracklrig
show seasons. In montane environments, longer snow seammTsant dietary items by moving to areas of high snovvg
foster vegetative communities that alpine birds use for wateer variability in winteRobillard et al. 2018 is may
food resources, resulting, for example, in increased Fegemniam the importance of trophic diversity in the West ai
tion of whitebark pinePnus albicaulis; Hankin and Blsblng species can track resources altitudinally, but not in the east
202]) Additionally, tolerating Iong snow seasons in alpagmta USA where birds must migrate south of the snowlln%
reglons may enable these species to access to breedihgesigssingly, diet diversity and habitat breadth were- assocs
earlier in summer, avoid costs associated with long-disttedewith opposite responses to snow cover variability. iss
migration, and maintain year- round territoiitsing et al. suggests that a potential tradeo between dietary leGI‘SI%/
2018. However, most species avoided long, persistent smahhabitat breath. In variable snow conditions, species may
seasons, most likely because long and persistent snownooveeed to shift dietary preferences if food supplies at;:e
restricts foragingRpgers and Smith 1993ubsequently frequently available, and the use of diverse habitats nearpy
limiting growth Doherty and Grubb 2003and lowering may facilitate resource tracking. However, it is worth not 2
survival Doherty and Grubb 2002 ing that our functional trait models did not explain a largeg
Species’ a nity towards certain snow characteristics vaeneunt of variation in the snow conditions species inhabit?
related to functional traits. Generally, overwintering bifsjsecies possess several unique adaptations that Hkely fdro
with higher dispersal capacity (i.e. greater hand-wing indete their survival in snow covered regions such as cryp#ic
and greater dietary diversity were more likely to occuwiinter colorationNMills et al. 2018 higher metabolic sum
areas with longer, more persistent snow cover. SpeciesntitbmperaturesS{ager et al. 20),6snow roosting behav
greater ight e ciency can search for resources over laigsr Shipley et al. 20)%nd cachingSutton et al. 2016
areas in harsh winter climates to ful Il their energy buddbtd we were not able to incorporate into our functional trait:
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analysis. Behavioral and physiological adaptations thatospeneasures of snow cover dynamics (i.e. snow season Iengéh)
cies possess in harsh environments and the tighter coupérggamong the strongest environmental variables predictiné
of body mass to temperature may partially explain why Woasolina wren occurrence and count patterns. Accordingly,
mass did not emerge as a signi cant predictor in our fufmture changes in snow cover may be just as important as teni
tional trait models. Further, we did not detect an e ectmdrature for predicting the future vulnerability of species to E
foraging strata diversity. e reason for this may be that sowiater climate change. Indeed, diminishing snow cover dura 2
foraging strata are more directly tied to snow cover-dyraon is predicted to drive loss in arctic plant habitat, richness:
ics than others (e.g. arboreal species will have an advameédanctional compositiolNiittynen et al. 20182020.
over ground-dwelling species). For example, the abundainciéarly, reductions in snow cover duration, changes in snowe
of ground foraging species abundance in farmlands is Ideh and increases in freeze-thaw dynamics can alter animal
during deep snow yeadeghpande et al. 2022erefore,  food webs through altered predator—prey dynamics, resourcé
examining the dominant foraging strata rather than steatailability and phenologyefczykowski et al. 201 Dne
diversity for winter birds may vyield further insights into spessible outcome for bird communities is that future-warm
cies functional responses to snow cover. Our results poingtavill increase variability and reduce the duration-of sea
the potential importance of habitat breadth, dietary diversiipal snow cover alleviating a critical abiotic Iter for many ¢
and dispersal capabilities, but warrant further investigasipecies. is may explain why both winter bird assemblages £
into other functional traits that may link individual tnessemonstrate faster rates of change than summer assemblages
to snow cover dynamics. and why regional trends in temperature do not adequatelyz
Minimum temperature is one of the strongest deteriipture change in compositidrel{ikoinen et al. 2020
nants of range margins for overwintering bird spRoiets ( Explicitly linking trends in seasonal snow cover to shifts in =
1988 Stager et al. 20L.6However, we propose that snowird distributions is a critical next step to assess the impacts @
cover dynamics are equally important and complengabal climate change on winter bird communities and iden
temperature metrics in explaining overwintering bird- distifiy conservation targets, such as identifying climate refugi
butions. Importantly, we found only moderate to low cdor high elevation speciBsambilla et al. 2032
relation between the WHIs and minimum temperature andSnow cover dynamics appear to be an integral abioti
the consistent importance of snow cover dynamics in ker structuring patterns of occurrence and counts for
models that included minimum temperature. Snow cowserwintering birds with important consequences in a
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land cover and temperature likely interact in complex wegsming world increasingly characterized by longer, more:
to in uence species distributions. e occurrence and counittense snow droughtduning and AghaKouchak 2020 ﬁ
based Random Forest models used here had enough eéilaiiming temperatures are changing many aspects of

ity to t high order interactions. e ranger parameters, ‘minvinter snowpacks, including decreased snow cover duraz
node.size’ and ‘max.depth’, were set to default values leddimg@Notaro et al. 201)1 increased rain-on-snow events
to very deep trees given the large sample sizes used (Bittimja and Andry 20)and changes in the amount of
study. us, these models were capable of tting interactiossow Zeng et al. 201,&iirila-Woodburn et al. 2021 e
between snow cover, land cover and temperature. erefamereased variability of snow cover and overall shortening o
models could express context dependent temperaturethendnow season will create opportunities for many specie
snow e ects. For example, subnivium-dependent bifust are currently limited by persistent snow, but also con
may be less negatively impacted by low temperatures isttagm snow-specialist spe@e#tdire et al. 201&hu et al.
presence of optimal snow conditidBisifley et al. 20)9 2019 Melin et al. 202 Furthermore, as species respond
whereas other species may exceed expected thermaldiimiently to snow cover dynamics, future alterations in
in the absence of snow and presence of supplementalseasonal snow cover will likely generate novel bird commug
ing Job and Bedneko 20).10ur Random Forest modelnities. e strong macroecological responses to snow covers
accounted for interactions during model tting, but thfer overwintering birds highlight the need for more studies s
nature of these interactions is often di cult to disentangigentifying the direct and indirect mechanisms mediating
Carefully designed eld studi®o@ers and Reed 20@Bd species-speci ¢ responses to snow cover.
advancements in statistical techniques (e.g. iterative forests;
Basu et al. 20)8will provide key insights into the interac
tions between winter climate and species distributions. Acknowledgements— e eBird project relies on the time, dedication

e importance of snow in Structuring overwinteringand support from countless ill’ldiVidU.alS and organizgtions.yve than 2
bird distributions hints to the importance of including sndi¢ many thousands of eBird participants for their contributions o
cover projections when predicting species responses tgf;%ﬁhe eBird team for their support. We are grateful for the supportg
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mate change. For example, the northern range bound 2 Department of Forest and Wildlife Ecology at the University
Isconsin-Madison.

Carolina wrendhryothorus ludovicianus has shifted north - ding— is work was funded in part by the NASA Biodiversity

ward, supposedly due to warming wintérarfg etal. 2006 program of the Earth Sciences Division (grant no. SONSSC19K0180),
However, population dynamics of Carolina wrens are dri¢efkeon Levy Foundation, e Wolf Creek Foundation, and the
by winter severity (no. of days with snow codetm;Link  National Science Foundation (ABI sustaining: DBI-1939187;
and Sauer 200Huang et al. 2016 is may explain why computing support from CNS-1059284 and CCF-1522054).
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