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Abstract

Aim: The aim was to derive global indices of winter conditions and examine their rela-
tionships with species richness patterns outside of the tropics.

Location: All extratropical areas (>25° N and 25° S latitudes), excluding islands.

Time period: 2000-2018.

Major taxa studied: Amphibians, birds and mammals.

Methods: We mapped three global indices of winter conditions [number of days of
frozen ground (length of frozen ground winter); snow cover variability; and lack of
subnivium (below-snow refuge)] from satellite data, then used generalized additive
models to examine their relationships with species richness patterns derived from
range data.

Results: Length of frozen ground winter was the strongest predictor of species rich-
ness, with a consistent cross-taxonomic decline in species richness occurring beyond
3 months of winter. It also often outperformed other environmental predictors of
species richness patterns commonly used in biodiversity studies, including climate
variables, primary productivity and elevation. In areas with 23 months of winter con-
ditions, all three winter indices explained much of the deviance in amphibian, mammal
and resident bird species richness. Mammals exhibited a stronger relationship with
snow cover variability and lack of subnivium than the other taxa. Species richness of
fully migratory species of birds peaked at c. 5.5 months of winter, coinciding with low
species richness of residents.

Main conclusions: Our study demonstrates that winter structures latitudinal and el-
evational gradients of extratropical terrestrial species richness. In a rapidly warming
world, tracking the seasonal dynamics of frozen ground and snow cover will be es-
sential for predicting the consequences of climate change on species, communities
and ecosystems. The indices of winter conditions we developed from satellite imagery
provide an effective means of monitoring these dynamics into the future.
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1 | INTRODUCTION

Identifying the factors that structure species richness patterns over
time and space is fundamental to the understanding of evolution-
ary and ecological processes. Numerous hypotheses have been
put forward to explain macroscale patterns of species richness
(particularly the latitudinal diversity gradient), including spatio-
temporal dynamics (e.g., effective evolutionary time, mid domain
effect), physiology-temperature relationships (e.g., metabolic
theory, thermal niche), biotic interactions (e.g., interspecific com-
petition, dispersal) and energy-water relationships (e.g., primary
productivity) (Kinlock et al., 2018; Mittelbach et al., 2007; Worm &
Tittensor, 2018). Although these hypotheses are not mutually ex-
clusive (e.g., Tittensor & Worm, 2016) and each has some level of
support, none of them has considered explicitly the role of winter
conditions in structuring species richness gradients. Nonetheless,
winter conditions are an important determinant of species distri-
butions and life-history strategies. Prolonged cold coupled with
frozen ground and variable snow cover place high thermoregula-
tory demands on organisms, given their need to generate heat for
survival either endogenously (endotherms) or exogenously (ecto-
therms) during times when resources are typically scarce (Williams
et al., 2015). On the one hand, winter constrains the distribution of
many individual plant and animal species that are unable to cope
with its extreme climatic conditions (Ashcroft et al., 2011; Simova
et al., 2011; Williams et al., 2015). On the other hand, many species
have developed physiological, behavioural and life-history strategies
(e.g., migration, hibernation) for surviving winter (Pauli et al., 2013;
Penczykowski et al., 2017; Williams et al., 2015). That raises the
question: how do winter conditions affect extratropical patterns of
species richness of different taxa?

The biological effects of frozen ground and snow cover dynam-
ics span trophic levels. Cycles of snow accumulation, ablation and
melting mediate climate, biogeochemical processes, vegetation
dynamics and species interactions (e.g., predator-prey relation-
ships) (Niittynen et al., 2018; Penczykowski et al., 2017; Slatyer
et al., 2021). For many plant and animal species, snow depths of
50 cm and greater (Kreyling, 2010) provide a crucial refuge from
extreme winter temperatures and predators. The insulating proper-
ties of snow form a thermally stable environment (the subnivium)
decoupled from air temperatures, providing organisms with protec-
tion from cold injury or death. Thermal stability in the subnivium
is vital to the development, survival and fitness of hibernating ani-
mals, which include many species of freeze-tolerant amphibians and
small mammals (Pauli et al., 2013; Petty et al., 2015). This means
that large fluctuations in winter temperature that erode the sub-
nivium and change the snowpack energy balance, such as freeze-
thaw and rain-on-snow events, increase energy expenditure and
lower survival rates of organisms during winter (Roberts et al., 2021;
Slatyer et al., 2021). Snow-free winter days also expose species that
rely on crypsis (white coat colour) or the subnivium for predator
avoidance (Mills et al., 2013; Pauli et al., 2013; Roberts et al., 2021).
Conversely, deep snow increases locomotive costs and water stress
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(less available liquid water) for larger mammals that remain active
during winter and can lower food availability for avian and mamma-
lian predators (Penczykowski et al., 2017; Williams et al., 2015).

Another organismal response to harsh winter weather and lower
food availability is seasonal migration. All major taxa have migra-
tory species, but the majority of long-distance migrants are birds
(Newton, 2010). Indeed, c. 20% of extant bird species migrate ei-
ther short or long distances, and the number of breeding migrants
in a given area has been linked strongly to resource seasonality and
minimum temperature (Somveille et al., 2015, 2019). A major limita-
tion in prior analyses of these relationships is the use of temperature
measures (i.e., ranges and minima) to approximate winter conditions.
Temperature data provide little information on one of the most im-
portant aspects of winter for migration, which is how long winter
conditions last. However, the duration of winter may greatly affect
macroscale patterns of bird species richness and the migration strat-
egies of birds.

The ability to quantify winter conditions across broad spatial
and temporal extents is facilitated by new advances in satellite re-
mote sensing. Recently, indices of snow and frozen ground dynam-
ics tailored specifically for biological studies have been developed
at continental (Gudex-Cross et al., 2021) and global extents (Zhu
et al., 2017, 2019). These “winter indices” (WIs) capture three bio-
logically important aspects of winter: overall length (measured as
either the duration of frozen ground or snow season length); snow
cover variability (how often the ground transitions between being
snow covered and not snow covered); and lack of subnivium (mea-
sured as the percentage of days of frozen ground without snow). A
major advantage of the WIls over gridded climate products is that
they are based on direct observations of the surface of the Earth
and avoid the uncertainties and errors inherent in global tempera-
ture and precipitation data owing to interpolation among meteoro-
logical stations. However, one disadvantage of satellite data from
optical sensors (e.g., MODIS) is cloud cover, which can create data
gaps and, occasionally, erroneous snow cover detections (Stillinger
et al., 2019). Cloud cover is not a problem for microwave sensors
(used to determine frozen ground status) because they can pene-
trate clouds. The WIs are important predictors of species richness
patterns in the USA (Gudex-Cross et al., 2021) and China (Zhu &
Guo, 2022). Conducting similar analyses at a global extent and across
more taxa is a powerful way to quantify the role of winter conditions
in structuring contemporary patterns of terrestrial species richness.

Here, our primary goal was to examine macroscale relationships
between winter conditions and species richness patterns of amphibi-
ans, mammals and birds. To accomplish this, we calculated the length
of frozen ground winter (number of days of frozen ground; hereafter,
“winter length”), snow cover variability and lack of subnivium glob-
ally and assessed their relationships with species richness derived
from range maps. We asked three questions. First, to what extent
does winter length constrain total species richness across taxonomic
groups? Second, how does winter length affect the total number and
percentage of bird species that are resident, partial migrants or full
migrants? We predicted that species richness would be lower where
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winters are longer across all taxa and that the total number and
percentage of migratory bird species would be higher where win-
ter is longer. Among migratory strategies, we predicted that areas
with longer winters would support low resident and partial migrant
species richness and high full migrant species richness. Third, within
areas with 23 months of winter (i.e., areas where organisms face pro-
longed winter conditions and have adaptations for winter survival),
how do snow cover variability and a lack of subnivium influence pat-
terns of species richness of overwintering amphibian, mammal and
resident bird species? We predicted that higher snow cover variabil-
ity and lack of subnivium would be associated with lower species
richness of these taxa. While addressing these questions, we also
explored the importance of the Wls compared with other measures
of winter climate (temperature and precipitation), seasonality and
primary productivity that are commonly used to predict species

richness patterns.

2 | METHODS

2.1 | Winterindices

We calculated three global Wis from optical (500-m resolution) and
microwave (25-km resolution) satellite data: winter length (number
of days of frozen ground); lack of subnivium (percentage of days of
frozen ground without snow); and snow cover variability. Further
detail on our WI processing steps and calculations is available in
the paper by Zhu et al. (2017) for the frozen ground-based indices
and the paper by Gudex-Cross et al. (2021) for snow cover variabil-
ity. Here, we used MODIS Terra and Aqua 8-day snow cover prod-
ucts to determine snow cover (Hall & Riggs, 2016) and the NASA
MEaSUREs freeze-thaw (Kim et al., 2017) and Daily Global Land
Surface Parameters (Du et al., 2017) products to identify frozen
ground. For snow, we developed an improved spatially and tempo-
rally continuous product by combining the Terra-Aqua snow data
and applying spatial and temporal filtering methods to reduce cloud
contamination (for more details, see Zhu et al., 2017). We derived all
three WIs annually from 2000/2001 to 2017/2018 and calculated
their mean values as input for our models. We used multiyear aver-
ages because our species range maps were also based on multiyear
observations.

We calculated winter length as the total number of days within
our determined frozen season. Importantly, defining winter length
as the number of days of frozen ground differs from meteorological
winter (December-February in the Northern Hemisphere and June-
August in the Southern Hemisphere), and this definition constrains
our analysis by excluding areas where cold temperatures and snow
may occur, but the ground does not freeze (e.g., areas of the south-
western USA and southern Australia, and areas on the southern edge
of major mountain ranges, such as northern Iraq, Syria, Pakistan and
India). In the Northern Hemisphere, we defined the start of the fro-
zen season as the middle date of the first 13 consecutive days of
frozen ground from September to January, and the end as the middle

date of the first 13 consecutive days from February to August clas-
sified as thawed (Zhu et al., 2017). For the Southern Hemisphere,
we used a March-July window to determine the start date and
August-February to determine the end date. Given that our winter
length calculation might be sensitive to different window sizes for
determining the season start and end dates, we compared the 13-
day window with two different sizes: 7-day and 21-day windows. We
found that winter length estimates generated with different window
sizes were highly consistent (Supporting Information Figure S1). The
7-day window estimates had slightly lower correlations with the 13-
day window estimates than the 21-day window estimates. This was
probably because of days when a brief freeze occurred and then
thawed again before reaching the 13-day threshold.

We calculated the other two WIs by integrating information
about freeze, thaw and snow cover status from the start to the end
dates of the frozen season of each year. For example, if a pixel had
frozen ground but no snow on a date within the frozen season, we
added 1 day to the duration of frozen ground without snow cover.
We then summed the number of days classified as frozen ground
without snow and divided by the number of frozen ground days to
obtain the percentage of days of frozen ground without snow. To
calculate snow cover variability, we summed the number of transi-
tions between snow and no snow that occurred within the frozen
season and divided that number by the number of frozen ground
days.

We validated the WIs on the basis of data from meteorological
stations around the world. We only included stations that had a con-
tinuous and complete record of snow depth and minimum tempera-
ture throughout the study period (2000-2018), resulting in a total
of 1,099 stations (Supporting Information Figure S2). To consider
a station for use in our validation dataset, it needed to have snow
and temperature data for every year and month, and <10% of daily
records missing within any year. However, for some stations we re-
placed blank snow records for summer months with zeros and did
not count these instances as missing values. For stations with <10%
of their daily record missing, we interpolated the missing values by
assigning them the average value of adjacent dates. If the value for
one adjacent date was missing, we assigned the value of the other
adjacent date. If both adjacent dates were missing, we interpolated
the missing value using measurements 2 days away from it. If the
missing value could not be interpolated using these steps, we ex-
cluded the station from our validation dataset.

We derived the WIs from the station data with the same calcula-
tions that we applied to the remote sensing data. We used Pearson's
correlations and the slope of the regression line to assess the ac-
curacy of the satellite-based WIs by comparing them with station-
based WIs. In the station-based WI calculations, we considered the
ground as frozen when the minimum temperature on a given day
was <0°C and snow covered when the snow depth was greater than
zero. We used the 0°C threshold to facilitate direct comparisons
with the accuracy assessments conducted in the development of
the satellite-based freeze-thaw products (Kim et al., 2010, 2017).
Furthermore, we tested how sensitive our station-based winter
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length calculations were to different minimum temperature thresh-
olds (0, -.5, -1, -1.5 and -2°C) and how these thresholds affected
the resulting accuracy of the remote sensing-based winter length
index. We found nominal differences in the station-based winter
length estimate using these different thresholds of minimum tem-
perature, with lower temperature thresholds resulting in slightly
shorter winter lengths (Supporting Information Figure S3). In terms
of the effect of different minimum temperature thresholds (-.5 and
-1°C) on the accuracy of the remote sensing-based winter length
estimates, we again detected only minor effects, although lower
temperature thresholds did show slightly better agreement with the
remote sensing estimates (Supporting Information Figure S4).

2.2 | Species richness calculations

We calculated species richness from range maps of individ-
ual species provided by BirdLife International (birds) BirdLife
International and Handbook of the Birds of the World, (2019) and
the International Union for the Conservation of Nature (amphibians
and mammals) (IUCN, 2017; Radeloff et al., 2019). The BirdLife clas-
sification assigns the range of each bird species into mutually exclu-
sive categories: resident populations (present year-round); breeding
populations (present during the breeding season); and non-breeding
populations (present during the non-breeding season). Given that
we were only interested in populations that breed outside the trop-
ics (residents and migrants), we excluded the non-breeding range
polygons from our analysis. We applied the bird migration classifi-
cation developed by Tobias et al. (2016) to the breeding population
polygons only, separating them into partial migrant (<50% of popu-
lations migrate long distances or >50% of the populations migrate
short distances) and full migrant (>50% of populations migrate long
distances) classes.

To calculate species richness, we converted the range map poly-
gons for every species to 110-km (c. 1°) grid cells, counted a spe-
cies as present if its range overlapped a given cell, and summed the
number of amphibians, mammals and birds (residents, partial mi-
grants and full migrants separately) present in each cell (Radeloff
et al., 2019). For birds, we also derived the percentage of species
that are residents, partial migrants and full migrants in each cell.
Additionally, we mapped the extratropical patterns of species rich-
ness of each taxon (Figure 1).

2.3 | Relationships between the winter indices and
species richness

To test relationships between winter length (mean duration of
frozen ground, 2000/2001-2017/2018) and species richness,
we distributed stratified random points throughout the mid- to
high latitudes, excluding the tropics (25° N-25° S) and islands
(Supporting Information Figure S5). We stratified our samples by
terrestrial biomes (Olson et al., 2001) to avoid oversampling areas
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with particularly high or low numbers of species. Before stratifica-
tion, we reduced the original 14 biomes to nine by excluding man-
groves, which mainly occurred on islands, and generalizing related
classes (e.g., we combined the temperate broadleaf and mixed for-
est and temperate conifer forest classes into “temperate forest”;
Supporting Information Figure S5). Given that we were interested in
quantifying species richness patterns across the full range of winter
lengths, we sampled areas along a gradient from no frozen ground
to almost year-round frozen ground. We maintained a minimum dis-
tance of 110 km between points to match the resolution of the spe-
cies richness grids, resulting in 1,379 points for analysis (Supporting
Information Figure S5). To examine relationships between winter
length and species richness, we parameterized generalized addi-
tive models (GAMs; “mgcv” package in R; Wood, 2017), which can
account for nonlinear relationships. We built the GAMs based on
our prior work modelling relationships between winter bird species
richness and the WIs in the USA (Gudex-Cross et al., 2021). These
models assume that species richness follows a negative binomial dis-
tribution with a log-link mean function and use restricted maximum
likelihood to estimate smoothing parameters. For the models of the
percentage of bird species adopting a given migration strategy, we
specified a quasibinomial distribution to account for overdispersion
(lves, 2018; Zuur et al., 2009), again with a log-link function and
restricted maximum likelihood. To avoid overfitting, we applied an
additional penalty to the smoothing parameter (gamma = 1.4) and
constrained the number of knots included in each smoothing func-
tion to 10 or fewer.

We followed the same steps to examine relationships between
species richness and the within-season Wls (snow cover variability
and percentage of days of frozen ground without snow) but limited
these analyses to points where winter lasted for 23 months (= 90
frozen ground days) and overwintering species (amphibians, mam-
mals and resident birds). Our final dataset consisted of 981 points.
In these data, we examined the deviance in species richness of each
taxon explained by GAMs that included all three Wls. We quanti-
fied the relative importance of the WIls by comparing the corrected
Akaike's information criterion (AlCc) of the full model (containing all
three WIs) with all other possible models. We checked the amount of
concurvity (nonlinear dependencies among predictor variables, akin
to collinearity in linear models) among the WIs in our final models
and, in cases where two variables had high concurvity (2.8), tested
two alternative models with either variable and retained the model
with the better fit.

2.4 | Comparisons of the winter indices with
climate and primary productivity variables

To compare measures of climate with the WIs, we used four biocli-
matic variables derived from WorldClim v.2.0 data (1-km resolution;
Fick & Hijmans, 2017): minimum temperature, temperature sea-
sonality, precipitation of the coldest quarter (3-month period) and
precipitation seasonality. For primary productivity (“productivity”
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FIGURE 1 Species richness maps derived from the geographical ranges of individual species of amphibians, mammals, resident birds,
partly migratory birds and fully migratory birds, and of the percentage of species richness for the bird migration strategies. We did not
analyse the areas between 25° S and 25° N (tropics). Given the high numbers of species in the tropics, they are excluded here to highlight
species richness patterns in other parts of the world
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hereafter), we used the normalized difference vegetation index
(NDVI)-based cumulative dynamic habitat index (DHI) derived from
MODIS data (Radeloff et al., 2019). The cumulative DHI quantifies
productivity annually by summing monthly median NDVI values over
the course of a year, and we used the mean of the annual values from
2003-2018 here. Given its frequent use in species richness models
as a proxy for climate and productivity, we also included elevation,
derived from GMTED2010 data (Danielson & Gesch, 2011), in our
comparisons to the Wis.

We used Pearson's correlation coefficient to quantify the cor-
relations among the WIs and climate, productivity and elevation.
Next, we compared the strength of the winter length index as a pre-
dictor of species richness for all taxa and the percentage of birds
with a particular migratory strategy with the other variables (climate
metrics, productivity and elevation). Here, and for the multivariate
models, we used the same generalized additive modelling methods
as described in the previous section. For the multivariate modelling
of species richness of overwintering taxa (amphibians, mammals
and resident birds) in areas with >3 months of winter conditions, we
compared the explanatory power of the WI model with two other
models: climate only and productivity only. We included elevation
in the latter model. In instances where variables exhibited a high
amount of concurvity or were not significant, we determined the
best alternative model by comparing the explanatory power of the
models with one of the concurving variables removed (e.g., minimum
temperature instead of temperature seasonality for the climate-only
model). After comparing these separate models, we examined the
complementarity of the WIs, climate, productivity and elevation
by combining them in a single model (combined models). Again,
we determined the best alternative model by minimizing concurv-
ity and maximizing explanatory power. For our model comparisons,
we evaluated the adjusted r? value and deviance explained. For the
combined models, we examined the importance of the individual
variables by quantifying the change in deviance explained when a
given variable was removed from the full model.

3 | RESULTS

3.1 | Global winter indices

The WIs captured prominent gradients in global winter conditions
(Figure 2). As expected, winter (measured as the number of days of
frozen ground) was longest in high-latitude and alpine regions and
shortest in low-latitude and coastal regions. The main gradient in
winter length in both hemispheres was latitudinal, but in the Eastern
Hemisphere, winter length also had a clear longitudinal component.
In mountain ranges, there was a prominent gradient from shorter
winters at lower elevations to longer winters at higher elevations.
Both snow cover variability and lack of subnivium were highest in
mid-latitude and coastal regions and lowest in polar and alpine re-

gions. The lack of subnivium index also showed a distinct transition
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zone at c. 45° N, where it was highest. Our validation based on data
from 1,099 meteorological stations around the world (Supporting
Information Figure S1) showed that all three WIs characterized
conditions on the ground accurately (correlations ranged from .84
to .89; Supporting Information Figure S6).

3.2 | Winter length and species richness

Species richness of each taxon was strongly associated with winter
length (Figure 3). Resident birds and mammals had higher levels
of species richness (300 and 175 species, respectively) outside
of the tropics than amphibians (59 species). Consistent with our
first prediction, species richness generally decreased with increas-
ing winter length for amphibians [41% deviance explained (d.e.)],
mammals (30%), resident birds (46%) and the percentage of bird
species that are residents (65%) (Figure 3a-d). However, species
richness of these taxa was often as high or higher in areas with win-
ters of short to moderate length (2-4 months) than in areas where
the ground never freezes (winter length = 0). This was especially
true for amphibians and mammals (Figure 3a,b). There was also an
unexpected slight increase in the percentage of resident birds in
areas with very long winters (10-12 months; Figure 3d), but these
areas also had low numbers of bird species. The endothermic taxa
(mammals and birds) had consistently higher numbers of species
than the ectothermic amphibians across the full range of winter
lengths (Figure 3a-c).

We found mixed support for our predictions about the rela-
tionship between winter length and bird migration strategies. For
partial migrants (maximum species richness = 90), we found a slight
peak in the number of species around 2-4 months of winter length
and strong declines beyond that (d.e. = 23%,; Figure 3e). However,
the number of partial migrants was much higher than we expected
in areas where the ground never freezes. We also found an unex-
pected bifurcation in the percentage of bird species that are partial
migrants in areas with long winters (>8 months); some areas had
a high percentage of partial migrants and others a low percentage
(d.e. = 19%; Figure 3f). For full migrants (maximum species rich-
ness = 129), we found a strong curvilinear relationship with winter
length (d.e. = 50%; Figure 3g). The number of fully migratory species
increased substantially from areas where the ground never freezes
to those with shorter winters, peaked between 5 and 8 months of
winter and declined thereafter. The percentage of species that are
full migrants also increased sharply from areas where the ground
never freezes to areas with c. 5-8 months of winter, where it then
began to taper off slightly but largely remained high (d.e. = 68%;
Figure 3h). In most areas with at 23 months of winter, more than
one-half of bird species were full migrants, and where winter lasted
>8 months, this percentage reached a maximum of 80-90%. Yet, as
with partial migrants, an unexpected bifurcation in the species rich-
ness of full migrants occurred in areas with long winters; some had

high percentages and others low (Figure 3h).
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3.3 | Winterindices and species richness in areas
with 23 months of winter conditions

Contrary to our predictions, in areas with >3 months of winter
conditions, both snow cover variability and lack of subnivium had
positive, slightly curvilinear relationships with species richness of
amphibians, mammals and resident birds (Figure 4). Snow cover vari-
ability explained more of the deviance in species richness of amphib-
ians (d.e. = 18%) and mammals (d.e. = 34%) than lack of subnivium
(d.e. = 13 and 22%, respectively; Figure 4a-d). The two indices had
similar relationships with resident bird species richness (d.e. = 11%
for both; Figure 4e,f). The effects of snow cover variability and lack
of subnivium on species richness were consistent among taxa, with
species richness increasing steadily from areas with little to no snow
cover variability and percentage of days of frozen ground without
snow to 20-30%, then plateauing or slightly declining (Figure 4).
Although snow cover variability and lack of subnivium each had
limited explanatory power, including both substantially improved
multivariate models of species richness of amphibians, mammals and
resident birds (Supporting Information Table S1). All three indices
were significant at the p < .01 level in each model, except for the
percentage of days of frozen ground without snow in the mammal
species richness model (p = .12). However, the snow cover variabil-
ity and percentage of days of frozen ground without snow indices
exhibited a high amount (>.8) of concurvity, and the second-best
models for all three taxa included only snow cover variability. The
level of support for the second-best models, which contained winter
length and snow cover variability, was similar (AAICc < 2) to that for
the full models, although the Akaike weights still favoured the full
models (Supporting Information Table S1). The full models explained
a substantial amount of the deviation in species richness of mammals
(65%), resident birds (56%) and amphibians (52%), and the second-
best models explained slightly less (65, 53 and 51%, respectively).

3.4 | Comparisons of the winter indices with other
environmental variables

Outside the tropics, winter length was most strongly correlated with
temperature (r = -.87 for minimum and r = .71 for seasonality) and
much less strongly correlated with precipitation, productivity and
elevation (Jr] < .3) (Supporting Information Figure S7). However,
in areas with 23 months of winter, winter length and temperature
were less correlated (r = -.70 and .47 for minimum and seasonal-
ity, respectively), and winter length and productivity were slightly
more correlated (r = -.53). In these areas, snow cover variability and
lack of subnivium were more strongly correlated with temperature
(rnear .5 for both minimum and seasonality) than with the other vari-
ables we tested (|r| < .4 for all) (Supporting Information Figure S7).
Winter length explained more of the deviance in species rich-
ness outside the tropics than climate, productivity and eleva-
tion for mammals, partly migratory birds and fully migratory birds
(Supporting Information Table S2). There were especially marked

differences in the deviance explained by winter length versus the
next best predictor of species richness for fully migratory birds
(50% vs. 32% explained by minimum temperature) and mammals
(30% vs. 19% explained by productivity). For amphibians, only pro-
ductivity explained slightly more deviance in species richness than
winter length. For resident birds and the percentage of bird species
adopting a given migration strategy, winter length explained as much
deviance or slightly less deviance in species richness than our tem-
perature measures, but outperformed the precipitation, productiv-
ity and elevation metrics.

In areas with 23 months of winter, multivariate models contain-
ing the WIs explained more deviance in species richness patterns
of the overwintering taxa (amphibians, mammals and resident birds)
than models containing climate variables only, or productivity and
elevation only, after variables with high concurvity were removed
(Supporting Information Table S3). Variables with high concurvity in
the WI model were frozen ground without snow and snow cover
variability (with the latter always producing models with greater
explanatory power), and minimum temperature and temperature
seasonality in the climate model (with the former producing better
models of species richness of amphibians and mammals and the lat-
ter producing better models of species richness of resident birds).
In models containing the WIs, climate, productivity and elevation as
predictors of species richness, we included either winter length or
minimum temperature, owing to high concurvity between the lat-
ter variables. Models with winter length outperformed those with
minimum temperature (Supporting Information Table S4). The best
model (without high concurvity) contained the Wis, seasonality of
both temperature and precipitation, productivity and elevation. In
the final combined models, the WIs (winter length and snow cover
variability) had the second and third strongest relationships with
species richness of amphibians and mammals (productivity was
strongest for the former and elevation for the latter) (Supporting
Information Table S5). Winter length had the strongest relationship
with species richness of resident birds, and snow cover variability
had the weakest.

4 | DISCUSSION

Our results show that winter conditions structure extratropical pat-
terns of species richness of amphibians, mammals and birds glob-
ally. Longer winters (more days of frozen ground) generally were
associated with fewer species of amphibians, mammals and resi-
dent birds, and species richness of all declined markedly beginning
at c. 3 months of winter. This consistent cross-taxonomic threshold
indicates that winter length might be an influential environmental
filter for species richness. The differences in the major gradients of
winter length in the Western (latitudinal) and Eastern (both latitudi-
nal and longitudinal) Hemispheres might also help to explain why the
latitudinal diversity gradient is stronger in the Western Hemisphere
for a broad range of organisms (Kinlock et al., 2018; Mittelbach
et al., 2007). For species in areas with 23 months of winter, including
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multiple winter conditions resulted in better-fitting species richness
models. Therefore, variation in frozen ground and snow cover pat-
terns captured important additional information for explaining spe-
cies richness gradients in temperate, boreal and polar ecosystems.

The limitation on species richness imposed by longer winters sup-
ports theories on the effects of climate and energy-water availability
on macroscale species richness patterns (Worm & Tittensor, 2018).
The most direct constraint that longer winters place on species
richness is through colder and more variable temperature regimes.
According to metabolic theory, organisms inhabiting colder environ-
ments have lower metabolism and longer generational times than
those in warmer environments, hence lower rates of mutation and
speciation (Allen et al., 2006; Currie et al., 2004; Stegen et al., 2009).
However, there is evidence that relative to the tropics, speciation
rates might be higher at higher latitudes, and that the lower num-
ber of species in these areas might instead be a product of higher
extinction rates (Jetz et al., 2012; Weir & Schluter, 2007). Thermal
tolerance is another physiological trait related to temperature that
structures gradients of species richness (Carnicer et al., 2012; Khaliqg
etal., 2014; Sunday et al., 2012). The reason is that the thermal niche
of a species (optimum range and critical limits of temperature) is
highly conserved over time, and most extant species evolved under
warm temperature regimes, which means that few species have
evolved the adaptations required for overwinter survival (e.g., su-
percooling, thick fur or plumage, hibernation) (Bennett et al., 2021,
Worm & Tittensor, 2018). Lastly, species inhabiting areas with lon-
ger winters face greater temperature variability than species in areas
where winter is shorter and temperatures are rarely below freez-
ing, and therefore require tolerance of both cold and heat (in sum-
mer). Thus, species richness is often lower at higher latitudes and
elevations owing to colder and more variable temperatures, relative
to lower latitudes and elevations, where temperature is warmer
and more stable (Bennett et al.,, 2021; Gao & Liu, 2018; Polato
et al., 2018). Our results showing fewer species for each taxon in
areas with longer winters generally reaffirm that colder and more
variable temperature regimes impose a major constraint on species
richness. Furthermore, our finding that species richness of mammals
and resident birds was consistently higher than that of amphibians
throughout the range of winter lengths highlights the advantages
of endothermy (internal temperature regulation decoupled from ex-
ternal sources) and higher potential activity time (endothermic or-
ganisms are more active than ectothermic organisms throughout the
year) over ectothermy (internal temperature regulation dependent
on external sources) for colonization and speciation in cold extra-
tropical environments (Buckley et al., 2012; Khaliq et al., 2014; Weir
& Schluter, 2007).

Although colder and more variable temperature regimes cer-
tainly limit species richness, our results for three major animal taxa
suggest that the length of winter constrains extratropical species
richness for several reasons that go beyond strict temperature
thresholds. For example, one of our most surprising findings was
that species richness of mammals, and to a lesser degree of amphib-
ians, was often as high or higher in areas with prolonged periods of

frozen ground compared with areas where the ground never freezes
(see Figure 3b), suggesting that the species richness of these taxa
does not scale linearly with temperature. Furthermore, many species
have not colonized all the areas within their lower thermal tolerance
limits (Currie et al., 2004; Khaliq et al., 2014; Sunday et al., 2012).
Taken together with the precipitous, cross-taxonomic decline in spe-
cies richness beginning at 3 months of winter that we found here, it
appears that the duration that temperatures are consistently at or
near the extremes of species tolerances while access to resources
(food, water and shelter) is severely limited owing to frozen ground
or snow cover acts as a strong environmental filter on extratropi-
cal species richness. Longer winters entail less available energy and
water for organisms because growing seasons are shorter, food re-
sources are less abundant, and snow and ice restrict water access
(Hawkins et al., 2003; Williams et al., 2015). Where these conditions
extend for longer throughout the year, the metabolic and energetic
trade-offs required for overwintering (e.g., shifts from specialist to
generalist foraging strategies, larger thermal niches, hibernation) can
become too costly for many species (Coops et al., 2019; Johnston &
Bennett, 1996; Worm & Tittensor, 2018).

The most striking relationships with winter length were for the
number of bird species adopting a given migration strategy and their
respective representation in the avifauna (see Figure 1c,d,g,h). We
identified a clear peak in the number and percentage of fully migra-
tory species at c. 5.5 months of winter, which coincided with low res-
ident species richness. The hemispheric gradients in winter length
(see Figure 2) that we found generally matched long-distance migra-
tion patterns in birds, which are largely latitudinal in North America
and more longitudinal in Eurasia (Gill, 2007; Somveille et al., 2019).
By breeding in areas that experience winter conditions for the ma-
jority of the year, full migrants might be both exploiting the resource-
rich summer months and benefitting from reduced food competition
in areas that support few resident species (Somveille et al., 2015,
2019). Although the relationship between winter length and spe-
cies richness of partial migrants generally followed a pattern simi-
lar to that for full migrants, it was considerably weaker, suggesting
other factors are at play (e.g., intraspecific competition; Chapman
et al., 2011). Given that climate change is shifting the migratory dy-
namics and range boundaries of birds (Curley et al., 2020; Rushing
et al., 2020; Thomas & Lennon, 1999), our winter length index offers
arigorous means to track and predict these shifts into the future, be-
cause current projections show that winters will be shorter, warmer
and more susceptible to low- to no-snow conditions in the middle
to high latitudes (Huning & AghaKouchak, 2020; Siirila-Woodburn
et al., 2021; Wang et al., 2021).

Within areas that experience longer winters (23 months), snow
cover variability and time without subnivium also influenced spe-
cies richness patterns, particularly for amphibians and mammals.
However, contrary to our expectations, species richness generally
increased up to a point with increasing snow cover variability and
lack of subnivium (c. 25% for snow cover variability and c. 50%
for frequency of frozen ground without snow), then plateaued or
declined slightly at higher values. This might be attributable to
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regional climate variability, because these indices capture a lati-
tudinal and elevational transition from rain- to snow-dominated
ecosystems (both were highest at low elevations and along the
coasts of the middle latitudes). This “trailing edge” of the cryo-
sphere is important for species range limits and community as-
semblages, because it represents a transition zone from more
warm-adapted to more cold-adapted species (Cabhill et al., 2014).
One potential reason why species richness might have been con-
sistently higher in this zone for all three taxa is that it acts as an
ecotone, where the northern range boundaries of warm-adapted
species and southern range boundaries of cold-adapted species
overlap. As such, this band of winter variability might promote
species richness by increasing available niche space and thermal
heterogeneity, which can be used by endothermic species, such
as mammals and birds (Elsen et al., 2020; Stein et al., 2014, 2015).
For temperate amphibians, which have ancestral origins in cool,
moist climates and a high degree of niche conservatism tied to
water availability (Buckley & Jetz, 2007; Kozak & Wiens, 2010),
snow cover variability might increase species richness by provid-
ing a range of moisture regimes. For example, areas characterized
by high snow cover variability, such as the mid-elevations of many
mountain ranges (e.g., the Great Smoky Mountains in the USA,
where global species richness of salamanders is highest), might be
able to support more species than either lower elevations, where
conditions are drier throughout the year, or higher elevations,
where snow cover is too persistent.

Our study took a new approach to examine explicit links be-
tween winter conditions and macroecological gradients of species
richness. The clear latitudinal and elevational gradients in winter
conditions identified by our satellite-based Wis, particularly winter
length, closely matched gradients of species richness of amphibi-
ans, mammals and birds, and the preponderance of different bird
migration strategies. Additionally, the winter conditions captured
by the WIs either outperformed or complemented other environ-
mental variables, including climate, productivity and elevation, in
explaining patterns of species richness. These results show that
the WIs go beyond traditional measures of climate, productivity
and spatial proxies for these (e.g., elevation, latitude), frequently
used in macroecological studies of species richness (Hawkins &
Diniz-Filho, 2004). For example, the winter length index describes
how long cold temperatures and frozen ground persist in an area,
which is more biologically meaningful than the meteorological
(seasonal) definition of winter and more informative than measures
of temperature (e.g., minimum) alone. Quantifying winter length as
the number of days of frozen ground also provides a mechanistic
link to stages of plant dormancy, vegetative growth and reproduc-
tion (Fadén & Rodrigo, 2018; Zohner et al., 2016), hence primary
productivity. Indices that integrate different aspects of climate-
energy dynamics, such as actual evapotranspiration, are power-
ful predictors of macroscale species richness patterns (Buckley &
Jetz, 2007; Storch et al., 2006; Torres-Romero & Olalla-Tarraga,
2015), and we found the same to be true for the Wls. However,
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one limitation of our study is the coarse spatial resolution of the
WIs (25 km) and the species richness grids (c. 110 km or 1°), which
obscure finer-scale patterns of variability in winter conditions and
species richness that might be especially important in areas with
complex topography (e.g., montane regions). Another limitation is
that we could not account for the potential effects of interannual
variability in winter conditions on species richness patterns be-
cause the IUCN range maps are static, and we did not examine po-
tential interactions between the Wils (e.g., winter length and snow
cover variability) and between the WIls and other environmental
variables (e.g., winter length and productivity).

Despite these limitations, the strong relationships between
the WIs and extratropical patterns of species richness suggest
that tracking winter conditions in a rapidly warming world will be
essential when predicting the ecological consequences of climate
change. Our results and remote sensing products (the Wis; freely
available for download at silvis.forest.wisc.edu) open many research
questions in the field of winter ecology. Some potential avenues of
future research that use the Wils include examining relationships be-
tween: (1) winter conditions, life-history strategies and functional
traits within different taxa and for specific species; (2) the percent-
age of frozen ground and snow cover variability and the abundance
and distribution of subnivium-dependent species; (3) the frequency
of freeze-thaw events captured by the snow cover variability index
and overwinter survival and fitness of organisms (especially plants);
and (4) changes to winter conditions over time and species abun-

dances and distributions.
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