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Abstract
The warming climate will expose alpine species adapted to a highly seasonal, harsh environment to novel environmental
conditions. A species can shift their distribution, acclimate, or adapt in response to a new climate. Alpine species have little
suitable habitat to shift their distribution, and the limits of acclimation will likely be tested by climate change in the long-
term. Adaptive genetic variation may provide the raw material for species to adapt to this changing environment. Here, we
use a genomic approach to describe adaptive divergence in an alpine-obligate species, the white-tailed ptarmigan (Lagopus
leucura), a species distributed from Alaska to New Mexico, across an environmentally variable geographic range. Previous
work has identified genetic structure and morphological, behavioral, and physiological differences across the species’ range;
however, those studies were unable to determine the degree to which adaptive divergence is correlated with local variation in
environmental conditions. We used a genome-wide dataset generated from 95 white-tailed ptarmigan distributed throughout
the species’ range and genotype–environment association analyses to identify the genetic signature and environmental
drivers of local adaptation. We detected associations between multiple environmental gradients and candidate adaptive loci,
suggesting ptarmigan populations may be locally adapted to the plant community composition, elevation, local climate, and
to the seasonality of the environment. Overall, our results suggest there may be groups within the species’ range with genetic
variation that could be essential for adapting to a changing climate and helpful in guiding conservation action.

Introduction

Climate change is predicted to shift species distributions,
changing the composition of biological communities (Par-
mesan and Yohe 2003), and testing the physiological tol-
erances of the species within them (Pörtner 2002). Species
have multiple strategies at their disposal for responding to
environmental change: moving to a more favorable location
(Klanderud and Birks 2003), acclimating via phenotypic
plasticity (Berteaux et al. 2004 [i.e., shifts in phenotypic

distributions without underlying genetic change]), adapting
to novel environments (Hoffmann and Sgró 2011), or some
combination of all three (Bi et al. 2019). Range shifts are
dependent on suitable habitat being within a reasonable
dispersal distance (Thuiller 2004), and therefore are not
always an effective response. In the long-term, the limits of
a plastic phenotype are likely to be tested with climate
change (Somero 2010; Laiolo and Obeso 2017). Adapta-
tion, however, is contingent on there being sufficient
standing genetic variation, originating from de novo muta-
tion or immigration from other populations, for selection to
act upon (Kawecki and Ebert 2004; Hoffmann and Sgró
2011). An understanding of the relationship between
adaptive divergence and local environment underlies evo-
lutionary potential and the species’ response to climate
change and could ultimately provide insight into how to aid
conservation planning.

One way to evaluate patterns of adaptive divergence in a
species is to look for signals of selection (i.e., genetic loci
consistent with expected patterns of natural selection) that
are correlated with variables describing range-wide
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environmental variability. Genotype–environment associa-
tion (GEA) analyses identify genetic loci under selection
based on correlation with environmental variables that are
hypothesized to drive natural selection (Coop et al. 2010;
Rellstab et al. 2015; Forester et al. 2016). There are several
advantages of using GEA analyses over the more traditional
divergence-based approaches (e.g., Storz 2005) to identify
loci under selection. First, GEA analyses provide a hypo-
thetical environmental link to local adaptation that allows a
broader ecological interpretation. However, careful con-
sideration of the biological importance of evaluated vari-
ables is essential because many environmental variables are
correlated and would, therefore, be indistinguishable in such
an analysis. Second, multiple environmental variables may
be involved in driving selection simultaneously. Recent
application of multivariate constrained ordination techni-
ques incorporates multiple environmental variables in a
single analysis (Capblancq et al. 2018a; Forester et al.
2018). Finally, GEA analyses in general, and constrained
ordination techniques in particular, are better at detecting
relatively weak multi-locus selection than approaches based
on genetic divergence alone (Brauer et al. 2016; Forester
et al. 2018). Evaluating patterns of adaptive divergence may
be particularly informative for species occupying habitats
undergoing rapid environmental change due to shifting
selection pressures likely to be encountered.

Alpine communities are among the most climate-
threatened habitats in North America (Holsinger et al.
2019), having already seen significant declines that are
expected to continue at a relatively fast pace (Pepin et al.
2015). The extreme environments of alpine communities
are characterized by short growing seasons and an assem-
blage of plant and animal species evolved to thrive in these
conditions (Rundel and Millar 2016). For animals, survival
in an alpine community requires a combination of beha-
vioral, morphological, energetic, and physiological traits
(Martin and Wiebe 2004). As the climate warms, alpine
species are expected to shift northward and/or to higher
local elevation in search of suitable conditions (Freeman
et al. 2018). However, alpine-adapted traits may result in a
narrow niche breadth and a limited ability to respond to an
altered environment (Laiolo and Obeso 2017; Resano-
Mayor et al. 2019). Similarly, alpine species are often
limited in their ability to move upward in elevation because
they already occupy the highest elevations locally. But
phenotypic plasticity and adaptation remain as potential
responses to a warming climate. The pace and expected
extremes of the warming at high elevations, suggest phe-
notypic plasticity may be a poor response to a changing
environment in the long-term (Laiolo and Obeso 2017). The
rapid rate of environmental change, and reduced plasticity/
increased canalization of physiological/developmental
adaptations may be a warning sign of more severe

population declines of alpine specialists than of less spe-
cialized species. Previous work on alpine specialists have
used genetic information to understand potential strategies
for persistence in a changing climate (e.g., Henry et al.
2012). Similarly, GEA analyses may provide particularly
important insight into the evolutionary capacity of alpine
species by identifying the genetic signature and environ-
mental drivers of local adaptation. Here, we focus on
identifying spatially variable adaptive genetic variation in
the white-tailed ptarmigan (Lagopus leucurus), an alpine-
obligate bird (Martin et al. 2015) that is vulnerable to future
changes in climate.

The white-tailed ptarmigan distribution extends across
western North America, from the Yukon Territory, and
Alaska, in the north to New Mexico in the south (Fig. 1).
The entire life-cycle of the white-tailed ptarmigan is con-
fined to climate-threatened alpine and sub-alpine habitat
(Martin et al. 2015; Holsinger et al. 2019), indicating the
species as a whole is threatened by climate change. In recent
decades, populations of white-tailed ptarmigan have gen-
erally been stable in the few places where populations have
been studied (Martin et al. 2004; Wann et al. 2014),
although apparent local declines and high annual variation in
population size have been observed (Martin et al. 2015;
Wann et al. 2016), particularly at the southern extreme of the
distribution in New Mexico (Braun and Williams 2015; New
Mexico Department of Game and Fish 2016). At present
there are five recognized subspecies of the white-tailed
ptarmigan: L. l. peninsularis [“Kenai” hereafter], L. l. leu-
cura [“Northern” hereafter], L. l. saxatilis [“Vancouver”
hereafter], L. l. rainierensis [“Rainier” hereafter], and L. l.
altipetens ([“Southern” hereafter]; Martin et al. 2015). The
Vancouver (Martin et al. 2015) and Southern subspecies
(United States Fish and Wildlife Service 2012), either have
been or currently are being considered for formal protection
resulting from vulnerability to climate change. Major breaks
in genetic structure have been detected for the Vancouver
and Southern subspecies. More subtle subdivision was
identified within the Southern subspecies (Langin et al.
2018). In addition, differences in body size (Wilson and
Martin 2011; Martin et al. 2015), gut length (Moss 1983),
plumage (Martin et al. 2015), and bill morphology (Martin
et al. 2015) have been observed across the species range.
The north–south species distribution also coincides with an
elevation gradient, where alpine habitat is at lower eleva-
tions at higher latitudes. Generally, the northern extent has
relatively more shrubland than grassland, more snow, cooler
summer temperatures, more annual variation in day length,
and a later and shorter growing season (Table 1). There is
interspecific competition among white-tailed, rock (L. muta),
and willow (L. lagopus) ptarmigan (Hannon et al. 1998;
Montgomerie and Holder 2008) in the northern part of the
range that may have led to dietary specialization (Weeden
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1967; Moss 1974, 1983; Bryant and Kuropat 1980) and/or
niche partitioning (May and Braun 1972; Wilson and Martin
2008). Competition among congeners, observed differences
in morphology, genetic structure, and local environment
together suggest the potential for local adaptation. At pre-
sent, no studies have characterized the relationship between
adaptive divergence and environmental gradients, a goal that
can be accomplished with a GEA analysis.

Here we investigate the potential for environmental-
associated local adaptation range-wide and among

populations of the Southern subspecies. We extend previous
work on range-wide variation by linking signals of selection
to hypothetical drivers of selection (i.e., correlation to
environmental variables) and, in some cases, potential gene
function (i.e., pathway and functional annotation databases).
The aim of our study was to shed light on how adaptive
divergence may influence the ability of white-tailed ptar-
migan to respond to climate change and provide additional
insight into the genetic distinctness of subspecies of con-
servation concern.

Fig. 1 Range map and overall
genetic structure. White-tailed
ptarmigan distribution (a) with
the approximate geographic
boundaries of currently
recognized subspecies (Martin
et al. 2015) and sample
locations. Individual states
(U.S.), provinces (Canada), and
regions (i.e., Vancouver Island)
are labeled. White-tailed
ptarmigan neighbor-joining trees
based on proportion nucleotide
differences (Nei and Kumar
2000) for all SNPs range-wide
(b; color coding matches panel
a), and within the Southern
subspecies (c; dark blue=
northern Colorado, light blue=
central Colorado, green=
southern Colorado, yellow=
New Mexico) showing overall
divergence patterns. Branches
with support from <700
boostraps were collapsed.
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Materials and methods

Study area and genetic data

We used previously generated genome-wide single
nucleotide polymorphism (SNP) data composed of 14,866
loci, for 95 individuals from across the species’ natural
range (Langin et al. 2018), geographically distributed as
follows: Colorado (N= 35), New Mexico (N= 4),
Washington (N= 12), Montana (N= 3), Alberta (N= 5),
British Columbia (N= 6 mainland; N= 12 Vancouver
Island), the Yukon (N= 6), and Alaska (N= 12; Fig. 1).
The data were originally generated with a modified ver-
sion (Langin et al. 2018) of the double-digest RADseq
protocol (Peterson et al. 2012). For the current study, we
estimated the order and genomic neighborhood of these de
novo SNPs by alignment to the annotated genome of
Meleagris gallopavo, or turkey (Dalloul et al. 2010
[GCA_000146605.1, UMD2.86 gene annotation ver-
sion]), which as a new-world galliform is more closely
related to L. leucura than is chicken (Persons et al. 2016).
We used MegaBLAST (Morgulis et al. 2008) to map 88-
bp consensus sequence tags generated from the ptarmigan
samples with the ddRADseq approach (Langin et al.

2018), keeping only the tags that uniquely aligned or for
which all secondary alignments were 30 bases or shorter.
To ensure a high rate of correctly inferred orthology, the
query coverage of the alignment was required to be nearly
complete after allowing for small indels (88 ± 5 nt) and
the percent of the alignment was required to be ≥90%. Of
the original 14,866 SNPs, 8245 were aligned to 29
chromosomes and 47 unplaced scaffolds of the turkey
genome for the present analysis. Mapping SNPs to the
turkey genome allowed us to estimate linkage dis-
equilibrium (LD) and identify gene annotations that are
likely in LD with SNPs.

Linkage disequilibrium

With the 8245 SNPs aligned to the turkey genome we used
all individuals to estimate LD decay based on turkey
chromosome position to identify the distance at which
candidate loci could be considered physically linked to a
putative gene region on the reference genome. We phased
our SNPs using BEAGLE 5.0, assuming a constant
recombination rate of 1 cM per Mb (Browning and
Browning 2007). We then calculated LD in vcftools (-hap-
r2 command [Danecek et al. 2011]) at multiple distances

Table 1 Mean and standard deviation (sd) for environmental variables used in range-wide genotype–environment association analysis (GEA) for
recognized subspecies of white-tailed ptarmigan.

Northern Kenai Southern Vancouver Rainier RDA1 RDA2 RDA3

Variablea Mean sd Mean sd Mean sd Mean sd Mean sd Load # Load # Load #

Conifer forest1 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 −0.15 0 0.04 0 −0.46 12

Broad-leaf forest1 0.00 0.01 0.02 0.04 0.01 0.03 0.01 0.01 0.00 0.00 0.03 0 −0.04 0 0.34 2

Mixed forest1 0.02 0.03 0.01 0.02 0.00 0.01 0.07 0.07 0.00 0.01 −0.18 0 0.33 0 0.20 4

Grassland1 0.14 0.09 0.00 0.00 0.39 0.16 0.09 0.08 0.17 0.15 0.66 48 0.15 9 −0.19 14

Grass-lichen-moss1 0.03 0.05 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.02 −0.20 0 −0.16 0 −0.09 1

Wetland1 0.00 0.01 0.00 0.00 0.02 0.05 0.00 0.00 0.01 0.01 0.11 0 0.05 0 0.02 0

# Winter snow days 325.32 2.23 314.63 15.20 326.37 7.15 325.62 2.55 324.77 8.59 0.19 0 0.29 3 −0.33 4

Rate snow melt2 −1.14 0.29 −0.95 0.35 −1.23 0.16 −0.99 0.13 −0.94 0.39 −0.26 0 0.10 0 0.13 1

July snow cover3 1.94 2.31 3.75 8.31 0.61 0.60 2.30 2.48 4.12 3.81 −0.23 0 −0.12 0 0.11 0

Nov. snow cover3 83.99 10.57 80.66 18.90 66.28 16.97 66.88 16.43 78.60 22.24 −0.33 0 −0.32 3 −0.16 4

Winter snow depth4 26.51 26.71 21.32 35.80 1.45 0.89 0.002b 0.001b 1.39 1.27 −0.38 0 −0.41 5 −0.25 6

Green-up5 174.68 7.18 162.79 20.79 152.90 11.47 176.94 17.57 178.31 20.09 −0.35 0 −0.28 3 0.30 7

Aspect6 241.70 72.67 166.37 111.01 186.63 100.13 257.82 135.37 194.41 99.33 0.17 0 0.08 0 −0.11 3

Slope7 7.99 4.16 6.86 3.75 6.41 2.53 8.82 2.51 6.16 2.50 −0.15 0 0.08 0 −0.18 1

Seasonality index8 0.59 0.57 0.27 0.20 0.62 0.58 0.37 0.56 0.21 0.05 −0.23 0 0.12 0 −0.16 0

July precip.9 74.30 14.86 65.58 10.98 78.67 18.54 64.08 6.80 54.25 7.96 0.35 0 −0.12 0 0.01 1

Summer max. temp.10 11.70 1.12 11.44 2.29 13.31 1.84 11.71 1.05 11.50 1.41 0.15 0 0.13 0 −0.09 4

Winter precip.9 62.26 34.12 49.80 23.17 62.79 9.03 271.00 12.65 177.83 62.38 −0.18 0 0.66 70 0.09 19

See Appendix A and Table B.1 for variable details. When sd= 0 the samples were close enough in proximity relative to spatial data grain size that
all samples had the same value. Values in table are for illustrative purposes only; individual covariates were used in analyses. Loadings (Load) and
counts of candidate SNPs (#) for each environmental covariate on each significant redundancy analysis (RDA) axis.
aUnits: 1proportion cover in 2-km radius, 2slope regression line (snow cover as a function of Julian day), 3proportion cover in 500-m radius, 4cm,
5Julian day, 6degrees from North, 7degree of inclination, 8# days with average temperature > 0 °C/ precipitation (mm) in July, 8mm, 9°C, 10m/s.
bThree decimal places were necessary to prevent rounding to zero values.
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(10 bp–1Mbp). We considered SNPs with an LD of r2 ≥
0.10 to be physically linked, a value consistent with pre-
vious studies (Vos et al. 2017).

Genotype–environment associations

Environmental covariates

We chose environmental covariates known to be important
to white-tailed ptarmigan life-history characteristics to test
for associations with allele frequency differences. We first
checked variables for correlation within general categories
(snow condition, climate, phenology, wind, topography,
and vegetation), eliminating all but one highly correlated
variable (Pearson’s r > |0.60|). Retained variables were
subsequently evaluated for correlation, eliminating highly
correlated variables based on our understanding of biology
and the level of relative support in the literature; variables
with more relative support and/or with more direct links to
fitness impacts were prioritized. For example, winter pre-
cipitation was linked to white-tailed ptarmigan fitness
consequences (Wann et al. 2016); therefore, all correlated
variables were removed when lacking a documented impact
of similar potential evolutionary importance. Several con-
sidered variables were highly correlated and would there-
fore be indistinguishable in our interpretation of potential
drivers of selection. See Appendix A and Table B.1 for
details on covariate calculation, correlation, and selection.

Snow condition White-tailed ptarmigan use snow patches
to regulate body temperature during summer and winter
periods (Braun et al. 1976; Stokken 1993). Persistent snow
can decrease breeding success (Clarke and Johnson 1992;
Martin and Wiebe 2004), shift hatch date (Giesen et al.
1980), influence food accessibility, and ultimately seasonal
movements (May and Braun 1972; Hakkarainen et al.
2007). We evaluated five snow cover (MODIS; Hall et al.
2006) and depth (Canadian Meteorological Centre; Brown
and Brasnett 2010) variables: number of winter days with
snow cover, snow melt rate, July snow cover, November
snow cover, and winter snow depth. Northern locations
generally had deeper snow, which persisted later into the
summer (Table 1).

Climate Precipitation can impact breeding phenology
(Wann et al. 2016), demographic rates, and recruitment
(Wann et al. 2014, 2016). Temperature can influence
behavior, physiology and development (Martin et al. 2015),
population growth rates (Wang et al. 2002a; Wann et al.
2016), breeding phenology (Wang et al. 2002b; Wann et al.
2016), and indirectly through effects on snow quality and
winter roost site suitability (Braun et al. 1976). We eval-
uated six climate (WorldClim; Fick and Hijmans 2017)

variables: July precipitation, winter precipitation, winter
solar radiation, summer average temperature, summer pre-
cipitation, and summer maximum temperature. In general,
the Southern subspecies experienced higher summer pre-
cipitation and temperatures than the Northern subspecies;
however, Vancouver Island experienced the highest winter
precipitation by far (Table 1).

Phenology Short alpine growing seasons reinforce syn-
chronization between the timing of resource availability and
breeding phenology for the white-tailed ptarmigan (Giesen
et al. 1980; Wann et al. 2016, 2019). Mismatch between
habitat phenology and breeding phenology can impact
demographic rates (Wann et al. 2014, 2016), forage quality
(Wann et al. 2019), and chick survival (Wann et al. 2019).
Timing of the availability of high-quality food resources
could also impact the ability of the species to maintain their
nearly continuous molt (Pyle 2007). Range-wide temporal
variation in snow cover may result in variable selective
pressures (Zimova et al. 2018) on a species with a complete
color change molt (winter=white, summer= brown; Pyle
2007) that provides seasonal concealment (Hoffman and
Braun 1975; Braun et al. 1976). Warming springs may
result in early snow melt and increased predation risk due to
camouflage mismatch (Imperio et al. 2013; Zimova et al.
2018). We evaluated three phenology variables: green-up
(MODIS; Friedl et al. 2009), growing degree days, and a
seasonality index (Daymet; Thornton et al. 1997, 2018).
Generally, the Northern subspecies experienced a later start
to the growing season and a lower seasonality index (Table
1).

Wind Wind is a prominent component in alpine commu-
nities, essential for sweeping away snow and uncovering
areas of vegetation for foraging (May and Braun 1972), and
nest site selection (Giesen et al. 1980), as well as piling up
snow for roosting (Braun et al. 1976). We evaluated two
wind speed variables (Fick and Hijmans 2017; NOAA
National Centers for Environmental Prediction (NCEP)
2018): winter coarse wind speed, and winter meridional
wind speed. The Southern subspecies generally experienced
higher wind speeds, although Vancouver Island at inter-
mediate latitudes had the highest meridional wind speeds
(Table 1).

Topography Local topography in alpine communities can
indirectly influence ptarmigan elevational migration (Hoff-
man and Braun 1975), dispersal (Fedy et al. 2008), nest site
selection (Giesen et al. 1980; Spear et al. 2019), nest suc-
cess (Wiebe and Martin 1998), and thermoregulation (Fre-
derick and Gutiérrez 1992). The terrain (i.e., slope, aspect)
may also drive selection through impacts on the quality and
availability of local resources (i.e., forage, nesting sites,
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roosting sites). For example, northern orientation may avoid
solar radiation, and facilitate snow persistence into summer
months. We evaluated elevation, aspect, and slope (United
States Geological Survey EROS Center 2007). The North-
ern subspecies occupied areas with relatively lower aspects
and slopes than the Southern subspecies (Table 1). Notably,
Vancouver Island corresponded to the highest slopes and
most western aspects.

Vegetation The composition of forage shrubs is known to
vary throughout the range of the white-tailed ptarmigan
(Weeden 1967; May and Braun 1972; Moss 1973) and
correspond with physical digestive tract differences in other
closely related tetraonids (Moss 1974, 1983), likely a result
of different shrub species being differentially digestible
(Bryant and Kuropa 1980; Palo 1984). Composition of
vegetation can influence nest site selection (Spear et al.
2019), and demographic rates (Fedy and Martin 2011). We
evaluated six land cover classes: sub-polar conifer forest,
broad-leaf forest, mixed forest, grassland, grass-lichen-
moss, and wetland (Latifovic et al. 2017). The northern
subspecies were in areas with higher shrubland and forest
cover and lower grassland cover than the Southern sub-
species (Table 1). The exception was Vancouver Island
which had the highest forest cover.

Genotype–environment associations

We used an individual-based redundancy analysis (RDA)
implemented in the R package vegan (Oksanen et al. 2017)
to identify candidate adaptive loci in two separate analyses:
range-wide (N= 95) and within the Southern subspecies (N
= 39). RDA combines multivariate linear regression and
principal components analysis (PCA) to identify allele fre-
quencies correlated with environmental covariates. Spear-
man rank correlation between dissimilarity measures and
the environmental variables was highest with a Euclidean
distance, thus use of RDA is appropriate (data not included,
[Legendre and Legendre 2012]). RDA performs well rela-
tive to other GEA and divergence-based (i.e., without
covariates) approaches (Capblancq et al. 2018b; Forester
et al. 2018). In the range-wide analysis we accounted for
spatial genetic structure by inclusion of Moran eigenvector
maps (MEM) based on a Gabriel graph neighborhood and
inverse distance weights using R packages spdep (Bivand
and Piras 2015) and adespatial (Dray et al. 2019). Sig-
nificant MEMs (i.e., those that explain spatial genetic
structure) were identified in a forward selection algorithm
(rda and ordistep, PIN= 0.01 in vegan) including all MEMs
and the significant genetic axes (broken-stick criterion
[Legendre and Legendre 2012]) of a principal coordinates
analysis (pcoa in R package ape [Paradis and Schlier 2018])
on a Bray–Curtis genetic distance matrix (vegdist in vegan).

The Bray–Curtis genetic distance allowed us to account for
non-Euclidean spatial genetic structure. Our partial RDA
included seven significant MEMs and environmental cov-
ariates for green-up, seasonality index, sub-polar conifer
forest (conifer), broad-leaf forest, mixed forest, grassland,
grass-lichen-moss, wetland, snow cover (November and
July), winter days with snow, snow melt rate, winter snow
depth, aspect, slope, summer maximum temperature, winter
and July precipitation after accounting for pair-wise corre-
lation (Pearson’s r ≥ |0.60|) and multicollinearity in the full
model (VIF ≥ 10). Covariate means and standard deviations
by recognized subspecies are included in Table 1. Loci in
the tails of the SNP loading distribution for each significant
(inspection of screeplot in Fig. B.1A; P < 0.01 from anova.
cca with 999 permutations in vegan) marginal constrained
RDA axis were considered candidate adaptive loci. We used
a two-tailed P value based on 3 standard deviations as a cut
off for candidacy (P < 0.003).

We identified candidate adaptive loci within the Southern
subspecies as described above (see Fig. B.1B for scree plot).
However, we did not include spatial predictors (i.e., MEMs)
because genetic structure was low (global FST= 0.07), no
genetic axes were significant by the broken-stick criterion
(results not included), and controlling for low population
structure can inflate false detections (Forester et al. 2018;
Price et al. 2020). For comparison we include results
including MEMs in the Appendix (Fig. B.2). Vegetation
variables were combined into structural groups (i.e., forest,
shrubland, grassland, wetland, barren) because variation
within finer divisions across the southern range was low.
Variables evaluated in the Southern subspecies RDA
included forest, shrubland, grassland, wetland, July snow
cover, winter days with snow, snow melt rate, green-up,
seasonality index, aspect, slope, summer precipitation,
summer maximum temperature, winter minimum tempera-
ture, winter coarse, and spring fine scale wind speed.
Covariate means and standard deviations by genetic group
within the Southern subspecies are included in Table 2.

Putative preliminary functional links

The majority of SNPs obtained with a reduced representa-
tion approach are intergenic and would be inherited in DNA
blocks (i.e., in linkage). While we may infrequently sample
a gene directly, we can expect that sampling a SNP linked
to a gene under selection will produce the same signal as
sampling the gene would. Estimation of LD decay can
provide an indication of how distant we should expect
linked SNPs and genes to be. However, LD decay varies
across a genome (Slatkin 2008) and estimates can be
inflated when multiple individuals are used in calculations
(Mangin et al. 2012) as in the value we report here. We
therefore chose a threshold for linkage much lower than our
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empirical LD decay (see Results section) that will result in a
reasonable, conservative gene set associated with our can-
didate SNPs. For candidate SNPs (i.e., identified by the
GEA) that aligned to the turkey genome using Mega-
BLAST, we used SnpEff (Cingolani et al. 2012) to identify
genes within 5 kbp of, and therefore in linkage with, a
candidate SNP. With the list of the genes identified as
linked (<5 kbp) to a candidate SNP, we used default settings
in DAVID (Database for Annotation, Visualization and
Integrated Discovery; Huang et al. 2007) to identify enri-
ched molecular pathways, functional annotation, and/or
gene ontology (GO) terms.

Clustering

We created neighbor-joining trees to visualize patterns of
differentiation, range-wide and within the Southern sub-
species, for multiple SNP sets: autosomal candidate adap-
tive SNPs (candidate SNPs that did not map to turkey sex
chromosomes), and putatively neutral SNPs. Neighbor-
joining trees were constructed with the bionj function in R
package ape, using an individual-based distance matrix
calculated as the proportion of different nucleotide sites
(Nei and Kumar 2000), excluding missing data in pair-wise

estimations, and using 1000 bootstraps. Branches with
support from <700 bootstraps were collapsed for visuali-
zation. We used a principal coordinates analysis (pcoa in R
package ape) to visualize clustering of GO term-associated
SNPs due to low sample size (N= 5 SNPs).

Results

Linkage disequilibrium

LD decayed to r2 < 0.10 at ~100 kbp (Fig. B.3). SNPs
mapped to the turkey genome at a density of ~1 SNP per
168 kbp; smaller chromosomes generally had fewer SNPs.
Our GO and pathway enrichment tests considered only
annotated turkey genes within 5 kbp of the orthologous SNP
coordinate of each aligned SNP. Actual genomic distances
to any homologous gene of white-tailed ptarmigan are
unknown. This operational threshold is much less than the
average distance at which sites are empirically unlinked. We
can therefore assume genes within this threshold distance
are in aggregate an informative and conservative set for
functional enrichment tests. Importantly, this approach does
not make any assumption about LD beyond this threshold

Table 2 Mean and standard
deviation (sd) for environmental
variables used in
genotype–environment
association analysis (GEA) for
genetic groups within the white-
tailed ptarmigan Southern
subspecies.

North-central
Colorado

Southern
Colorado

New Mexico RDA1 RDA2

Variablea Mean sd Mean sd Mean sd Load # Load #

Forest1 0.20 0.17 0.24 0.22 0.47 0.09 0.30 0 0.30 6

Grassland1 0.42 0.16 0.29 0.14 0.43 0.14 0.26 1 −0.18 0

Shrubland1 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0 −0.19 2

Wetland1 0.02 0.02 0.06 0.08 0.00 0.00 −0.38 1 0.26 3

# Winter snow days 324.71 8.29 329.85 0.97 329.31 0.15 −0.10 6 0.41 11

Rate snow melt2 −1.24 0.14 −1.24 0.22 −1.15 0.10 0.17 0 0.00 2

July snow cover3 0.38 0.26 1.08 0.93 1.01 0.54 −0.10 2 0.48 1

Green-up4 157.98 9.60 142.06 7.22 144.25 9.17 0.13 0 0.41 3

Seasonality index5 196.66 89.29 173.12 121.98 151.78 133.55 −0.06 0 −0.01 0

Aspect6 6.62 2.42 5.51 2.64 7.04 3.19 −0.07 0 −0.13 1

Slope7 0.67 0.68 0.56 0.36 0.46 0.03 0.19 2 −0.10 2

Brood rearing precip.8 237.77 14.86 296.22 18.45 408.00 9.38 0.45 24 0.83 2

Summer max. temp.9 12.40 1.48 14.64 1.66 13.74 0.56 −0.23 19 0.59 0

Winter minimum temp.9 −13.73 1.85 −15.31 0.15 −12.31 0.17 0.55 0 −0.24 14

Winter wind speed (coarse)10 68.63 14.28 78.33 0.00 71.83 3.67 −0.20 2 0.27 2

Spring wind speed (fine)10 5.18 0.55 5.29 0.50 4.51 0.11 −0.39 0 −0.16 2

See Appendix A and Table B.1 for variablea details. When sd= 0 the samples were close enough in
proximity relative to spatial data grain size that all samples had the same value. Values in table are for
illustrative purposes only; individual covariates were used in analyses. Loadings (Load) and counts of
candidate SNPs (#) for each environmental covariate on each significant redundancy analysis (RDA).
aUnits: 1proportion cover in 2-km radius, 2slope regression line (snow cover as a function of Julian day),
3proportion cover in 500-m radius, 4Julian day, 5# days with average temperature >0 °C/ precipitation (mm)
in July, 6degrees from North, 7degree of inclination, 8mm, 9°C, 10m/s, 1# days with average temperature
>0 °C.
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and does not preclude the possibility that selection on more
distant gene features impact observed associations.

Genotype–environment associations

Spatial predictors (MEMs) accounted for 20% of the range-
wide variance, while environmental variables accounted for
26%; 54% remained unaccounted for (adjusted r2= 0.13).
A total of 224 SNPs were in the distribution tails of the first
three partial RDA axes, and therefore considered candidate
adaptive loci: 48 on RDA1, 93 on RDA2, and 83 on RDA3
(see Table 1 for variable loadings and associated count of
candidate loci). RDA1 separated Southern and Kenai on
nearly opposite ends of an environmental gradient pri-
marily of grassland cover (0.66), green-up (−0.35), winter
snow depth (−0.38), November snow cover (−0.33), and
July precipitation (0.35; Fig. 2a, Table 1). Southern indi-
viduals associated with higher grass cover, more July
precipitation, and early green-up. RDA2 separated along an
environmental gradient primarily of winter precipitation
(Fig. 2a, b, Table 1; 70 candidate SNPs; loading= 0.66):
Vancouver on the positive end (high winter precipitation),
Rainier, Southern, and Northern approximately inter-
mediate, and Kenai on the negative end. RDA3 primarily
separates Kenai and Northern individuals (Fig. 2b) along
an environmental gradient of forest cover (conifer forest
[−0.46], broad-leaf forest [0.34]), snow (winter days with
snow [−0.33]), and green-up (0.30). The Kenai subspecies
was associated with more deciduous forest, less persistent
snow, and later green-up.

Within the Southern subspecies, environmental variables
accounted for 48% of the variance, and 52% remained
unexplained (adjusted r2= 0.10; no spatial predictors were
included in this analysis). Seventy-nine candidate SNPs were
identified on the first two axes: 38 on RDA1, 48 on RDA2
(see Table 2 for variable loadings and associated count of
candidate loci). RDA1 separated birds from southern Col-
orado on one end and New Mexico on the other, along an
environmental gradient of climate, wind, and vegetation
variables (Table 2, Fig. 3). New Mexico has warmer winters
and wetter summers relative to southern Colorado.
RDA2 separates north-central Colorado birds from southern
Colorado and New Mexico primarily along a gradient of
summer precipitation and temperature (brood rearing pre-
cipitation [0.83], early summer maximum temperature [0.59],
July snow cover [0.48], winter days with snow cover [0.41]).
New Mexico and southern Colorado have warmer, wetter
summers relative to the rest of Colorado (Table 2).

Putative preliminary functional links

SnpEff identified 32 genes on 19 chromosomes, associated
with 37 annotations within 5 kbp of a candidate SNP; all 37
SNPs were intergenic (Table B.2). Enrichment tests in
DAVID identified ten significantly overrepresented terms
(P < 0.05), none of which remained significantly over-
represented after adjustment for multiple testing (Benjamini
< 0.05). Significant categories were associated with either GO
terms for Epidermal Growth Factor (EGF)-like domains or
activin signaling pathways (Table B.3).

Fig. 2 Triplots for redundancy analysis (RDA) range-wide for the
significant axes (a=RDA1 vs. RDA2; b=RDA2 vs. RDA3)
illustrating how individuals (triangles) separate with environ-
mental variables (arrows) and genetic data (SNPs; cluster of points

around the origin). Individuals (▲) are color coded by subspecies;
points representing SNPs are color coded by whether they are candi-
date adaptive SNPs (black) or not (gray). Triplot scaling is symme-
trical (scaled by the square root of eigenvalues).
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Candidate SNPs identified within the Southern sub-
species were tightly linked to 12 annotated genes on 11
chromosomes. All candidate SNPs were intergenic (Table

B.4). No pathways or GO terms were overrepresented based
on this gene list.

Clustering

Range-wide, putatively neutral SNPs clustered individuals
largely by recognized subspecies (Fig. 4a). Some indivi-
duals sampled within the described range of one subspecies
clustered with individuals in a different subspecies. These
deviations occurred among the Northern, Kenai, and Rain-
ier subspecies where sampling density was generally low
(see Figs. B.4 and B.5 for more details on sampling location
and clustering). Autosomal candidate adaptive loci echo
clustering of neutral loci (Fig. 4b).

Within the Southern subspecies, putatively neutral loci
group New Mexico and southern Colorado birds into tight
groups within the central and northern Colorado individuals
(Fig. 5a). Autosomal candidate adaptive loci resulted in a
clear separation of north-central Colorado, from both New
Mexico and southern Colorado (Fig. 5b). At both scales,
neighbor-joining trees with candidate adaptive loci resulted
in longer branch lengths and more distinct groups. This was
particularly true for Vancouver (Fig. 4b), New Mexico, and
southern Colorado (Fig. 5b).

Discussion

Characterization of environmentally linked adaptive diver-
gence can be used in conservation and management as

Fig. 4 White-tailed ptarmigan range-wide divergence patterns.
Neighbor-joining trees based on proportion nucleotide differences (Nei
and Kumar 2000) for different single nucleotide polymorphism (SNP)
sets: range-wide putatively neutral (a; N= 14,642) and autosomal
candidate adaptive (b; N= 213). Clustering based on SNPs associated
with significant GO terms: Epidermal Growth Factor (EGF)-like

domain (c; N= 5) is illustrated with the first two principal coordinate
(PCoA) axes. Points correspond to individuals color coded by cur-
rently recognized subspecies or population. Symbols other than circles
(■ or ▲) highlight subdivision or less defined boundaries within
subspecies. Support from 1000 bootstraps shown in Figs. B.6 and B.7.
Branches with support from <700 boostraps were collapsed.

Fig. 3 Triplot for redundancy analysis (RDA) within the southern
subspecies illustrating how individuals (triangles) separate with
environmental variables (arrows) and genetic data (SNPs; cluster
of points around the origin) along significant axes (RDA1 vs.
RDA2). Individuals (▲) are color coded by population; points
representing SNPs are color coded by whether they are candidate
adaptive SNPs (black) or not (gray). Triplot scaling is symmetrical
(scaled by the square root of eigenvalues).
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additional information for conservation unit delineations,
and/or understanding the potential for evolutionary capa-
city, particularly in response to climate change (Singh
2008). Overall, observed patterns of white-tailed ptarmigan
divergence were similar to the previously identified strong
divergence (neutral and putatively adaptive) of the Van-
couver and Southern subspecies, reinforcing that boundaries
for other subspecies could be further refined (Langin et al.
2018). The connections between the genome-wide pattern
of adaptive divergence and environmental variables we
found suggest there may be local adaptation to multiple
variables likely to be impacted by climate change. We also
found our candidate adaptive SNP set was enriched for a
functional group (EGF-like domains) known to mediate a
wide variety of protein–protein interactions and signaling
pathways (Appella et al. 1988). Some of the functions
attributed to this group are of particular relevance to white-
tailed ptarmigan, climate change impacts, and conservation:
adaptation to altitude (Ke et al. 2017; Xin et al. 2019) and
latitude (Fabian et al. 2012), and seasonal pigment changing
(Walker et al. 2007; Walker and Gunn 2010).

Descriptions of the local vegetation were the primary
environmental variables associated with range-wide adap-
tive divergence (Table 1). These variables (primarily
grassland cover) were highly correlated with elevation and
latitude (Table B.5, Fig. 2a). Consequently, the main
adaptive divergence gradient corresponds to a north–south,
high-low latitude, low-high elevation, and approximately
low-high grassland cover gradient. Our knowledge of
white-tailed ptarmigan biology and life history suggests
there are more than one possibly interacting, selection
mechanisms that might be associated with local vegetation,
elevation, and/or latitude. First, there may be local dietary
adaptation. White-tailed ptarmigan in the Southern sub-
species rely on willow (Salix spp.) for winter diet (May and

Braun 1972). In the northern portion of the range, winter
diet is more variable, including species of birch (Betula
spp.) and alder (Alnus spp.) (Weeden 1967). Northern
populations also have a larger gut size (Moss 1974) capable
of acquiring nutrients from a more variable and lower
quality diet (Weeden 1967; Bryant and Kuropat 1980).
Dietary adaptation is not uncommon among alpine specia-
lists (Rolando et al. 1997; Kohl et al. 2018), and would
impact the potential for natural range shifts for the white-
tailed ptarmigan. Given the Southern subspecies has the less
variable diet, and birds in the northern part of the range
appear to occupy more marginal alpine habitat (and con-
sume a more variable diet) as a result of niche partitioning
with congeners (Wilson and Martin 2008), the ability of the
Southern subspecies to shift northward as the climate
changes would likely be impacted by any potential dietary
adaptation.

Second, white-tailed ptarmigan may be locally adapted to
oxygen levels. Alpine plant communities at lower latitude
are at higher elevations. Local adaptation to hypoxic con-
ditions (like those at high elevation) has been described in
multiple alpine specialists (Xin et al. 2019; Werhahn et al.
2020). Previous work suggests differential physiological
responses to low oxygen environments in ptarmigan are
primarily controlled by phenotypic plasticity (Carey and
Martin 1997; Dragon et al. 1999). Our environmental gra-
dients and tentative links to enriched functional groups
(Fabian et al. 2012; Ke et al. 2017; Xin et al. 2019), how-
ever, indicate there may be adaptive divergence among
populations of white-tailed ptarmigan to varying conditions
along elevational and/or latitudinal gradients. Morphometric
and life-history strategy differences between high latitude,
low elevation populations (i.e., Yukon) and low latitude,
high elevation populations (i.e., Colorado) further support
adaptive divergence along these gradients (Wilson and
Martin 2011). Natural dispersal, and transfer of genetic
information, from the Southern subspecies northward would
generally be inhibited by the large gaps in the alpine sky
islands (Rundel and Millar 2016). Adaptive divergence
associated with elevation and/or latitude would impose
additional resistance to the ability of the Southern sub-
species to shift down in elevation and up in latitude, as well
as low elevation populations (Kenai and Vancouver) to shift
range to higher latitudes and upslope.

We identified measures of phenology and snow melt on
all three range-wide environmental selection gradients
(Table 1), suggesting populations of white-tailed ptarmigan
may be locally adapted to different local phenologies.
Generally, the northern part of the white-tailed ptarmigan
range experiences later snow melt, a later start to the
growing season, and a different photoperiod than the
southern part of the range. For many alpine and alpine
breeding species, climate driven shifts in phenology have

Fig. 5 White-tailed ptarmigan Southern subspecies divergence
patterns. Neighbor-joining trees based on proportion nucleotide dif-
ferences (Nei and Kumar 2000) for different single nucleotide poly-
morphism (SNP) sets: for the Southern subspecies (39 individuals)
putatively neutral SNPs (a; N= 10,946) and autosomal candidate
adaptive SNPs (b; N= 80). Support from 1000 bootstraps shown in
Figs. B.8and B.9. Branches with support from <700 boostraps were
collapsed.
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resulted in reproductive and molting mismatch (McKinnon
et al. 2012; Pedersen et al. 2017). Earlier springs have led to
earlier nest initiation and brood production in ptarmigan
(García-González et al. 2016; Wann et al. 2016), which can
lead to reduced fecundity when reproductive timing is out
of synchrony with peak availability of plant and insect food
(Wann et al. 2019).

In addition to the environmental variables, our tentative
links to an enriched functional group suggests a connection
between patterns of adaptive divergence and seasonal coat/
plumage color change, based on findings for other species
(Walker et al. 2007; Walker and Gunn 2010; Swanson et al.
2014). Ptarmigan molt into completely white plumage in the
winter (Pyle 2007). Photoperiod is a well-known signal for
molt and coat color change initiation in mammals (Zimova
et al. 2018). Though the controls are less well understood in
birds, hormones and snow melt timing likely play a sig-
nificant role in addition to photoperiod (Höst 1942; Zimova
et al. 2018). Plasticity in timing of molting in several spe-
cies is considered limited (Charmantier et al. 2008, Zimova
et al. 2018). Populations of the genus Lagopus that do not
experience significant or prolonged snow may undergo only
a partial color-transformation molt (Salomonsen 1936;
Hannon et al. 1998; Jacobsen et al. 2007; Kozma et al.
2019), presumably due to relaxed selection pressure for
completely white molt, suggesting genetic control of molt
initiation. The amount of variation in the white-tailed
ptarmigan for molting phenology is unknown. While no
known populations are exempt from seasonal color change,
initiation of nuptial molt may vary among populations in
Colorado experiencing the same photoperiod (personal
observation SJZ, CLA, GTW). The degree to which genetic
variation underlies initiation of color change molt in white-
tailed ptarmigan will impact the ability of the species to
shift northward and respond plastically to changes in pho-
toperiod, as well as to adapt as snow melt occurs earlier and
seasonal timing changes.

Temperature and precipitation gradients were important
components of environmental selection gradients range-
wide (particularly winter precipitation) but were by far the
largest components of environmental selection gradients
within the Southern subspecies (Table 2). Observed adap-
tive divergence patterns associated with summer and winter
(range-wide only) precipitation and temperature (Tables 1
and 2) are further supported as potential selective pressures
with previous work in Colorado linking negative fitness
consequences to wet and cold summers (Erikstad and
Andersen 1983; Wann et al. 2016) and population growth
and recruitment positively associated with winter pre-
cipitation (Wann et al. 2014). Subdivision within the
Southern subspecies (Langin et al. 2018 (Fig. 5b here)) is of
particular interest to conservation of the species, occurring
on the extreme edge of the climate conditions expected to

be most impacted by climate change. In addition to main-
tenance of potential locally adapted genetic variation being
important for conservation of the currently occupied extent,
genetic variation locally adapted to a warmer climate may
be of particular value to conserving other portions of the
white-tailed ptarmigan range if assisted migration or trans-
location are potential conservation actions. Signals of
selection within the Southern subspecies identified New
Mexico and southern Colorado birds as distinct from the
north-central Colorado birds (and each other) along two
environmental gradients: the first of winter temperature and
summer precipitation, and the second of summer pre-
cipitation and summer temperature (Fig. 3 and Table 2).
These populations may be important sources of genetic
variation for the northern populations and their potential to
adapt to warming local temperatures. Similarly, divergence
of Vancouver along a primarily winter precipitation gra-
dient suggests an additional source of genetic variation for
higher winter precipitation (Fig. 2a, b).

Evidence of local adaptation in the New Mexico
population is complicated by the re-introduction of 43
white-tailed ptarmigan individuals into the Pecos Wild-
erness area of New Mexico from northern Colorado in
1981 (Braun et al. 2011; Braun and Williams 2015). The
New Mexico samples included in our analyses were col-
lected from the Pecos Wilderness area. The re-introduced
population in New Mexico displaying patterns of adaptive
divergence distinct from the source population (northern
Colorado) could be the result of high gene flow and
transfer of beneficial alleles from southern Colorado,
introgression from a remnant New Mexico population, a
strong bottleneck after re-introduction, and/or rapid
adaptation of a re-introduced population. Indications of a
bottleneck (low genetic diversity or inbreeding) are not
apparent (Table B.7). While southern Colorado and New
Mexico populations are more genetically similar to each
other than to the rest of Colorado (Fig. 3e), the distinctness
of the New Mexico population suggests gene flow from
southern Colorado populations alone would be unlikely to
result in the pattern we observe here. We cannot determine
whether the adaptive divergence observed in the New
Mexico population represents rapid evolution of the re-
introduced population, or introgression of some locally
adapted historical New Mexico genetic variation into the
re-introduced population. The potential for rapid adapta-
tion would be a positive sign for a species facing a rapidly
changing environment. However, the possibility of rapid
evolution will require further investigation, potentially by
evaluating other successful re-introductions (Braun et al.
2011) for signals of selection and measures of genetic
diversity. Similarly, the possibility of ancestral locally
adapted New Mexico genetic variation, may require
examination of genetic samples from museum specimens
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or historical samples collected prior to the 1981 re-intro-
duction, if those specimens exist (Braun and Williams
2015).

Predicted increased variability in weather under climate
change scenarios could be especially challenging for alpine-
obligate species likely to be locally adapted to harsh and
highly seasonal conditions. The white-tailed ptarmigan will
experience unique climate-related challenges due to a dis-
tribution that spans a broader latitude and elevation gradient
than most other alpine specialists. Our findings suggest
adaptive divergence among and within subspecies of white-
tailed ptarmigan associated with vegetation, elevation, lati-
tude, phenology, temperature, and precipitation. Our next
steps include confirming selection is occurring relative to
the identified environmental variables, many of which are
highly correlated (Tables B.5 and B.6) and investigating
more direct links between gene function and fitness (i.e.,
expression analyses, candidate gene investigation, etc.).
Similarly, putative functional links (i.e., GO terms) are
based on low density genome scans and linkage blocks
(r2~0.10 at 100 kbp; Fig. B.3) that undoubtedly include
additional potential targets of selection.

From a conservation perspective, our findings provide
additional support for two of the subspecies (Vancouver and
Southern) and potentially populations at the southern range
extreme, as distinct units or potential sources of preadapted
genetic variation that may facilitate potential range shifts,
assisted migration, or translocation efforts. For example, the
Southern and Vancouver subspecies have genetic variation
associated with different precipitation and temperature
regimes than the rest of the range. If local predictions of
climate change indicate increased winter precipitation in an
area, Vancouver may be a good genetic source. If summer
temperatures are predicted to increase, populations within
the Southern subspecies may be the most appropriate source
population. Similarly, if there is genetic variation under-
lying molting phenology, the Southern subspecies may be a
good source population for portions of the range that his-
torically experience later snow melt or green-up, as was
previously suggested for other species that undergo seaso-
nal color change molts (Mills et al. 2018). Unfortunately,
there is subdivision and local declines in the Southern
subspecies signaling the potential loss of genetic variation
for early phenology, high elevation, and low latitudes
(based on clustering of individuals by our enriched func-
tional group; Fig. 4c), that may otherwise be useful in
assisted migration scenarios. Although the discontinuous
distribution of alpine sky islands will likely impede a
northward range shift, signals of selection in re-introduced
populations (New Mexico) suggest the potential for rapid
evolution and possibility of range shifts into previously
unoccupied areas. The potential for outbreeding depression
as a result of conservation actions remains given the

suggestion of local adaptation for elevation and latitude.
Parsing the potential for an evolutionary response to climate
change in white-tailed ptarmigan, and possibly other alpine
obligates, will require further study. Nevertheless, we pro-
vide a first look at environmentally associated adaptive
divergence for an alpine obligate in relation to climate
change, identify some physiological pathways for deeper
investigation, and point to some conservation implications.
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