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Abstract

Ecological, environmental, and geographic factors all influence genetic structure.
Species with broad distributions are ideal systems because they cover a range of
ecological and environmental conditions allowing us to test which components pre-
dict genetic structure. This study presents a novel, broad geographic approach using
molecular markers, morphology, and habitat modeling to investigate rangewide and
local barriers causing contemporary genetic differentiation within the geographical
range of three white-crowned sparrow (Zonotrichia leucophrys) subspecies: Z. . gam-
belii, Z. I. oriantha, and Z. I. pugetensis. Three types of genetic markers showed ge-
ographic distance between sampling sites, elevation, and ecosystem type are key
factors contributing to population genetic structure. Microsatellite markers revealed
white-crowned sparrows do not group by subspecies, but instead indicated four
groupings at a rangewide scale and two groupings based on coniferous and decidu-
ous ecosystems at a local scale. Our analyses of morphological variation also revealed
habitat differences; sparrows from deciduous ecosystems are larger than individuals
from coniferous ecosystems based on principal component analyses. Habitat mod-
eling showed isolation by distance was prevalent in describing genetic structure, but
isolation by resistance also had a small but significant influence. Not only do these
findings have implications concerning the accuracy of subspecies delineations, they
also highlight the critical role of local factors such as habitat in shaping contemporary

population genetic structure of species with high dispersal ability.
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1 | INTRODUCTION

Dispersal of individuals from one habitat patch to another is a sim-
ple concept, yet dispersal can have a profound effect on gene flow,
genetic diversity, adaptation, and population dynamics (Bowler &
Benton, 2005; Olah et al., 2017; Ronce, 2007). This is especially true
for species that exhibit habitat specialization or low mobility where
environmental and landscape features, including climate, habitat,
and elevation, can act as barriers to dispersal (Geffen et al., 2004;
Kershenbaum et al., 2014). For these reasons, the influence of land-
scape on population connectivity and genetic structure is complex
and depends on individual behavior and the landscape composi-
tion (Coulon et al., 2004; Holderegger & Wagner, 2008; Lee-Yaw
et al., 2009; Rissler, 2016).

The relationship between gene flow and dispersal potential is
not always apparent. Many species capable of flight are thought to
have high population connectivity simply because they can cross or
circumvent physical barriers such as anthropogenic development,
large bodies of water, or mountain ranges, but this is not always
true (Holderegger & Wagner, 2008). With the advent of landscape
genetics, more studies show genetic differentiation can occur

between

and

FIGURE 1 Breedingseasonrange oriantha

map of white-crowned sparrow
subspecies, Z. |. gambelii, Z. . leucophrys,
and Z. I. oriantha in shades of blue,

Z. . pugetensis in red, and Z. I. nuttalli in
orange. Areas with cross-hatching indicate
areas of overlap between subspecies.
Adapted from Dunn et al. (1995). Example
photographs of subspecies show the
following: (a) Z. I. gambelii has pale lores
(small feathers between bill and eye) and
orange bill. (b) Z. I. leucophrys has a thin
line of black in the lores near the eye and
a light pink bill. (c) Z. . oriantha is very
similar in appearance to Z. I. leucophrys,
but has flared crown stripes and heavy
black lores, a dusky pink bill with darker
red on culmen (upper bill) and on average
has a smaller body mass, longer wings,
and shorter tarsi. (d) Z. I. pugetensis has
pale lores and a yellow bill. Z. I. nuttalli

is virtually indistinguishable in the field
from Z. I. pugetensis (Dunn et al., 1995;
Morton, 2002). Photo credits to C. Welke
© and Don Robinson © (a, b, and d; with
permission)
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within contiguous populations due to microclimates and behavioral
differences unrelated to physical barriers (Dubay & Witt, 2014;
2014; Porlier et al.,

drial DNA differentiation exists between rufous-collared sparrow

Engler et al., 2012). For example, mitochon-
(Zonotrichia capensis) populations locally adapted to low versus high
elevation microclimates on the same mountain slope (Cheviron &
Brumfield, 2009). Similarly, in the absence of bluegill sunfish (Lepomis
macrochirus), some pumpkinseed sunfish (Lepomis gibbosus) changed
from preying on snails to feeding on Daphnia, which resulted in mor-
phological differences between the ecotypes (Robinson et al., 1993).
Therefore, even in the presence of high dispersal potential and in
the absence of conspicuous physical barriers, population genetic
structure can occur at small spatial and short temporal scales (Porlier
etal., 2012).

Physical barriers such as mountains are an effective barrier
2011; Hooge, 2003;
Robertson et al., 2009). However, if a species with breeding sites on

to dispersal for many species (Fjeldsa et al.,

either side of a mountain range share a wintering ground and have
low philopatry, this could lead to the incorrect conclusion that the
mountains do not act as a barrier. In addition to physical barriers,
environmental and habitat variables also affect genetic variation

Area of
intergradation
between
gambelii
and
leucophrys
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(@) CR,n=66 (b) Aldo B6, n =54

-
Q 10 Samples
1 Sample

FIGURE 2 Map of the 15 sampling sites in this study and minimum spanning networks for CR using sequences from all sites except
CNP and 66 birds (a) and AldoBé6 using sequences from 12 sites and 54 birds (85 sequences after phasing male haplotypes) (b). Each circle
represents a haplotype, with the number of dashes across connecting lines showing number of base pair differences. Colors correspond to

the haplotype's population of origin. A 9 bp insertion linked to a 19 bp deletion in some AldoBé haplotypes is indicated by “indel.” The single

sample from OKis displayed in the network but omitted from F.; comparisons. Site abbreviations available in Table 1

Z. gambelii  Z. pugetensis Z. oriantha Z. gambelli  Z. pugetensis Z. oriantha
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FIGURE 3 STRUCTURE plot of all populations with optimal number of genetic clusters of K = 4 as determined by highest log-probability
and AK for 328 samples (a). (b) Hierarchical analysis of the first group (yellow) had an optimal number of K = 2. (c) Substructure according

to ecosite type for northern samples also had K = 2. Bayesian analysis using TESS v2.3 yielded an optimal K = 3 in the overall clustering (d),
K = 2 for each of cluster 1 (light green), cluster 2 (light blue), Colorado elevation groups (purple) (e), and northern ecosite groups (f). Above

each plot is a bar showing subspecies of each individual as Z. I. gambelii (gray), Z. I. oriantha (black), Z. I. pugetensis (striped), or hybrid gambelii-
oriantha (yellow). Unknown subspecies are uncolored

(Sexton et al., 2014). For example climate, habitat and diet have been The white-crowned sparrow (Zonotrichia leucophrys) is an ideal

found to influence genetic variation for a wide variety of aquatic and species for testing predictions about the effects of rangewide
terrestrial species (Pilot et al., 2006; Selkoe et al., 2010; MacDonald

and local barriers on genetic structure. It is a widespread North
et al., 2020). When gene flow is restricted between habitats or eco-

American passerine whose range spans multiple barrier types and

systems, it can lead to the formation of genetically distinct ecotypes is composed of five subspecies with different song dialects, habi-

(Kess et al., 2018; Parchman et al., 2016). tat preferences, phenotype, and migration behaviors (Figure 1).
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Previous studies suggest levels of gene flow differ among subspecies
(Austen & Handford, 1991; Chilton et al., 1990; Lein & Corbin, 1990;
Soha et al., 2004) and hybridization has been reported between
two Z. I. gambelii and Z. I. oriantha (Lein & Corbin, 1990). To date,
no studies have extensively examined the factors contributing to
genetic variation within this species. Do genetic patterns arise as a
result of environment or as a result of isolation by distance (Sexton
et al., 2014)? In this study, we use genetic and environmental data
for white-crowned sparrows to examine how landscape composition
and habitat mediate gene flow.

We examined population genetic structure for three subspecies
Z. |. pugetensis, Z. I. oriantha, and Z. |. gambelii of the white-crowned
sparrow. We sampled the northern Rocky Mountains, a broad
north-south belt of mountains interspersed with rift valleys and
glacier-carved basins (Cruden & Hu, 1999; Holland, 1976). Z. I. orian-
tha populations transition to Z. I. gambelii along a north-south hab-
itat gradient, and coniferous alpine forests are replaced by riparian
deciduous forests. We used genetic, landscape, and environmental
data to complete three objectives examining how habitat and ecol-
ogy mediate gene flow including (a) how geographic distance and the
rangewide barriers (such as the Rocky Mountains) influence genetic
structure; (b) whether habitat and microclimate variation act as local
barriers to gene flow; and (c) if suitable habitat corridors mediate

gene flow for white-crowned sparrows.

2 | MATERIALS AND METHODS
2.1 | Study species and sample collection

Five subspecies of white-crowned sparrows form two groups: (a)
the Z. I. pugetensis and Z. I. nuttalli populations breed on the Pacific
Coast and (b) the Z. I. leucophrys -oriantha-gambelii populations
breed to the east throughout North America (Figure 1). We sampled
328 adult white-crowned sparrows from 15 populations (Table 1;
Figure 2) representing three of the recognized subspecies (Z. I. ori-
antha, Z. |. gambelii, and Z. |. pugetensis). Birds were captured with
mist-nets using song playback over two breeding seasons (2015-
2016; Figure 2), and a feather or small blood sample was taken from
the brachial vein of each bird and stored in 99% ethanol except for
in Oregon, where samples were collected in 2013-2014 and stored
in Longmire buffer. We banded individuals with a numbered USGS
metal band to prevent resampling and collected six morphometric
measurements: bill length, bill depth, bill width, tarsus length, un-
compressed wing chord, and total mass, which we used to compare
morphological differences. Of the 328 individuals sampled, we ob-
tained 28 tissue samples from the Royal Alberta and Royal British
Columbia museums to supplement field sampling.

Of the 328 samples, 204 were collected at two sites to exam-
ine elevational differences (Table 1). A total of 83 blood samples
were obtained from a 415m elevational transect north of the Rocky
Mountain Biological Laboratory in Gunnison County, Colorado
(38.96°N, -107.01°W) (CO). In Oregon, 121 blood samples were

obtained from unrelated Z. I. pugetensis nestlings from four eleva-
tions in the Oregon Coast Range mountains (OR; Rivers et al., 2019).
The birds at the lowest (25-100 m) and highest (400-500 m) ele-
vations in four different OR sites were consolidated into two pop-
ulations (OR-L and OR-H, respectively), and the CO birds grouped
into low (~2,900 m), mid (~3,100 m), and high (3,330 m) elevations
(CO-L, CO-M, and CO-H, respectively) (Figure 2). We characterized
the ecosystem types where samples were collected as alpine conif-
erous, riparian deciduous, disturbed-gas plant, and disturbed-town
ecotypes (Figure 3). Ecosystems were characterized based on the
dominant tree species and the degree of anthropogenic disturbance

at each sampling site.

2.2 | DNA extraction, amplification, and sequencing

Genomic DNA was extracted from blood-ethanol mix or Longmire
buffer (10 pl), tissue (~1 ug), or feather samples (basal portion
of feather shaft) using a modified Chelex procedure (Burg &
Croxall, 2001; Walsh et al., 1991). We genotyped a subset of in-
dividuals for the mitochondrial control region (CR; n = 66) and Z-
linked Aldolase B6 gene (n = 54). For the CR, we designed a primer
set: Finch Siskin CR L85 (5-GGCACATCCTTGTTTCAGGT-3') and
H807 (5'-CAGTGCCAAGTTTGMGACGA-3') to amplify a 576 bp se-
quence and used the primer set previously published by Cheviron
and Brumfield (2009) to amplify a 709 bp sequence for Aldolase Bé.

Polymerase chain reactions (PCRs) were performed in a 25 pl
reaction containing Green GoTaq® Flexi buffer (Promega), 0.2 mM
dNTP, 2 mM MgCl,, 0.5 uM each primer, 0.5 U GoTag® Flexi DNA
polymerase (Promega). The profile for amplification of CR was an
initial cycle of 2 min at 94°C, 45 s at 50°C, and 1 min at 72°C; then 31
cycles of 30 s at 94°C, 45 s at 50°C, and 60 s at 72°C; and one final
extension at 72°C for 5 min followed by 4°C for 20 s. The same con-
ditions were used for AldoB except 2.5 mM MgCl, and an annealing
temperature of 62°C. Amplified DNA was sequenced at Genome
Quebec (Montreal, QC, Canada). Chromatograms were checked and
visually aligned using MEGA 6.0 (Tamura et al., 2013).

2.3 | Microsatellite genotyping

A subset of individuals was initially screened for amplification and
variation with 26 passerine loci, 10 of which were designed for
white-crowned sparrows. In total, 12 loci produced PCR products,
of which nine were polymorphic (Bensch et al., 1997; Dawson
et al., 1997; Hanotte et al., 1994; Petren, 1998; Poesel et al., 2009;
Stenzler et al., 2004). Genomic DNA was amplified in 10 ul reac-
tion volumes containing colorless GoTaq® Flexi buffer (Promega),
0.2 mM dNTP, and 0.8 mM or 1 mM MgCl,, 0.5 uM forward and re-
verse primer, 0.05 uM fluorescent M13 tag, 0.5 U GoTaq® Flexi DNA
polymerase (Promega). The amplification profile consisted of a 2-min
denaturation at 94°C, 45 s at 50°C, and 1 min at 72°C; seven cycles
of: 1 minat 94°C, 30s at T_., and 45 s at 72°C; 31 cycles of; 30 s at

m1’
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94°C,30satT

mo» @nd 45 s at 72°C; and a final 5-min elongation at

72°C. Annealing temperatures (T, /T, ,) differed for each primer set:
Gf06, Pocc2, & VeCr05 (45/47), ZoleH02 (50/52), Gf01 & ZoleA2
(55/57), and Escu6, YW16, & ZoleC11 (60/62). For Escué, the second
step was decreased from 31 to 25 cycles. Products were visualized
on a 6% acrylamide gel using a LI-COR 4300 DNA Analyser (LI-COR
Inc., Lincoln, NE, USA). Three positive controls of known sizes were
included for each locus to ensure consistent scoring. Genotyping
data were scored by two separate observers to ensure consistent
scoring, and any discrepancies were checked. A subset of samples
(~24) was genotyped a second time to ensure consistent scores

across gels.

2.4 | Genetic diversity analyses

Out of 54 birds used for AldoBé, 31 were male. Haplotypes from
these males were reconstructed using PHASE in DnaSP v5 (Rozas
et al., 2017) to account for the sex-linked nature of AldoBé resulting
in 85 sequences. DnaSP v5 was used to calculate haplotype diversity
(H,) for both AldoB6 and CR.

We constructed separate maximume-likelihood haplotype net-
works for CR and AldoBé6 to examine population structure among
populations and subspecies. Networks were constructed using
PopART 1.7 (Bandelt et al., 1999); each network was run for 500
iterations. Pairwise 6 values were calculated in Arlequin v3.5
and significance determined using 999 permutations (Excoffier &
Lischer, 2010). All p-values were corrected for multiple tests using
the false discovery rate (FDR) (Benjamini & Yekutieli, 2005).

For microsatellite diversity analyses, all samples were checked
for errors and null alleles with MICRO-CHECKER v2.2.3 (Van
Qosterhout et al., 2004). We tested for deviations from Hardy-
Weinberg equilibrium and linkage disequilibrium using the default
parameters in GENEPOP v4.2 (Rousset, 2008). We calculated ob-
served and expected heterozygosities, number of alleles per locus,
and private alleles for all 15 populations and pairwise F’ST matrix and
corresponding p-values (Meirmans & Hedrick, 2011) in GenAIEx v6.5
(Peakall & Smouse, 2012). Additionally, we calculated pairwise F's;
values among the four ecosites to quantify genetic differentiation

between habitat types.

2.5 | Assessing population genetic structure

STRUCTURE v2.3 is a nonspatial Bayesian clustering method which
uses a Markov chain Monte Carlo (McMC) simulation to determine
the number of genetic clusters (K) based on multilocus genotype
data (Pritchard et al., 2000). The program was run with correlated
allele frequencies and the admixture model with sampling locations
as locpriors. Ten independent runs were performed with 50,000
burn-ins and 200,000 McMC repetitions for each K value from
K =1-10. To determine the optimal number of clusters, STRUCTURE
HARVESTER v0.694 (Earl & vonHoldt, 2012) was used to average

Open Access,

values of LnPr(X|K) and AK for each K (Evanno et al., 2005). Seven of
the ten northern populations showing admixture were run separately
with the same settings to determine whether additional structure
was present. To determine whether genetic structure corresponded
to ecosite type (northern populations) or elevation (CO and OR), we
used ecosite or elevation as locpriors and ran STRUCTURE using the
same settings as above.

To complement our STRUCTURE analysis, we used a second
Bayesian clustering algorithm TESS v2.3 (Chen et al., 2007) that in-
corporated spatial information. TESS was run for K values from 1
to 10 using 5,000 burn-ins and 100,000 sweeps, with a spatial in-
teraction parameter (¥) of 0.6. The optimal K was determined by
choosing the K where the deviance information criterion (DIC) value
began to plateau (Chen et al., 2007). As with STRUCTURE, the same
groupings for investigating admixture, ecosite types, and elevation
were run separately for K values from 1 to 6 with the same settings

to uncover possible substructure.

2.6 | Multivariate analyses

To further assess genetic structure from a multivariate perspective,
Principal Coordinate Analysis (PCoA) and a Principal Component
Analysis (PCA) were performed in R (R Core Team 2021). For the
PCoA, a matrix of multivariate genetic distances (F's; values) be-
tween all populations was plotted against their geographic co-
ordinates. A three-dimensional PCoA graph was made using the
Scatterplot3D package (Ligges & Michler, 2003) to visualize the first
three principal coordinates. In addition to comparing genetic differ-
ences, we also used multivariate analyses to examine morphological
differences among ecotypes. We conducted a PCA on six morpho-
logical measurements: bill length, bill depth, bill width, tarsus length,
uncompressed wing chord, and body mass. For this analysis, we
compared morphological differences from three ecotypes: alpine co-
niferous, riparian deciduous, and disturbed-gas site. Morphological
differences were summarized with a standard multivariate ordina-

tion using the ggbiplot package (Wickham, 2009).

2.7 | Species distribution models

We constructed a species distribution model (SDM) to display po-
tential dispersal routes of white-crowned sparrows using least-cost
path (LCP) and least-cost corridor (LCC) models. The SDM was
made in ArcMap 10.1 (ESRI, Redlands, CA) using SDMtoolbox v1.1
(Brown, 2014). We obtained 552 occurrences of Z. I. gambelii, 762 of
Z. . oriantha, and 1,285 of Z. I. pugetensis from the Global Biodiversity
Information Facility (GBIF, 2018a, 2018b, 2018c; http://data.gbif.
org/). Occurrences were limited to breeding season by filtering for
data collected from mid-April through August, and we restricted our
occurrence data to points collected after 1980. We used environ-
mental data from three separate sources: WorldClim Global Climate
Dataset (v2, http://worldclim.org/version2), MODIS-based Global
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Land Cover dataset (Broxton et al., 2014), and the Digital Elevation
Model (DEM; resolution equals 1 km) developed by the USGS Earth
Resources Observation and Science Center (EROS) (http://cec.org/
WorldClim
Global Climate Dataset summarizes variables that measure of precip-
itation and temperature from 1970 to 2000, while the MODIS-based
Global Land Cover dataset summarizes land cover categorizing land

tools-and-resources/map-files/elevation-2007). The

cover into 16 distinct classifications.

We used SDMtoolbox to spatially rarefy occurrence data to ac-
count for sampling bias; following this analysis, we were left with
216 occurrences for Z. I. gambelii, 285 for Z. I. oriantha, and 348 for
Z. . pugetensis. Next, the 19 environmental variables, land cover,
and elevation layers were checked for autocorrelation and clipped
to the extent of North America. Each subspecies' ecological niche
was then modeled using Maxent v3.4 (Phillips et al., 2006) with a
regularization multiplier of 2, 10 replicates of 500 iterations with
cross-validation using the elevation, land cover, and the resulting 10
uncorrelated environmental variables (annual mean temperature,
mean diurnal range, isothermality, temperature seasonality, mean
temperature of warmest quarter, annual precipitation, precipitation
seasonality, precipitation of wettest quarter, precipitation of warm-
est quarter, precipitation of coldest quarter). With the exception of a
regularization multiplier of 5 for Z. I. gambelii, the same variables and
settings were used. Corrected Akaike's information criterion (AlCc)
and the area under curve (AUC) (Warren & Seifert, 2011) were used
to select the best fit model.

2.8 | Correlates of genetic structure with
distance and dispersal

To model the most likely dispersal routes and dispersal costs,
LCP and LCC analyses were conducted with SDMtoolbox v1.1c
(Brown, 2014). We inverted our SDM to create a friction layer and
used the Landscape Connectivity tool to create the sum of LCP
and LCC between all population pairs. For the LCPs, we used the
route with the lowest friction value between each population pair as
our LCP measurement. Following the approach outlined by Jensen
et al. (2019), we weighted the resistance values generated from our
LCP analysis into three classes: low, mid, and high. These values are
a “percentage of the LCP” where low, mid, and high represent 1%,
2%, and 5% of LCP values. Finally, we summed both the weighted
and categorized LCP values to generate an LCC dispersal network.
Because samples were from a small area of the breeding range, an

LCC model was not made for Z. . pugetensis.

2.9 | Isolation by distance and resistance

We used Mantel and partial-Mantel tests to examine the effects of
isolation by distance (IBD) and isolation by resistance (IBR) on ge-
netic differentiation. All Mantel and partial-Mantel tests were con-
ducted in GenoDive 3.04 (Meirmans & Van Tienderen, 2004). We

converted pairwise F'; values to a distance measurement using the
formula F's1/(1 - F'¢;) and calculated geographic distances between
sites in GenAlEx 6.05 (Peakall & Smouse, 2012). For IBR, we gener-
ated a least-cost path distance matrix using the along-path cost of
the LCP calculated in ArcMap 10.1. The along-path cost is the total
sum of the friction values that characterize the LCP and allows for
the testing of IBR between sample sites (Etherington, 2011). We ran
five IBD and IBR models: all populations, all populations excluding
Oregon, only Z. I. gambelii, only Z. I. oriantha, and all northern Rocky
Mountain populations. For each dataset, we also ran partial-Mantel
tests to examine the effect of IBD and IBR in the presence of each
other to better determine which of these factors influences genetic

patterns for white-crowned sparrows.

3 | RESULTS
3.1 | Genetic diversity

The mitochondrial CR had a total of 17 haplotypes; six haplotypes
were shared among multiple populations, while the remaining 11
haplotypes were restricted to a single population (Figure 2). Many
of the northern individuals shared the same CR haplotype (71% of
the 35 northern individuals), and most unique haplotypes from the
northern populations originated from BA. Haplotype diversity was
low for six populations (Hd = 0 in JAS, BV, LE, FTSJ, OK, and MK)
and high for five (Hd > 0.7 in BA, WT, RV, CO-H, and OR-L; Table 1).

The Z-linked AldoB6 locus had a total of 30 haplotypes, with
eight shared among multiple populations and 22 restricted to a single
population. The AldoBé haplotype network showed some clustering
of southern (OR and CO) and northern (AB and BC) populations. One
common haplotype was found in 32% of 85 sequences from eight
populations, mostly northern populations (Figure 2). AldoB6 haplo-
type diversity was low for three populations (Hd = 0 in LE, RV, and
OK) and high for eight (Hd > 0.7 in BA, BV, WT, CO-L, CO-M, CO-H,
OR-L, and OR-H). The Z. |. gambelii subspecies had the lowest Hd at
both loci (CR: 0.56, AldoBé6: 0.84), Z. I. pugetensis had the highest
Hd for CR (Hd = 0.83), and both Z. . pugetensis and Z. |. oriantha are
similarly high for AldoBé (Hd = 0.90 and 0.91, respectively; Table 1).

All 328 individuals from 15 study sites were genotyped at nine
microsatellite loci (Table 1). The average number of alleles per pop-
ulation ranged from 2.33 (OK) to 8.44 (OR-L and OR-H), observed
heterozygosity (H,) ranged from 0.43 (OK) to 0.75 (JAS and CO-H),
and expected heterozygosity (He) from 0.39 (OK) to 0.73 (CO-L and
CO-H; Table 1). Among the sample sites with the largest number of
private alleles were WT and CO-L with three, and OR-H with four.
The CO elevations had the highest level of allelic richness (4.32-
4.56; Table 1).

Overall, we observed high population genetic structure and pair-
wise O values for CR data confirmed the separation of northern
and southern populations (Table 2). Genetic differentiation between
northern and southern populations was moderate to large (range:

0.10-0.50). By comparison, there was low to moderate genetic
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TABLE 2

CR

Z.

pugetensis

Z. oriantha

Z. gambelli

<0.01
<0.01

<0.01

Z. gambelii

0.15
0.40

Z. oriantha

0.18

Z. pugetensis

AldoBé6

Z.

pugetensis

Z. oriantha

Z. gambelii

<0.01
<0.01

0.15

Z. gambelii

0.04
0.12

Z. oriantha

WELKE ET AL.
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0.06

Z. pugetensis

Note: Superscripts indicate the subspecies found at each sampling site: 1Z.1. gambelii, 27.1. oriantha, and °Z. I. pugetensis.

differentiation between all northern population pairwise compari-
sons, as well as southern population pairwise comparisons (range:
0-0.30). All three subspecies were genetically distinct based on
control region sequences (range: 0.15-0.40). We observed low to
high genetic variation for comparisons of AldoB8 sequences (range:
0-0.72). For the 15 AldoB8 6 comparisons within northern popula-
tions, 46% were significant, and 20% were significant within the 10
southern population comparisons (Table 2). In the north, BV and MK
accounted for all the significant differences and OR-L in the south.
Similarly, between the north and south, MK, LE, and OR-L accounted
for all but one of the significant results (Table 2). Among the three
subspecies, Z. I. oriantha and Z. |. gambelii were significantly different
from Z. I. pugetensis, but not from each other. Genetic divergence at
this marker was relatively low (range: 0.04-0.12).

We observed high population genetic structure based on micro-
satellite genetic patterns; pairwise F'¢; values from all 15 popula-
tions ranged from 0 (JAS:RV) to 0.58 (BA:CO-M), and 94 out of 105
(89.5%) comparisons were significant after FDR at the p < .05 level
(Table 3). All but three of the nonsignificant comparisons involved
JAS or RV, which have smaller sample sizes (Table 1). Notably, JAS
was not genetically different from RV, OK, or MK populations on
the opposite side of the Rocky Mountains, but it was significantly
different from four adjacent populations on the same side of the
mountains (WT, LE, CNP, and BA).

3.2 | Population genetic structure

Based on LnPr(X|K) and AK, K = 4 for microsatellite data from all 15
populations (Figure 3a). STRUCTURE identified four clusters: two in
the north (a) JAS, RV, and MK; (b) BA, BV, CNP, WT, LE, FTSJ, and
OK; one in the southeast Rocky Mountains, (c) CO-L, CO-M, and
CO-H; and another in the Pacific Northwest; and (d) OR-L and OR-
H. The first two clusters were not as clearly defined as the other
two. This admixture along with a bimodal AK plot prompted further
hierarchical analyses to test for substructure within the northern
samples. When the seven admixed northern populations (BA, BV,
CNP, WT, LE, FTSJ, and OK) were analyzed separately, the result was
K = 2; however, no clear geographic pattern emerged (Figure 3b).
No substructure was found within either the CO or OR elevational
transects. Ecosite analyses of all ten northern populations showed
K = 2 with substructure corresponding to ecotypes: AC ecosite (JAS,
BA, RV, MK, and some OK) and RD, D-G, and D-T ecosites (BV, CNP,
WT, LE, FTSJ, and some OK; Figure 3c).

Using a spatial Bayesian clustering analysis in TESS (Figure 3d),
the optimal number of clusters was K = 3 as determined by the high-
est DIC value. The clusters were similar to the four main clusters in
STRUCTURE except OR grouped with some northern populations:
(a) JAS, RV, OK, and MK; (b) BA, BV, CNP, WT, LE, FTSJ, OR-L, and
OR-H; and (c) CO-L, CO-M, and CO-H. When running each of the
three clusters independently, the DIC values indicated K = 2 within
each group: (a) JAS, RV, OK, and (b) MK for the first group, (c) BA,
BV, CNP, WT, LE, and FTSJ, and (d) OR for the second group, and (e)
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41 —o— Alpine Coniferous
—e— Riparian Deciduous
—o— Disturbed-Gas Plant

PC2 (18.7%)
o

=2

2 0 2
PC1 (32.8%)

FIGURE 4 A standard principal component analysis of 113
individuals with multivariate analysis of six morphological features
(wing length; bill width, length, and depth; tarsus length; and body
weight). Ellipses show individuals from alpine coniferous (light
green), riparian deciduous (dark green), and disturbed habitat
(blue) ecosites as compared in TESS and STRUCTURE (Figure 3).
Disturbed habitat individuals are from the disturbed-gas plant site
only, as no morphological data were available for the 11 townsite
individuals, and CO and OR populations were omitted

CO-L, CO-H, and (f) CO-M for the third group (Figure 3e). TESS un-
covered substructure when testing for elevational differences in the
CO sample sites that STRUCTURE did not. When northern popula-
tions were sorted by ecosite types, K = 2, again separating the alpine
coniferous (AC) ecosite (JAS, RV, OK, and MK) from riparian decidu-
ous (RD), disturbed-gas (D-G), and disturbed-townsite (D-T) ecosites
(BA, BV, CNP, WT, LE, WT, OK, and FTSJ). Unlike STRUCTURE, in
TESS, BA clusters with the RD, D-G, and D-T group of ecosites not
the AC ecosite.

The PCoA based on F'g; values showed the first two axes ac-
count for 34.5% and 23.6% of the variation with the third axis ex-
plaining 16.1% (Figure S1). When all three axes were displayed in
a three-dimensional plot, similar groupings observed in the other
analyses were produced. The southern populations, CO and OR,
separated from the northern populations. JAS was distinct from
all the other AB populations, and OK, MK, and FTSJ clustered to-
gether and the remaining northern populations formed a single
cluster.

The PCA using morphometric data from all northern populations
showed two distinct ecosite groupings similar to STRUCTURE and
TESS with the first and second axes accounting for 32.8% and 18.7%
of the variation, respectively. When grouping individuals by ecosites,
the six phenotypic traits clustered into AC and RD/D-G ecosites.
The samples from the disturbed group only include the D-G popula-
tion in CNP (Figure 4).

3.3 | Species distribution models and potential
dispersal routes

The contemporary SDM for each subspecies closely followed their
known distributions in North America (Figures 1 and 5). The vari-
ables with the greatest contributions were annual mean temperature
(29.4%), followed by isothermality (15.7%), elevation (14.3%), tempera-
ture seasonality (12.6%), and precipitation of warmest quarter (12.2%)
for Z. I. gambelii; elevation (71.7%), precipitation of warmest quarter
(10.6%), isothermality (8.2%) for Z. I. oriantha; and precipitation of
coldest quarter (61.9%), precipitation seasonality (10.5%), precipita-
tion of warmest quarter (10.5%), and elevation (8.2%) for Z. |. pugeten-
sis (Supporting Information). The layers contributing to the SDM for
Z. |. gambelii yielded an AUC value of 0.828, where 0.5 means the
model fit is no better than random, and values close to 1 are a good fit.
The layers contributing to the SDMs for Z. I. oriantha and Z. |. pugeten-
sis yielded high AUC values of 0.996 and 0.995, respectively.

The LCP and LCC for Z. I. gambelii showed dispersal routes with
the lowest resistance were between mountain ranges in BC and
through the Rockies in southwestern AB and southeastern BC. The
southern Alberta Z. |. gambelii populations of LE, WT, CNP, and BV
were connected via low elevation dispersal routes through the moun-
tains to OK. Similarly, corridors connecting JAS to sites in BC had
lower resistance than the corridors to other AB sites. Fort St. James
and MK also had low resistance pathways connecting to OK, but not
directly to each other. Temperature was the strongest contributor to
the Z. |. gambelii SDM, yet dispersal patterns appeared to correspond
to elevation. The Z. I. oriantha model showed low resistance north-
south routes between CO, through the southern Alberta sites and
extended up to MK along the lower elevation eastern foothills of the
Rocky Mountains, a pattern that is corroborated by the importance
of elevation as a contributor to this subspecies' SDM.

3.4 | Correlates of genetic differentiation with
distance and dispersal

For our models examining all populations excluding the two Oregon
populations, IBD and IBR were significant (range: r = .24-.29,p < .05).
We were unable to separate the effects of these two processes, IBD
and IBR, from each other (all partial-Mantel tests p > .30). Among
Z. . oriantha and Z. I. gambelii populations, IBD and IBR were not sig-
nificant. Additionally, IBD and IBR did not significantly affect genetic
patterns among all Rocky Mountain populations.

4 | DISCUSSION

We compared the influences of barriers and ecotype on population
genetic structure at various spatial scales, and we hypothesized that
geographic distance and mountains would act as barriers to gene
flow within and among three subspecies of white-crowned sparrows.

Although IBD and IBR influence rangewide patterns, genetic patterns
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FIGURE 5 Contemporary SDM
created using occurrence data from three
subspecies of white-crowned sparrow,
environmental variables, a vegetation
cover layer, and elevation layer. Areas

of the most suitable environmental and
habitat conditions (i.e., ecological niche)
for each subspecies are in warmer colors
(left). Least-cost corridor (LCC) projections
of dispersal routes between sites within
the breeding ranges of Z. I. gambelii and
Z. . oriantha based on the SDMs with
base maps showing higher elevations in
lighter gray. Dispersal costs are coded

by red representing areas with low
resistance (i.e., low dispersal cost), and
blue representing high resistance (right).
The models were created using the SDM
toolbox (Brown, 2014) in Arc GIS® and
MaxEnt (Phillips et al., 2006)
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TABLE 4 Mantel tests comparing genetic distance with both geographic distance and dispersal resistance

Comparisons IBD
Across breeding range r=.28
(All fifteen sites included) p =<.03
Sites within Z. I. oriantha breeding range r=.29
(Thirteen sites excluding OR) p=.03
Z. |. gambelii r=-.01
(BA, WT, LE, FTSJ, RV, OK, MK) p=.52
Z. 1. oriantha r=.30
(BA, BV, CNP, WT, MK, CO-L, CO-M, CO-H) p=.14
East and West of Rockies r=.15
(JAS, BA, BV, CNP, WT, LE, FTSJ, RV, OK, MK) p=.20

IBR IBD|IBR IBR|IBD
r=.26 r=.12 r=.01
p=.04 p=.23 p=.45
r=.24 r=.20 r=-.09
p =.05 p=.11 p=.30
r=.03 r=-.13 r=.13
p=.52 p=.34 p=.30
r=.25 r=.27 r=-.22
p=.17 p=.18 p=.28
r=.17 r=-.08 r=.11
p=.18 p=.35 p=.28

Note: F'¢; values are compared against Euclidian distances between populations for a test of isolation by distance (IBD), and against the least-cost
path resistance values for a test of isolation by resistance (IBR). Significant p-values are in bold. Variables following vertical lines indicate the variable

that was controlled for during partial-Mantel tests.

at local scales were not influenced by these factors. Our results in-
dicate a role for local ecological factors and microclimate acting as

barriers and influencing both rangewide and local genetic patterns.
4.1 | Macrogeographic barriers: distance and
hybrid zones

Physical distance played a large role in describing the rangewide

genetic differentiation in Z. I. gambelii and Z. I. oriantha (Figure 2,

Table 4). Within each of these ranges, large amounts of suitable
habitat are present; however, habitat and dispersal are not homog-
enous as evident by the genetic analyses. Both nuclear datasets
showed north-south differences and evidence of dispersal across
mountain ranges (Table 3, Figure 2). The genetic similarity of JAS to
RV, OK, and MK corresponds to the Yellowhead Pass, a major low
elevation corridor through the Rocky Mountains used for disper-
sal by other species including mountain pine beetles (Dendroctonus
ponderosae, Robertson et al., 2009), ruffed grouse (Bonasa umbellus,

Jensen et al., 2019), and mountain caribou (Rangifer tarandus caribou,
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Hooge, 2003). Similarly, the genetic similarity of BV and RV could
potentially be explained by dispersal through the Rocky Mountain
Trench.

The differentiation of our CO samples from the northern indi-
viduals using microsatellite data may be due to the sampling gap
or hybrid zones. Within the Rocky Mountain area of AB and BC, a
hybrid zone exists between Z. I. oriantha and Z. I. gambelii, whereas
in CO they are pure Z. I. oriantha (Figure 1). In the sampling gap be-
tween northern and CO sparrows, there could be patterns of in-
trogression defining the hybrid zone edge. Alternatively, if there is
clinal variation in ecosystems, the differentiation of northern pop-
ulations of CO could be an artifact of that sampling gap (Barton &
Hewitt, 1989). Exploring these two possibilities is important because
the patterns of population differentiation within the hybrid zone do

not correspond to subspecies, but to ecosystems.

4.2 | Microgeographic barriers: Forest type and
disturbed ecosystems

We found genetic clusters corresponding to alpine coniferous (AC)
and riparian deciduous (RD) ecosite types and individuals from dis-
turbed ecosites grouped with the riparian deciduous individuals
(Figure 3). Morphological and genetic differences have been observed
across heterogeneous landscapes in plants (Gram & Sork, 2001), in-
sects (Hamer et al., 2003), aquatic invertebrates (Etter et al., 2005),
and terrestrial vertebrates (Barley et al., 2015). Local environmen-
tal conditions and ecosystem have an important role in determining
population genetic structure of white-crowned sparrows. Individual
white-crowned sparrows from the same sampling area in OK belong
to different genetic groups corresponding to the ecosite they were
sampled in, although due to the low number of individuals collected
from this area, our results should be viewed conservatively. No re-
ports exist on the contemporary status of white-crowned sparrows
in the OK area. Brooks (1909) and Kermode (1904) report Z. I. gam-
belii breeding in this area, but other studies (Krannitz, 2007; Krannitz
& Rohner, 2000) claim white-crowned sparrows are transient. Our
museum samples lacked specific data on indicators of breeding
(i.e., brood patch or enlarged cloaca) and detailed collection dates.
It is possible that our OK samples were migrating birds, but more
sampling is required to ascertain whether white-crowned sparrows
breed in OK and have this interesting partition of genetic structure
by ecosystem, especially considering the possibility of notable range
shifts as have been observed in Z. I. pugetensis in the last 35 years
(Hunn & Beaudette, 2014).

Ecosite type also corresponded to morphological differences in
white-crowned sparrow, albeit not by subspecies phenotype spe-
cifically (Figure 3). Birds found in riparian deciduous forests were
larger than alpine coniferous birds (Figure 4). The same phenome-
non of larger body size in deciduous compared with coniferous eco-
systems was observed in male pied flycatchers (Ficedula hypoleuca)
resulting from competition (Lundberg et al., 1981). The clustering

of white-crowned sparrows both genetically and morphologically

into coniferous or deciduous forests is surprising. Most descriptions
of white-crowned sparrow habitat include thickets and stream-
side shrubs (Z. I. gambelii), meadows of high sagebrush near the
conifer timberline (Z. . oriantha), and early seral coniferous forest
(Z. I. pugetensis) (Dunn et al., 1995; Morton, 2002; Rivers et al., 2019)
rather than along deciduous forest edge as we observed for some
of our samples. Since aspen understory and canopy support greater
invertebrate abundance than conifers (Rumble et al., 2001), it is pos-
sible that larger body size of white-crowned sparrows in deciduous
forests is due to a greater abundance of high-quality food. Similar
genetic patterns were found in black-capped chickadees, Poecile at-
ricapillus, from the same area where patterns of genetic differentia-
tion correspond to riparian poplar species and their hybrids (Adams
& Burg, 2015). Body size may have also covaried with elevation,
since 30% of our conifer forest samples were also from high eleva-
tions (>1,000 m). The greater energy costs of living in harsher cli-
mates of the high elevation sites could explain the smaller body size
of sparrows sampled in those areas (Bonier et al., 2014). Although
morphological patterns are congruent with genetic patterns, we
cannot rule out the role of plasticity influencing morphological pat-
terns. Therefore, we suggest that future studies should incorporate
next-generation sequencing techniques to further explore the rela-
tionship between morphological variation and genetic variation.

Forestry operations may be another influence on genetic
structure in white-crowned sparrows. Large forestry operations
in the FTSJ area have been conducted since the 1950s (Proulx &
Kariz, 2005). Microsatellite analyses grouped FTSJ with populations
east of the Rockies despite it being (~400-600 km) northwest. White-
crowned sparrows establish territories quickly in recently harvested
clear-cuts (Hunn & Beaudette, 2014; Rivers et al., 2019). A popu-
lation could have colonized the FTSJ clear-cuts and subsequently
experienced a founder effect from settling in habitats isolated from
other populations, thus leaving a pocket of eastern alleles on the
west of the Rockies. FTSJ did show reductions in genetic diversity
relative to populations with similar sample sizes at the microsatel-
lite loci (Table 1). Chickadees (Poecile spp.) from the same area show
unusual genetic patterns. Hybrids of mountain (Poecile gambeli) and
black-capped chickadees are more abundant in the FTSJ area (Grava
et al., 2012), and populations of black-capped chickadees show high
levels of population genetic structure (Adams & Burg, 2015).

4.3 | Microgeographic barriers: Elevation

Differences in vegetation, elevation, and climate are highly restric-
tive in many species (Coulon et al., 2004; DuBay & Witt, 2014; Dubey
et al., 2011; Funk et al.,, 2005; Gonzalo-Turpin & Hazard, 2009;
Lee-Yaw et al., 2009; Olah et al., 2017), and white-crowned spar-
rows are no exception. Several, more sensitive analyses using F’ST
comparisons from microsatellite data (Table 3, Figure 3) were able
to detect significant differentiation between the proximate popula-
tions along elevational transects in CO. To access CO-M from CO-L

requires passage from a river valley of rich biodiversity and plentiful
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shrub nesting habitat, through a long, narrow, and barren mountain
pass. The CO-M site is a unique and isolated meadow of short willow
and open grassy areas surrounded by steep and densely forested
mountain slopes. The CO-H site is in neighboring alpine meadows
far upslope. This local differentiation could be due to habitat dif-
ferences, elevation, or both. Chamberlain et al. (2016) modeled the
distributions of ten alpine bird species along elevation gradients and
found that adding ecosystem data (vegetation cover and topogra-
phy details) along with the climate and elevation variables improved
model performance significantly for many species, reinforcing our
observations that ecosystem is a key contributor to white-crowned
sparrow population structure. The OR sites only appear to have ge-
netic differentiation in pairwise F's; analysis (Table 3), which may be
due to the small elevational difference (430 m), or because all sam-
ples were from disturbed ecosystem (clear-cuts). To detect whether
elevation causes microgeographic structure as we hypothesized may

require larger elevational differences.

4.4 | Species distribution models and
landscape resistance

SDMs and LCCs showed that whereas elevation is an important
contributor to modeling suitable habitat for three white-crowned
sparrow subspecies, the Rocky Mountain range is a porous land-
scape barrier, especially for Z. I. gambelii. There is a lack of conspicu-
ous barriers and a high degree of habitat suitability encompassing
our Z. . gambelii sample sites and much of the rest of North America
(Figure 5) which could explain why geographic distance (IBD) in-
stead of landscape resistance (IBR) is the most prevalent barrier to
dispersal (Table 4). IBD also explains most of the genetic distance
between Z. I. oriantha populations, but unlike in Z. I. gambelii, IBR
had small but significant importance at various spatial scales in
Z. |. oriantha (Table 4). This difference may exist because Z. |. gambe-
lii is a habitat generalist while Z. I. oriantha is more of a habitat spe-
cialist (Hahn et al., 1995; Maney et al., 1999; Wingfield et al., 1996).
Z. l. oriantha show robust responses to temperature and snowpack
conditions in montane ecosystems, have strong site-fidelity, and
require specific conditions for nesting (Wingfield et al., 2003).
Z. |. gambelii are “spatial opportunists” and show low site-fidelity
(Hahn et al., 1995). This phenomenon is reflected in sympatric spe-
cies of butterflies, in which the genetic structure of the general-
ist species was unaffected by the landscape matrix; however, the
specialist species were highly sensitive to fine-scale ecosystem fea-
tures (Engler et al., 2014).

In contrast to Z. I. oriantha and Z. |. pugetensis, the wider distri-
bution of Z. |. gambelii could also be a result of being historically es-
tablished on the east side of the Rocky Mountains where there are
fewer physical barriers. This pattern is mirrored in many other spe-
cies of high-latitude boreal birds where divergence of sister-species
has been linked to fragmentation of the boreal forest by ice sheets
in the Middle and Late Pleistocene (Weir & Schluter, 2004). The
Taiga, Rocky Mountain, and Pacific Coast distributions of eight sets
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of sister-species from Weir & Schluter's study (2004) follow a very
similar distribution to the white-crowned sparrow subspecies in our
study. Alternatively, the current subspecies distributions could be
the result of recent divergence due to local adaptation (Richardson
et al., 2014). Our results highlight the importance of ecosystem in
contemporary genetic differentiation (Figures 3 and 4), and LCC
models show each subspecies' distribution is affected differently
by environmental variables (Figure 5). Temperature is the strongest
contributor for the Z. I. gambelii SDM, precipitation for Z. I. pugeten-
sis, and elevation is important in the distribution models of all three
subspecies, especially Z. I. oriantha. Further research is required to
elucidate whether the current subspecies distributions are the re-
sult of historical range expansion (Banks, 1964; Rand, 1948), habitat
fragmentation (Weir & Schluter, 2004), or recent divergence due to

local adaptation of this ubiquitous species (Richardson et al., 2014).

4.5 | Genetic variation among subspecies

Genetic partitioning among subspecies of white-crowned spar-
rows has been previously established (MacDougall-Shackleton &
MacDougall-Shackleton, 2001), and results indicate genetic parti-
tioning among the subspecies investigated in this study provide fur-
ther support for these patterns. Control region sequences indicate
that Z. I. gambelii are distinct from Z. . oriantha populations, although
genetic variation between subspecies is relatively subtle. Only two
control region haplotypes are shared between these two subspe-
cies, and these haplotypes are found in southern Canada in the pu-
tative contact zone between these two subspecies. Z. |. pugetensis is
also distinct from Z. I. gambelii, but shares several haplotypes with
Z. |. oriantha. Microsatellite genetic patterns also indicate genetic
differentiation between the three subspecies, and again individu-
als with admixed genotypes are found in southern Alberta where
subspecies come into contact. Although other studies have found
limited support for genetic distinctiveness among subspecies (Ball &
Avise, 1992; Zink et al., 2000), genetic patterns do not always follow
subspecies boundaries (Zink, 2004). The prevalence of genetic par-
titioning among the subspecies investigated in this study is further
evidence of how complex genetic patterns are for this species and
indicates that current taxonomy should continue to recognize the

existing subspecies.

5 | CONCLUSION

In conclusion, it is important to understand all the influences and
barriers on population genetics in montane systems as they are an
important ecological zone for biodiversity (Fjeldsa et al., 2011). The
western extent of the white-crowned sparrow's distribution is ge-
netically structured not by subspecies, but by the combination of
distance, mountains, and ecotype. White-crowned sparrows showed
both genetic differentiation and morphological differentiation in co-

niferous versus deciduous ecosystems, a phenomenon of habitat
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partitioning increasingly observed in other population genetics stud-
ies (Grava et al., 2012; Jensen et al., 2019; Lundberg et al., 1981;
Porlier et al., 2012). Using a widespread and ubiquitous avian spe-
cies can contribute to an understanding of barriers that could be
affecting the gene flow in species of conservation concern which
are more difficult to access. For populations of threatened species
isolated after habitat fragmentation and degradation, using a model
species to understand the factors affecting dispersal and gene flow
can be critical for conservation and management decisions (Dubey
et al., 2011).

ACKNOWLEDGMENTS

We wish to thank the Royal Alberta Museum and Royal British
Columbia Museum for providing us with additional samples; C. Adlam,
T. Barron, J. Bailey, H. Beyl, S. Campbell, B. Cooney, G. Cummins,
S. Doorly, E. Eve, D. Ferraro, C. Fitzmorris, N. Garlick, B. Hardt, R.
Hepner, K. Jones, S. Jordan, E. Keyes, C. Loucks, L. Mangan, N. Marcy,
D. Millican, A. Muniz, L. Natola, E. Pokrivka, J. Powell, T. Stokely, N.
Volpe, K. Wilson, E. White, and K. Zummo for assistance with field-
work; and D. Visscher with statistics. Access to study sites as well
as cooperation in implementing the experimental treatments was
granted by Weyerhaeuser, Hancock Forest Management, the Oregon
Department of Forestry, and Plum Creek Timber. Financial support
was provided by the University of Lethbridge and the Natural Science
and Engineering Council of Canada (NSERC) Discovery Grant to TMB,
and grants from the USDA, Agriculture Food and Research Initiative
grant (AFRI-2009-04457, AFRI-2011-68005-30416), the National
Council for Air and Stream Improvement, the Oregon State University
Institute for Working Forest Landscapes, the Institute for Working
Forest Landscapes Research Chair in Forest Biodiversity Research,
and the Fish and Wildlife Habitat in Managed Forests Research
Program in the College of Forestry at Oregon State University.

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

Catherine A. Welke: Conceptualization (lead); formal analysis (lead);
investigation (lead); methodology (lead); writing-original draft (lead).
Brendan Graham: Data curation (equal); writing-review & editing
(equal). Ross R. Conover: Funding acquisition (equal); methodology
(equal); writing-original draft (equal); writing-review & editing (equal).
James W. Rivers: Data curation (equal); funding acquisition (equal);
methodology (equal); writing-original draft (equal); writing-review &
editing (equal). Theresa M. Burg: Conceptualization (equal); data cu-
ration (equal); funding acquisition (equal); investigation (equal); meth-
odology (equal); project administration (equal); supervision (equal);

writing-original draft (equal); writing-review & editing (equal).

DATA AVAILABILITY STATEMENT
All data are archived in Dryad https://doi.org/10.5061/dryad.zw3r2
2882.

ORCID
Brendan Graham https://orcid.org/0000-0002-0839-1232
https://orcid.org/0000-0001-5041-6002

https://orcid.org/0000-0001-5096-3479

James W. Rivers

Theresa M. Burg

REFERENCES

Adams, R. V., & Burg, T. M. (2015). Gene flow of a forest-dependent bird
across a fragmented landscape. PLoS One, 10(11), e0140938. https://
doi.org/10.1371/journal.pone.0140938

Austen, M. J. W.,, & Handford, P. T. (1991). Variation in the songs of breed-
ing Gambel's white-crowned sparrows near Churchill, Manitoba. The
Condor, 93(1), 147-152. https://doi.org/10.2307/1368616

Ball Jr, R. M., & Avise, J. C. (1992). Mitochondrial DNA phylogeographic
differentiation among avian populations and the evolutionary signif-
icance of subspecies. The Auk, 109(3), 626-636.

Bandelt, H. J.,, Forster, P., & Rohl, A. (1999). Median-joining networks for
inferring intraspecific phylogenies. Molecular Biology and Evolution,
16(1), 37-48. https://doi.org/10.1093/oxfordjournals.molbev.a026036

Banks, R. (1964). Geographic variation in the white-crowned sparrow
Zonotrichia leucophrys. University of California Publications in Zoology,
70, 1-123.

Barley, A. J., Monnahan, P. J., Thomson, R. C., Grismer, L. L., & Brown,
R. M. (2015). Sun skink landscape genomics: Assessing the roles of
micro-evolutionary processes in shaping genetic and phenotypic di-
versity across a heterogeneous and fragmented landscape. Molecular
Ecology, 24(8), 1696-1712. https://doi.org/10.1111/mec.13151

Barton, N. H., & Hewitt, G. M. (1989). Adaptation, speciation
and hybrid zones. Nature, 341(6242), 497-503. https://doi.
org/10.1038/341497a0

Benjamini, Y., & Yekutieli, D. (2005). False discovery rate-adjusted
multiple confidence intervals for selected parameters. Journal of
the American Statistical Association, 100(469), 71-81. https://doi.
org/10.1198/016214504000001907

Bensch, S., Price, T., & Kohn, J. (1997). Isolation and characterization of
microsatellite loci in a Phylloscopus warbler. Molecular Ecology, 6(1),
91-92. https://doi.org/10.1046/j.1365-294X.1997.00150.x

Bonier, F., Eikenaar, C., Martin, P.R., & Moore, |. T. (2014). Extrapair pater-
nity rates vary with latitude and elevation in Emberizid sparrows. The
American Naturalist, 183(1), 54-61. https://doi.org/10.1086/674130

Bowler, D. E., & Benton, T. G. (2005). Causes and consequences of ani-
mal dispersal strategies: Relating individual behaviour to spatial dy-
namics. Biological Reviews, 80(2), 205-225. https://doi.org/10.1017/
S$1464793104006645

Brooks, A. (1909). Some notes on the birds of Okanagan, British
Columbia. The Auk, 1, 60-63. https://doi.org/10.2307/4070475

Brown, J. L. (2014). SDMtoolbox: A python-based GIS toolkit for land-
scape genetic, biogeographic and species distribution model anal-
yses. Methods in Ecology and Evolution, 5(7), 694-700. https://doi.
org/10.1111/2041-210X.12200

Broxton, P. D., Zeng, X., Sulla-Menashe, D., & Troch, P. A. (2014).
A global land cover climatology using MODIS data. Journal of
Applied Meteorology and Climatology, 53(6), 1593-1605. https://doi.
org/10.1175/JAMC-D-13-0270.1

Burg, T. M., & Croxall, J. P. (2001). Global relationships amongst black-
browed and grey-headed albatrosses: Analysis of population
structure using mitochondrial DNA and microsatellites. Molecular
Ecology, 10(11), 2647-2660. https://doi.org/10.1046/j.0962-1083.
2001.01392.x

Chamberlain, D., Brambilla, M., Caprio, E., Pedrini, P., & Rolando, A. (2016).
Alpine bird distributions along elevation gradients: The consistency
of climate and habitat effects across geographic regions. Oecologia,
181(4), 1139-1150. https://doi.org/10.1007/s00442-016-3637-y


https://doi.org/10.5061/dryad.zw3r22882
https://doi.org/10.5061/dryad.zw3r22882
https://orcid.org/0000-0002-0839-1232
https://orcid.org/0000-0002-0839-1232
https://orcid.org/0000-0001-5041-6002
https://orcid.org/0000-0001-5041-6002
https://orcid.org/0000-0001-5096-3479
https://orcid.org/0000-0001-5096-3479
https://doi.org/10.1371/journal.pone.0140938
https://doi.org/10.1371/journal.pone.0140938
https://doi.org/10.2307/1368616
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1111/mec.13151
https://doi.org/10.1038/341497a0
https://doi.org/10.1038/341497a0
https://doi.org/10.1198/016214504000001907
https://doi.org/10.1198/016214504000001907
https://doi.org/10.1046/j.1365-294X.1997.00150.x
https://doi.org/10.1086/674130
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.1017/S1464793104006645
https://doi.org/10.2307/4070475
https://doi.org/10.1111/2041-210X.12200
https://doi.org/10.1111/2041-210X.12200
https://doi.org/10.1175/JAMC-D-13-0270.1
https://doi.org/10.1175/JAMC-D-13-0270.1
https://doi.org/10.1046/j.0962-1083.2001.01392.x
https://doi.org/10.1046/j.0962-1083.2001.01392.x
https://doi.org/10.1007/s00442-016-3637-y

WELKE ET AL.

Chen, C., Durand, E., Forbes, F., & Francois, O. (2007). Bayesian cluster-
ing algorithms ascertaining spatial population structure: A new com-
puter program and a comparison study. Molecular Ecology Notes, 7(5),
747-756. https://doi.org/10.1111/j.1471-8286.2007.01769.x

Cheviron, Z. A., & Brumfield, R. T. (2009). Migration-selection balance
and local adaptation of mitochondrial haplotypes in rufous-collared
sparrows (Zonotrichia capensis) along an elevational gradient.
Evolution, 63(6), 1593-1605. https://doi.org/10.1111/j.1558-5646.
2009.00644.x

Chilton, G., Lein, M. R., & Baptista, L. F. (1990). Mate choice by female
white-crowned sparrows in a mixed-dialect population. Behavioral
Ecology and Sociobiology, 27(3), 223-227. https://doi.org/10.1007/
BF00180307

Coulon, A., Cosson, J. F., Angibault, J. M., Cargnelutti, B., Galan, M.,
Morellet, N., Petit, E., Aulagnier, S., & Hewison, A. J. M. (2004).
Landscape connectivity influences gene flow in a roe deer pop-
ulation inhabiting a fragmented landscape: An individual-based
approach. Molecular Ecology, 13(9), 2841-2850. https://doi.
org/10.1111/j.1365-294X.2004.02253.x

Cruden, D. M., & Hu, X. (1999). The shapes of some mountain peaks
in the Canadian Rockies. Earth Surface Processes and Landforms,
24(13), 1229-1241. https://doi.org/10.1002/(SICI)1096-9837(19991
2)24:13<1229:AID-ESP42>3.0.CO;2-1

Krannitz, P. G., & Rohner, C. (2000). Habitat relationships of endangered
grassland birds in the South Okanagan. Proceedings of a Conference
on the Biology and Management of Species and Habitats at Risk, 2,
823-830.

Dawson, R. J., Gibbs, H. L., Hobson, K. A., & Yezerinac, S. M. (1997).
Isolation of microsatellite DNA markers from a passerine bird,
Dendroica petechia (the yellow warbler), and their use in popula-
tion studies. Heredity, 79(5), 506-514. https://doi.org/10.1038/
hdy.1997.190

DuBay, S. G., & Witt, C. C. (2014). Differential high-altitude adapta-
tion and restricted gene flow across a mid-elevation hybrid zone in
Andean tit-tyrant flycatchers. Molecular Ecology, 23(14), 3551-3565.
https://doi.org/10.1111/mec.12836

Dubey, S., Sumner, J., Pike, D. A., Keogh, J. S., Webb, J. K., & Shine, R.
(2011). Genetic connectivity among populations of an endangered
snake species from southeastern Australia (Hoplocephalus bunga-
roides, Elapidae). Ecology and Evolution, 1(2), 218-227. https://doi.
org/10.1002/ece3.25

Dunn, J. L., Garrett, K. L., & Alderfer, J. (1995). White-crowned sparrow
subspecies: Identification and distribution. Birding, 27, 182-201.

Earl, D. A., & vonHoldt, B. M. (2012). STRUCTURE HARVESTER: A web-
site and program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conservation Genetics Resources, 4(2), 359-
361. https://doi.org/10.1007/s12686-011-9548-7

Engler, J. O., Balkenhol, N., Filz, K. J., Habel, J. C., & Rédder, D. (2014).
Comparative landscape genetics of three closely related sympatric
Hesperid butterflies with diverging ecological traits. PLoS One, 9(9),
e106526. https://doi.org/10.1371/journal.pone.0106526

Etherington, T. R. (2011). Python based GIS tools for landscape genet-
ics: Visualising genetic relatedness and measuring landscape con-
nectivity. Methods in Ecology and Evolution, 2(1), 52-55. https://doi.
org/10.1111/j.2041-210x.2010.00048.x

Etter, R., Rex, M. A, Chase, M. R., & Quattro, J. M. (2005). Population dif-
ferentiation decreases with depth in deep-sea bivalves. Evolution, 59(7),
1479-1491. https://doi.org/10.1111/j.0014-3820.2005.tb01797.x

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number
of clusters of individuals using the software structure: A sim-
ulation study. Molecular Ecology, 14(8), 2611-2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new
series of programs to perform population genetics analyses under
Linux and Windows. Molecular Ecology Resources, 10(3), 564-567.
https://doi.org/10.1111/j.1755-0998.2010.02847.x

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Fjeldsa, J., Bowie, R., & Rahbek, C. (2011). The role of mountain ranges
in the diversification of birds. Annual Review of Ecology, Evolution, and
Systematics, 43(1), 249-265. https://doi.org/10.1146/annurev-ecols
ys-102710-145113

Funk, W. C., Blouin, M. S., Corn, P. S., Maxell, B. A., Pilliod, D. S., Amish, S.,
& Allendorf, F. W. (2005). Population structure of Columbia spot-
ted frogs (Rana luteiventris) is strongly affected by the landscape.
Molecular Ecology, 14(2), 483-496. https://doi.org/10.1111/
j.1365-294X.2005.02426.x

GBIF.org (13th January 2018a). GBIF occurrence download https://doi.
org/10.15468/dl.tmomkl

GBIF.org (13th January 2018b). GBIF occurrence download https://doi.
org/10.15468/dl.bv8k50

GBIF.org (13th January 2018c). GBIF occurrence download https://doi.
org/10.15468/dl.q2y3oe

Geffen, E., Anderson, M., & Wayne, R. (2004). Climate and habitat barri-
ersto dispersalin the highly mobile grey wolf. Molecular Ecology, 13(8),
2481-2490. https://doi.org/10.1111/j.1365-294X.2004.02244.x

Gonzalo-Turpin, H., & Hazard, L. (2009). Local adaptation occurs along
altitudinal gradient despite the existence of gene flow in the alpine
plant species Festuca eskia. Journal of Ecology, 97(4), 742-751. https://
doi.org/10.1111/j.1365-2745.2009.01509.x

Gram, W., & Sork, V. (2001). Association between environmental and ge-
netic heterogeneity in forest tree populations. Ecology, 82(7), 2012-
2021. 10.1890/0012-9658(2001)082[2012:ABEAGH]2.0.CO;2

Grava, A., Grava, R., Didier, L., Lait, L., Dosso, J., Koran, E., Burg, T. M., &
Otter, K. A. (2012). Interspecific dominance relationships and hybrid-
ization between black-capped and mountain chickadees. Behavioral
Ecology, 23(3), 566-572. https://doi.org/10.1093/beheco/arr229

Hahn, T. P., Wingfield, J. C., Mullen, R., & Deviche, P. J. (1995). Endocrine
bases of spatial and temporal opportunism in Arctic-breeding
birds. American Zoologist, 35(3), 259-273. https://doi.org/10.1093/
icb/35.3.259

Hamer, K., Hill, J., Benedick, S., Mustaffa, N., Sherratt, T. N., Maryati,
M., & Chey, V. K. (2003). Ecology of butterflies in natural and selec-
tively logged forests of northern Borneo: The importance of habitat
heterogeneity. Journal of Applied Ecology, 40(1), 150-162. https://doi.
org/10.1046/j.1365-2664.2003.00783.x

Hanotte, O., Zanon, C., Pugh, A., Greig, C., Dixon, A., & Burke, T. (1994).
Isolation and characterization of microsatellite loci in a passerine
bird: The reed bunting Emberiza schoeniclus. Molecular Ecology, 3(5),
529-530. https://doi.org/10.1111/j.1365-294X.1994.tb00133.x

Holderegger, R., & Wagner, H. H. (2008). Landscape genetics. BioScience,
58(3), 199. https://doi.org/10.1641/B580306

Holland, S. S. (1976). Bulletin 48: Landforms of British Columbia, a phys-
iographic outline. In K. M. MacDonald (Ed.) BC geological survey (pp.
1-138). Queen's Printer.

Hooge, J. (2003). Population characteristics and habitat use of Mountain
Caribou in the wood arm area: Annual report 2002-2003. B.C. Ministry
of Forests.

Hunn, E. S., & Beaudette, D. (2014). Apparent sympatry of two subspe-
cies of the white-crowned sparrow, Zonotrichia leucophrys pugetensis
and gambelii in Washington State. Western Birds, 45(2), 132-140.

Jensen, A. M., O'Neil, N. P., Iwaniuk, A. N., & Burg, T. M. (2019).
Landscape effects on the contemporary genetic structure of Ruffed
Grouse (Bonasa umbellus) populations. Ecology and Evolution, 9, 5572~
5592. https://doi.org/10.1002/ece3.5112

Kermode, F. (1904). Catalogue of British Columbia birds (pp. 1-69). British
Columbia Provincial Museum.

Kershenbaum, A., Blank, L., Sinai, I, Merila, J., Blaustein, L., & Templeton,
A.R.(2014). Landscape influences on dispersal behaviour: A theoret-
ical model and empirical test using the fire salamander, Salamandra
infraimmaculata. Oecologia, 175, 509-520.

Kess, T., Galindo, J., & Boulding, E. G. (2018). Genomic divergence be-
tween Spanish Littorina saxatillis ecotypes unravels limited admix-
ture and extensive parallelism associated with population history.


https://doi.org/10.1111/j.1471-8286.2007.01769.x
https://doi.org/10.1111/j.1558-5646.2009.00644.x
https://doi.org/10.1111/j.1558-5646.2009.00644.x
https://doi.org/10.1007/BF00180307
https://doi.org/10.1007/BF00180307
https://doi.org/10.1111/j.1365-294X.2004.02253.x
https://doi.org/10.1111/j.1365-294X.2004.02253.x
https://doi.org/10.1002/(SICI)1096-9837(199912)24:13%3C1229:AID-ESP42%3E3.0.CO;2-1
https://doi.org/10.1002/(SICI)1096-9837(199912)24:13%3C1229:AID-ESP42%3E3.0.CO;2-1
https://doi.org/10.1038/hdy.1997.190
https://doi.org/10.1038/hdy.1997.190
https://doi.org/10.1111/mec.12836
https://doi.org/10.1002/ece3.25
https://doi.org/10.1002/ece3.25
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1371/journal.pone.0106526
https://doi.org/10.1111/j.2041-210x.2010.00048.x
https://doi.org/10.1111/j.2041-210x.2010.00048.x
https://doi.org/10.1111/j.0014-3820.2005.tb01797.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1146/annurev-ecolsys-102710-145113
https://doi.org/10.1146/annurev-ecolsys-102710-145113
https://doi.org/10.1111/j.1365-294X.2005.02426.x
https://doi.org/10.1111/j.1365-294X.2005.02426.x
https://doi.org/10.15468/dl.tmomkl
https://doi.org/10.15468/dl.tmomkl
https://doi.org/10.15468/dl.bv8k5o
https://doi.org/10.15468/dl.bv8k5o
https://doi.org/10.15468/dl.q2y3oe
https://doi.org/10.15468/dl.q2y3oe
https://doi.org/10.1111/j.1365-294X.2004.02244.x
https://doi.org/10.1111/j.1365-2745.2009.01509.x
https://doi.org/10.1111/j.1365-2745.2009.01509.x
https://doi.org/10.1093/beheco/arr229
https://doi.org/10.1093/icb/35.3.259
https://doi.org/10.1093/icb/35.3.259
https://doi.org/10.1046/j.1365-2664.2003.00783.x
https://doi.org/10.1046/j.1365-2664.2003.00783.x
https://doi.org/10.1111/j.1365-294X.1994.tb00133.x
https://doi.org/10.1641/B580306
https://doi.org/10.1002/ece3.5112

WELKE ET AL.

11716 WI LEY_ECObe and Evolution

Open Access,

Ecology and Evolution, 8(16), 8311-8327. https://doi.org/10.1002/
ece3.4304

Krannitz, P. G. (2007). Abundance and diversity of shrub-steppe birds in
relation to encroachment of ponderosa pine. The Wilson Journal of
Ornithology, 119(4), 655-664. https://doi.org/10.1676/06-129.1

Lee-Yaw, J. A., Davidson, A., McRae, B. H., & Green, D. M. (2009).
Do landscape processes predict phylogeographic patterns in
the wood frog? Molecular Ecology, 18(9), 1863-1874. https://doi.
org/10.1111/j.1365-294X.2009.04152.x

Lein, M. R, & Corbin, K. W. (1990). Song and plumage phenotypes in
a contact zone between subspecies of the white-crowned sparrow
(Zonotrichia leucophrys ). Canadian Journal of Zoology, 68(12), 2625-
2629. https://doi.org/10.1139/z90-366

Ligges, U., & Méchler, M. (2003). Scatterplot3d - An R package for visu-
alizing multivariate data. Journal of Statistical Software, 8(11), 1-20.

Lundberg, A., Alatalo, R. V., Carlson, A., & Ulfstrand, S. (1981). Biometry,
habitat distribution and breeding success in the pied flycatcher
Ficedula hypoleuca. Ornis Scandinavica, 12(1), 68-69. https://doi.
org/10.2307/3675907

MacDonald, Z. G., Dupuis, J. R., Davis, C. S., Acorn, J. H., Nielsen, S. E.,
& Sperling, F. A. (2020). Gene flow and climate-associated genetic
variation in a vagile habitat specialist. Molecular Ecology, 29(20),
3889-3906.

MacDougall-Shackleton, E. A., & MacDougall-Shackleton, S. A. (2001).
Cultural and genetic evolution in mountain white-crowned sparrows:
Song dialects are associated with population structure. Evolution,
55(12), 2568-2575. https://doi.org/10.1111/j.0014-3820.2001.
tb00769.x

Maney, D. L., Hahn, T. P, Schoech, S. J,, Sharp, P. J., Morton, M. L., &
Wingfield, J. C. (1999). Effects of ambient temperature on photo-
induced prolactin secretion in three subspecies of white-crowned
sparrow, Zonotrichia leucophrys. General and Comparative Endocrinology,
113, 445-456. https://doi.org/10.1006/gcen.1998.7219

Meirmans, P., & Hedrick, P. (2011). Assessing population structure: Fer
and related measures. Molecular Ecology Resources, 11(1), 5-18.
https://doi.org/10.1111/j.1755-0998.2010.02927.x

Meirmans, P. G., & Van Tienderen, P. H. (2004). GENOTYPE and
GENODIVE: Two programs for the analysis of genetic diversity of
asexual organisms. Molecular Ecology Notes, 4, 792-794.

Morton, M. (2002). The mountain white-crowned sparrow: Migration
and reproduction at high altitude. Studies in Avian Biology, 24, 1-236.

Olah, G., Smith, A. L., Asner, G. P., Brightsmith, D. J., Heinsohn, R. G., &
Peakall, R. (2017). Exploring dispersal barriers using landscape ge-
netic resistance modelling in scarlet macaws of the Peruvian Amazon.
Landscape Ecology, 32(2), 445-456. https://doi.org/10.1007/s1098
0-016-0457-8

Parchman, T. L., Buerkle, C. A., Soria-Carrasco, V., & Benkman, C. W.
(2016). Genome divergence and diversification within a geographic
mosaic of coevolution. Molecular Ecology, 25(22), 5705-5718. https://
doi.org/10.1111/mec.13825

Peakall, R., & Smouse, P. E. (2012). GenAIEx 6.5: Genetic analysis in
Excel. Population genetic software for teaching and research - An
update. Bioinformatics (Oxford, England), 28(19), 2537-2539. https://
doi.org/10.1093/bioinformatics/bts460

Petren, K. (1998). Microsatellite primers from Geospiza fortis and cross-
species amplification in Darwin's finches. Molecular Ecology, 7(12),
1782-1784. https://doi.org/10.1046/j.1365-294x.1998.00518.x

Phillips, S. J., Dudik, M., & Schapire, R. E. (2006). Maximum entropy mod-
eling of species geographic distributions. Ecological Modelling, 190,
231-259. https://doi.org/10.1016/j.ecolmodel.2005.03.026

Pilot, M., Jedrezejewski, W., Branicki, W., Sidorovich, V. E., Jedrezejewska,
B., Stachura, K., & Funk, S. M. (2006). Molecular Ecology, 15(14),
4533-4553.

Poesel, A., Gibbs, H., & Nelson, D. (2009). Twenty-one novel microsatel-
lite DNA loci isolated from the Puget Sound white-crowned sparrow,

Zonotrichia leucophrys pugetensis. Molecular Ecology Resources, 9(3),
795-798. https://doi.org/10.1111/j.1755-0998.2008.02182.x

Porlier, M., Garant, D., Perret, P., & Charmantier, A. (2012). Habitat-linked
population genetic differentiation in the blue tit Cyanistes caeruleus.
Journal of Heredity, 6(103), 781-791. https://doi.org/10.1093/jhered/
ess064

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of popula-
tion structure using multilocus genotype data. Genetics, 155(2), 945-
959. https://doi.org/10.1093/genetics/155.2.945

Proulx, G., & Kariz, R. M. (2005). Winter habitat use by moose, Alces alces,
in central interior British Columbia. The Canadian Field-Naturalist,
119(2), 186-191. https://doi.org/10.22621/cfn.v119i2.104

Rand, A. L. (1948). Glaciation, an isolating factor in speciation. Evolution,
2(4), 314-321. https://doi.org/10.1111/j.1558-5646.1948.tb02749.x

R Core Team (2020). R: A language and Environment for Statistical
Computing. R Foundation for Statistical Computing. http://www.r-
project.org/

Richardson, J. L., Urban, M. C,, Bolnick, D. I., & Skelly, D. K. (2014).
Microgeographic adaptation and the spatial scale of evolution. Trends
in Ecology & Evolution, 29(3), 165-176. https://doi.org/10.1016/J.
TREE.2014.01.002

Rissler, L. J. (2016). Union of phylogeography and landscape genetics.
Proceedings of the National Academy of Sciences, 113(29), 8079-8086.
https://doi.org/10.1073/pnas.1601073113

Rivers, J. W., Verschuyl, J., Schwarz, C. J., Kroll, A. J., & Betts, M. G.
(2019). No evidence of a demographic response to experimental her-
bicide treatments by an early successional forest bird. Condor, 121(2),
duz004. https://doi.org/10.1093/condor/duz004

Robertson, C., Nelson, T. A., Jelinski, D. E., Wulder, M. A., & Boots,
B. (2009). Spatial-temporal analysis of species range expansion:
The case of the mountain pine beetle, Dendroctonus ponderosae.
Journal of Biogeography, 36, 1446-1458. https://doi.org/10.1111/
j.1365-2699.2009.02100.x

Robinson, B. W., Wilson, D. S., Margosian, A. S., & Lotito, P. T. (1993).
Ecological and morphological differentiation of pumpkinseed sunfish
in lakes without bluegill sunfish. Evolutionary Ecology, 7, 451-464.
https://doi.org/10.1007/BF01237641

Ronce, O. (2007). How does it feel to be like a rolling stone? Ten ques-
tions about dispersal evolution. Annual Review of Ecology, Evolution,
and Systematics, 38(1), 231-253. https://doi.org/10.1146/annur
ev.ecolsys.38.091206.095611

Rousset, F. (2008). GENEPOP'007: A complete re-implementation of the
genepopsoftwareforWindowsandLinux.MolecularEcologyResources,
8(1), 103-106. https://doi.org/10.1111/j.1471-8286.2007.01931.x

Rozas, J., Ferrer-Mata, A., Sanchez-DelBarrio, J. C., Guirao-Rico, S.,
Librado, P., Ramos-Onsins, S. E., & Sanchez-Gracia, A. (2017). DnaSP
6: DNA sequence polymorphism analysis of large data sets. Molecular
Biology and Evolution, 34(12), 3299-3302. https://doi.org/10.1093/
molbev/msx248

Rumble, M. A, Flake, L., Mills, T., & Dystra, B. (2001). Do pine trees in
aspen stands increase bird diversity? In WD Shepperd et al (com-
pilers). Sustaining aspen in western landscapes: Symposium proceed-
ings. Proceedings RMRS-P-18. U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station.

Selkoe, K. A., Watson, J. R., White, C., Horin, T. B., lacchei, M., Mitarai, S.,
Siegel, D. A., Gaines, S. D., & Toonen, R. J. (2010). Taking the chaos
out of genetic patchiness: Seascape genetics reveals ecological and
oceanographic drivers of genetic patterns in three temperate reef
species. Molecular Ecology, 19, 3708-3726.

Sexton, J. P., Hangartner, S. B., & Hoffman, A. A. (2014). Genetic isola-
tion by environment or distance: Which pattern is most common?
Evolution, 16(1), 1-15.

Soha, J. A., Nelson, D. A., & Parker, P. G. (2004). Genetic analysis of song di-
alect populations in Puget Sound white-crowned sparrows. Behavioral
Ecology, 15(4), 636-646. https://doi.org/10.1093/beheco/arh055


https://doi.org/10.1002/ece3.4304
https://doi.org/10.1002/ece3.4304
https://doi.org/10.1676/06-129.1
https://doi.org/10.1111/j.1365-294X.2009.04152.x
https://doi.org/10.1111/j.1365-294X.2009.04152.x
https://doi.org/10.1139/z90-366
https://doi.org/10.2307/3675907
https://doi.org/10.2307/3675907
https://doi.org/10.1111/j.0014-3820.2001.tb00769.x
https://doi.org/10.1111/j.0014-3820.2001.tb00769.x
https://doi.org/10.1006/gcen.1998.7219
https://doi.org/10.1111/j.1755-0998.2010.02927.x
https://doi.org/10.1007/s10980-016-0457-8
https://doi.org/10.1007/s10980-016-0457-8
https://doi.org/10.1111/mec.13825
https://doi.org/10.1111/mec.13825
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1046/j.1365-294x.1998.00518.x
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.1755-0998.2008.02182.x
https://doi.org/10.1093/jhered/ess064
https://doi.org/10.1093/jhered/ess064
https://doi.org/10.1093/genetics/155.2.945
https://doi.org/10.22621/cfn.v119i2.104
https://doi.org/10.1111/j.1558-5646.1948.tb02749.x
http://www.r-project.org/
http://www.r-project.org/
https://doi.org/10.1016/J.TREE.2014.01.002
https://doi.org/10.1016/J.TREE.2014.01.002
https://doi.org/10.1073/pnas.1601073113
https://doi.org/10.1093/condor/duz004
https://doi.org/10.1111/j.1365-2699.2009.02100.x
https://doi.org/10.1111/j.1365-2699.2009.02100.x
https://doi.org/10.1007/BF01237641
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.1146/annurev.ecolsys.38.091206.095611
https://doi.org/10.1111/j.1471-8286.2007.01931.x
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/beheco/arh055

WELKE ET AL.

Stenzler, L., Fraser, R., & Lovette, |. (2004). Isolation and character-
ization of 12 microsatellite loci from golden-winged warblers
(Vermivora chrysoptera) with broad cross-taxon utility in ember-
izine songbirds. Molecular Ecology Notes, 4(4), 602-604. https://doi.
org/10.1111/j.1471-8286.2004.00750.x

Tamura, K., Stecher, G., Peterson, D., Filipski, A., & Kumar, S. (2013).
MEGA6: Molecular evolutionary genetics analysis Version 6.0.
Molecular Biology and Evolution, 30(12), 2725-2729. https://doi.
org/10.1093/molbev/mst197

Van Qosterhout, C., Hutchinson, W., Wills, D., & Shipley, P. (2004).
MICRO-CHECKER: Software for identifying and correcting genotyp-
ing errors in microsatellite data. Molecular Ecology Notes, 4(3), 535-
538. https://doi.org/10.1111/j.1471-8286.2004.00684.x

Walsh, P.S., Metzger, D. A., & Higuchi, R. (1991). Chelex 100 as a medium
for simple extraction of DNA for PCR-based typing from forensic
material. BioTechniques, 10(4), 506-513.

Warren, D. L., & Seifert, S. N. (2011). Ecological niche modeling in
Maxent: The importance of model complexity and the performance
of model selection criteria. Ecological Applications, 21(2), 335-342.
https://doi.org/10.1890/10-1171.1

Weir, J. T., & Schluter, D. (2004). Ice sheets promote speciation in boreal
birds. Proceedings of the Royal Society of London B, 271(1551), 1881-
1887. https://doi.org/10.1098/rspb.2004.2803

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis.
Springer-Verlag.

Wingfield, J. C., Hahn, T. P., Maney, D. L., Schoech, S. J., Wada, M., &
Morton, M. L. (2003). Effects of temperature on photoperiodically
induced reproductive development, circulating plasma luteinizing
hormone and thyroid hormones, body mass, fat deposition and molt
in mountain white-crowned sparrows, Zonotrichia leucophrys orian-
tha. General and Comparative Endocrinology, 131(2), 143-158. https://
doi.org/10.1016/5S0016-6480(02)00648-2

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Wingfield, J. C., Hahn, T. P., Wada, M., Astheimer, L. B., & Schoech, S.
(1996). Interrelationship of day length and temperature on the
control of gonadal development, body Mass, and fat score in
white-crowned sparrows, Zonotrichia leucophrys gambelii. General
and Comparative Endocrinology, 101(3), 242-255. https://doi.
org/10.1006/GCEN.1996.0027

Zink, R. M. (2004). The role of subspecies in obscuring avian biolog-
ical diversity and misleading conservation policy. Proceedings of
the Royal Society of London. Series B: Biological Sciences, 271(1539),
561-564.

Zink, R. M., Barrowclough, G. F., Atwood, J. L., & Blackwell-Rago, R. C.
(2000). Genetics, taxonomy, and conservation of the threatened
California gnatcatcher. Conservation Biology, 14(5), 1394-1405.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Welke, C. A., Graham, B., Conover,
R.R., Rivers, J. W., & Burg, T. M. (2021). Habitat-linked genetic
structure for white-crowned sparrow (Zonotrichia leucophrys):
Local factors shape population genetic structure. Ecology and
Evolution, 11, 11700-11717. https://doi.org/10.1002/
ece3.7887



https://doi.org/10.1111/j.1471-8286.2004.00750.x
https://doi.org/10.1111/j.1471-8286.2004.00750.x
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1098/rspb.2004.2803
https://doi.org/10.1016/S0016-6480(02)00648-2
https://doi.org/10.1016/S0016-6480(02)00648-2
https://doi.org/10.1006/GCEN.1996.0027
https://doi.org/10.1006/GCEN.1996.0027
https://doi.org/10.1002/ece3.7887
https://doi.org/10.1002/ece3.7887

