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1 | INTRODUCTION
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Abstract

Colonization of a novel environment by a few individuals can lead to rapid evolu-
tionary change, yet there is scarce evidence of the relative contributions of neutral
and selective factors in promoting divergence during the early stages of colonization.
Here we explore the role of neutral and selective forces in the divergence of a unique
urban population of the dark-eyed junco (Junco hyemalis), which became established
on the campus of the University of California at San Diego (UCSD) in the early 1980s.
Previous studies based on microsatellite loci documented significant genetic differ-
entiation of the urban population as well as divergence in phenotypic traits relative
to nearby montane populations, yet the geographical origin of the colonization and
the contributing factors remained uncertain. Our genome-wide single nucleotide
polymorphism data set confirmed the marked genetic differentiation of the UCSD
population, and we identified the coastal subspecies pinosus from central California as
its sister group instead of the neighbouring mountain population. Demographic infer-
ence recovered a separation from pinosus as recent as 20-32 generations ago after
a strong bottleneck, suggesting a role for drift in genetic differentiation. However,
we also found significant associations between habitat variables and genome-wide
variants linked to functional genes, some of which have been reported as potentially
adaptive in birds inhabiting modified environments. These results suggest that the
interplay between founder events and selection may result in rapid shifts in neutral
and adaptive loci across the genome, and reveal the UCSD junco population as a case

of contemporary evolutionary divergence in an anthropogenic environment.
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following colonization can occur due to both local adaptation to novel

Colonization of newly available habitats has led to some of the most
conspicuous cases of biological diversification known in natural sys-
tems (e.g., Carson & Kaneshiro, 1976; Lerner et al., 2011; Sato et al.,
2001), raising questions about the relative roles of random founder
effects and selection in population divergence (Carson, 1975; Mayr,
1963; Price et al., 2010; Templeton, 1980). Population divergence

selective pressures (Rundle & Nosil, 2005; Schluter, 2000) and sto-
chastic effects derived from rapid changes in effective population size
(Charlesworth, 2009; Lande, 1980; Simpson, 1953). Founder effects
and directional selection may result in rapid shifts in allele frequen-
cies and accelerated rates of trait evolution, as shown by instances of
rapid evolution following colonization events at timescales of thou-
sands to a few million years (e.g., Lerner et al., 2011; Millien, 2006;
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Sato et al., 2001; Seehausen, 2006; Wessel et al., 2013), to timescales
as short as a few decades (e.g., Chen et al., 2018; Jensen et al., 2017;
Mathys & Lockwood, 2011; Sendell-Price et al., 2020). In the context
of global environmental change, contemporary colonization of modi-
fied habitats provides the opportunity to study evolution in progress
(Colautti & Lau, 2015; Huey et al., 2000; Johnson & Munshi-South,
2017; Perrier et al., 2020; Reznick & Ghalambor, 2001; Salmén et al.,
2021), and to understand the relative contributions of directional se-
lection, phenotypic plasticity, gene flow and demography in driving
rapid divergence in newly established populations (Campbell-Staton
et al., 2020; Szulkin et al., 2020).

A potential case of contemporary colonization is provided by a
suburban population of the dark-eyed junco (Junco hyemalis), a small
passerine that inhabits mixed-coniferous forests in North America
(Miller, 1941; Nolan et al., 2002). The dark-eyed junco is composed
of various subspecies of postglacial origin that diversified during the
northward recolonization of the North American continent as ice
sheets receded ~18,000 years ago (Friis et al., 2016; Mila et al., 2007),
resulting in a set of phenotypically differentiated forms. In Western
North America, the “Oregon junco” form of the dark-eyed junco is
divided into seven geographically structured subspecies (Dwight,
1918; Friis et al., 2018; Miller, 1941; Nolan et al., 2002), including,
from south to north: J. h. townsendi and J. h. pontilis in northern Baja
California, Mexico; J. h. thurberi in the mountains of southern to north-

ern California; J. h. pinosus in the coastal region of central California; J.

montanus *

shufeldti
thurberi
(Tahoe) ~~ 7777
pinosus
—1 100 Km.

h. montanus in the interior regions of Oregon, Washington and British
Columbia; J. h. shufeldti in coastal regions of Oregon and Washington;
and J. h. oreganus in coastal British Columbia and southern Alaska
(Miller, 1941; Nolan et al., 2002) (Figure 1). In the early 1980s, a group
of Oregon juncos became naturally established on the campus of
the University of California at San Diego (UCSD) (McCaskie, 1986;
Rasner et al., 2004; Yeh, 2004), on the coast of the Pacific Ocean.
More recently, other Oregon junco populations have been identified
in suburban areas of southern California, where they inhabit a mixed
landscape of buildings and park areas. The early colonists from UCSD
continued breeding and formed a resident population of about 70
pairs that has remained stable up to 2014 (Atwell et al., 2014; Yeh &
Price, 2004). Mark-recapture studies have shown that they are year-
round residents at UCSD, but between September and May they are
joined by small flocks of wintering Oregon juncos from other popula-
tions (Fudickar et al., 2017; Unitt, 1984; Yeh, 2004).

Previous studies on the ecology and evolution of the UCSD
junco population have generally assumed that it originated from the
nearest breeding population of Oregon juncos, located in the Laguna
Mountains, 70 km east of UCSD (Figure 1). This population belongs
to the subspecies thurberi and inhabits elevations above 1500 m, a
montane habitat with a more extreme temperature regime than the
milder Mediterranean climate of the UCSD campus (Unitt, 1984; Yeh
& Price, 2004). Studies on UCSD juncos published to date have fo-

cused on the evolution of social signalling traits during colonization

thurberi
(Laguna)

—20 Km.

FIGURE 1 Geographic distribution of the Oregon junco subspecies. Breeding ranges (coloured areas) and sampling sites (diamonds) of all
Oregon junco subspecies and samples included in this study. From north to south, sampling sites are located in the states of British Columbia
(Canada); Oregon and California (USA); and Baja California (Mexico) [Colour figure can be viewed at wileyonlinelibrary.com]
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of a novel environment (Price, Yeh & Harr, 2008; Reichard et al.,
2020; Yeh, 2004); the role of plasticity in population persistence
during the early stages of colonization (Price et al., 2008; Yeh &
Price, 2004); patterns of morphological and genetic variation in com-
parison with other California populations, using both microsatellites
(Rasner et al., 2004) and MHC (major histocompatibility complex)
loci (Whittaker et al., 2012); and hormonal changes underlying shifts
in phenotypic and life-history traits during adjustments to urban en-
vironments (Atwell et al., 2012, 2014; Fudickar et al., 2017). Based
on phenotypes of overwintering nonresident birds and proximity to
potential sources, Yeh (2004) proposed that the population of UCSD
juncos had probably originated from the thurberi population in the
nearby mountains as a result of overwintering birds remaining to
breed. Simulation-based analyses using microsatellite data reported
in Rasner et al. (2004) were congruent with the hypothesis that the
UCSD population experienced a founder event, with the N, of the
founding population ranging from seven to 70 birds. Fudickar et al.
(2017) used genome-wide single nucleotide polymorphism (SNP)
data to distinguish between year-round residents and wintering vis-
itors at UCSD, and revealed marked differentiation of UCSD resi-
dents with respect to other Oregon junco populations. Divergence
levels were in fact comparable to those found among dark-eyed
junco lineages originated during the postglacial radiation of the com-
plex (Friis et al., 2016, 2018; Friis & Mila, 2020), suggesting that high-
throughput SNP data may provide a level of phylogenetic resolution
not afforded by genetic sampling of previous studies.

Here we use genome-wide SNP data and extensive geograph-
ical sampling of Oregon junco subspecies across the region to re-
construct the evolutionary and demographic history of the UCSD
junco population. First, we use phylogenetic and co-ancestry anal-
yses to identify the source junco population from which the UCSD
population originated. We then apply demographic modelling to test
whether the UCSD population is more likely to have resulted from a
founder event ~30 generations ago, as previously assumed based on
the date of appearance at UCSD, or instead diverged elsewhere for a
longer period before colonizing the campus. We also use feather iso-
tope ratios to determine whether birds that appear to be winter vis-
itors at UCSD based on genetic data have indeed bred at a different
latitude as opposed to being recent recruits into the resident breed-
ing population. Finally, to infer potential selective pressures involved
in rapid genetic divergence, we implement a genotype-environment
association (GEA) analysis, and take advantage of a newly annotated
version of the J. hyemalis reference genome (Feng et al., 2020; Friis

et al., 2018) to identify candidate loci under divergent selection.

2 | MATERIALS AND METHODS

2.1 | Population sampling

Oregon juncos were sampled across their breeding range using mist-
nets and seed-baited walk-in traps during the breeding season, be-
tween April and June, and between 2004 and 2014. In addition to

samples collected at UCSD in San Diego, California, we studied all
recognized Oregon junco subspecies, including oreganus from British
Columbia, montanus and shufeldti from Oregon, thurberi and pino-
sus from California, and pontilis and townsendi from Baja California,
Mexico (Figure 1). At UCSD, birds were sampled during both the
breeding season and the nonbreeding season. Genetic and isotopic
analyses were used to infer whether birds sampled in the nonbreed-
ing season were local residents or wintering visitors breeding else-
where (see below).

Birds were marked with uniquely numbered aluminium bands
to avoid resampling, and then released after processing at the site
of capture. A blood sample was collected by venipuncture of the
brachial vein and stored in Queen’s lysis buffer (Seutin, 1991) or
absolute ethanol at -=80°C in the laboratory. All sampling activities
were conducted in compliance with Animal Care and Use Program
regulations at the University of California Los Angeles, University
of California San Diego, North Dakota State University and Indiana
University, and with State and Federal scientific collecting and bird
banding permits in the USA, Canada and Mexico.

2.2 | Genotyping-by-sequencing

Genomic DNA was extracted from blood and tissue samples using
a Qiagen DNeasy kit (Qiagen). We used genotyping-by-sequencing
(GBS; Elshire et al., 2011) to obtain individual genotypes from a total
of 174 juncos. Of these, 46 individuals were sampled at UCSD, 18
of them corresponding to confirmed resident breeders (referred
to as “UCSD breeders” hereafter), and 28 were sampled during the
nonbreeding season (referred to as “UCSD n.b.s.” hereafter). In ad-
dition, we sequenced 128 dark-eyed juncos belonging to the follow-
ing subspecies within the Oregon junco group (with sample sizes in
parentheses): townsendi (16), pontilis (13), pinosus (14), thurberi (41;
23 of them from Laguna Mountains, and 18 from Tahoe), montanus
(16), shufeldti (12) and oreganus (16) (Figure 1, Table 1; Table S1).
GBS libraries were prepared and sequenced at Cornell University’s
Institute for Genomic Diversity, using the restriction enzyme Pstl
for digestion. Sequencing of the 174 individually barcoded libraries
was carried out in five different lanes (along with another 301 junco
samples intended for other analyses) of an Illlumina HiSeq 2000, re-
sulting in an average of 243.2 million valid barcoded single-end reads
100 bp in length per lane.

2.3 | Variant calling

We evaluated GBS read quality using Fastqc (Andrews, 2010) after
sorting them by individual with axe (Murray & Borevitz, 2017) and
performed the trimming and quality filtering treatment using TrRIM
GALORE (Krueger, 2015), excluding all reads outside of a range of
40-90 bp long. Adapter removal stringency was set to 1 and the
quality parameter “q” to 20. GBS reads were then mapped to the
Junco hyemalis genome (BioProject accession no. PRINA493001; for
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TABLE 1 Oregon junco subspecies, number of genotyped individuals and population genetic diversity indices per locality
Subspecies State Localities Ho Il P N (analysed)
oreganus BC Banks, Porcher and Susan Islands 0.177 0.181 0.188 16 (15)
shufeldti OR Willamette N. F. 0.180 0.179 0.188 12 (12)
montanus OR Wallowa N. F. 0.176 0.179 0.187 16 (14)
pinosus CA Santa Cruz Mts 0.180 0.177 0.185 14 (12)
thurberi (Tahoe) CA Tahoe 0.179 0.182 0.188 18 (18)
thurberi (Laguna) CA Laguna Mts 0.178 0.183 0.188 23 (21)
UCSD n.b.s. CA San Diego - - 28 (24)
UCSD breeders CA San Diego 0.166 0.164 0.171 18 (14)
pontilis BCN Juarez Mts 0.173 0.171 0.179 13(12)
townsendi BCN San Pedro Martir Mts 0.157 0.157 0.163 16 (16)
Total 174 (158)

Note: Indices include observed (Ho) and expected (Hg) heterozygosity. Figures in the last column correspond to the number of samples included in the
analyses after filtering those with a rate of missing data above 0.6. State abbreviations are as follows: British Columbia (BC) in Canada; Oregon (OR)
and California (CA) in the USA; and Baja California Norte (BCN) in Mexico. For additional locality information see Table S1. The abbreviation n.b.s

denotes UCSD individuals sampled during the nonbreeding season.

assembly details see Friis et al., 2018) using the mem algorithm in
the Burrows-Wheeler Aligner (Bwa; Li & Durbin, 2009). Read group
assignment and generation of BAM files was carried out with pic-
ARD TOOLS version 2 (http://broadinstitute.github.io/picard). We used
the Genome Analysis Toolkit (catk; McKenna et al., 2010) version
3.6-0 to call the individual genotypes with the HaplotypeCaller
tool. We then used the GenotypeGVCFs tool to gather all the
per-sample GVCFs files generated in the previous step and pro-
duce a set of jointly called SNPs and indels (catk Best Practices,
Auwera et al., 2013; DePristo et al., 2011) in variant call format
(vef). We retained biallelic SNPs and applied catk generic hard-
filtering recommendations consisting of QualByDepth (QD) > 2.0;
FisherStrand (FS) < 60.0; RMSMappingQuality (MQ) > 40; and
MappingQualityRankSumTest (MQRankSum) > -12.5. Since GBS
homologous reads have identical starts and ends, filters depending
on position within reads (ReadPosRankSum and StrandOddsRatio)
were not applied. Individuals with rates of missing data above 60%
were excluded at this point. Using vcrrooLs (Danecek et al., 2011),
we then excluded those SNPs that fell oustide a range of coverage
between 4 and 50 or with a genotyping phred quality score below
40. The resulting data set (hereafter referred to as “Full Dataset”
in downstream analyses) consisted of 158 individuals (Table 1) and
1,448,676 SNPs with an average coverage of 4.25 and a missing data
rate of 0.65.

2.4 | Population structure and genetic
diversity analyses

To explore genome-wide population structure among Oregon junco
subspecies, we applied principal components analysis (PCA) based
on SNP data. SNP loci under linkage disequilibrium were filtered out
from the “Full Dataset” with scrrooLs (Danecek & McCarthy, 2017)
applying an R? limit of .2 in windows of 10,000 bp. Using vcrTooLs,

positions with <50% of individuals genotyped for each taxon/popu-
lation were removed from the data matrix, along with those present-
ing a minor allele frequency (MAF) below 0.02. We implemented a
threshold for SNP loci showing highly significant deviations from
Hardy-Weinberg equilibrium (HWE) with a p-value of 107 to filter
out false variants arising from the alignment of paralogous loci. To
fulfil neutrality assumptions in population structure analyses, we
used pcaDAPT (Luu, Bazin & Blum, 2017) to detect and exclude sites
putatively under selection, applying a g-value threshold of 0.1, re-
sulting in a final data matrix of 21,879 SNPs (hereafter referred to
as the “Neutral Dataset” in downstream analyses). In addition, to
test for a potential impact of missing data rates in variation patterns
based on SNPs, we repeated the analysis applying missing thresh-
olds of 75% and 90%, keeping the remaining quality filters unaltered.
The PCAs were conducted using the function snpgdsPCA available in
SNPRELATE to obtain the eigenvectors to be plotted.

We also examined population divergence in Oregon juncos with
the program strucTure (Pritchard, Stephens & Donnelly, 2000) and the
“Neutral Dataset.” We converted the vcf file to sTRucTurRe format using
PGDSPIDER (Lischer & Excoffier, 2012) version 2.0.5.1. Bash scripts to
perform the analyses were created with strauto (Chhatre & Emerson,
2016), and we ran the program five times per K value, with K ranging
from 1 to 10 after running a preliminary analysis to infer the lambda
value. We implemented the “admixture” model and assumed the SNPs
to be independent, as linkage disequilibrium filters were applied when
constructing the SNP data set. Sampling locality was not used as a
prior in the analysis (we did not use the locprior setting). The burn-in
was set to 50,000 iterations and the analysis was run for an additional
100,000 iterations. Similarity scores among runs and graphics were
computed with cLumpak (Kopelman et al., 2015).

We computed pairwise Fg; (Weir & Cockerham, 1984) values
from the “Neutral Dataset” after excluding UCSD n.b.s. samples
(SNP matrix size = 38,247) whose breeding range is uncertain,
using the StAMPP R package (Pembleton, Cogan & Forster, 2013).
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Associated p-values were generated using 10,000 bootstrap steps.
We also used the program popuLaTiONs from the stacks pipeline
(Rochette, Rivera-Colén & Catchen, 2019) to compute the observed
(Ho) and expected heterozygosity (Hg), and nucleotide diversity (x)
based on autosomal positions for each subspecies.

2.5 | Phylogenetic and co-ancestry analyses
Phylogenetic analyses based on GBS data were conducted with
the main objective of identifying the source lineage from which the
UCSD population derived. For this test we again excluded the UCSD
n.b.s. individuals from the “Neutral Dataset.” A maximum-likelihood
phylogeny and a neighbour-net were produced using the programs
1Q-TrRee (Nguyen et al., 2015) and spuTsTrRee (Bryant & Moulton, 2004),
respectively. For the former, the ascertainment bias correction and
the generalized time-reversible (GTR) model were implemented.
We further tested the origin of the UCSD junco population by
exploring pairwise levels of co-ancestry among Oregon junco sub-
species with the program rappaiNTER (Malinsky et al., 2018). Starting
from the “Full Dataset,” UCSD n.b.s. individuals were excluded. To
detect subtler signs of differentiation, and because this program
relies on linkage disequilibrium to achieve more refined assignment
of nearest-neighbour relationships, we did not apply neutrality and
linkage filters in this analysis. We did, however, increase the per-site
missing data threshold to 0.75 as recommended by the authors, and
applied the same MAF and HWE filters as in the PCA and sTRUCTURE
analyses, resulting in a matrix of 41,231 SNPs. We ran the analy-
sis with 100,000 burn-in and 100,000 sampling iterations, and a
thinning interval of 1000 to produce a matrix of pairwise individual
co-ancestry estimates, which were averaged over subspecies. For
estimating 95% confidence intervals around pairwise co-ancestry
values between UCSD and the different Oregon junco subspecies,
we applied a nonparametric bootstrap procedure. Bootstrapping
was carried out by splitting the SNP matrix into 1000 blocks and
randomly combining them for each of the repetitions. A total of 100

analyses were run for confidence interval estimation.

2.6 | Breeding latitude of UCSD juncos captured
during the nonbreeding season

Hydrogen isotopic ratios in bird feathers correspond to those found
in the localities where the feathers were grown, and because jun-
cos moult their feathers at the end of the breeding season, isotopic
ratios can be used to determine relative differences in breeding
latitude (Chamberlain et al., 1996). To determine whether UCSD
birds sampled in the nonbreeding season (UCSD n.b.s.) were local
breeders or winter visitors breeding elsewhere, we tested for cor-
relation between deuterium isotope ratio (8D) and posterior likeli-
hoods of genetic population assignment. We obtained isotopic data
from the 28 individuals sampled in UCSD over winter, to compare
with two confirmed year-round residents used as controls. A single

secondary feather was collected per bird and washed using a 2:1
chloroform/methanol solution. Approximately 0.50 mg of vane ma-
terial was clipped from the proximal end of each feather and the
hydrogen isotope composition was measured by continuous flow
isotope ratio mass spectrometry using a Finnigan TC/EA interfaced
to a Finnigan DeltaPlus XL mass spectrometer (Thermo Scientific),
as described in Wunder, Jehl and Stricker (2012). 8D values are re-
ported in per mil notation (%o) relative to V-SMOW, using internal
standards (-78%o. and -172%o respectively) calibrated to CFS-CHS-
BWB (Wassenaar & Hobson, 2003). Benzoic acid (8D = -61%.) and
IAEA-CH-7 (5°H = -100%o) were also analysed within analytical se-
quences with a precision of < +4%o. An SNP subset of the “Neutral
Dataset” was generated for 26 of the same 30 individuals (four failed
to pass missing data filters, Table 1), and assignment likelihoods were
computed with sTrucTure under the same conditions, in this case only
for K = 2. Correlation was tested by means of a linear regression

between sTrRUCTURE scores and 8D abundance.

2.7 | Demographicinference and molecular dating
The marked genetic divergence of the UCSD juncos with respect
to neighbouring populations documented to date (Fudickar et al.,
2017; Rasner et al., 2004) has been considered to be the result of
the founder event in the 1980s and the novel selective forces asso-
ciated with the newly colonized habitat. Alternatively, UCSD juncos
may derive from a population that diverged elsewhere over a longer
period before colonizing UCSD. The effect of a potential founder
event just ~30 generations ago on the pattern of genetic variation
observed in UCSD juncos needs to be confirmed, as the population
could potentially be part of a larger population, so that no actual re-
duction in effective population size took place upon colonization of
the campus. To explore these competing hypotheses, we performed
model comparison under the likelihood framework developed in
FasTsIMCOAL2 (Excoffier et al., 2013). Even though methods based on
site frequency spectra (SFS) for demographic inference using low-
density genomic data have been successfully applied to systems
at comparable temporal scales (e.g., McCoy et al., 2014; Sendell-
Price et al., 2020), GBS data have limitations when attempting to
infer demographic events that took place just a few generations ago
(Beichman et al., 2018). In an attempt to account for this, we im-
plemented a general model that was as simple as possible, with a
single cladogenetic event, and setting narrow bounds around split-
ting times for the different hypotheses to be tested. Fortunately, we
had an approximate estimate of the current census size of the UCSD
population, which was used to inform the models.

We established two temporal ranges (recent = 20-60 genera-
tions ago; and postglacial = 4,000-12,000 generations ago; gen-
eration time = 1.5 years) for two potential demographic events
(population split from source lineage with or without a founder
event), resulting in four possible models to compare: recent pop-
ulation split following a founder event (Figure 2a); postglacial pop-
ulation split followed by a recent founder event (Figure 2b); recent
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population split without a founder event (Figure 2c); and postglacial
population split without a founder event (Figure 2d). In addition,
two different gene migration scenarios were implemented: a “strict
isolation” scenario with migration rates set to zero; and an “isola-
tion with migration” scenario where migration rates can vary freely.
The current effective size of the UCSD population (Pop. size 1 in
Figure 2) was estimated within a range of 35-280 individuals based
on previous direct censuses (Atwell et al., 2014; Fudickar et al.,
2017) in scenarios A and B, while it was allowed to vary in models C
and D. The number of colonizers in scenarios A and B was set to vary
between two and 280. Mutation rate was fixed at 2.21 x 1077 in all
cases (Nam et al., 2010; Smeds, Qvarnstrom & Ellegren, 2016), and
a generation time of 1.5 years was assumed to calibrate parameters
and estimate divergence times. The likelihood of each of the final
eight models was estimated with FastsimcoaL2 along with the time of
population splitting, the current and ancestral effective population
sizes, and the gene migration rates in those models where they were
implemented.

As input data we used the folded SFS generated from GBS data.
We retained the samples corresponding to the two study groups
from the “Full Dataset” and filtered out sex-linked positions to avoid
distortions related to loci with different effective sizes. We applied
the HWE filter, resulting in a matrix of 828,699 SNP loci. Because
singletons are important for estimating parameters and likelihoods,
no MAF filters were applied. The SFS were generated with EAsysFs
(https://github.com/isaacovercast/easySFS), maximizing the number
of segregating sites as recommended by the authors (I. Overcast,
pers. comm.). Parameter values with the highest likelihood were es-
timated under each of the models after 50 cycles of the algorithm,
with 150,000 coalescent simulations per cycle. This procedure
was replicated 100 times and the set of parameter values with the
highest final likelihood was retained as the best point estimate. To
compare models we applied the Akaike Information Criterion (AIC;
Akaike, 1973). For estimating 95% support limits for the parameters
estimated under the best model, we followed the same bootstrap
procedure as for RADPAINTER using blocks of 51 SNPs to produce 100
bootstrapped data sets.

2.8 | Genotype-environment association analysis

We used GEA analysis to identify selective pressures potentially
driving rapid adaptive divergence of UCSD juncos. Here, we used
redundancy analysis (RDA), a canonical ordination method that
combines regression and PCA. RDA estimates the variance of a
set of response variables that is explained by a number of con-
straining or explanatory variables (Borcard et al., 2011; Legendre
& Legendre, 1998; Van Den Wollenberg, 1977). In RDA applied
to GEA studies, explanatory variables are usually environmental
parameters, while response variables correspond to the individual
genotypes at each variant position. We chose RDA because of its
ability to accommodate multiple explanatory variables simultane-
ously. We used georeferenced environmental data, extracted for
the coordinates at which junco breeding individuals were sam-
pled, to capture the distinct environmental conditions at UCSD
with respect to the native range of Oregon juncos. We started by
selecting a subset of the 19 variables available in the WorldClim
database (Hijmans et al., 2005), chosen a priori according to their
relevance to junco ecology (Miller, 1941; Nolan et al., 2002). The
selected variables measured mean temperature and precipitation
over the year (BIO1 and BlO12); mean temperature and precipi-
tation over the warmest quarter (BIO10 and BIO18), which cor-
responds generally to the junco breeding season; isothermality,
which refers to how the range of day-to-night temperature differs
from the range of summer-to-winter (BIO3); and seasonality of
temperature and precipitation (BIO4 and BIO15). We also included
three vegetation variables from the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellites as available in https://
modis.gsfc.nasa.gov: per cent tree cover (TREE), Normalized
Difference Vegetation Index (NDVI, a measure of canopy green-
ness) and NDVI’s annual standard deviation (std_NDVI). In addi-
tion, we included the high-quality elevation data provided by the
NASA Shuttle Radar Topographic Mission (SRTM), downloadable
from http://www2.jpl.nasa.gov/srtm, for a total of 11 variables.
To reduce the number of explanatory variables while retaining

those maximizing differences between habitats at UCSD and
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FIGURE 2 Demographicinference in UCSD juncos. Summary of the four demographic models and parameters implemented in
FasTsiMcoAL2 for likelihood comparison using genome-wide SNP data. Branch width represents population size. Values of T correspond to
the present time (T,); a recent split/founder event about 20-100 generations ago (T,); and a postglacial split about 5-20 x 10° generations
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elsewhere, we computed the sum of the pairwise Mahalanobis dis-
tances (Mahalanobis, 1936) between UCSD juncos and each of the
other subspecies (as listed in Table 1) for each variable separately.
Environmental variables whose sums across the pairwise com-
puted distances were higher than average were retained, consist-
ing of BIO1, BIO10, BIO4, NDVI and SRTM. Based on the variance
inflation factor (VIF), BIO1 was eliminated from the set to reduce
correlation among explanatory variables, so no variable presented
aVIF > 2. The SNP data set implemented as the matrix of response
variables was obtained by excluding UCSD n.b.s. individuals from
the “Full Dataset,” as well as positions with rates of missing data
over 0.5 computed over each subspecies. The HWE filter was also
applied for a final data set of 132,343 SNPs. Because RDA does
not allow missing data, we replaced nongenotyped positions with
the major frequency allele. This approach may hinder genotype-
environment signals, resulting in a higher false-negative rate, but
allows us to screen a larger fraction of the genome.

2.9 | Identification of candidate genes
To ask if signals of GEA recovered in the RDA were driven by se-
lection rather than by demography-related effects, we searched for
functional genes associated with the loci showing the highest con-
tribution to the correlation patterns. Candidate regions under selec-
tion were identified as those containing SNPs with RDA loadings that
departed six times or more from the standard deviation from mean
loading (Kamvar et al., 2017, tutorial by Forester in popgen.nescent.
org/2018-03-27_RDA_GEA.html). We extracted 2000-bp regions
flanking these SNPs (,000 bp from the SNP of interest in each direc-
tion of the sequence, a conservative distance in terms of linkage dis-
equilibrium for passerines, Backstrom et al., 2006), and overlapping
annotated genes were identified by similarity using sLasT2 (Tatusova
& Madden, 1999) and the annotation of the B10K consortium for the
Junco genome (Feng et al., 2020). To further explore how adaptive
variability is structured among Oregon junco subspecies and test
for divergence specifically in UCSD juncos, we computed pairwise
Fs; values (Weir & Cockerham, 1984) based on identified candidate
gene loci among all subspecies, as well as per locus between UCSD
and its most closely related group (see Results).

All R analyses were carried out in rstubio version 1.1.463 (R
Studio Team, 2015) with R version 3.5.3 (R Core Team, 2019).

3 | RESULTS

3.1 | Neutral genetic structure among Oregon
junco subspecies

A plot of PC1 against PC2 (11.5% and 8.7% of explained variance,
respectively) revealed considerable differentiation among Oregon

junco subspecies. Most UCSD birds formed a highly differentiated

cluster from the rest of the groups, with levels of divergence compa-
rable to those of the southern isolated subspecies in Baja California,
pontilis and townsendi. The subspecies pinosus also formed a sepa-
rate cluster, although distance with respect to the remaining subspe-
cies was less pronounced. Northern subspecies oreganus, shufeldti
and montanus showed very limited levels of structure and grouped
into a single genetic cluster, which also included some of the UCSD
n.b.s. individuals (Figure 3a, upper plot). The plot of PC1 against PC3
(4.0% of explained variance) also revealed thurberi birds from Laguna
Mountains as a differentiated population (Figure 3a, lower plot). The
population structure signal in the PCA was robust, independently of
the missing data filters applied (Figure S1).

The sTRUCTURE analysis was consistent with PCA results and pro-
vided additional information on genetic differentiation among lo-
calities (Figure 3b). At K = 2, most UCSD birds separated from the
rest, and three breeders showed a limited degree of admixture with
non-UCSD birds. Most UCSD n.b.s. birds belonged to the resident
population, but five of them were clearly identified as winter visi-
tors from further north. The plot for K= 3 and K = 4 also revealed
townsendi and pontilis as highly divergent groups with respect to
other junco populations and with respect to each other, although
they share a considerable amount of variance. The subspecies pi-
nosus formed a clearly differentiated cluster at K = 5. Birds from
Laguna Mountains also appeared as a separate population at K = 6,
again congruent with the PCA and ruling out this population as the
source of UCSD n.b.s. birds, which instead cluster with birds at
more northern latitudes (either thurberi-Tahoe, montanus, shufeldti
or oreganus; Figure 3b).

Pairwise F¢; values among subspecies based on neutral loci were
all highly significant (p-value range = [0-.005]) and generally congru-
ent with the PCA and sTRucTuURE results, with subspecies from Baja
California and UCSD showing the highest degree of differentiation.
The remaining subspecies showed lower levels of pairwise differen-
tiation, yet thurberi from Laguna Mountains and pinosus had values
that were moderately higher than those from northern populations
(Table 2). Both heterozygosity and nucleotide diversity indices re-
vealed lower levels of genetic variability at UCSD and townsendi
compared to other populations, especially those corresponding to

thurberi and more boreal subspecies (Table 1).

3.2 | Breeding latitude of UCSD juncos sampled
in the nonbreeding season

The linear regression between sTrucTure scores for K = 2 and 8D
values recovered a highly significant signal (p = 2.52 x 1078), where
the two control UCSD breeders and 17 other genetically close in-
dividuals showed high isotopic ratios (Figure S2). In turn, the five
UCSD n.b.s. individuals that were genetically different from UCSD
breeders showed evidence of having grown their feathers else-
where, and thus represent wintering individuals that do not breed
at UCSD.
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3.3 | Phylogenetic and co-ancestry analyses

Phylogenetic reconstructions based on maximum-likelihood and
neighbour-joining algorithms were consistent with population struc-
ture analyses in showing marked differentiation of Baja California
and UCSD, as well as for pinosus and southern thurberi. In the un-
rooted maximume-likelihood tree, pinosus and UCSD individuals
formed two reciprocally monophyletic sister clades with strong
support (Figure 4). In turn, relatively low structure among northern
Oregon juncos was detected in the analysis, in contrast to subspe-
cies in Baja California, which clustered together in a differentiated
clade with close affinity to southern thurberi individuals from Laguna

Mountains (as suggested by K = 4 and 5 in the sTrucTure analysis,
Figure 3). In the neighbour-net, UCSD and pinosus also appear as
sister groups, yet the degree of differentiation with respect to other
subspecies is considerably less pronounced (Figure S3). Subspecies
townsendi and pontilis appear as sister clades, highly divergent from
the remaining junco subspecies. Southern thurberi individuals from
Laguna Mountains cluster together as well in this analysis, while lit-
tle differentiation is observed among northern subspecies.

The RADPAINTER genetic ancestry analysis consistently recovered
high average values of intrapopulation co-ancestry in those sub-
species showing marked differentiation and geographical isolation,
namely townsendi, pontilis, pinosus and the UCSD population. UCSD
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TABLE 2 Pairwise F¢; scores and associated significance values based on independent, selectively neutral SNP loci (below diagonal), and
on RDA outlier SNP loci linked to functional genes (above diagonal) for all Oregon junco subspecies. **p < 1 x 107%; *p < 1 x 1072

thurberi thurberi
oreganus shufeldti montanus pinosus (Tahoe) (Laguna) UCsD pontilis townsendi
oreganus 0.004 0.041 0.012 0.025 -0.013 0.291** 0.191** 0.452**
shufeldti 0.003** -0.008 0.009 -0.017 -0.011 0.343** 0.182** 0.451**
montanus 0.003** 0.002* 0.011 -0.006 0.008 0.340** 0.160** 0.420**
pinosus 0.020** 0.018** 0.018** 0.028 -0.003 0.206** 0.115** 0.411**
thurberi (Tahoe) 0.006** 0.002** 0.002** 0.017** -0.003 0.342** 0.145** 0.406**
thurberi (Laguna) 0.013** 0.010** 0.009** 0.023** 0.008** 0.287** 0.172** 0.451**
UCSD 0.051** 0.047** 0.047** 0.050** 0.046** 0.050** 0.275** 0.540**
pontilis 0.036** 0.033** 0.032** 0.048** 0.031** 0.033** 0.073** 0.163**
townsendi 0.077** 0.075** 0.073** 0.087** 0.071** 0.074** 0.112** 0.045
@ oreganus
@ montanus
‘ © shufeldti
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® thurberi Tahoe
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100 goyj100 5 ¢
93 88 pontilis
100 94 e ,
® townsendi
7 . - 84
-
100
83 87
0.03

FIGURE 4 Phylogenetic relationships among Oregon junco subspecies. Unrooted maximum-likelihood phylogeny based on 14,175
selectively neutral SNP loci, excluding UCSD individuals not sampled during the breeding season. The scale bar represents 0.03 base
substitutions per 1000 nucleotide positions. Bootstrap values 280% are shown. Branch colours correspond to those in Figure 1 [Colour
figure can be viewed at wileyonlinelibrary.com]
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individuals showed highest co-ancestry values with respect to pino-
sus individuals (Figure 5a), a pattern that was significant according to
a bootstrap analysis (Figure 5b).

3.4 | Demographicinference

Eight different models were compared to identify the most likely sce-
nario under which UCSD juncos diverged from its closest relative,

pontilis

townsendi

FIGURE 5 Co-ancestry among
Oregon junco populations. (a) Individual-
based pairwise co-ancestry scores
based on 41,231 SNPs, computed with
RADPAINTER and averaged over Oregon
junco subspecies. (b) Co-ancestry scores
for UCSD individuals and each of the
other Oregon junco populations with
95% confidence intervals obtained by
bootstrap [Colour figure can be viewed at
wileyonlinelibrary.com]

the subspecies pinosus, using FastsiMcoaL2. AIC revealed that the most

likely scenario was the one consistent with a recent population split

due to a founder event (Figure 2a) under a model of isolation with mi-

gration, and clearly rejected alternative models (Table 3). Parameter

estimates revealed a very recent colonization time of the urban en-
vironment (TDIV = 44 years, 95% confidence interval [Cl] = [30-47])
by a very small number of effective founders, from two to three in-
dividuals (N, = 2 individuals; 95% CI = [2-3]). The estimate for the
current effective population size of UCSD was N, = 252 individuals
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TABLE 3 AIC scores of all models and parameter estimates for the best model (Model A-IM) computed in FasTsiMcoaL2 based on site

frequency spectrum data

Model A Likelihood

Model A-IM 67,732.987

Model B-SI 67,945.960

Model B-IM 67,956.734

Model A-SI 68,033.065

Model D-SI 68,106.265

Model D-IM 68,107.213

Model C-IM 68,260.534

Model C-IM 68,312.247

Model A parameters Estimate
N, UCSD 252

N, pinosus 5,859,774
N, colonizers 2

Time of divergence 44

MIG pinosus — UCSD 6.02 x 1072
MIG UCSD - pinosus 2.01x107°
UCSD growth rate 0.159

AIC A AIC
939,268.006 0.000
940,250.783 982.777
940,308.399 1,040.393
940,645.916 1,377.910
940,983.015 1,715.009
940,991.381 1,723.374
941,697.450 2,429.444
941,931.597 2,663.591

Cl195%

215-274

5,857,240-5,865,925

2-3

30-47

5.87 x 1072-8.03 x 1072
9.38x 107°-2.57 x 10~°
0.150-0.244

Note: Models tested correspond to those in Figure 2. IM and Sl refer to “isolation with migration” and “strict isolation,” respectively. A Likelihood
refers to the difference between the maximum observed and maximum estimated likelihood for our data under each model. Time of divergence is

expressed in years, assuming a generation time of 1.5 years.

(95% Cl =[215-274]). The best estimate for UCSD population growth
rate since colonization was estimated at r = 0.159 (95% Cl = [0.150
0.244]). The estimate for pinosus effective population size was high,
atN,=5.86 x 10® individuals (95% CI = [5.86 x 10°-5.87 x 10°]). The
analysis also recovered a narrow, limited rate of gene migration from
pinosus to UCSD (MIG;, _;csp = 6.02 x 107%,95% Cl = [5.87 x 10~
8.03 x 1072)). The range of migration rate from UCSD to pinosus var-
ied by several orders of magnitude and was close to zero, revealing
little impact of the parameter in the SFS (MIGUCSD—>pin =2.01x107,
95% Cl = [9.38 x 107'°-2.57 x 10™°]) (Table 3).

Despite the marked difference in AIC scores supporting a re-
cent population split due to a founder event, it should be noted that
none of the next best-fitting models included a recent population
split, and that the model including a recent population split due to
a founder event in strict isolation was not among those at the top
(Table 3). This may be due to the effect of gene flow during the es-
tablishment and genetic differentiation of the UCSD population, re-
sulting in highly different SFS when comparing scenarios of recent
colonization with and without migration. However, it could also re-
flect a lack of resolution of the analysis in discriminating the histor-
ical factors shaping the current patterns of genetic variability in the
UCSD population of juncos, so these results should be interpreted
with caution.

3.5 | Genotype association analysis

In the RDA, four explanatory environmental variables accounted for
7.65% (R? = .0765) of the variability in the SNP data set, and the

model was highly significant (p = .001). Both mean temperature of
the warmest quarter and temperature seasonality showed large con-
tributions to the RDA2 axis, while variability in NDVI and elevation
was more evenly captured by both RDA1 and RDA?2 axes (Figure 6).
RDA association scores revealed a strong positive correlation of
mean temperature of the warmest quarter with genetic differences
of UCSD residents, and negative correlations with the remaining
explanatory variables. Correlation patterns were less conspicu-
ous in other junco subspecies, mostly differentiated along RDA1.
Subspecies townsendi and pontilis showed negative correlations with
vegetation greenness, with the former also loading heavily on eleva-
tion. The subspecies pinosus presented general associations of the
same direction as UCSD, yet much less pronounced. The remaining,
more boreal subspecies presented moderate and positive correla-
tions with vegetation greenness and temperature seasonality, while
loading negatively on mean temperature of the warmest quarter, an
inverse pattern with respect to UCSD juncos (Figure 6).

3.6 | Candidate genes

From a total of 132,343 SNPs, 115 showed absolute loading scores
on the RDA1 and RDA2 distributions deviating from the mean by
more than six times the standard deviation. Of these 115 loci, the
2000-bp flanking region of 23 of them (20%) mapped against a total
of 15 annotated genes. Potentially relevant reported functions of
the identified genes in vertebrates included the following: heart
and muscle development (DPF3; Lange et al., 2008); heavy metal
sensitiveness and detoxification (ABCB6; Rakvacs et al., 2019);
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high-pitched hearing (KCNQ4; Liu et al., 2011); laying performance
and egg quality (IOV7; Huang et al., 2019; Wu et al., 2018); DNA
crosslink repair and tolerance to UV light and camptothecin-induced
DNA damage (FANCM; Rosado et al., 2009); megakaryocytopoiesis,
platelet formation (TPOR; Ocampo Daza & Larhammar, 2018); trait
regulation of energy balance through effects on feeding behaviour
and adaptive thermogenesis (KSR2; Guo et al., 2017); and modula-
tion of fasting blood glucose (G6PC2; Matschinsky, 2005; O'Brien,
2013), possibly in response to stress (Boortz et al., 2016). Pairwise
F¢r values based on SNP loci linked to functional candidate genes
revealed relative patterns of differentiation similar to those based
on neutral markers, but yielded considerably higher absolute values.
However, only comparisons involving UCSD juncos and the popu-
lations from the south of the distribution of pontilis and townsendi
were significant (p-values range = [0-2 - 10™%]), while comparisons
among boreal lineages oreganus, shufeldti, montanus and thurberi
yielded nonsignificant or marginally significant values (p-values
range = [.02-.95]), congruent with the GEA patterns observed in the
RDA. UCSD showed the highest pairwise Fy; scores with isolated
subspecies townsendi (0.54) and pontilis (0.28), an average of 0.3

with northern subspecies, and the lowest value with pinosus (0.21)
(Table 2). Per-locus F¢; values between UCSD and the sister group
pinosus showed moderate to high levels of divergence (0.26-0.51) in
the genes TPOR, ABCB6, FANCM, KCNQ4 and IOV7, with F¢; values
for the rest of the genes ranging from 0 to 0.2 (Table S2).

4 | DISCUSSION
4.1 | Marked genetic differentiation of the UCSD
juncos

Our results confirmed the striking differentiation of the urban popu-
lation of Oregon juncos inhabiting the UCSD campus. Recovered
levels of divergence for the UCSD residents were comparable
to those of long-established, geographically isolated subspecies
such as townsendi and pontilis from Baja California sky islands, and
in sharp contrast to the low genetic structure found among more
northern subspecies. Both the PCA and the sTrucTURE analyses
based on selectively neutral or near-neutral SNPs revealed that the
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UCSD juncos represent a genetically differentiated population, al-
though some degree of recent admixture with northern subspecies
was detected. Juncos have become established in other suburban
and natural areas of southern California in recent years (including
the campus at UCLA; Abolins-Abols et al., 2016), and the degree to
which the UCSD population is genetically isolated from these will
require more extensive sampling in the region. At first sight, the pat-
tern of divergence of UCSD juncos is comparable to that of other
dark-eyed junco subspecies, known to have originated several thou-
sand years ago (Friis et al., 2016). However, demographic inference
analyses yielded results that are consistent with a very recent origin
of the urban population. Even when time of divergence was allowed
to vary between 20 and 60 generations, parameter estimates recov-
ered a time of divergence highly consistent with the time at which
the juncos were first observed breeding at UCSD in the 1980s. The
95% Cl was narrow (20-32 generations), lending support to the re-
cent founder-event hypothesis. The inferred number of founders
was as low as two to three individuals, below the seven to 70 in-
dividuals previously estimated using microsatellite markers (Rasner
et al., 2004). The analysis also favoured a scenario of isolation with
migration over a strict isolation model.

The migration rate from pinosus to UCSD was estimated at
6.02% with rastsiMmcoaL2. This estimate is consistent with results
from Yeh and Price (2004), who reported an immigration rate of 7%
(95% Cl: 4%-10%) based on observed ratios of banded to unbanded
birds over a 4-year period, although immigrants from other popula-
tions besides pinosus may be included in that estimate (see below).
Regardless, our results suggest that some degree of gene flow oc-
curred during the differentiation of the urban population of juncos.
In contrast, the inferred migration rate from UCSD to pinosus was
negligible.

Our analyses also recovered a strong correlation between 8D in
feathers and population assignment likelihoods in UCSD individuals
sampled during the nonbreeding season, confirming the presence of
both local residents and genetically distinct individuals from north-
ern latitudes that do not represent recent immigrants but rather win-
tering visitors. These visitors were also genetically distinct from the
juncos from Laguna Mountains and more similar to northern Oregon

juncos.

4.2 | Random effects and selection promote rapid
evolutionary change

Rapid divergence of phenotypic traits is often attributed to strong
selective pressures imposed by novel biotic and abiotic envi-
ronments (e.g., Chen et al., 2018; Jensen et al., 2017; Mathys &
Lockwood, 2011; Sendell-Price et al., 2020), or to a combination of
selective and neutral factors (Grant, Grant & Petren, 2001; Kliber
& Eckert, 2005; Kolbe et al., 2012). The juncos from UCSD repre-
sent an extreme case of rapid evolutionary divergence, apparently
caused by the colonization of an urban environment. Such a degree
of differentiation taking place over comparably short periods is only

met by a few other documented examples in nature (e.g., Chen et al.,
2018; Hendry & Kinnison, 1999; Koskinen et al., 2002; Lescak et al.,
2015; Sendell-Price et al., 2020). The small number of colonizers
recovered in our analysis suggests that severe founder effects and
genetic drift are involved in the differentiation of the UCSD juncos
(Kolbe et al., 2012), a scenario also congruent with the low levels of
genetic diversity detected at UCSD.

We also found evidence of local adaptation in promoting evo-
lutionary divergence between UCSD juncos and closely related
Oregon junco subspecies. An RDA based on the most dissimilar set
of our georeferenced ecological variables between the UCSD and
natural habitats revealed a distinctive pattern of associations for
the urban population, positively correlating with mean tempera-
ture during the breeding season and negatively with vegetation
greenness, temperature seasonality and elevation. RDA applied to
GEA analysis has proven particularly effective in detecting cova-
rying sets of loci under weak and recent/contemporary selection
(Forester et al., 2018), yet a number of caveats are worth discuss-
ing. First, the ecological parameters used as explanatory variables
were distinct for the UCSD campus with respect to native ranges,
but may not encompass key aspects of the urban environment
(e.g., unsuitable habitat due to human structures, contamination,
human-processed foods, mechanical noise or other distressing
stimuli) with which they may, in turn, present spatial correlation
(Szulkin, Garroway, et al., 2020). These and other covarying pa-
rameters not included in our model could be involved in the pat-
terns of adaptive variation described here, yet go undetected by
our analysis. Second, much of the recovered correlation signal is
likely to be due to population-history-related effects (Capblancq
& Forester, 2021; Forester et al., 2016; Frichot et al., 2015; Wang
& Bradburd, 2014). In RDA models, covariables can be included to
control for the effects of neutral population structure and other
confounding factors. However, it has been reported that adding
covariables approximating population structure effects often re-
sults in a substantial loss of power to detect signals of selection,
and can even increase the false positive rate (FPR) in identification
of candidate loci. Indeed, in a series of comparative analyses using
simulated data in a range of different demographic scenarios,
Forester et al. (2018) found that controlling for neutral structure
led to a slight increase of the FPR for most of the cases, and in
those in which the FPR improved, the true positive rate (TPR) was
reduced by up to 92%. We therefore consider that in the case of
the UCSD juncos, including covariables accounting for population
structure in our analysis would be overly conservative and poten-
tially detrimental, given the high levels of neutral differentiation
and the arguably subtle effects of selection acting over a period
as limited as 30 generations. Functionally annotated genes linked
to the RDA outliers identified as candidate loci also support a role
for selective pressures in shaping allele frequencies in the newly
colonized habitat.

Among the functions associated with detected candidate
genes, at least two (ABCB6 and KCNQ4) seem particularly rel-
evant in anthropogenic environments. The ABCB6 gene shows



FRIIS ET AL.

2638
—I—WI |l A& MOLECULAR ECOLOGY

significant sequence identity to HMT-1 (heavy metal tolerance
factor 1) proteins, whose evolutionarily conserved role is to confer
tolerance to heavy metals through the intracellular sequestration
of metal complexes (Rakvacs et al., 2019). Several studies have re-
ported negative effects of metals (such as cadmium, copper, lead,
mercury, nickel and selenium) on fitness traits of birds occurring
in urban habitats (Burger & Gochfeld, 1988; Eeva & Lehikoinen,
1996; Geens et al., 2010; Takekawa et al., 2002). In turn, KCNQ4
encodes a protein that forms a voltage-gated potassium channel
for the regulation of electrical signalling, expressed in the sensory
receptors of the auditory system of all vertebrates (Kharkovets
et al., 2000). KCNQ4 has also been found to be involved in high-
frequency hearing in echolocating bats (Eriksson & Wiktelius,
2011). A significantly higher minimum frequency in the vocal sig-
nalling of the UCSD juncos with respect to natural habitats has
been previously reported (Cardoso & Atwell, 2010, 2011; Reichard
et al., 2020; Slabbekoorn et al., 2007), arguably as a strategy to re-
duce masking by anthropogenic low-frequency noise. Importantly,
both genes showed high levels of divergence with respect to pi-
nosus, as evidenced by Fq; values. Other genes showing signs of
differentiation between these two groups were involved in throm-
bopoiesis, DNA damage repair, or egg laying performance and
quality, which could also be involved in adaptive processes driving
differentiation between pinosus and UCSD juncos. These results
suggest a specific role for anthropogenic selective pressures in
shaping adaptive variability among UCSD and forest Oregon jun-
cos, which in combination with extreme founding conditions may
have resulted in an exceptionally fast process of differentiation at
both functional and neutral loci in the resident juncos at UCSD.

4.3 | Geographical origin of the UCSD juncos
Phylogenetic and co-ancestry analyses strongly supported the sub-
species pinosus as the sister group of the UCSD juncos, and not the
population at the nearby Laguna Mountains as reported in previous
studies. Phylogenetic, co-ancestry or population structure analyses
failed to detect any significant admixture or clustering of birds breed-
ing or wintering at UCSD with the thurberi individuals from Laguna
Mountains. One UCSD breeder did present an intermediate assign-
ment probability to the Laguna Mountains population, while one of
the probable residents detected among the UCSD wintering birds
showed some admixture with pinosus, which is consistent with the
migration rates estimated in FasTsiMcoaL2 analyses. These two birds
also occupy intermediate positions between the pinosus-northern
Oregon juncos and the UCSD clusters in the PCA, suggesting these
two individuals are probably the result of recent introgression.

The population genomics analyses presented here thus support a
recent colonization of urban San Diego by a few individuals from the
pinosus population up the coast, followed by limited gene flow from
other Oregon junco subspecies over the last ~40 years. Although
gene flow between divergent populations could have acted as a ho-
mogenizing force, eroding population differentiation (Slatkin, 1987;

Wright, 1931), there is theoretical and empirical evidence showing
that divergence of allele frequencies established during coloniza-
tion may be resistant to decay by gene exchange under conditions
of rapid population growth following a founder event (Boileau et al.,
1992; Lombal et al., 2020). Moreover, moderate admixture can also
contribute to colonization success by minimizing deleterious effects
of reduced intrapopulation diversity or by introducing favourable al-
leles and enhancing evolutionary potential (Keller & Taylor, 2010).
Evolutionary studies are increasingly recognizing the contributions
of introgression to adaptation and gene sorting during population
divergence and speciation (Abbott et al., 2013; Lamichhaney et al.,
2015; Wegener et al., 2019). Based on our genomic analyses and on
the migration rates reported here and in Yeh and Price (2004), as
well as in the phenotypic studies in Yeh (2004), it seems that several
overwintering birds on the UCSD campus came from populations
other than pinosus, and some of these may have remained to breed
on campus. It thus appears likely that there has been introgression
into the UCSD population from subspecies other than pinosus, al-
though its relevance remains to be determined.

The subspecies pinosus, to which the UCSD population is most
closely related, is a nonmigratory population found along the coastal
ranges of central California and occurs in a range of Mediterranean
habitats, displaying a tolerance for low zonal conditions not found in
thurberi (Miller, 1941). Individuals from the pinosus population would
generally be expected to produce higher fitness progeny at UCSD
than thurberi individuals. The amount of white on the tail feathers of
pinosus is reduced relative to thurberi (Miller, 1941), and more similar
to UCSD individuals. Indeed, Price et al. (2008) inferred strong se-
lection on juvenile juncos carrying excess white in their tail, which
they attributed to both direct selection on white, and correlated
responses to greater dispersal propensity, both of which would be
most prominent in offspring from thurberi immigrants, and lead to
lower rates of introgression. Nevertheless, some alleles may suc-
cessfully introgress from other subspecies, and the large pool from
which immigrants appear to be drawn from increases the chances of
adaptive alleles such as those we have inferred from entering into
the UCSD population.

5 | CONCLUSIONS AND IMPLICATIONS
FOR PREVIOUS WORK

Analyses based on genome-wide markers confirmed the marked
genetic divergence of the Oregon juncos at UCSD, a population
that became established in the early 1980s. Three additional funda-
mental aspects of the evolutionary history of the UCSD population
have been established here based on genomic data: (i) the UCSD
junco population is most closely related to the coastal subspecies
pinosus, a group showing ecological and phenotypic similarities, im-
plying it is likely to have been the initial colonist; (ii) environmental
factors played a role in driving rapid divergence at functional loci,
some of which may be involved in adaptations to an urban habitat;
and (iii) demographic inference supports a scenario of contemporary
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population divergence as a result of a founder event by a very small
number of colonizers, consistent with a major role for genetic drift
in the process of differentiation. Together, these results suggest that
a combination of drift and directional selection can result in rapid
shifts in both neutral and adaptive loci across the genome, and re-
veal the Oregon juncos from UCSD as a rare contemporary case of
population divergence following the colonization of an anthropo-
genic environment.

Based on the new evidence regarding the origin of the UCSD
juncos presented here, some conclusions from previous studies on
this system regarding rates of evolutionary change and phenotypic
plasticity may have to be reassessed. Specifically, differences in mor-
phological fitness traits (Rasner et al., 2004), sexual signalling traits
(Price et al., 2008; Yeh, 2004), and shifts in a range of behavioural
and life-history traits (Price et al., 2008; Yeh & Price, 2004) were
thought to be due to rapid evolutionary change, as were associated
differences in hormones and behaviour (Atwell et al., 2012, 2014;
Fudickar et al., 2017). Studies comparing individuals from UCSD to
those from the nearby mountain thurberi population attributed dif-
ferences to a recent transition from a mountain climate to a more
benign Mediterranean climate, and from a wild to an anthropo-
genic urban habitat. These comparative studies remain relevant to
understanding phenotypic differences between junco populations
adapted to different environments, although assumptions regarding
rapid evolution need to be qualified given the new evidence on phy-
logeny and co-ancestry.

For example, UCSD juncos’ greater phenotypic similarity in tail
white to their closest relative pinosus, rather than to the mountain
thurberi individuals they were previously compared to, suggests that
previous explanations may have overestimated the role of rapid evo-
lutionary change in plumage variation. Further, previous research
comparing UCSD and the montane thurberi phenotypes could not
distinguish between two potential explanations, adaptation to an
anthropogenic environment or to a mild Mediterranean climate. The
fact that pinosus shares some aspects of a mild Mediterranean cli-
mate with UCSD suggests that the selection reported here is asso-
ciated more strongly with the anthropogenic environment at UCSD
rather than a milder climate. Looking forward, our new findings pro-
vide the opportunity to develop new comparative studies between
UCSD and pinosus individuals that will contribute to effectively
addressing the role of urban habitats in driving rapid evolutionary
divergence.
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