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1 | INTRODUCTION

Long-distance migratory species pose distinct challenges to stud-
ies of ecology, evolution and conservation because they occupy
different geographical regions throughout the year that can be
separated by thousands of kilometres. At each stage in the mi-
gratory annual cycle, migrant populations are subject to various
stressors that can influence their fitness (Marra et al., 1998; Sillett
et al., 2000). As a result, effective conservation efforts require un-
derstanding migratory connectivity, defined as the links between
different geographic regions used across the annual cycle (Marra
et al., 2015; Webster et al., 2002). In the past 20years, population
genetics has become a well-established means for tracking mi-
gratory populations, especially for studies involving large sample
sizes or small-bodied individuals (Faaborg et al., 2010). However,
the value of genetic markers is often limited by the amount of
genetic differentiation in a species and the availability of genetic
data from individuals across the annual cycle (Faaborg et al., 2010;
Lovette et al., 2004).

Population assignment methods originated in the early 1980s
and 1990s as a means of identifying breeding origins of migratory
individuals back to distinct tributaries (in the case of fish) or geo-
graphic regions (in the case of bears; Grant et al., 1980; Paetkau
et al., 1995; Rannala & Mountain, 1997). Early methods relied on
genetic markers that were limited to identifying only deep phy-
logeographic breaks within species (Kimura et al., 2002; Lovette
etal.,2004; Ruegg & Smith, 2002). Inrecent years, next-generation
sequencing has facilitated the screening of a significantly larger
number of genetic markers allowing for the delineation of breed-
ing populations at finer spatial scales (Battey et al., 2018; DeSaix
et al,, 2019; Ruegg et al., 2014). Cost-effective delineation of
patterns of migratory connectivity was made possible by design-
ing single nucleotide polymorphisms (SNP) assays for a subset of
these markers that were particularly useful for population assign-
ment (Larison et al., 2021; Rueda-Hernandez et al., 2023; Ruegg
et al., 2014). While recent reductions in the cost of whole genome

range reveals population-specific patterns of varying migratory connectivity. By com-
bining migratory connectivity results with demographic analysis of population abun-
dance and trends, we consider full annual cycle conservation strategies for preserving
numbers of individuals and genetic diversity. Notably, we highlight the importance of
the Northern Temperate-Greater Antilles migratory population as containing the larg-
est proportion of individuals in the species. Finally, we highlight valuable considera-
tions for other population assignment studies aimed at using IcWGS. Our results have
broad implications for improving our understanding of the ecology and evolution of

migratory species through conservation genomics approaches.

assignment bias, conservation genomics, effective sample size, migration, population genetics,

sequencing have made it possible to directly use low-coverage
whole genome sequencing (IcCWGS) data to screen migrant sam-
ples, the lack of software capable of dealing with the increase in
marker number has prevented this method from being used for
population assignment (DeSaix, Rodriguez, et al., 2023).

Low-coverage WGS has made sequencing more affordable for
nonmodel organisms by reducing the sequencing effort per indi-
vidual; however, it has distinct challenges. One of these challenges
is dealing with low sequencing read depths per individual, which
necessitates the use of probabilistic frameworks for genotype call-
ing to account for the uncertainty inherent in the data (Nielsen
et al.,, 2011, 2012). Accurate estimates of parameters such as allele
frequency can be obtained by prioritizing larger sample sizes of in-
dividuals with lower sequencing depth (Buerkle & Gompert, 2013;
Fumagalli et al., 2013; Lou et al., 2021). Guidelines for achieving ac-
curate allele frequency estimation with IcWGS include sequencing
individuals at a minimum of 1x coverage (Buerkle & Gompert, 2013)
or having at least 10 individuals sequenced with a total sequencing
depth of at least 10x (Lou et al., 2021). To take advantage of IcCWGS
data for population assignment, DeSaix, Rodriguez, et al. (2023)
recently developed a software package, WGSassign, that accounts
for uncertainty inherent to IcWGS data in population assignment
tests. Results from extensive simulations, as well as two empirical
data sets, demonstrated that accurate assignment with IcWGS data
is possible for weakly differentiated populations (DeSaix, Rodriguez,
et al., 2023). Here, for the first time, we use [cWGS data to assign
migrants to their population of origin.

The American Redstart (Setophaga ruticilla) is an ideal system
for evaluating the potential gains in effectiveness achievable by
using IcCWGS data for population assignment because previous
studies using a variety of methods provide a strong foundation
for comparisons. The American Redstart is a widely distributed
migratory songbird with a breeding distribution across North
America and stationary nonbreeding distribution throughout the
Caribbean, northern South America, Central America and Mexico
(Sherry et al., 2016). For several decades, the American Redstart
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has been a model species for understanding migratory ecology and
has been used to elucidate territoriality on the wintering grounds
(Marra et al., 1993), foraging behaviour (Lovette & Holmes, 1995),
habitat selection (Marra & Holmes, 2001; Sherry & Holmes, 1996)
and carry-over effects of stressors across the annual cycle (Marra
et al., 1998; Studds & Marra, 2011). Phylogeographic structure
has previously been detected between a small region in the Mar-
itime Provinces, specifically in Newfoundland and New Bruns-
wick in the northeastern portion of the range, and the rest of the
continental breeding range using mtDNA (Colbeck et al., 2008).
Subsequent analysis of migratory connectivity (i.e. the migratory
connections between breeding and nonbreeding habitats across a
species' annual cycle) using mtDNA revealed that Newfoundland
breeders overwintered on the islands of Puerto Rico and the Do-
minican Republic, while continental breeding birds overwintered
across the entire nonbreeding range (DeSaix et al., 2022). Stable
isotope studies have shown strong migratory connectivity, with
eastern breeding birds overwintering in the Caribbean and west-
ern breeding birds overwintering in Central America and Mexico
(Marra et al., 1998; Norris et al., 2006; Studds et al., 2021), but
whether these migratory differences correspond to genetic differ-
entiation has not been tested.

Here, we aim to demonstrate the effectiveness of using IcWGS
data for population assignment of nonbreeding individuals using the
American Redstart as a model species. Our main objectives were:
(1) identify population-specific migratory connectivity in the Ameri-
can Redstart using IcCWGS data, (2) assess conservation implications
of migratory connectivity by identifying relative abundance and
trends in population size and (3) provide study design recommen-
dations to facilitate the use of IcWGS data in other population as-
signment studies. Our results have broad implications for improving
our understanding of the ecology and evolution of migratory species

through conservation genomics approaches.

2 | METHODS
2.1 | Genetic sampling and library preparation

Sample site locations were chosen to maximize sampling
coverage across the breeding and nonbreeding ranges of the
American Redstart. We used genetic samples from a total of 330
individuals: 182 individuals from 16 locations across the breeding
range and 148 individuals from 15 locations in the nonbreeding
range (Table S1). Sample collection occurred between 1993 and
2022 and consisted of either blood from brachial venipuncture
or feathers. We extracted DNA from blood samples using the
standard protocol for Qiagen DNEasy Blood and Tissue Kits, and
we modified the protocol to maximize DNA yield from feathers
(Schweizer & DeSaix, 2023). Whole genome sequencing libraries
were prepared following modifications of Illumina's Nextera
Library Preparation protocol (Schweizer & DeSaix, 2023). Pooled
libraries were sequenced on eight HiSeq 4000 lanes at Novogene

Corporation Inc with a target sequencing depth of 2x per

individual.

2.2 | Bioinformatics

We trimmed the sequence data to remove potential PCR artefacts
using the programme TrimGalore version 0.6.5 (https://github.com/
FelixKrueger/TrimGalore), a wrapper for Cutadapt (Martin, 2011).
We used the Burrows-Wheeler Aligner software version 0.7.17
(Li & Durbin, 2009) to map reads to a reference genome from the
closely related Yellow Warbler (Setophaga petechia; Bay et al., 2018).
After mapping, the resulting SAM files were sorted, converted to
BAM files and indexed using Samtools version 1.9 (Li et al., 2009).
We marked read duplicates with MarkDuplicates from GATK
version 4.1.4.0 (McKenna et al., 2010) and clipped overlapping
reads with the clipOverlap function from bamuUtil (https://genome.
sph.umich.edu/wiki/BamUtil:_clipOverlap). Sequencing depth for
individuals was calculated using MEAN_COVERAGE output from
the CollectWgsMetrics function from GATK (McKenna et al., 2010),
which specifies genomic coverage excluding reads that do not pass
quality filters. Initial population genetics analyses revealed a large
effect in the data due to high variation in sequencing depth among
individuals. To reduce sequencing depth variation, we followed
the recommendations of Lou and Therkildsen (2022) and used the
DownsampleSam function from GATK to randomly down-sample
reads from BAM files with greater than 2x coverage to 2x coverage.

To identify genetic markers from low-coverage WGS data, we
used stringent filtering options in ANGSD version 0.9.40 (Kornelius-
sen et al., 2014). We retained reads with a mapping quality of at least
30 and base quality of at least 33. SNPs were identified based on a p-
value of <1e-6. We retained SNPs that had read data in at least 50%
of individuals (n=165), a minor allele frequency >0.05, and minimum
and maximum total depths of 231 and 924, respectively. The mini-
mum total depth threshold was chosen by the minimum number of
individuals required to call a variant (n=165) multiplied by the mean
sequencing depth of all individuals (1.4x). The maximum total depth
threshold was determined by 2 *total number of individuals* mean
sequencing depth. The filtered variants were output as genotype

likelihoods and used in subsequent analyses.

2.3 | Genetically distinct breeding populations

Given that signatures of population structure can be skewed by
closely related individuals, we used NGSrelate version 2 (Hanghgj
et al., 2019; Korneliussen & Moltke, 2015) to identify and remove
individuals with up to second-degree relationships (kinship
>0.0884). We implemented principal components analysis (PCA)
and estimated individual admixture proportions using Pcangsd
(Meisner & Albrechtsen, 2018), which estimates individual allele
frequencies to minimize bias from low and variable sequencing

depth. We determined the number of genetically distinct breeding

ASURDIT SUOWWO)) dAnea1) 3[qearjdde ayy Aq pauIaA0S a1e Sa[dIIR YO asN JO S3[NI 10§ AIRIGIT SUI[UQ A3[IAY UO (SUONIPUOD-PUB-SULIS)/WOD" K3[1M" KIeIqIjaur[uo//:sdy) SUONIPUO) pue suIa [, 3y @S “[£Z07/01/01] U0 Areiqry auruQ AS[Ipy ‘KNISIoATUN 1S OprIo[o)) £q L€ L1 93W/[ | [ ["0]/10p/wod K3[im’ Areiqijaur[uoy/:sdny woiy papeojumod ‘0g ‘€20T ‘Xr6TSIE |


https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
https://genome.sph.umich.edu/wiki/BamUtil:_clipOverlap
https://genome.sph.umich.edu/wiki/BamUtil:_clipOverlap

DeSAIX ET AL.

5531
MOLECULAR ECOLOGY VVj| LEYJ—

populations of American Redstarts by identifying congruent
geographic signatures of clustering in the PCA with groupings of
individuals based on admixture proportions. Posterior probabilities
of group membership from the admixture proportions were
visualized on a base map from Natural Earth (naturalearthdata.
com) with each group specified by a different colour and clipped
to the breeding range of the American Redstart (Strimas-Mackey
et al., 2022). Colour transparency was scaled such that the highest
posterior probability of group membership is opaque while the
smallest posterior probability is transparent. Visualization was
performed in R (R Core Team, 2021). Genetic differentiation among
the breeding populations was calculated by creating site allele
frequency files for each breeding population and calculating Fg;
in ANGSD (Korneliussen et al., 2014). In addition to summarizing
global F¢; values for pairwise population genetic differentiation, we
performed sliding window calculations of F¢; across the genome
using 50-kb windows and 10-kb steps.

2.4 | Effective sample size and
population assignment

To assess our ability to accurately assign individuals of unknown
origin to breeding populations, we first determined the accuracy
of the assignment of the known breeding origin individuals using
a leave-one-out approach implemented in WGSassign (DeSaix,
Rodriguez, et al., 2023). Leave-one-out avoids assignment bias by
iteratively removing an individual from their given source population,
re-estimating the allele frequency of the source population and
then calculating the likelihood of the individual's assignment to
each population. Otherwise, assignment accuracy results will be
upwardly biased due to individuals' genotype information being
present in the allele frequency estimates of the source population
they are being assigned to. Another source of bias in assignment
tests is variation in the precision of allele frequency estimation,
which arises from populations having different numbers of samples
and/or having differences in sequencing depth of their individuals.
To mitigate this bias, we tested two other approaches for source
population sampling design: (1) we randomly subsampled individuals
from breeding so all breeding populations had the same number
of individuals as the population with the fewest samples (size-
standardized breeding populations; SSBPs) and (2) we followed
the guidelines in DeSaix, Rodriguez, et al. (2023) to subsample
individuals from the breeding populations to standardize the
effective sample sizes of the breeding populations (effective size-
standardized breeding populations; ESSBPs). Effective sample size is
a Fisher information metric that determines the comparable number
of individuals with known genotypes that would reflect the same
variance in estimated allele frequency as the sampled low-coverage
individuals (DeSaix, Rodriguez, et al., 2023). The purpose of ESSBPs is
to equalize the effective sample size among populations by removing
individuals from the populations with the highest effect sample
sizes, thereby making the precision of allele frequency estimation

similar among the different populations. We used WGSassign to
calculate each breeding population's effective sample size for the
SSBPs and ESSBPs and performed leave-one-out assignment. We
also performed standard assignment with all breeding individuals
that had been removed from the SSBPs and ESSBPs. Leave-one-
out assignment for the full data set and the combined leave-one-
out assignment and standard assignment accuracy were compared
across all three source population sampling designs. Posterior
probabilities of assignment to a population were determined by
dividing the maximum likelihood of assignment over the sum of all
likelihoods. A cut-off of 0.8 was used for the posterior probability
to determine whether an individual was confidently assigned to a

population.

2.5 | Low-coverage and population assignment

Since the majority of our nonbreeding and breeding samples were
feathers and blood, respectively, we expected the nonbreeding
samples to have lower sequencing depth than breeding samples.
Therefore, to ensure that we could still achieve high assignment ac-
curacy at lower depths for the nonbreeding samples, which have
unknown breeding origin, we first tested assignment accuracy with
low-coverage breeding samples of known origin. We used the set of
individuals from our ESSBPs to estimate population allele frequen-
cies (our training set) and used the remaining breeding samples as
a test set. We created two data sets from the test set individuals by
randomly down-sampling reads from the BAM files of these indi-
viduals to 0.1 and 0.01x using the DownsampleSam function from
GATK (McKenna et al., 2010). These two thresholds were based on
the majority of the nonbreeding samples being >0.1x and the low-
est coverage sample being 0.02x. To determine the accuracy of the
assignment of individuals with low sequencing depths, we assigned
the test sets back to the standardized breeding populations and com-
pared the population assigned with the known population of origin.

2.6 | Determining breeding origin of individuals
on the nonbreeding range

We assigned individuals sampled from the nonbreeding range to the
ESSBPs using WGSassign. Since these individuals are of unknown
origin, we assumed the accuracy of their assignment would be com-
parable to the accuracy achieved with known breeding samples.
Individuals at the periphery or boundaries of genetically distinct
populations may have admixed genomes that are not truly repre-
sentative of either population. While posterior probabilities of as-
signment are typically used to detect admixture and determine
confidence of assignment, our preliminary results showed that pos-
terior probabilities of assignment were unreliable with IcWGS data
(see Sections 3 and 4). Therefore, we split up the genotype likelihood
data into 10 subsets of 400,000 SNPs, in order of genomic region,
for each individual and used a consistency of assignment threshold
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of 0.8 (i.e. at least 8 of the 10 data sets being assigned to the same
population) to determine confidence in assignment. We validated
this approach on the 47 breeding individuals used as the testing set
for the ESSBPs and then used it for the 148 individuals from the
nonbreeding range.

2.7 | Demographic analysis

We estimated relative population size indices and population
trends (1968-2021) for each of the five breeding populations and
across the entire breeding range using Breeding Bird Survey (BBS)
data (Pardieck et al., 2020). The BBS provides standardized de-
tection data of avian species during the main part of the breed-
ing season (June), which is collected by observers along 24.5 mile
transects (routes). We used a hierarchical overdispersed Pois-
son model (Sauer & Link, 2011) to analyse the BBS data. All BBS
routes within a 50-km buffer of a breeding population polygon,
defined by our PCA and admixture results, were assigned to that
breeding population. This breeding population assignment was
then included as the fixed stratum intercept and trend effects
of the log-linear model of the Poisson mean. We estimated cur-
rent (2017-2021) population size indices by summarizing poste-
rior distributions of estimated mean route-level counts that were
weighted by geographic area encompassed by the breeding popu-
lation polygon and the proportion of routes in the polygon with
American Redstart detections (Sauer & Link, 2011). Long-term
trends in population size were estimated as the geometric mean
of yearly changes from 1968 to 2021 (Sauer & Link, 2011). We im-
plemented the hierarchical model in JAGS 4.3.1 (Plummer, 2003)
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using the jagsUI (Kellner & Meredith, 2021) package in R (R Core
Team, 2022). We assigned vague prior distributions for all model
parameters and hyperparameters. Posterior distributions were
derived from 40,000 simulated values of four chains from the pos-
terior distribution after an adaptive phase of 20,000 iterations and
burn-in of 10,000 samples of the Gibbs sampler and thinning by 3.
Markov chains were determined to have successfully converged
based on R< 1.1 for posterior estimates of all parameters (Gelman
& Hill, 2007).

3 | RESULTS
3.1 | Genetically distinct breeding populations

Sequencing efforts resulted in sequences from 330 individuals with
a mean coverage of 1.6x (range: 0.02-5.2x; Table S1). For the 182
breeding samples, the mean coverage was 1.7x (range: 0.6-5.2x),
while the 148 nonbreeding samples had a mean coverage of 1.5x
(range: 0.02-3.4x). Down-sampling individuals above 2x coverage
to 2x coverage resulted in an overall mean coverage of 1.4x (1.5x
for breeding samples and 1.3x for nonbreeding samples). Our SNP
filtering produced genotype likelihood data for 4,722,390 variants.
We removed 13 individuals from subsequent analyses due to high
relatedness by removing a single individual from each related pair.
Principal components analysis with the breeding samples revealed
five genetic clusters that aligned with geography: Western Boreal
(Alaska to Saskatchewan), Basin Rockies (South Dakota and Mon-
tana), Southern Temperate (from Missouri, east to Maryland, south
to Louisiana), Northern Temperate (from Minnesota, east to Quebec,

FIGURE 1 Population structure

on the breeding range is delineated

by five genetically distinct clusters
(coloured polygons) from the results

of the admixture analysis (top panel).
Population structure was determined
using 169 individuals from 16 sites (black
points) on the breeding range. Individuals
sampled from the nonbreeding range
were determined to originate from a
given breeding population through
population assignment tests (n=138;
coloured circles). The point colours on the
nonbreeding range represent the breeding
population of maximum likelihood

of assignment, and the extent of the
nonbreeding range is provided by the grey
polygon. Strong migratory connectivity

is evident from the general separation of
breeding population assignment across
the wintering range. American Redstart
painting credit: Kalandra Muse.

® Western Boreal
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south to Pennsylvania) and Maritime Provinces (New Brunswick and
Newfoundland; Figure S1). Admixture results for five groups re-
vealed a similar delineation of individuals as in the PCA (Figure 1,
Figure S1). Pairwise F¢; values among these breeding populations
had a mean of 0.009 and ranged from the weakest differentiation
(F¢;=0.004) between the Northern Temperate and Southern Tem-
perate groups and the strongest (F;;=0.018) between Maritime
Provinces and Basin Rockies (Table S2). Genome-wide analysis of
F¢; revealed that the generally weak genetic differentiation among
populations was punctuated by regions of elevated genetic differen-
tiation (Figure S2). Based on our comprehensive sampling of the core
regions of the American Redstart breeding range and the population
structure results, we expect there to be no unsampled genetically
distinct breeding populations. For example, while we did not sample
individuals from Alaska, we expect Alaska breeding birds to be a part

of the Western Boreal breeding population.

3.2 | Effective sample size and assignment

Breeding populations ranged in number of samples from 27 (Maritime
Provinces and Basin Rockies) to 47 (Southern Temperate) and ranged
in effective sample size from 12.3 to 24.6. Mean accuracy of leave-
one-out assignment with these individuals was 89.3% (151 out of 169
individuals), and accuracy by breeding population ranged from 63.0%
(Maritime Provinces) to 100% (Southern Temperate and Basin Rock-
ies). All 18 individuals that were inaccurately assigned were assigned
to a breeding population with higher effective sample size than the
known breeding population (Figure 2). All posterior probabilities of
assignment (accurate and inaccurate) were >0.8 (Table S3).

The SSBPs all had 27 samples but ranged in effective sample size
from 12.3 to 16.1. The mean accuracy of assignment was 97.0% (164
out of 169 individuals) for the leave-one-out assignment with the 135
individuals in the SSBPs and standard assignment for the remaining
34 individuals. Three individuals were incorrectly assigned in the
leave-one-out assignment test, and two individuals were incorrectly
assigned in the standard assignment test. All five incorrectly assigned
individuals were assigned to a breeding population with higher effec-
tive sample size than the known breeding population (Figure 2).

The ESSBPs ranged in number of samples from 21 (Basin Rock-
ies) to 27 (Maritime Provinces) but had minimal variation in their
effective sample sizes (range: 12.0-12.5). Mean assignment accu-
racy was 99.4% (168 out of 169 individuals) for the leave-one-out
assignment with the 122 individuals in the ESSBPs and standard as-
signment for the remaining 47 individuals. Only one individual was
incorrectly assigned from the Northern Temperate population to the
Southern Temperate population, and this did not correspond to a
breeding population with higher effective sample size. Interestingly,
this same individual (sampled in Minnesota from the Northern Tem-
perate population) also stands out in the PCA results as clustering
more closely with individuals from the Southern Temperate popu-
lation (Figure S1). Given the higher accuracy of assignment with the
ESSBPs, compared with the other sets of breeding individuals, we

(a) All samples

Maritime
Provinces

Northern
Temperate

Southern
Temperate

Breeding Western Basin
population  Boreal  Rockies

Effective
sample size

Individual
assignment

Assigned
population
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(b) Sample size standardized
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FIGURE 2 Population assighment of known breeding individuals
revealed assignment bias from unequal effective sample sizes.
Circles represent the breeding populations (coloured), with circle
size representing effective sample size, and arrows represent the
assignment of individuals from their known breeding population to
their assigned population. Arrows are scaled in size by the number
of individuals assigned. Coloured arrows represent the correct
individuals assigned to a breeding population, whereas black

arrows indicate incorrect assignment to a different population. (a)
When using all samples to calculate allele frequencies in breeding
populations, all incorrectly assigned individuals (n=18) were assigned
to a population with higher effective sample size. (b) Standardizing
breeding populations by sample sizes (27 individuals per population)
resulted in less incorrect assignment (n=>5), but all individuals were
still assigned to another population with higher effective sample
size. (c) Standardizing breeding populations to approximately the
same effective sample size (~12 effective individuals) resulted in
only one individual being incorrectly assigned. In all cases, incorrect
assignment was typical to a geographically neighbouring population.
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continued subsequent assignment testing using only the ESSBPs

data set as the source populations.

3.3 | Testing sequence depth thresholds
for assignment

To test whether lower coverage data would affect our ability to
accurately assign breeding individuals, we used the 47 individuals
from the breeding populations, which were not used in the ESSBPs,
as a testing set for further down-sampling. We did not down-sample
individuals from the ESSBPs because we did not want to lower the
effective sample size of the source populations, but rather test how
well we could assign individuals with lower coverage given the ef-
fective sample sizes of our source populations (and the amount of
genetic differentiation among them). The testing set consisted of 22
individuals from the Southern Temperate population, 14 individuals
from the Northern Temperate population, 6 individuals from Basin
Rockies population and 5 individuals from the Western Boreal pop-
ulation. The sequencing depth of these 47 individuals ranged from
0.6 to 2.0x. Down-sampling these individuals to 0.1x resulted in
100% assignment accuracy, and further down-sampling to 0.01x
resulted in 97.9% accuracy (one individual from the Southern Tem-
perate population assigned to the Northern Temperate population;
Table 1, Table S4). The individual incorrectly assigned from the
Southern Temperate population was from a sampling site in Penn-
sylvania, which is on the border of our boundary for the Southern

Temperate and Northern Temperate populations.

3.4 | Nonbreeding assignment

Implicit in the assignment of the nonbreeding individuals to breed-
ing populations is that the breeding origin of these individuals is
unknown. Given that assignment to the ESSBPs had an accuracy

of 99.4% (168 out of 169 samples) for individuals with sequencing
coverage of 0.6-2.0x, and accuracy of 97.9% (46 out of 47 individu-
als) for individuals down-sampled to sequencing coverage of 0.01x,
we assumed that we could correctly assign nonbreeding individuals
(sequencing coverage range: 0.02-2.0x, mean 1.3x) with high con-
fidence. Assignment of the 148 nonbreeding individuals resulted in
the largest number of individuals being assigned to the Northern
Temperate population (n=64) and the least number of individuals
being assigned to the Basin Rockies population (n=2; Table S5). Of
the 148 individuals, 139 individuals had assignment consistency of at
least 0.8 for the 10 subsets of data, and these individuals were used
to infer migratory connectivity. Testing consistency of assignment
on the 47 breeding individuals identified three individuals with as-
signment consistency of <0.8. One of these individuals from Minne-
sota was previously identified as an outlier in the PCA, and the other
two individuals were from Pennsylvania, which is on the boundary
of the Southern Temperate and Northern Temperate populations.

Mapping of the nonbreeding assignment results revealed pat-
terns of strong migratory connectivity across the breeding range.
Notably, the Maritime Provinces breeding population has strong
connectivity with eastern Colombia, the Northern Temperate breed-
ing population with the Greater Antilles, the Southern Temperate
breeding population with the Lesser Antilles and the Western Boreal
breeding population with Central America and Mexico.

3.5 | Demographic analysis

Using 1766 BBS routes from 1968 to 2021, we estimated the
range-wide trend in population size to be -0.29% per year (95% Cl:
-0.57, -0.02). Trends among the breeding populations were vari-
able (Table 2). The Northern Temperate breeding population was
estimated to be increasing by 0.67% per year (95% Cl: 0.33, 1.01).
The Southern Temperate breeding population was estimated to be
declining by 0.34% per year (95% Cl: -0.75, 0.06), but the credible

TABLE 1 Assignment accuracy of the

Western Basin Southern Northern .
X known breeding samples used as the
Depth Boreal Rockies Temperate Temperate Total X K R
testing set (n=47) for the effective size-
Full 100% (5/5) 100% (6/6) 100% (22/22) 93% (13/14) 98% (46/47) standardized breeding populations.
0.1x 100% (5/5) 100% (6/6) 100% (22/22) 100% (14/14) 100% (47/47)
0.01x 100% (5/5) 100% (6/6) 95% (21/22) 100% (14/14) 98% (46/47)

Note: Down-sampling to both 0.1 and 0.01x achieved high assignment accuracy.

TABLE 2 Demographic analysis of Breeding Bird Survey data for breeding populations of American Redstart.

Population No. of BBS routes  Average trend (95% Cl) Relative abundance index (95% Cl)  Route density (95% Cl)
Western Boreal 228 -0.90(-1.54, -0.27) 0.66(0.52,0.84) 1.67(1.31, 2.11)
Basin Rockies 84 -2.38(-3.40, -1.30) 0.01 (0.01, 0.02) 0.16 (0.10, 0.25)
Southern Temperate 673 -0.34 (-0.75, 0.06) 0.15(0.13,0.17) 0.67 (0.58, 0.78)
Northern Temperate 615 0.67 (0.33, 1.01) 3.70(3.10, 4.52) 15.16 (12.68, 18.54)
Maritime Provinces 166 -1.26 (-1.73,-0.77) 1.97 (1.57,2.49) 30.56 (24.33, 38.60)
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intervals were overlapping O, thus indicating potential stability in
that population. The remaining three populations (Basin Rockies,
Maritime Provinces and Western Boreal) were all estimated to be
declining and had negative values for the upper bounds of the 95%
credible intervals. The Northern Temperate population had the high-
est relative abundance of 3.70 (95% Cl: 3.09, 4.52), followed by Mari-
time Provinces (1.96; 95% Cl: 1.57, 2.49), Western Boreal (0.66; 95%
Cl: 0.52, 0.84), Southern Temperate (0.15; 95% Cl: 0.13, 0.17) and
Basin Rockies (0.01; 95% ClI: 0.01, 0.02). The density of the number
of birds per BBS route was highest in the Maritime Provinces (30.56;
95% Cl: 24.33, 38.60), followed by Northern Temperate (15.16; 95%
Cl: 12.68, 18.54), Western Boreal (1.66; 95% Cl: 1.31, 2.10), South-
ern Temperate (0.67; 95% Cl: 0.58, 0.78) and Basin Rockies (0.16;
95% Cl: 0.10, 0.25).

4 | DISCUSSION

The results of this study demonstrate that IcWGS data are well suited
for highly accurate population assignment, even with weakly dif-
ferentiated population structure. In the American Redstart, IcWGS
data provided an improvement over previous migratory connectivity
studies using genetic and stable isotope data (DeSaix et al., 2022;
Norris et al., 2006; Studds et al., 2021) by allowing us to identify
five genetically distinct breeding populations and clearly deline-
ate population-specific nonbreeding ranges. Identifying migratory
connectivity of genetically distinct populations is an essential step
towards full annual cycle conservation aimed at preserving unique
genetic variation. To this end, we integrate the migratory connec-
tivity results with analysis of population abundance and trends
to demonstrate the conservation implications of the observed
population-specific migratory patterns. More broadly, we also show
that when using IcCWGS data for population assignment it is essential
to implement a sampling design that balances effective sample size
across source populations to avoid assignment bias that arises from
variation in sequencing depth and population sample size.

4.1 | Mapping migratory connectivity

Population structure analyses identified five genetically distinct
breeding populations with weak genetic differentiation, in contrast
to a previous mtDNA analysis that identified only two populations
split by a phylogeographic break (Colbeck et al., 2008). Our de-
lineation of the Maritime Provinces breeding population in the far
northeast portion of the range corresponds with the Newfound-
land population from the mtDNA analysis. Colbeck et al. (2008) hy-
pothesized that the phylogeographic separation of Newfoundland
and mainland American Redstart populations was the result of two
refugia during Pleistocene glaciations. Our findings of weak genetic
differentiation between the Maritime Provinces and other breeding
populations suggest that there is ongoing gene flow among these
populations. However, the limited admixture of individuals sampled

in Newfoundland supports the notion that geographic separation
of the island provides some barrier to gene flow, which has been
demonstrated in several other avian species (Ralston et al., 2021).
The weakest genetic differentiation was found among the West-
ern Boreal, Northern Temperate and Southern Temperate breeding
populations (F¢;: 0.004-0.006), suggesting limited barriers to gene
flow. The Basin Rockies breeding population had higher genetic dif-
ferentiation with the eastern breeding populations than the more
northern Western Boreal population, which corresponds to the
Great Plains functioning as a barrier to gene flow.

Using the five genetically distinct breeding populations allowed
us to document at a fine scale more complex migratory patterns
than previously identified. At the continental scale, our results
broadly correspond to previous stable isotope studies that found
eastern breeding American Redstarts overwintered in the eastern
nonbreeding range and western breeders overwintered in the west
(Norris et al., 2006; Studds et al., 2021). In several other species of
Nearctic-Neotropical migrants, similar patterns of parallel migration
have also been observed (Fraser et al., 2013; Garcia-Perez & Hob-
son, 2014; Gonzalez-Prieto et al., 2017; Rushing et al., 2014). How-
ever, in contrast to previous isotope analyses in American Redstart
(Norris et al., 2006; Studds et al., 2021), our use of genomic data
allowed us to clearly differentiate Maritime Provinces and Northern
Temperate breeding birds and revealed that individuals breeding in
the Maritime Provinces do not follow the parallel migration pattern.
Parallel migration would result in these breeders being found in the
far eastern portion of the nonbreeding range (e.g. Lesser Antilles
and Trinidad and Tobago). Instead, individuals from the Maritime
provinces bypass the Caribbean portion of the nonbreeding range
and have a ‘leap-frog’ migratory pattern to eastern Colombia. One
explanation for the discordance of the Maritime Provinces migra-
tory connectivity patterns from the rest of the breeding populations
is the phylogeographic separation of these regions documented by
Colbeck et al. (2008). Migration routes are influenced by the histor-
ical separation of Pleistocene glacial refugia (Newton, 2008; Ruegg
et al,, 2006) and in the American Redstart, an Atlantic Shelf (near
the Maritime Provinces) and eastern continental refugia are hypoth-
esized to have caused the observed phylogeographic separation of
these regions (Colbeck et al., 2008). A previous mtDNA analysis of
American Redstart migratory connectivity only detected several in-
dividuals from the Maritime Provinces population in the Caribbean
islands of the Dominican Republic and Puerto Rico but lacked sam-
ples from South America (DeSaix et al., 2022). Our results suggest
that the Maritime Provinces breeding population has the strongest
connectivity with eastern Colombia, but given our limited sampling
across South America the full extent of the population's connectivity
across South America is unknown.

Our use of genomic data allowed us to characterize migratory
connectivity at a fine scale and identify distinct regions on the
wintering range that separate breeding populations. In southern
Central America, a clear split between the two sampling sites in
Costa Rica, a separation of 360km, occurs where the northern site
predominantly has individuals from the Western Boreal breeding
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population and the southern site has individuals from the Southern
Temperate population. This split corresponds with a biogeographic
separation of drier broadleaf forest in the northern Pacific side of
Costa Rica and moist broadleaf forest in the southern Pacific side
(Corrales et al., 2015). Another geographic split in breeding origin
occurs between the Lesser Antilles (Southern Temperate) and the
Greater Antilles (Northern Temperate) in the Caribbean. Sampling of
American Redstarts in Colombia was limited to the eastern slopes of
the East Andes and may not represent the wider Andes, given that
the three chains of the Andes that run through Colombia influence
connectivity patterns in the Canada Warbler, Cardellina canadensis
(Gonzalez-Prieto et al., 2017). Further population assignment stud-
ies that include sampling of American Redstarts from the Central
and Western Andes, and the Caribbean region of Colombia, may
identify the Andes Mountains as another barrier in the nonbreeding

region, creating geographic splits in breeding origin for this species.

4.2 | Conservation implications

Describing migratory connectivity is essential for informing effective
wildlife conservation and management decisions involving migratory
species (Martin et al., 2007; Small-Lorenz et al., 2013). Our deline-
ation of five breeding populations, and their linkages to wintering
regions, provides the necessary information to prioritize regions for
conservation (Ruegg et al., 2020) and improve our understanding of
the underlying drivers of abundance. While our demographic analy-
sis highlights that the species is declining overall from 1966 to 2021,
there is wide variation in trends among the breeding populations.
The Northern Temperate population has the largest population of
American Redstarts on the breeding grounds and is increasing in
abundance. One potential explanation for the increase in abundance
is that birds in the southern portion of the breeding range have
shifted their breeding latitude northward in response to climate
change, as has been documented in other Nearctic-Neotropical mi-
grants (Gomez et al., 2021; Rushing et al., 2020). In this scenario, ge-
netic differentiation would also likely erode between the Northern
Temperate and Southern Temperate populations and our genetic dif-
ferentiation results do highlight these two populations as having the
weakest genetic differentiation (F;;=0.004) of all breeding popula-
tion comparisons. However, our demographic results do not depict
a correspondingly large decline in the Southern Temperate breed-
ing population, which would be the source population of northward
movement. Given that the Northern Temperate breeding population
has strong connectivity with the Greater Antilles archipelago in the
Caribbean, efforts aimed at conserving the greatest proportion of
the global distribution of American Redstarts could focus on the
Northern Temperate-Greater Antilles migratory population.

The Maritime Provinces population had the second highest
abundance of American Redstarts and the highest density of in-
dividuals. Despite being geographically adjacent to the Northern
Temperate breeding population, Maritime Provinces individuals
were detected almost exclusively outside the Caribbean, along the

eastern slopes of the Andes of Colombia. Our demographic analysis
highlighted the Maritime Provinces to be the second fastest declin-
ing population. Thus, future research into the stressors driving this
decline could focus on the breeding region as well as stationary non-
breeding region of eastern Colombia. Notably, other populations of
long-distance migratory birds connected to the Eastern Andes are
also experiencing declines, including populations of Canada War-
bler (Wilson et al., 2018) and Cerulean Warbler, Setophaga cerulea
(Raybuck et al., 2022). Additionally, in species such as the Canada
Warbler, migration routes between North and South America can
concentrate in small regions of Central America, which can also
affect population trends (Roberto-Charron et al., 2020). Given the
phylogeographic split of the Maritime Provinces breeding popula-
tion with the mainland (Colbeck et al., 2008), conservation of this
migratory population may also be important for preserving genetic
diversity within the species. The Western Boreal population, rang-
ing from Alaska to Saskatchewan, was characterized by the demo-
graphic analysis as having the third highest abundance and density,
with population declines larger than the range-wide decline. Strong
migratory connectivity with Mexico and Central America highlights
the need for conservation efforts to focus on the most western por-
tion of the range for this migratory population.

The Southern Temperate breeding population is unique in Amer-
ican Redstarts, in that nonbreeding individuals were sampled in both
the far eastern Caribbean as well as in Central America. Our lack
of sampling between these regions in northern South America pre-
cludes our ability to describe whether there is a migratory divide
within the Southern Temperate population, or individuals are spread
across this portion of the nonbreeding range. While weak connectiv-
ity across a large nonbreeding distribution could promote resilience
from stressors on any single portion of the nonbreeding distribution
(Finch et al., 2017), this makes targeting regions for conservation
difficult.

4.3 | Low-coverage WGS for population
assignment

In addition to elucidating fine-scale migratory connectivity patterns
in the American Redstart, our results provide important consid-
erations for other population assignment studies using IcWGS. We
found that balancing effective sample sizes of the source populations
to within one effective individual of each other was essential for ac-
curate assignment. Even when the actual number of individuals used
per population was the same, variation in mean depth (1.3-1.9x) be-
tween populations skewed the effective sample sizes, resulting in de-
creased assignment accuracy. Other studies with known genotypes
from RADseq have demonstrated the influence of actual sample size
on overall assignment accuracy but not how it affects assignment
bias (Benestan et al., 2015; DeSaix et al., 2019). The effective sample
sizes needed per population for accurate assignment and the degree
of standardizing these values will depend on the population structure
of the study system. For example, study systems with higher genetic
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differentiation between populations may not need to finely standard-
ize effective sample size to achieve high assignment accuracy. We
suggest that other population assignment studies similarly evaluate
the influence of source population effective sample size on known
source individuals before assigning individuals of unknown origin.
Reducing the effective sample size of a sampled population can be
achieved by either removing individuals or down-sampling the read
depth. In this study, we chose to remove individuals and used the
individuals' effective sample sizes as a guide for how many individuals
to remove from each population (resulting in 21-27 samples per pop-
ulation). For studies with smaller sample sizes, it may be worthwhile
to investigate whether retaining all individuals but down-sampling
reads is a better alternative for standardizing effective sample sizes
to retain more variation from individuals. Additionally, it may be im-
portant for studies with widespread admixture across populations to
refine their sample selection for source populations by removing the
more admixed individuals. Finally, studies with poor assignment ac-
curacy to weakly differentiated populations may benefit from iden-
tifying a subset of informative loci based on elevated signatures of
genetic differentiation (DeSaix et al., 2019; Ruegg et al., 2014). For
example, our genome-wide F; calculations reveal regions of elevated
genetic differentiation that could be used to identify a smaller subset
of SNPs for performing assignment. However, given our initial high
assignment accuracy using the full set of SNPs (n=4,722,390) and the
computational efficacy of WGSassign with these data, we suggest
studies should first evaluate population assignment with genome-
wide data to determine whether the more labour-intensive process
of informative SNP selection is warranted for their study system.

Importantly, here we demonstrate that individuals with very low
whole genome coverage (0.01-0.1x) can still be accurately assigned
to source populations with sufficient effective sample sizes. These
results suggest that increasing the number of samples and decreasing
individual sequencing depth is an effective study design strategy for
population assignment. For migratory connectivity studies, increased
sampling (both number of individuals at each location and the number
of locations sampled) across nonbreeding stages of the annual cycle
can drastically improve our understanding of population-level con-
nectivity at low cost. Combined with cost-effective approaches for
library preparation (e.g. Schweizer & DeSaix, 2023; Therkildsen & Pa-
lumbi, 2017), IcWGS is increasingly becoming economically feasible
for a wide range of studies. However, a trade-off with [cCWGS is that
the sequence data processing requires additional costs associated
with time spent on the bioinformatics analysis. For studies interested
in population assignment with a large number of samples, increas-
ing the number of samples per lane, thereby decreasing the mean
average sequencing depth, may make IcWGS economically feasible
compared with other sequencing methods. For a comprehensive re-
view of coverage guidelines for different types of analyses with low-
coverage WGS data, see Lou et al. (2021).

An interesting aspect of our results was that all posterior proba-
bilities of assignment were >0.8, even for potentially admixed indi-
viduals. A standard method to determine assignment confidence in
population assignment studies is to use a cut-off value for posterior

probabilities of assignment (DeSaix et al., 2019; Ruegg et al., 2014).
Individuals with low posterior probabilities of assignment (e.g. <0.8)
can be highly admixed. Thus, it is inaccurate to classify them as
from a specific population. However, we suspect that with IcWGS
data, the high prevalence of loci with single read results in the like-
lihood being highest for a homozygous genotype. Thus, admixed
individuals may ‘switch’ their population of maximum likelihood
depending on the loci used for assignment. Our use of an assign-
ment consistency threshold addressed this concern by creating
subsets of genomic data for population assignment to determine
whether individuals could reliably be assigned to a single population
when different loci were used. Testing the assignment consistency
threshold with known source individuals revealed three individuals
with inconsistent assignment (<0.8, i.e. 8 out of 10 genomic data
sets) and were likely admixed between pure Northern Temperate
and Southern Temperate populations. These results highlight that
the consistency of assignment may be more reliable than posterior
probabilities for confidently assigning individuals of unknown origin.
Further development of spatially explicit assignment methods for
genotype likelihood data would be helpful for determining the likely

origin of admixed individuals at the periphery of source populations.

5 | CONCLUSION

Low-coverage WGS is a powerful and potentially cost-effective ap-
proach for population assignment studies. We demonstrate that
high assignment accuracy can be obtained for weakly differentiated
populations, even for individuals with very low sequencing coverage
(<0.1x). We further demonstrate the importance of balancing the ef-
fective sample sizes of source populations to avoid assignment bias
due to variation in the precision of allele frequency estimation. By
applying these methods to the American Redstart, we reveal broad-
scale parallel migration and highlight unique population-specific pat-
terns of connectivity. In combination with our demographic analysis,
we demonstrate the importance of the Northern Temperate-Greater
Antilles migratory population to the total abundance of the species.
Furthermore, our identification of nonbreeding regions for the geneti-
cally distinct breeding populations provides a foundation for a full an-
nual cycle approach towards preserving genetic diversity. Together,
our results provide a valuable framework for studies that aim to use
IcCWGS to understand the ecology and evolution of migratory species.
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