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Bird migration has fascinated natural historians and scientists for centuries. While the timing of 
migration is known to vary by species, population, sex, and individual, identifying the cause of this 
variation can be challenging. Here we investigate factors underlying migratory timing in a long-
distance migratory bird, the Common Yellowthroat (Geothlypas trichas), using a population genomic 
approach. We begin by creating a map of genetic variation across geographic space (a “genoscape”) 
using lcWGS from across the breeding range. We then utilize genetic assays to assign 249 wintering 
and 1050 northward migrating birds to genetically distinct breeding populations. Additionally, we 
estimate the expected spring onset date in each predicted breeding region and calculate the remaining 
migratory distance for northward migrating birds. Our findings indicate that when population genetic 
structure is not a factor in the analysis, it appears that birds captured early in the season are migrating 
to breeding grounds where spring arrives later, which contrasts with prior research. However, when 
we incorporate population structure into our analysis, our results align with predictions, indicating 
that birds captured earlier in the season are indeed heading to breeding grounds where spring arrives 
earlier. Further analysis revealed that the disparity between results obtained with and without 
population genetic structure can be attributed to the fact that individuals from the western genetic 
group migrate three times the distance to the west, despite breeding at the same latitude. Our 
findings suggest that categorizing large numbers of migrating birds into genetically distinct groups can 
reveal population-specific patterns in migratory timing and shed light on the relative contributions of 
different selective forces responsible for the observed patterns.

The ability of millions of migratory birds to precisely time their departure from their tropical wintering grounds 
and journey thousands of miles north to their temperate breeding areas stands as one of the most intriguing 
mysteries of bird migration. Classic captive breeding experiments, where hybrid offspring display intermediate 
migratory timing compared to their parents, support the notion that timing is partially genetically controlled1–8. 
It is also well established that that the failure to synchronize migration with climate and resource peaks can 
have detrimental effects on an individual’s fitness9–11. Currently, our understanding of the role of genetics on 
migratory timing in birds is based mostly on captive breeding experiments, with limited examples of how these 
factors operate in the wild. Thus, there is a need for further research in natural settings to comprehensively assess 
the interplay between genetic, environmental, and demographic factors that shape migratory timing.

While most research to date has concentrated on species-scale patterns in timing, it is important to consider 
that the evolutionary forces shaping migratory timing, such as genetic drift and natural selection, likely operate 
at the population level, particularly in species with broad geographic distributions12. Each year, migrants from 
multiple breeding populations mix extensively on the wintering grounds in a situation akin to a common 
garden13,14. Despite this, individuals from distinct breeding populations often leave the same wintering areas at 
different times. Recent research indicates that population-specific variations in migratory timing are regulated 
in part by genetic alterations in genes responsible for governing biological clocks4,15–17. Additional factors that 

1Graduate Degree Program in Ecology, Colorado State University, Fort Collins, CO 80523, USA. 2Department of 
Biology, Colorado State University, Fort Collins, CO 80523, USA. 3Departamento de Biología Evolutiva, Facultad 
de Ciencias, Universidad Nacional Autónoma de México, Mexico City, Mexico. 4Centro de Investigación Científica 
de Yucatán, Unidad de Recursos Naturales, 97205 Mérida, Yucatán, Mexico. 5Department of Ecology and 
Evolutionary Biology and Institute of the Environment and Sustainability, University of California, Los Angeles, Los 
Angeles, CA, USA. 6Wildlife Research and Monitoring Section, Ontario Ministry of Natural Resources and Forestry, 
Peterborough, ON K9L 1Z8, Canada. 7Appalachian Laboratory, University of Maryland Center for Environmental 
Science, Frostburg, MD 21532, USA. email: taylorbobowski@gmail.com

OPEN

Scientific Reports |         (2025) 15:8527 1| https://doi.org/10.1038/s41598-025-93442-2

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-93442-2&domain=pdf&date_stamp=2025-3-12


influence migratory timing include sex, social signals, weather, and wind patterns12,18. However, the interaction 
of these factors with population genetic differences is not yet comprehensively understood.

Despite the importance of considering population-specific differences in migratory timing, research in this 
domain has faced challenges due to the absence of suitable tools for distinguishing between genetically distinct 
populations12. Most migratory tracking studies separate individuals into populations based on loosely defined 
environmental regions rather than using genetics19–21. A particularly useful tool in this research has been the use 
of isotopes to predict breeding location and population; however, this method is typically restricted to coarse 
predictions along latitudinal bands22,23. Information on population genetic structure provides critical insights 
into the evolutionary dynamics between groups within a species that cannot be attained from geography alone. 
Genetic approaches allow for estimates of gene flow supporting the extent to which genetically distinct populations 
are also demographically independent. While early attempts to use population genetics to define migratory 
populations faced challenges related to low genetic marker resolution, the recent availability of genomic tools 
allows for the identification of even subtle patterns of genetic differentiation between populations24. Therefore, 
by harnessing the power of genome-wide genetic sequencing it is now possible to assess how environmental and 
demographic factors within genetically distinct populations influence migratory timing.

To implement a genomic framework to study migratory timing, the first step is to construct a map of 
genetically distinct breeding populations. Such a map has been referred to in previous work as a genoscape13. 
Once the genoscape has been established, it can be used as a baseline for assigning thousands of individuals 
from across the annual cycle to their most likely breeding population of origin. In addition to providing one of 
the most comprehensive assessments of migratory connectivity available, a genoscape-based approach can also 
be used to identify population-specific differences in migratory timing if samples are collected in a time series 
from migratory stopover locations. One of the few studies that has implemented this method to assess migration 
timing in a songbird, the Wilson’s Warbler (Setophaga petechia), found that genetically distinct populations 
migrate at different times, but the potential evolutionary explanations for these differences was not explored 
further13.

In this study we use a genoscape-based approach to investigate factors underlying migratory timing between 
genetically distinct populations of the Common Yellowthroat (Geothlypas trichas), a widespread and abundant 
Nearctic-Neotropical migrating bird25. To explore how the inclusion of population genetic structure affects our 
capability to identify factors influencing migratory timing, we integrate population assignment information 
with data on average date of spring onset at the predicted breeding site and remaining migratory distance, and 
approximate wintering area, as well as relevant demographic data (in particular, sex). We then estimate their 
relative influence on the migratory passage date across the coast of the Gulf of Mexico (i.e. the Gulf Coast). 
Specifically, we seek to address the following research questions:

1) How are Common Yellowthroat populations connected across time and geographic space? 2) Do genetically 
distinct populations migrate at different times? 3) How do the date of spring onset on the breeding grounds, the 
remaining migratory distance, and sex influence migratory timing within genetically distinct populations? 4) 
Does our interpretation of the factors underlying migratory timing differ with and without including population 
genetic structure?

Results
Genoscape construction
Initial population genomic analysis of 148 breeding individuals after filtering out 2 related individuals at 
6,721,176 SNP loci revealed support for genetic differentiation between five groups including: West (green), 
Atlantic (purple), Midwest (blue), Southwest (orange), and a weak cluster of primarily resident breeders in 
Central California (red; SI Figure 2). While our STRUCTURE analysis revealed that a K value of 2, 3, 4, and 
5 populations were biologically realistic hypotheses for the number of groups within the species (SI Figure 3), 
the goal of our analysis was not to find the most likely value of K, but to identify spatially explicit genetically 
distinct groups that could be tracked across the full annual cycle, as in fisheries stock management26. Thus, we 
set the number of groups to 5 based on concordance between spatially informative genetic clusters identified in 
the genome wide PCA (SI Figure 2), the STRUCTURE runs based on the 96 SNP loci (Fig. 1), and the power 
to assign individuals to groups at K = 5 using rubias (Table S1). Evidence of admixture between the Midwest 
(blue) and the Atlantic Coast (purple) was detected in New York, Ontario, and Quebec samples. Furthermore, 
genetic differentiation in the resident Central California population (Fig.  1, red) was weak, suggesting high 
admixture with the surrounding Western migrants. Due to this weak differentiation, a K value of 4 was used in 
all subsequent assignments of migratory individuals, with the California population being integrated into the 
broader West (green) population.

Genetic assignments of population, breeding location, and sex
Assignment of wintering individuals to breeding groups using rubias suggested extensive mixing among breeding 
populations on the wintering grounds. Western breeding birds (Southwest and West) were found wintering 
primarily from Central Mexico, west to Southern Baja, while eastern breeding birds (Midwest and Atlantic 
Coast) were primarily restricted to the eastern part of the wintering range (from Central Mexico to Puerto Rico; 
Fig. 1). Population-level assignments of 509 migrant individuals from Johnson’s Bayou, Louisiana, identified 
81% from the Midwestern, 16% from the Atlantic, 3% from the Western, and none from the Southwestern 
population (n = 412, 81, 16, 0, respectively). Of the 541 migrants sampled from Mad Island, Texas, 79% were 
from the Midwestern, 9% from the Atlantic, 10% from the Western, and 1% were from the Southwestern 
populations (n = 428, 51, 56, 6, respectively). All individuals included in these totals were assigned to their 
genetic population with 80% or greater confidence by OriGen (see Methods) and the vast majority of these 
predictions (96.5%) fell within (coincided with) the broader population-specific geographic region determined 
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by rubias, giving additional confidence in the results from both assignment methods (Fig. 2A; SI Figure 4). The 
3.5% that were not concordant were largely due to misassignments between the closely related Atlantic and 
Midwest populations. Of migrants sexed in the field at Johnson’s Bayou, LA, 352 were male, 129 female, and 28 
undetermined. Migrants from Mad Island, TX, were genetically sexed and determined to consist of 209 males, 
279 females, and 47 of undetermined sex. Sex breakdown by population is summarized in Table S1, and roughly 
aligns with species-wide sexual ratios. In total, 969 migrant individuals had confident assignment of both genetic 
population and sex; these individuals were used in all subsequent analyses.

Models of migratory timing
Two linear mixed models of migratory timing, one without genetic population data and one with, were created, 
summarized in Tables S2 and S3. Each included sex, estimated spring onset, latitude-corrected migration 
distance (hereafter referred to as LCMD; see methods), and capture site as predictor variables. Both models 
showed a significant difference between sexes and a weak effect of capture site. Specifically, in both models, 
males migrated approximately four days before females (no-pop model: estimate = − 3.51, SE = 0.74, t = − 4.74, 
p <  < 0.001; pop model: estimate = − 4.13, SE = 0.73, t = − 5.65, p <  < 0.001; Tables S2 and S3), and migrants arrived 
in Texas a quarter of a day later than in Louisiana (no-pop model: estimate = 0.3, SE = 0.73, t = 0.42, p = 0.68; 
pop-model: estimate = 0.19 SE = 0.72, t = 0.26, p = 0.79; Tables S2 and S3). In the model with no population 
data (R2 = 0.27; df = 964; Table S3), both spring onset and LCMD were predicted to have weak (but significant) 
negative relationships with migration date. In particular, migrants were predicted to migrate a day earlier for 
every fourteen days spring arrived later at their predicted breeding site (estimate = − 0.069, SE = 0.024, t = − 2.88, 

Fig. 1.  The Common Yellowthroat Genoscape. The top panel depicts the STRUCTURE analysis with each line 
representing the posterior probability of assignment of each individual belonging to one five genetic groups. 
Numbers indicate the locations of sampling sites on the map. The bottom panel depicts a spatially explicit map 
of population structure clipped to the breeding range (eBird 2021), with the intensity of color representing the 
certainty in the assignment of individuals from a particular region belonging to a genetic group. Circles on 
the wintering represent sampled individuals color coded by the genetic assignments according to rubius. The 
wintering dots are jittered to facilitate visualization.
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p = 0.004), and to migrate a day earlier for each additional 62.5  km of LCMD they had remaining to travel 
(estimate = − 0.016, SE = 9.2e−4, t = − 17, p <  < 0.001).

In the full model (R2 = 0.31, df = 958; Table S2) there was a significant negative relationship between timing 
and LCMD in both the Midwest and West populations. Specifically, birds in these regions migrated a day earlier 
for each additional 81.3 and 97.1  km traveled, respectively (Table S2). There were significant differences in 
the timing of migration between the Midwest (mean migration ordinal date 113.5 ± 10.59 [sd]) and Atlantic 
(99.14 ± 11.83 [sd]) populations, with the Atlantic population migrating approximately two weeks earlier than 
the Midwest (Fig. 2B; p <  < 0.001). This pattern was consistent between migrating birds sampled at the Louisiana 
and Texas sites and across years (SI Figure 5). The Western population also migrated significantly earlier 
(96.83 ± 14.89 [sd]) than the Midwest population with much greater variation in migration dates relative to the 
number of samples (Fig. 2B; p <  < 0.001). The Western population did not differ significantly in timing from 
the Atlantic (p = 0.99). In contrast to migration passage times, the average date of spring onset (as determined 
by random sampling of spring onset across the population ranges; Fig.  2C) was not significantly different 
between the Atlantic and the Midwest (p = 0.95, t = 0.276, df = 225.95), while average date of spring in the West 
was significantly later and more variable (t = − 15.778, df = 702.94, p < 0.001). Mean LCMD differed significantly 
between populations, with individuals from the Atlantic (1012 ± 215 km) and Western (993 ± 434 km) breeding 
populations traveling approximately three times the distance of Midwestern breeding birds (335 ± 267  km; 
compared to Atlantic: p <  < 0.001; compared to West: p <  < 0.001; West compared to Atlantic: p = 0.35; Fig. 4).

Discussion
Here, we built a map of population genetic structure across the breeding and wintering range of the Common 
Yellowthroat to identify the movement patterns of genetically distinct groups across time and space. We find 
that genetically distinct groups migrate across the Gulf Coast at different times and that the influence of sex, 
breeding ground phenology, and migration distance on migratory passage dates vary when accounting for or 
excluding population genetic structure. These findings emphasize the importance of considering population 
genetic structure when investigating the factors that influence migratory timing, particularly in species with 
extensive geographical distributions that experience diverse selective pressures.

Here, we mapped the breeding and wintering areas for each genetically distinct population of the Common 
Yellowthroat to contextualize our data on migratory passage dates across the Gulf Coast within the species’ 
full annual cycle. We found that the strongest genetic differentiation on the breeding grounds existed between 

Fig. 2.  (A) Predicted breeding locations of each captured migrant. Lines are drawn between the capture 
location and the location with the highest probability of breeding as calculated by OriGen (note that this single 
point is not what is used in analyses). Line color shows population assignment by rubius. (B) Time series of 
the proportion of migrants through each capture site, separated by week and population. At both the Louisiana 
(top) and Texas (bottom) capture sites, the Atlantic population showed peak migration roughly two weeks 
earlier than the Midwest population’s peak. Western individuals are not included in the Louisiana chart due 
to low sample size. (C) Spring onset dates across the ranges of each respective population, with mean spring 
onset indicated by dotted vertical line. The breeding ranges of the Atlantic and Midwest populations experience 
nearly identical spring onset, while spring arrives much later across the Western breeding range.
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eastern and western populations, consistent with earlier findings27. The observed weaker genetic differentiation 
within eastern and western groups confirmed some previous research but also uncovered previously unknown 
population subdivisions. Specifically, in the west, we confirmed the previously recognized split between the 
Southwest and West populations. Within the east we identified previously unrecognized genetic differentiation 
between Atlantic Coast and Midwest populations. We also identified a new genetic split between resident 
populations in California and other western migratory populations. Of the 5 genetic groups identified by our 
analysis of population structure across the breeding range, only the Atlantic, Midwest, and Western groups 
passed through the Gulf Coast during migration in large numbers, and as such our conclusions about migratory 
timing are limited to those populations.

By employing genetic assignments that link wintering birds to their breeding populations, we also gained 
some limited insight on how approximate wintering location may have affected our results. We found that 
Midwest and Atlantic Coast breeders predominantly winter in eastern wintering sites, while Southwest, West, 
and California breeders’ winter in western sites. In the eastern wintering region, some mixture occurred between 
Atlantic and Midwest breeders in places like eastern Mexico and Jamaica, with a greater number of Atlantic 
breeders overwintering in the Southeastern United States. Similarly, in the western region, substantial mixing 
between West and Southwest genetic groups took place in locations such as Baja, western Mexico, and Central 
Mexico. A major limitation of our dataset is that we do not know the specific departure times of our wintering 
birds or the exact wintering location of birds passing through the Gulf Coast. However, the extensive mixing 
between populations, particularly the Midwest and Atlantic, on the wintering grounds suggests that distinct 
migratory passage dates along the Gulf Coast are likely not entirely due to these populations wintering in 
separate regions. Future research combining a genoscape-based approach with detailed information on timing 
and location from external tracking devices like GPS tags would greatly enhance the ability to understand the 
combined role of population structure and wintering location on the timing of spring passage dates.

Ornithologists and students of natural history have long observed that unique waves of migratory birds 
come through migration monitoring stations at varying times9, yet the underlying reasons for these timing 
disparities is usually unclear. In this study, we employ genetic assays to identify the breeding population of 
origin for > 1000 birds migrating through the Gulf Coast and, in so doing, uncover clear and distinct patterns 
of migratory timing within each group. Specifically, we show that Western, Midwest, and Atlantic experience 
peak migration at different times. Western and Atlantic breeders are the first to migrate through the Gulf Coast, 
followed by Midwestern breeders approximately 14 days later (Fig. 2B). This trend remains consistent across 
different sample locations and over multiple years (SI Figure 5). Additionally, in line with previous migratory 
bird research28, we observed that males migrate before females (SI Figure 6). Collectively, these findings provide 
evidence that distinct waves of migrants observed at bird monitoring stations can be attributed, at least partially, 
to genetically distinct populations migrating at different times.

Population-specific differences in migratory passage dates are thought to result from a combination of genetic, 
environmental, and demographic factors, but disentangling the relative contribution of each can be difficult 
without information on population genetic structure. Here we show that the crucial determinants of migratory 
passage dates across the Gulf Coast vary when accounting for or excluding population genetic structure. Notably, 
when considering all individuals within the species, our results suggested that those individuals captured earlier 
in the season were heading to breeding grounds where spring onset occurred later (Fig. 3). This outcome was 
confusing because it challenges the widely held notion that spring migration timing is driven partly by the need 
to align arrival dates with spring’s onset on the breeding grounds9,11. However, when we analyzed genetically 
distinct populations separately, our results aligned with expectations in two of the three populations, indicating 
that early migrants travel to areas where spring arrives earlier (Fig. 3). Overall, the ability to include population 
genetic structure into our analysis helped clarify factors underlying the timing of migratory passage.

Further analysis within genetically distinct groups revealed that latitude-corrected migration distance 
also significantly influences spring passage dates. Importantly, our joint analysis revealed that the observed 
counterintuitive relationships between spring onset and migratory passage dates in part result from the 
confounding influence of the longitudinal (rather than latitudinal) travel distance remaining for birds from 
different genetic groups. Further, LCMD appears to explain the consistent difference in timing between the 
Atlantic and Midwest populations, where Atlantic migrants each year migrate roughly two weeks earlier. 
Atlantic breeders migrate to locations where the average date of spring is not significantly different from that 
of Midwestern breeders (Fig. 4B), but Atlantic breeders travel approximately three times further east (Fig. 4A). 
Similarly, the fact that birds from the West migrate through first even though the average date of spring across 
the West occurs significantly later than in either the Midwest or Atlantic (Fig. 4B) is likely explained by the fact 
that the average Western migrants must travel significantly farther to the west relative to Midwestern birds.

Our work highlights the importance of a genoscape-based approach for understanding factors underlying 
migratory timing. Our research revealed consistent differences in migratory timing between genetically distinct 
populations and demonstrates how the inclusion of information on population genetic structure clarifies the 
importance of spring onset in determining migratory passage date. Future work linking specific genes, their 
expression, and the regulatory pathways involved with the observed population specific patterns would help 
improve our understanding of the ultimate mechanisms controlling migratory timing within genetically distinct 
groups. In addition, landscape genomic analysis may help reveal the links between observed genetic difference 
between populations and natural selection across the annual cycle. In sum, we believe this study provides a 
significant step forward in our ability to distinguish factors regulating migratory timing, relationships that are 
likely to become increasingly dynamic under future climatic change.
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Methods
Ethics
Sampling of live specimens was conducted using CSU Veterinary approved IUCAC protocols (#5449) and were 
carried out following ARRIVE guidelines.

Sampling and DNA extraction
Breeding and wintering birds were captured with mist-nets at 37 sites across the breeding range (Table 1) and 41 
sites across the wintering range (SI Table 1), while migrants were captured throughout spring migration at two 
long-term migration monitoring stations on the Gulf Coast–Johnson’s Bayou, Louisiana (Johnson’s Bayou, 29° 
45′ N, 93° 37′ W) during 2004–2012 and Clive Runnells Family Mad Island Marsh Preserve, Texas (Mad Island, 
28° 37′ N, 96° 6′ W) during 2013–2019 (Fig. 2A) 29,30. In total, 271 breeding, 249 wintering, and 1050 migrating 
birds were sampled. Upon capture, 20 uL of blood from the sub-brachial wing vein or one tail feather from each 

Fig. 3.  The relationship between migration date and spring onset (A and B) and latitude-corrected migration 
distance (C and D), with and without population as a factor. Trendlines represent linear regression predicted 
using full models of timing with 95% confidence intervals. Without considering population, spring onset and 
latitude-corrected migration distance were strong predictors of timing with negative relationships (p <  < 0.001 
in both cases; A and C), with earlier migrants traveling to locations with later spring onset and a much greater 
distance east/west of the capture site. When the data was broken up by population however, the relationship 
between spring onset and timing changed to a positive one in both the Midwest and Atlantic populations (B). 
Similarly, at the population scale, latitude-corrected migration distance flipped its relationship in the Atlantic 
population.
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bird was collected for sexing and genotyping. Blood samples were suspended in Queen’s lysis buffer and stored 
at − 20 °C until processing. Feather samples were similarly stored in coin envelopes at − 20 °C until extraction. 
DNA was extracted from migrant feathers and blood using Qiagen DNeasy Blood and Tissue extraction kits 
(Qiagen Inc., Valencia, CA, USA) following the standard tissue extraction protocol. DNA quantification was 
done using a Qubit dsDNA HS Assay kit (Thermo Fisher Scientific) prior to genomic library preparation.

Genoscape construction
We used a modified version of Illumina’s Nextera Library Preparation protocol to prepare whole-genome 
sequencing libraries and pooled the libraries prior to sequencing on two Illumina HiSeq4000 (Illumina) lanes 
(see Supplementary Methods). Reads were processed using Genome Analysis Toolkit (GATK) following 
the Best Practices Guide31 and aligned to a Common Yellowthroat reference genome (accession number: 
GCA_009764595.1) using hisat232. Ninety-six of the top 300 most highly differentiated SNPs between the 5 
major groups identified in a preliminary population structure analysis were converted into SNP Assays for 
subsequent population assignment (see Supplementary Methods). We then tested the effectiveness of our 
markers for population assignment and filled in sampling gaps across the breeding distribution by genotyping 
all individuals in our original genomic panel as well as an additional 121 breeding individuals across the range 
using the resulting 96-SNP panel. Samples with missing genotypes at more than 10% of SNP assays were filtered 
out from subsequent population structure analysis.

To assess population structure across the breeding region, we used the admixture model in structure33, a 
model-based clustering method. Using the locprior model with sampling locations as prior information, 
uncorrelated allele frequencies, a burn-in period of 50,000, and total run length of 150,000 we ran 5 iterations 
of each assumed number of genetic clusters (K), where K ranged from 1 to 633. To understand how patterns 
of population structure were distributed across geographic space, we visualized the posterior probability of 
group membership estimates from structure as transparency levels of different colors overlaid upon a base 
map from Natural Earth (naturalearthdata.com) and clipped to a map of the Common Yellowthroat breeding 
range34, making use of the R packages sp, RGDAL, and raster35–37. We scaled the transparency of colors within 
each distinguishable group, so that the highest posterior probability of membership in the group according to 
structure is opaque and the smallest is transparent.

Population and individual-based assignments
To assign wintering and migrating individuals to breeding areas, we used two different methods—one to assign 
individuals to genetically distinct breeding populations as determined by the genoscape and the other to make 
specific predictions of breeding location for each individual. We leveraged the genoscape to assign individuals 
sampled during winter and migration to genetically distinct populations using the R package rubias38. The 
reference breeding bird panel excluded the southern California populations due to the ambiguous assignment 
resulting from admixed ancestry between the West and Central California breeding units. Wintering and 
migrating individuals with posterior probability of assignment less than 80% were considered as uncertain and 
were not used for the remaining analyses. To give a more precise prediction of the probable breeding destinations 

Fig. 4.  Average migration date within each genetically distinct population versus (A) the latitude-corrected 
migration distance and (B) the predicted spring onset on the breeding grounds. Dots represent mean values, 
while bars represent one standard deviation. Both plots show that the Atlantic and West migrate roughly two 
weeks earlier, on average, than the Midwest population. However, while the Atlantic and Midwest largely 
overlap in their spring onset distribution (with spring arriving earlier in these breeding ranges than the more 
northerly West), there is a significant difference in remaining migration distance between the two, as the 
Atlantic population must migrate nearly double the latitude corrected migration distance of the Midwest.
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of migrating individuals within genetically distinct groups, we then used the R package OriGen39. We first created 
a continuous allele frequency surface across the breeding range using allele frequencies from 271 individuals of 
known breeding location and the program-specific parameters used in related studies (MaxGridLength = 70, 
RhoParameter = 10)39,40. We then estimated the probability that each migrant individual belonged to a 1.5° 
longitude and 0.5° latitude grid cell based upon the given allele frequency distributions across the breeding 
range. The grid cells were trimmed to the breeding range of the Common Yellowthroat and probabilities were 
rescaled to sum to 1. The resulting rasters of the probability of breeding in each cell of the range were used to 
weight individual measures of spring onset and migration distance (see Spring onset and migration distance).

Genetic identification of sex
This species, like many Nearctic-Neotropical migrants, exhibits sex specific migratory timing, with males 
typically migrating earlier than females41,42. To account for this difference in migration timing, we sexed birds 
based on morphological features in the hand (samples from Johnson’s Bayou) or using genetic markers to sex 
birds in the lab (samples from Mad Island). Genetic sexing was performed using methods outlined in Fridolfsson 
and Ellegren43 and elaborated on in Sehgal et al.44. The CDH1 gene on the avian Z chromosome was amplified 
using the primers 2550F and MSZ1R. Fifteen microliter reaction mixtures were created containing 2.74 μL of 
sample DNA, 1.36 μL of each primer at 10 μM, 0.68 μL of 10 mg/mL BSA, 1.36 μL of Q solution (Qiagen), and 
7.5 μL of Qiagen Master Mix. The thermocycling profile consisted of 15 min of initial denaturation at 94° C, 

Map code Country State/Prov Location Latitude Longitude Individual (n)

1 USA AK Mitkof Island 56.62 − 132.76 24

2 CAN BC Vancouver 49.28 − 123.12 2

3 CAN BC Eagle Creek 51.86 − 120.87 1

4 CAN BC Frog Falls 50.9 − 118.48 3

5 CAN BC Bush River Road 51.3 − 116.97 13

6 CAN AB Jasper National Park 52.91 − 118.11 3

7 USA WA Graham 47.03 − 122.34 7

8 USA OR Marion Forks 44.37 − 122.02 8

9 USA MT MPG Ranch and Seely Lake 46.97 − 113.79 2

10 USA MT Holter Dam 46.99 − 112.01 3

11 USA CA north Alturas 41.47 − 120.54 3

12 USA CA south Irvine and Oceanside 33.41 − 117.54 12

13 USA CA south Kern 35.67 − 118.3 1

14 USA CA north Marshall and Olema 38.1 − 122.85 10

15 USA WY Atlantic City 42.63 − 108.63 3

16 USA WY Keyhole Banding Station 44.38 − 104.77 5

17 USA AZ Cibola 33.35 − 114.67 9

18 USA NV Boulder City 36.14 − 114.43 4

19 USA NM Roswell 33.48 − 104.42 7

20 USA KS Junction City 39.02 − 96.84 7

21 USA MN Finland 47.37 − 91.25 5

22 USA WI Eau Claire 44.81 − 91.18 5

23 USA MI Augusta 42.29 − 85.32 18

24 USA MO Devils Elbow 37.69 − 92.11 6

25 USA KY Hardin 37.86 − 85.92 5

26 USA KY Harrodsburg 37.81 − 84.76 14

27 CAN ON Haldimand 42.98 − 79.83 8

28 CAN ON Hilliardton 47.74 − 79.7 10

29 CAN QUE Normandin 48.83 − 72.54 8

30 USA NY Hilton 43.39 − 77.72 8

31 USA NY Napoli 42.22 − 78.89 7

32 CAN NB Burpee Wildlife Refuge 45.93 − 66.32 11

33 USA NJ Brighton 42.07 − 75.95 8

34 USA NY Stanfordville 41.91 − 73.68 2

35 USA MA Brewster 41.75 − 70.12 7

36 USA PA Nazareth and Schnecksville 40.68 − 75.61 15

37 USA NC Ashley Heights 35.1 − 79.36 7

Table 1.  Location information for common yellowthroats sampled on the breeding grounds. Maps codes refer 
to locations indicated in Fig. 1
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followed by 43 cycles of 30 s denaturation at 94°, 30 s of annealing at 50°, 45 s of extension at 72° and a final 
extension period of 10 min at 72°. The results were visualized using Invitrogen 2% Agarose E-gels, with two DNA 
bands representing females and a single band representing males.

Spring onset and migration distance
To determine the average date of spring onset across recent history, we used the First Leaf Historical Spring 
Indices generated by the National Phenology Network45. This dataset uses historical leaf-out data to model the 
“start of spring” for all points in the US and Canada between 1880 and 201346. A 20-year average of spring onset 
(ordinal date) for each point in North America was created by averaging across rasters from between 1994 and 
2013. Additionally, the average spring onset across the breeding range of each genetically distinct population was 
estimated by randomly sampling 1000 points in each region and averaging across the 20-year spring onset for 
each grid cell. We created histograms visualizing the distribution of average leaf out date over time by population 
using density plots in ggplot247.

To determine the average timing of spring onset at the breeding destination and the approximate migration 
distance for each migrant, we multiplied the probability of breeding in each cell (as determined by OriGen) by 
the average spring onset in that cell and these values were summed across the range to create a weighted average 
for each individual. The migration distance was then also calculated using the individual rasters of breeding 
probability by weighting the great circle distances48 between the capture location and each grid cell by the 
probability of breeding in that cell. Because spring phenology and latitude are highly correlated and our objective 
was to assess the relative influence of migration distance and spring onset, we further transformed the data to 
focus on the component of distance remaining after accounting for travel in the latitudinal direction. We refer to 
the resulting value as the latitude-corrected migration distance (LCMD), which is calculated by subtracting the 
distance between the capture site and the predicted breeding latitude at a point due north of the capture site from 
the total remaining migration distance (SI Figure 1). This essentially represents the additional distance that birds 
are traveling in an eastern or western direction. All distances were estimated using the R package geosphere49.

Statistical analyses
To assess the relative influence of each predictor variable (including genetic population, estimated spring 
phenology, LCMD, sex, and capture site) on migratory timing, a linear model was created with capture date as 
the response variable. To allow for differential relationships with spring phenology and LCMD for each genetic 
population, an interaction term was included for each. A second linear model without genetic population data 
was created to assess the importance of including genetic data on the resulting model. The means of key variables 
(migration date, spring onset, and latitude-corrected migration distance) between pairs of populations were 
compared using pairwise Wilcoxon tests (pairwise.wilcox.test() in base R) with a Bonferroni correction to p 
values due to the number of variables in the model. Trend lines were fitted to graphs of spring onset and LCMD 
versus capture date by using the predict() function of base R in conjunction with our models.

Data availability
All data used in this manuscript, as well as all code for data analysis and figure creation, is publicly available on 
Dryad at the following link: ​h​t​t​p​:​​​/​​/​d​a​t​a​d​r​y​a​​d​.​o​r​​g​/​s​t​​a​​s​h​/​s​​h​a​​r​e​/​​x​m​C​o​X​i​​1​U​S​v​u​​​u​M​5​-​8​3​​f​h​ u​R​s​I​​3​X​F​8​4​k​​4​3​q​v​1​​j​x​i​5​P​
B​o​a​0.
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