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Abstract
Describing how hybrid zones respond to anthropogenic influence can illuminate how the environment regulates both species distributions and
reproductive isolation between species. In this study, we analyzed specimens collected from the Passerina cyanea × P. amoena hybrid zone
between 2004 and 2007 and between 2019 and 2021 to explore changes in genetic structure over time. This comparison follows a previous
study that identified a significant westward shift of the Passerina hybrid zone during the latter half of the twentieth century. A second temporal
comparison of hybrid zone genetic structure presents unique potential to describe finer-scale dynamics and to identify potential mechanisms
of observed changes more accurately. After concluding that the westward movement of the Passerina hybrid zone has accelerated in recent
decades, we investigated potential drivers of this trend by modeling the influence of bioclimatic and landcover variables on genetic structure.
We also incorporated eBird data to determine how the distributions of P. cyanea and P. amoena have responded to recent climate and landcover
changes. We found that the distribution of P. cyanea in the northern Great Plains has shifted west to track a moving climatic niche, supporting
anthropogenic climate change as a key mediator of introgression in this system.
Keywords: hybridization, Great Plains, eBird, climate change

Introduction
Human activity has inflicted dramatic effects on the distri-
butions and abundances of organisms throughout the world
(Rosenberg et al. 2019). While anthropogenic climate change,
landcover change, and species introductions have all unsur-
prisingly sparked grave conservation concerns, associated
shifts in the kinds and frequencies of biological interactions
present novel opportunities for investigating the processes of
population divergence and speciation (Larson et al. 2019;
Taylor et al. 2015). Hybrid zones, areas where two dis-
tinct evolutionary lineages come into contact and interbreed,
in particular provide a lens through which researchers can
observe the evolution of reproductive isolation in real time
and identify environmental factors that mediate introgression
(Harrison 1993; Grabenstein and Taylor 2018). Therefore,
studying how human activity influences the structure of con-
temporary hybrid zones can illuminate the processes that led
to existing patterns of diversity (McFarlane and Pemberton
2019), what future species assemblages will look like (Taylor
et al. 2015), and possibly strategies to mitigate future biodi-
versity loss (Allendorf et al. 2001; McFarlane and Pemberton
2019).

The best way to definitively understand the effects of human
activity on introgression among divergent populations is to
describe changes in the genetic structure of hybrid systems

over time (Buggs 2007; Carling and Zuckerberg 2011). Unfor-
tunately, only a few hybrid zones have been repeatedly sam-
pled over long enough time frames for significant changes to
be detectable (Britch et al. 2001; Dasmahapatra et al. 2002;
Krosby and Rohwer 2010; Carling and Zuckerberg 2011;
Billerman et al. 2019; Ryan et al. 2018; Walsh et al. 2020;
Suh et al. 2022). Moreover, even in rare cases when replicate
sampling efforts allow for detection of changes in hybrid zone
structure, identifying the causes of observed changes can be
difficult (Buggs 2007). For instance, shifts in the geographic
center of a hybrid zone can signal that parental taxa are
adapted to different habitat types and are tracking shifting
ecological conditions (Taylor et al. 2014), or may alterna-
tively result from asymmetric abundances of parental taxa
(Carling and Zuckerberg 2011), selective advantage of alleles
from one parental taxon (Barton and Hewitt 1985), or social
dominance of one parental taxon over the other (McDon-
ald et al. 2001; Krosby and Rohwer 2010). Changes in the
width of a hybrid zone can similarly arise from several differ-
ent scenarios. For instance, if hybrids experience higher fitness
than unadmixed individuals in intermediate or novel environ-
mental conditions, changes in hybrid zone width will reflect
the creation, expansion, or contraction of such habitat types
(Carling and Zuckerberg 2011). Alternatively, endogenous
factors (e.g., hybrid genetic incompatibilities or heterosis) may
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be more important in determining relative hybrid fitness and
therefore also driving changes in hybrid zone width (Bierne
et al. 2013; Galindo et al. 2014). If hybrid fitness is lower than
that of unadmixed individuals, selection against heterospecific
mating will cause the hybrid zone to becomemore narrow and
may precipitate the establishment of parental taxa as com-
pletely reproductively isolated species (Ortiz-Barrientos et al.
2009; Irwin 2020).

Overall, the ways in which the center and width of a hybrid
zone change over time depends on the specific characteris-
tics of the system (Carling and Zuckerberg 2011; Natola
et al. 2023). Understanding how human activity mediates
gene flow among populations requires not only replicate sam-
pling efforts of a hybrid system but also detailed investiga-
tion into the demographic history, ecology, and behavior of
parental taxa as well as the relationship between ancestry and
fitness.

The avian hybrid zones of the Great Plains
The Great Plains of North America are the site of a suture
zone where many plant and animal taxa come into secondary
contact and hybridize with a close relative from which they
were repeatedly isolated by glaciations during the Pliocene
and Pliestocene (Remington 1968; Swenson and Howard
2004; Swenson 2006; Carling and Zuckerberg 2011). It has
been proposed that human forestation of riparian corridors
in the Great Plains over the past century has greatly facili-
tated contact between many eastern and western lineage pairs,
particularly for the five avian hybrid systems that occur in
this suture zone. These include the hybrid zones between the
eastern yellow-shafted and the western red-shafted Northern
Flicker subspecies (Colaptes auratus auratus and C. a. cafer),
between the Eastern Towhee (Pipilo erythrophthalmus) and
the Spotted Towhee (P. maculatus), between the Baltimore
Oriole (Icterus galbula) and the Bullock’s Oriole (I. bullocki),
between the Rose-breasted Grosbeak (Pheucticus ludovi-
cianus) and the Black-headed Grosbeak (P. melanocephalus),
and between the Indigo Bunting (Passerina cyanea) and the
Lazuli Bunting (P. amoena). All of these species occur in for-
est, forest edge, or wooded riparian habitats (Anderson 1971;
Carling and Zuckerberg 2011; Carling and Thomassen 2012).
The resulting extensive hybridization of familiar bird taxa in
the Great Plains has attracted repeated collecting efforts since
the 1950s, making these hybrid zones excellent models for
detecting the influence of anthropogenic factors on gene flow
and introgression (Carling and Thomassen 2012; Sibley and
Short Jr. 1959; Sibley and Short 1964; Rising 1996). Historic
specimen series resulting from past collecting efforts represent
an invaluable baseline against which modern specimen series
can be compared (Walsh et al. 2020; Aguillon and Rohwer
2022).

The Great Plains suture zone occurs at an ecotone between
mesic deciduous forest habitat in eastern North America
and comparatively xeric woodlands in the west (Carling and
Zuckerberg 2011). Thus, many systems are characterized by
ecological differences that may render the distributions of
parental taxa (and the occurrence of hybridization) highly sen-
sitive to environmental shifts (Rohwer and Irwin 2011; Car-
ling and Thomassen 2012). For instance, rising (1969) found
that Icterus bullocki from western North America are more
tolerant of high temperatures than the eastern I. galbula. Sim-
ilarly, Swenson and Carling and Thomassen found associa-
tions between temperature and precipitation variables and the

occurrence of Passerina cyanea, P. amoena, and hybridization
between these 2 species (2006; 2012).

In this study, we estimate recent temporal changes in the
hybrid zone between the Indigo Bunting (P. cyanea) and the
Lazuli Bunting (P. amoena). These two species hybridize regu-
larly where their ranges overlap in the Great Plains (Figure 1).
The hybrid zone has been sampled along similar east-west
transects sporadically beginning in 1955, with the most recent
collecting effort in 2004-2007 (Sibley and Short Jr. 1959;
Emlen et al. 1975; Kroodsma 1975; Carling et al. 2010). Car-
ling and Zuckerberg compared specimens collected between
2004 and 2007 to historic specimen series and noted a west-
ward shift in the Passerina hybrid zone over the previous
40 years (2011). They speculated the shift may be due to cli-
matic changes and increased P. cyanea abundance in the Mid-
west. They also noted a narrowing of the hybrid zone, which
they attributed to low hybrid fitness selecting for stronger
prezygotic isolating mechanisms (Carling and Zuckerberg
2011). After resampling the same transect, we test if the
trends in hybrid zone location and width described by Carling
and Zuckerberg have continued under ongoing anthropogenic
influence. We also incorporate previously unavailable eBird
and environmental datasets to test potential mechanisms driv-
ing any observed changes. Given that anthropogenic climate
change has accelerated in the past two decades (Watanabe
et al. 2014; Smith et al. 2015), comparing recent shifts in
the Passerina hybrid zone to the historic shifts described by
Carling and Zuckerberg highlights the environmental factors
most important for regulating gene flow in this system.

Materials and methods
Population sampling
We collected Passerina buntings from 21 sites between 2004
and 2007 and fourteen sites between 2019 and 2021 (Tables 1
and 2, Figure 2). For both collection times, we selected sites
to enable sampling of putatively allopatric P. cyanea at the
eastern sites, putatively allopatric P. amoena at the western
sites, and sympatric, hybridizing populations at middle sites.
All collection took place between late May and early July
to ensure sampling of breeding individuals. We also included
five P. amoena collected in southeastern Wyoming in the
summer of 2018 as part of the 2019–2021 series. Overall,
we collected 147 specimens between 2004 and 2007 and
82 specimens between 2018 and 2021. All collecting activ-
ity between 2018 and 2021 followed approved University
of Wyoming IACUC protocols #20180720MC00319-01 and
#20190416MC00358-01. All round skins, spread wings, and
vouchered tissue specimens generated from 2004 to 2007 col-
lecting are housed at the Louisiana State University Museum
of Natural Science, while specimens from 2019 to 2021 col-
lecting are housed at the University of Wyoming Museum of
Vertebrates.

Molecular methods, variant calling, and ancestry
estimation
For all birds collected between 2018 and 2021, we extracted
genomic DNA from pectoralis tissue using a Qiagen DNeasy
blood and tissue kit and a QIAcube robot following the man-
ufacturer’s standard extraction protocol (Qiagen, Inc.). One
library was prepared using a genotyping-by-sequencing pro-
tocol (Parchman et al. 2012). DNA samples were fragmented
and prepared with the restriction endonucleases EcoRI and
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Figure 1. The current breeding distributions of P. cyanea (blue) and P. amoena (red) estimated from eBird data (http://www.ebird.org). Purple represents
areas where both species are predicted to occur and hybridization is possible. The black box encompasses sites for 2004-2007 and 2019-2021 collecting
efforts (Figure 2).

Table 1. Sampling localities, sample sizes, and mean hybrid index (0 = unadmixed P. amoena, 1 = unadmixed P. cyanea)†for populations sampled in
2004-2007. Table includes only individuals retained in final cline analyses.

Locality Latitude Longitude N Mean Hybrid Index

NE: Wiseman wildlife management area 42.75 -97.12 10 0.9997
SD: Newton Hills Game Production Area 43.23 -96.57 13 0.9997
ND: Pigeon Point Preserve (The Nature Conservancy) 46.50 -97.38 4 0.997
NE: Niobrara Valley Preserve (The Nature Conservancy) 42.78 -100.02 18 0.994
SD: Carpenter Game Production Area 43.70 -99.43 13 0.958
NE: Nenzel (private) 42.80 -101.10 4 0.750
NE: Ponderosa Wildlife Management Area 42.62 -103.32 7 0.470
SD: Ft. Meade National Recreation Area 44.23 -103.27 4 0.378
WY: Sand Creek (private) 44.53 -104.08 11 0.237
NE: White River (private) 42.62 -103.53 8 0.172
SD: Black Hills National Forest 43.72 -103.82 5 0.152
NE: Bordeaux Wildlife Management Area 42.75 -102.92 8 0.052
CO: Roosevelt National Forest 40.67 -105.23 7 0.0447
SD: Whitney Preserve (The Nature Conservancy) 43.33 -103.55 3 0.0203
WY: Medicine Bow National Forest 42.38 -105.32 3 0.0188
WY: Bighorn National Forest no. 2 44.57 -107.67 5 0.0172
ND: Little Missouri National Grassland 46.77 -103.52 11 0.0123
SD: Custer National Forest 45.83 -103.47 10 0.00887
MT: Custer National Forest no. 2 45.68 -106.03 5 0.00654
MT: Custer National Forest no. 1 45.08 -108.50 4 0.00556
WY: Bighorn National Forest no. 1 44.83 -107.30 3 0.000325

†Entropy estimates of individual hybrid index are never perfectly 0 or 1, even for unadmixed individuals, due to intraspecific genetic variation.

MseI. Fragments shorter than 275 base pairs and longer than
375 base pairs were excluded. Ten base pair barcodes denot-
ing an individual bird were ligated to each fragment. Prior to
sequencing, a 10% PhiX spike was added to ensure sufficient
variability in the first 25 bases of neighboring clusters. Pre-
pared fragments were thenmultiplexed and amplified by PCR.
The library was sequenced on a NextSeq 2000 P3 cartridge to

produce 1 billion 138 base pair single-end reads. All sample
quality control, library preparation, and sequencing were per-
formed at the University of Wyoming Genome Technologies
Laboratory in Laramie, Wyoming.

For all birds collected between 2004 and 2007, we followed
an identical protocol to generate genotyping-by-sequencing
data. However, no PhiX spike was added to these samples.
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Table 2. Sampling localities, sample sizes, and mean hybrid index (0 = unadmixed P. amoena, 1 = unadmixed P. cyanea) for populations sampled in
2019-2021. Table includes only individuals retained in final cline analyses.

Locality Latitude Longitude N Mean Hybrid Index

NE: Wiseman Wildlife Management Area 42.75 -97.12 4 0.997
NE: Bazille Creek Wildlife Management Area and Niobrara State Park 42.77 -98.07 3 0.954
NE: Redbird Wildlife Management Area 42.76 -98.44 1 0.999
NE: Keller Wildlife Management Area and Keller Park State Recreation Area 42.67 -99.78 4 0.973
NE: Niobrara Valley Preserve (The Nature Conservancy) 42.78 -100.02 10 0.979
NE: Smith Falls State Park 42.89 -100.31 4 0.986
NE: Anderson Bridge Wildlife Management Area 42.79 -100.93 4 0.967
NE: Chadron State Park 42.71 -103.01 1 0.9996
NE: Ponderosa Wildlife Management Area 42.62 -103.32 3 0.082
NE: Fort Robinson State Park 42.66 -103.46 27 0.471
NE: Gilbert Baker Wildlife Management Area 42.77 -103.93 2 0.137
WY: Tom Thorne / Beth Williams Wildlife Management Area 41.78 -105.37 12 0.024
WY: Medicine Bow National Forest, Murphy Canyon Road 42.22 -105.36 2 0.019
WY: Medicine Bow National Forest, Curtis Gulch Campground 42.41 -105.62 3 0.003

Figure 2. Passerina collecting sites colored by time series. The relative size of each point represents the total number of birds collected at each place and
time.

The library was sequenced on an Illumina HiSeq 2000 at
the National Center for Genome Resources in Santa Fe, New
Mexico.

Following sequencing, we demultiplexed raw reads to
match sequence barcodes to individual birds. We then aligned

reads to the Northern Cardinal (Cardinalis cardinalis) whole
genome (GenBank accession GCA_014549065.1)(Sin et al.
2020) using the BWA-MEM algorithm (Li 2013), then
identified variable sites using “SAMtools” and “BCFtools”
(Danecek et al. 2021). We used “VCFtools” to retain only
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biallelic loci, to remove loci with a minor allele frequency
less than 1% and with data in fewer than 30% of individ-
uals, and to retain only sites 20,000 base pairs from each
other to reduce linkage disequilibrium. We also removed
individuals missing data for at least 70% of retained sites
(Danecek et al. 2011). We performed alignment, variant call-
ing, and filtering for 2004-2007 samples and 2018-2021 sam-
ples together to generate a single VCF file for both series.
We performed this and all following sequence processing on
the University of Wyoming’s Beartooth Computing Cluster
(https://doi.org/10.15786/M2FY47).

We used “entropy,” a hierarchical Bayesian model for
describing population structure, to estimate the genomic
hybrid index (q) and proportion of heterozygous sites (Q) for
each bird (Gompert et al. 2014; Shastry et al. 2020) in the two
series. We assumed two genetic clusters (k=2) (i.e., P. cyanea
and P. amoena) and assigned a prior ancestry proportion of
0.5 for all individuals. We ran three replicate chains, each with
a different number seed for the random number generator, for
120,000 steps, recording every 30th step, and discarding the
first 30,000 steps as burn-in. We assessed chain convergence
for q and Q values for each bird by examining trace plots.

We classified each bird into different ancestry classes based
on estimates of q and Q. Specifically, we classified individu-
als with a proportion of P. cyanea ancestry (q) less than 0.1
and greater than 0.9 as unadmixed P. amoena and P. cyanea,
respectively. We defined individuals as F1 hybrids if they had
q between 0.4 and 0.6 andQ> 0.8, and F2 hybrids if they had
q between 0.4 and 0.6 butQ between 0.4 and 0.6. We defined
backcrosses to P. amoena as individuals with a value forQ–2q
between –0.1 and 0.1 and backcrosses to P. cyanea as individ-
uals with a value forQ+2q between 1.9 and 2.1. These cutoffs
were developed byMandeville et al. (2019) based on plausible
values and uncertainty of “entropy” estimates (Lindtke et al.
2014).

Estimating change in the hybrid zone over time
We performed all data preparation and analyses for this and
all subsequent sections in Program R (version 4.3.1). To esti-
mate changes in the center location and width of the Passerina
hybrid zone between the two sampling events, we used the
“hzar” package to fit clines for each time series using the
Metropolis–Hastings Markov chain Monte–Carlo (MCMC)
algorithm (Derryberry et al. 2014). While the sampling loca-
tions of the two time series both occur primarily in north-
ern Nebraska, southern South Dakota, and eastern Wyoming,
there is considerably greater variation in sampling latitude in
the 2004-2007 series than in the 2019-2021 series (Figure 2).
To explore the extent to which ancestry varies with latitude,
thereby identifying the most appropriate method to estimate
the distance of each collection site for clinemodels (Wang et al.
2019), we modeled q as a function of latitude and longitude
for all samples collected between 2004 and 2007 as a gener-
alized additive mixed model (GAMM) with collection site as
a random effect using the “mgcv” package (Wood 2001). We
assumed a quasibinomial error distribution with a logit link
function, assumed a cubic regression spline smooth function
for latitude and longitude, and used cross-validation to auto-
matically estimate the proper number of knots (Zuur et al.
2009). A generalized additive model framework allows for the
likely possibility that ancestry varies nonlinearly with latitude
and longitude. Because this model predicted q values for birds
collected in 2004-2007 to vary little with sampling latitude

(Supporting Information Figs. S1) and that collection sites in
2019-2021 followed a relatively straight east-west transect,
we used sampling longitude as the distance predictor in all
cline models (Wang et al. 2019; Walsh et al. 2020). We deter-
mined the mean latitude for all sample sites across both years
and then calculated the distance for each site as:

d = (longi – long0) × (111.320 × cos(lat))
where d is the distance of the site along the transect in kilo-
meters, longi is the site longitude, long0 is the longitude of
the westernmost site, and lat is the mean latitude (Figure 2)
(Carling and Zuckerberg 2011). While the model fit to sam-
ples collected in 2004-2007 predicted ancestry to vary little
with latitude, P. cyanea was predicted to occur farther west
in areas north and and south of the transect sampled in 2019-
2021. Therefore, to more accurately compare genetic struc-
ture between the two series, we fit additional cline models to
the 2004-2007 samples after retaining only individuals col-
lected from sites between between 41.5°and 43.5°N, a much
narrower latitudinal band that comprises all collection sites
in the 2019-2021 dataset. Following Natola et al., we ran
16 different cline models for each specimen series indepen-
dently (every combination of free, fixed, or no scaling; both,
left, right, mirrored, or no exponential tails; and a null model)
with a burn-in period of 100,000 and 500,000 Monte–Carlo
iterations. For each time series, we selected the model with the
lowest AICc score (2023). We evaluated chain convergence of
top models by examining parameter trace plots.

Even when applying a stricter latitudinal filter to the 2004-
2007 dataset, there are still few shared collection sites between
the two time series (Figure 2). To further investigate change
over time in a way that is less sensitive to differences in
sampling locations, we also predicted the expected hybrid
index at each collection site in the 2019-2021 series based
on the GAMM fit to data from 2004-2007. These predic-
tions represent the quantification of the null hypothesis that
the Passerina hybrid zone has remained concordant and coin-
cident between the two sampling times (Carling and Zucker-
berg 2011). We then visually compared these predictions to
the actual hybrid index values observed in 2019-2021 to
determine if the observed hybrid index values were signifi-
cantly higher than the predicted values at all sites, indicating
a westward shift in P. cyanea alleles.

Investigating drivers of hybrid zone movement
To evaluate the importance of environmental variables in
governing the distributions of P. cyanea, P. amoena, and
hybrids across sampled locations, we modeled the relation-
ships between interpopulation genetic distance and environ-
mental distance and geographic distance as a Bayesian linear
mixed model. We assumed

logit(yij) = 𝛽0 + 𝛽geoX
geo
ij + 𝛽envXenv

ij + 𝜆i + 𝜆j + 𝜖ij
where yij is the genetic distance (Nei’s D) between two pop-
ulations i and j, Xgeo

ij is the geographic (great circle) distance
between the populations, Xenv

ij is the environmental distance
(Euclidean distance based on 19 bioclimatic and 16 landcover
variables (Supplementary material Tables S1 and S2)) between
the populations, the 𝛽 values are fixed-effect regression coeffi-
cients, the 𝜆 values are random effects for each population
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pair, and 𝜖ij is the residual error (Parchman et al. 2016).
To estimate environmental distance between each population
pair, we first estimated the 19 bioclimatic variables by first
using the “daymetr” package in R to download daily esti-
mates of precipitation, minimum temperature, and maximum
temperature at each collection location for 2004 to 2007 or
2019 to 2021, depending on the series, from the Daymet cli-
mate database (Version 4, R1) (Koen et al. 2018; Thornton
et al. 2021; Koen et al. 2018). We then found the average
values across the years for each series, and then used the “bio-
vars” function from the “dismo” package to estimate the 19
bioclimatic variables at each checklist location based on the
daily Daymet data (Carling and Thomassen 2012; Hijmans
et al. 2023). We then quantified landcover at each collection
site by using the MODIS package in R to extract MODIS
landcover classification values from all 500 m x 500 m tiles
within a 2.5 km × 2.5 km cell centered on the provided site
latitude and longitude (MODIS MCD12Q1 v006 product
(Sulla-Menashe et al. 2019). We then calculated the propor-
tion of each landcover type within the cell. We chose to take
into account landcover types surrounding a site, rather than
simply record the landcover classification at a site, to more
accurately represent the full territories of individual birds. For
sample sites in the 2004-2007 dataset, we extracted landcover
classification values for 2006. For sample sites in the 2019-
2021 dataset, we extracted landcover classification values for
2020. We chose to include all bioclimatic variables and land-
cover types, rather than only those that previously have been
identified to be important for Passerina occupancy (Carling
and Thomassen 2012; Minor et al. 2022), to account for the
possibility that the habitat associations of P. cyanea or P.
amoena in the Great Plains have shifted between collection
times. Before calculating Euclidean distance values between
collection sites based on bioclimatic and landcover variables,
we centered and scaled all variables. We also centered and
scaled the final predictor variables (geographic distance and
environmental distance) prior to fitting any models (Billerman
et al. 2019). We assumed uninformative Gaussian priors for𝛽 coefficients (𝜇 = 0, 𝜎2 = 1, 000), uninformative hierarchi-
cal Gaussian priors for random effects (𝜇 = 0, 𝜎2 = 𝜎2p op),
and uninformative gamma priors for the reciprocals of the
random effect and residual variances (𝛼 = 1, 𝛽 = 0.01)
(Gompert et al. 2014).

For both time series, we ran four different variants of this
model to disentangle the relative contributions of geographic
and environmental distance to genetic structure: (1) a global
model in which we included both interpopulation geographic
distance and environmental distance as predictors, (2) an
alternative global model in which we included an interac-
tion between these two predictors, (3) a model in which we
included only geographic distance as a predictor, and (4) a
model in which we included only environmental distance as
a predictor. We compared the penalized deviance information
criterion (DIC) among the models to identify the top perform-
ing combination of predictor variables, thereby determining
the most important predictor of interpopulation genetic dis-
tance in the Passerina hybrid zone. We fit all models with
Markov chainMonte–Carlo (MCMC) posterior estimation in
JAGS using the “RJAGS” package (Plummer 2003) in R. We
ran three independent MCMC chains with 10,000 iterations,
a burn-in of 2,000 iterations, and a thinning interval of five for
each model. We assessed chain convergence for all parameters
by examining trace plots (Billerman et al. 2019).

To investigate the extent to which environmental change
has driven any shifts in the distributions of P. cyanea and
P. amoena, and therefore the location of the hybrid zone,
we modeled the breeding distributions of both species in the
Great Plains during the two sampling periods using data from
eBird. eBird (http://www.ebird.org), a massive database of
bird occurrence records submitted by volunteer amateur nat-
uralists, has become an invaluable tool for estimating the dis-
tributions, abundances, population trends, and movements of
bird species throughout the world (Walker and Taylor 2017;
Sullivan et al. 2009; Minor et al. 2022). At the time of Carling
and Zuckerberg’s effort to describe changes in the Passerina
hybrid zone, eBird activity was too infrequent and geographi-
cally sparse to accurately describe changes in the distribution
and abundance of most bird species in the Great Plains. How-
ever, the dataset has grown to be enormous in recent years
and now contains records from over 54,607,768 checklists
submitted in the United States alone (http://www.ebird.org).

We downloaded all vetted eBird records for P. cyanea and
P. amoena as well as sampling event data from the eBird basic
dataset (Version ebd_relJul-2022). We used the auk package
in R to filter these datasets to include only records from com-
plete stationary and traveling checklists submitted between
June 1 and July 16 (Strimas-Mackey et al. 2018). We excluded
records submitted after July 16 because many P. amoena ini-
tiate fall migration in late July (Young 1991; Rohwer et al.
2005; Pyle et al. 2009). We further subset the datasets to
include only checklists with fewer than 10 observers, shorter
than 5 hr, and on which observers traveled fewer than 5 km
(Johnston et al. 2019). We then merged the sampling event
dataset with the P. cyanea and P. amoena datasets to gener-
ate a ”zero-filled” dataset for each species, which identifies
the checklists on which the species was recorded and sets the
species abundance to zero for checklists on which the species
was not recorded. We also retained only checklists submit-
ted between 37.34°and 49.77°N and 111.5°and 92.91°W, an
area that encompasses all historic Passerina collecting efforts
in the Great Plains plus a 3°buffer in all directions (Sibley
and Short Jr. 1959; Emlen et al. 1975; Carling and Brumfield
2008) (Figure 1). We excluded records from outside this area,
as the habitat preferences of both parental species may differ
outside of the Great Plains. We generated separate zero-filled
datasets for P. cyanea and P. amoena for the years 2004, 2005,
2006, 2007, 2019, 2020, and 2021, then merged the datasets
for the four earlier years and the three later years into two final
datasets to estimate the breeding distributions of both species
during the two sampling times.

As a semi-structured dataset generated by community sci-
entists, eBird exhibits massive spatial and temporal biases
in survey effort. Most checklists are submitted near human
population centers. To reduce these biases, we generated a
grid of hexagonal cells with 5 km between each cell center
across our study area, and then randomly sampled one check-
list on which the focal species was detected and one check-
list on which the focal species was not detected from each
cell for each week from each zero-filled dataset. While this
subsampling approach has the potential to artificially inflate
downstream estimates of occupancy, it reduces class imbal-
ance in the eBird dataset (for most species, there are many
more checklists without detections than with detections) and
improves model performance (Johnston et al. 2019).

For all checklist locations in these datasets, we calculated
bioclimatic variables and the proportion of the 16 landcover
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types in 2.5 km × 2.5 km cells centered on the provided lat-
itude and longitude in the same manner as when we calcu-
lated interpopulation environmental distance for the genetic
distance models described above. We extracted MODIS land
cover and Daymet-derived bioclimatic data for each check-
list from the year the checklist was submitted. At the time
of this study, MODIS data for 2021 was not yet available,
so we used land cover classification from 2020 for all eBird
checklists submitted in 2021.

To predict the probability of occurrence of P. cyanea and
P. amoena in the Great Plains between 2004 and 2007 and
between 2019 and 2021, we fit random forest models explor-
ing the relationships between species detection and environ-
mental variables using the ranger package in R. We defined
species detection (a binary response) as a function of all land-
cover and bioclimatic variables as well as all effort variables
from the eBird sampling dataset (year, day of year, checklist
start time, checklist duration, checklist distance, and check-
list observer number). Prior to running each model, we split
the two zero-filled checklists for each species into training and
testing datasets, with the training dataset comprising 80% of
the original records and the testing dataset comprising 20%
of the original records. To correct for artificial inflation of
detection rates from our checklist subsampling approach in
the random forest models, we calibrated each model by fit-
ting a generalized additive model with original, uncalibrated
model predicted occurrence as the predictor and observed
rate of occurrence as the response. We then compared mean
square error and sensitivity between calibrated and uncali-
brated models based on the models’ performance when fit to
the testing dataset. We found that in all cases the calibrated
models allowed for more accurate estimates of P. cyanea and
P. amoena occurrence (Strimas-Mackey et al. 2023).

We then used the calibrated model output for 2004-2007
and for 2019-2021 to predict the probability of occurrence of
each species across our study area based on bioclimatic and
landcover data for 2006 and for 2020, respectively. These pre-
diction surfaces hold all effort covariates constant, enabling
us to disentangle the role of environmental predictor vari-
ables from varying eBird effort in P. cyanea and P. amoena
detection probability (Strimas-Mackey et al. 2023). We then
used these predicted occurrence probabilities to create heat
maps of each species’ breeding distributions during the two
collection series and visually compared these distributions to
determine if they have changed over time. To investigate the
extent to which climate change has driven any observed shifts
in the breeding distributions of P. cyanea and P. amoena,
we predicted the calibrated models of occurrence probabil-
ity for 2019-2021 to the environmental prediction surface
for 2006. We chose not to predict the 2004-2007 model
to environmental data for 2020 due to this model’s higher
uncertainty.

Ancestry estimation from phenotype
Since eBird users identify birds on the basis of phenotype
alone, discordance between genotype and phenotype in some
hybrid systems may lead to rampant misidentification and a
significant number of incorrect records around hybrid zones
(Slager et al. 2020). To determine whether or not we could
safely use eBird data to model the distributions of P. cyanea
and P. amoena in and around the hybrid zone, we mod-
eled the relationship between genomic and phenotypic hybrid
index for male Passerina collected from 2018-2021 as a linear

regression. We estimated phenotypic hybrid index for all birds
using the plumage scoring system developed by Kroodsma
(1975). This system estimates hybrid index for a specimen
based on color in the upper breast, lower abdomen and lower
breast, and secondary coverts. Color for upper breast and sec-
ondary coverts was scored on a scale from 0-4 (0 for orange or
white like an unadmixed P. amoena, 4 for blue like an unad-
mixed P. cyanea) and color for lower breast and abdomen
was scored on a scale from 0-6 (0 for white like an unad-
mixed P. amoena, 4 for blue like an unadmixed P. cyanea).
The sum of phenotypic hybrid index scores for all individu-
als ranged from 0 to 16. PJD scored plumage hybrid index
for all specimens to avoid potential inconsistency among
observers.

Results
Molecular methods, variant calling, and ancestry
estimation
Sequencing yielded averages of 218,489 reads per individual
for samples collected between 2004 and 2007 and 3,022,704
reads per individual for samples collected between 2018 and
2021. Of those, an average of 1,019,862 reads per indi-
vidual were successfully mapped to the C. cardinalis refer-
ence genome across both series. Mean read depth across sites
was 2.01 for 2004-2007 samples and 8.36 for 2019-2021
samples. We removed seven individuals from the 2004-2007
dataset and two individuals from the 2018-2021 dataset due
to missing data, leaving 187 individuals for 2004-2007 and
80 individuals for 2018-2021.We also excluded 31 additional
individuals that were collected from localities far outside the
hybrid zone (e.g., Washington, New York) from the 2004-
2007 dataset, leaving 156 individuals from that series for anal-
yses (236 individuals total). The final dataset included 19,536
SNPs for both time series.

Entropy error estimates were low for both collection series.
For 2004-2007 samples, mean 95% credible interval widths
were 0.0173 for q and 0.0402 for Q. For 2019-2021 sam-
ples, mean 95% credible interval widths were 0.0152 for q
and 0.0286 forQ. In both time series, most adults were unad-
mixed. Only 7/156 and 2/80 collected individuals were clas-
sified as F1s for the 2004-2007 series and 2019-2021 series,
respectively. In both datasets, most admixed individuals were
classified as backcrosses to P. amoena, or at the very least had
q estimates closer to that of unadmixed P. amoena. There were
comparatively few backcrosses to P. cyanea. In the 2004-2007
series, twelve individuals were classified as backcrosses to P.
amoena and two individuals were classified as backcrosses to
P. cyanea. In the 2019-2021 series, nine individuals were clas-
sified as backcrosses to P. amoena and four individuals were
classified as backcrosses to P. cyanea (Figure 3).

Estimating change in the hybrid zone over time
Estimates of cline parameters for the 2004-2007 and 2019-
2021 series indicate rapid changes in the genetic structure of
the Passerina hybrid zone between the two sampling times
(Figure 4). For the full 2004-2007 series, the filtered 2004-
2007 series, and the 2019-2021 series, the cline model with
fixed scaling and no exponential tails had the lowest AICc
value. The model fit to samples from the full 2004-2007
series was centered at 593.55 km along the transect (95% CI:
550.83 to 647.47 km) and had an estimated width of 292.93
km (95% CI: 210.90 to 426.81 km). The model fit to samples
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Figure 3. Results from “entropy” for a model with k = 2 for individuals collected between 2004 and 2007 and individuals collected between 2019 and
2021. The x-axis represents the proportion of P. cyanea ancestry (q) for each individual, and the y -axis show the proportion of sampled loci that are
heterozygous (exhibiting the reference alleles for both P. cyanea and P. amoena for that individual (Q). Histograms above each plot show the distribution
of q for each series.

Figure 4. Top fitting cline models for all Passerina specimens collected between 2004 and 2007 (turquoise) and between 2019 and 2021 (orange). Solid
lines represent the maximum likelihood clines for each series, and lighter shaded areas represent the 95% credible intervals around each maximum
likelihood estimate. Vertical dashed lines represent the estimated center for each cline. We did not include the top cline model for the filtered 2004-2007
dataset in this plot as it appeared extremely similar to the cline for the unfiltered 2004-2007 dataset.
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1782 Dougherty and Carling

Figure 5. Predicted hybrid index values at 2019-2021 collection sites based on generalized additive mixed model fit to data from 2004-2007 (turquoise
diamonds) compared to observed hybrid index values for birds collected at those sites in 2019-2021 averaged across sites (orange diamonds) and for
individual birds (orange points).

from the 2019-2021 series was centered at 502.74 km along
the transect (95% CI: 458.73 to 564.21 km) and had an esti-
mated width of 275.19 km (95% CI: 136.32 to 505.86 km).
The model fit to the 2004-2007 series filtered to include only
sites at similar latitudes as the 2019-2021 dataset predicted
a similar westward shift in the hybrid zone; this cline was
centered at 586.26 km along the transect (95% CI: 533.87
to 653.47 km) with a predicted width of 246.17 km (95%
CI: 156.98 to 455.26). Although the credible intervals for
hybrid zone center in the two time series overlap slightly, these
models suggest an approximate 90 km westward shift in the
Passerina hybrid zone between sampling times, or approxi-
mately 4.12 to 5.83 km per year. This rate is much faster
than that noted by Carling and Zuckerberg, who estimated
that the zone moved only 2.28 to 2.57 km per year in the
second half of the twentieth century (2011). Comparing the
estimated cline widths between the filtered 2004-2007 series
and the 2019-2021 series suggests that the Passerina hybrid
zone has also become wider over time, and that sometime in
the recent two decades the trend of the hybrid zone becom-
ing more narrow as noted by Carling and Zuckerberg has
reversed (2011). However, the credible intervals for the two
width estimates overlap broadly. We therefore can not confi-
dently describe changes in hybrid zone width between the two
sampling times.

The generalized additivemixedmodel fit to data from 2004-
2007 predicted hybrid index values to be consistently lower
than observed values at many sites sampled in 2019-2021,
supporting a westward shift in the Passerina hybrid zone over
time (Figure 5). This comparison further supports a westward
shift in the Passerina hybrid zone while accounting for differ-
ences in collection sites between the two time series. Contrary
to this overall trend, birds collected at one site (Ponderosa
Wildlife Management Area in Nebraska) in 2019-2021 had
lower hybrid mean index values than predicted by the model.
A higher than expected frequency of P. amoena alleles poten-
tially resulted from the higher elevation ponderosa stands and
narrow deciduous riparian corridors at this site closely resem-
bling preferred breeding territories of P. amoena in western
North America (Greene et al. 2000), suggesting matching
habitat choice as a important mediator of gene flow in this
system (Edelaar et al. 2008).

Table 3.Mean, penalized, and ΔDIC for Bayesian linear mixed models with
different predictors of genetic distance.

Mean DIC Penalized DIC ΔDIC

2004-2007
Geo × Env 143.8 158.3 0
Geo-only 147 160 1.7
Geo + Env 146.4 160.8 2.5
Env-only 271.6 281.9 123.6

2019-2021
Geo-only 109.8 121.4 0
Env-only 119.2 130.3 8.9

Investigating predictors of hybrid zone movement
We fit variants of a Bayesian linear mixed model to investi-
gate potential predictors of interpopulation genetic distance
in the Passerina hybrid zone. For the 2004-2007 dataset, the
global model that included an interaction between geographic
distance and environmental distance proved to be best sup-
ported, closely followed by the model that included only geo-
graphic distance as a predictor and the global model that did
not allow for an interaction between the two predictors, then
distantly followed by the model that included only environ-
mental distance as a predictor. For the 2019-2021 dataset,
the correlation between geographic distance and environmen-
tal distance was much stronger (0.937, compared to 0.358
for the 2004-2007 series), likely due to the narrow latitudi-
nal spread of sampling sites. We therefore did not fit a global
model to this dataset in which we include both geographic and
environmental distance as predictors. Between themodels that
included only geographic distance or environmental distance
as predictors, the geographic distance model again was the
best supported (Table 3). In the top model for both datasets,
geographic distance was predicted to have a weak but signif-
icant positive relationship with genetic distance (2004-2007:𝛽 = 0.00159, 95% CI = 0.00135 - 0.00184; 2019-2021: 𝛽
= 0.00163, 95% CI = 0.00112 - 0.00215). The fact that our
model selection approach identified geographic distance as the
most important predictor of interpopulation genetic distance
in both time series suggests that population demographics best
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Table 4. 𝛽 estimate with 95% credible interval for each predictor included in Bayesian linear mixed model with different predictors of genetic distance.

𝛽 Geo 𝛽 Geo 95% CI 𝛽 Env 𝛽 Env 95% CI 𝛽 Geo × Env 𝛽 Geo × Env 95% CI

2004-2007
Geo × Env 0.00159 0.00135 - 0.00184 -0.000871 -0.00174 - 0.000000880 0.00000345 0.000000120 - 0.00000679
Geo-only 0.00153 0.00130 - 0.00176 – – – –
Geo + Env 0.00156 0.00133 - 0.00181 -0.000354 -0.00107 - 0.000347 – –
Env-only – – 0.00106 0.000185 - 0.00193 – –

2019-2021
Geo-only 0.00163 0.00112 - 0.00215 – – – –
Env-only – – 0.00651 0.00397 - 0.00903 – –

explain the genetic structure of the Passerina hybrid zone.
However, for both datasets, the environment-only models
identified significant positive relationships between environ-
mental and genetic distances (2004-2007: 𝛽 = 0.00106, CI
= 95% 0.000185 - 0.00193; 2019-2021: 𝛽 = 0.00651, CI =
0.00397 - 0.00903) (Table 4). Overall, these models demon-
strate that, in addition to geographic distance, environmen-
tal variation plays an important role in governing the distri-
butions of P. cyanea, P. amoena, and hybrids in the Great
Plains.

Our random forest models exploring relationships between
environmental variables and P. cyanea and P. amoena prob-
ability of occurrence based on eBird data revealed consistent
differences in breeding habitat preferences between the two
species. After geographic filtering and spatiotemporal sub-
sampling, the final training datasets included 127 detections
and 1490 non-detections for P. cyanea from 2004 to 2007,
105 detections and 1491 non-detections for P. amoena from
2004 to 2007, 4,691 detections and 43,380 non-detections
for P. cyanea from 2019 to 2021, and 2,458 detections and
44,699 non-detections for P. amoena from 2019 to 2021. The
dramatically larger sample sizes for the 2019-2021 datasets
reflects the rapid growth of eBird participation in the United
States over time.

Random forest models identified precipitation variables as
among the most important predictors for both species in both
sampling times (Supporting Information Figs. S2 and S3, Sup-
porting Information Tables S1 and S2). The relatively low
importance of most landcover variables could be because
the MODIS product classifies landcover at 500 meter reso-
lution, and therefore may not accurately represent the nar-
row riparian corridors and forest edge habitat preferred by
P. cyanea and P. amoena. Future studies exploring Passe-
rina habitat preferences should incorporate finer scale land-
cover classification datasets. That being said, both models for
P. amoena occurrence identified the proportion of landcover
classified as grassland within 2.5 km of a checklist center as
a top predictor. This relationship likely results not because P.
amoena occurs in grasslands, but because the riparian corri-
dors preferred by P. amoena in the western Great Plains are
often surrounded by grasslands. For both species, the order
of importance for different environmental predictors differs
slightly between the models fit to the 2004-2007 dataset and
the 2019-2021 dataset. We attribute this discrepancy to the
smaller sample size of the 2004-2007 datasets, and assume
that models fit to eBird data from 2019-2021 represent the

habitat preferences of P. cyanea and P. amoena much more
accurately.

The predicted distributions for both parental species
matched our expectations. The models for both time periods
predict P. cyanea to occur in the eastern Great Plains and P.
amoena to occur in the western Great Plains. The strong dif-
ferences in habitat associations between these species likely
enabled us to reproduce the breeding distributions for both
species even without including latitude, longitude, or eleva-
tion as predictors. When comparing the predicted distribu-
tions for both species between the two time series, P. cyanea
shows a noticeable westward expansion in northern Nebraska
and southern SouthDakota, seemingly along theMissouri and
Niobrara Rivers. In contrast, the breeding distribution for P.
amoena appears relatively stable over time. When predicted
to bioclimatic and landcover data from 2006, the model fit to
P. cyanea eBird data from 2019-2021 produced occurrence
probabilities visually similar to the model fit to eBird data
from 2004-2007 (Figures 6 and 7).

Ancestry estimation from phenotype
We found plumage hybrid index score to be a strong predic-
tor of genomic hybrid index for Passerina collected between
2018 and 2021. There was an exceptionally strong positive
relationship between these two metrics (𝛽 = 1.01308,R2 =0.9580172,p =< 2e – 16). While there were a small number
of cryptic hybrids, the vast majority of study birds had breed-
ing plumage that accurately reflected their ancestry (Figure 8).
Likely because most admixed individuals were backcrosses to
P. amoena, there was a small number of P. amoena back-
crosses incorrectly identified as unadmixed P. amoena by
plumage. There were extremely few birds that we classified
as unadmixed P. cyanea based on plumage that proved to be
admixed. However, there were some individuals that we esti-
mated to be admixed based on plumage but who proved to be
unadmixed P. cyanea. These turned out to be mostly second-
year males who still had not achieved full adult plumage,
showing a considerable amount of white in their bellies and
undertail coverts and sometimes noticeable white or buff edg-
ing on their greater and median secondary coverts. These indi-
viduals demonstrate that second-year male buntings can not
be reliably identified as hybrids unless they also have orange
mixed with blue in the breast. Overall, breast coloration is
likely the most reliable indicator of ancestry and hybrid status
in Passerina.

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/78/11/1774/7745842 by U

niversity of W
yom

ing user on 10 February 2025



1784 Dougherty and Carling

Figure 6. Predicted probability of occurrence of P. cyanea during the breed-
ing season based on random forest models fit to eBird data and environ-
mental data for (A) 2004-2007 predicted to environmental conditions for
2006, (B) 2019-2021 predicted to environmental conditions for 2020, and
(C) 2019-2021 predicted to environmental conditions for 2006.

Discussion
In this study, we generated genotyping-by-sequencing data
and fit cline models for individuals sampled from the Passe-
rina bunting hybrid zone in the Great Plains of North America
between 2004 and 2007 and between 2019 and 2021. We
aimed to test if the trends noted by Carling and Zuckerberg,
who compared specimens collected from 2004-2007 to his-
toric specimens collected from 1955-1957 and in 1969 and
found that the hybrid zone had shifted west and become more
narrow over time, have continued in the past two decades
(2011). Our cline models demonstrated that the zone has
indeed continued to move west, and that this westward move-
ment has likely accelerated in recent decades. Although the
credible intervals for our estimates of cline center in the
two sime series overlap slightly, we present multiple lines of
evidence supporting a substantial westward shift.

We identified variation in bioclimatic variables and land-
cover to be a significant predictor of genetic divergence across
the hybrid zone during both sampling times. We interpret
this relationship to mean that the breeding distributions of P.
cyanea, P. amoena, and hybrids in the Great Plains is governed
by environmental variation, and any environmental changes
would alter these distributions. To test this hypothesis, we fit
random forest models to eBird data to estimate the breeding

Figure 7. Predicted probability of occurrence of P. amoena during the
breeding season based on random forest models fit to eBird data and envi-
ronmental data for (A) 2004-2007 predicted to environmental conditions
for 2006, (B) 2019-2021 predicted to environmental conditions for 2020,
and (C) 2019-2021 predicted to environmental conditions for 2006.

distributions of P. cyanea and P. amoena between 2004-2007
and between 2019-2021 based on the same suite of environ-
mental predictors. As expected, the models for both time peri-
ods predict P. cyanea to occur in the wetter, warmer, and more
forested habitats in the eastern Great Plains and P. amoena to
occur in the dryer, more open habitats in the western Great
Plains. While the eBird models show no obvious changes in
the breeding distribution of P. amoena, the model fit to data
from 2019-2021 predicts P. cyanea to breed much farther west
along the Niobrara and Missouri Rivers than the model fit to
data from 2004-2007. This change in the breeding distribu-
tion of at least one of the two parental species mirrors the
observed westward shift in hybrid zone center predicted by
our cline models, and supports the conclusion that the hybrid
zone has shifted west in recent decades. When we predicted
the breeding distribution of P. cyanea based on the model
fit to data from 2019-2021 to environmental data for 2004-
2007, the predicted distribution appeared visually extremely
similar to the distribution predicted by the model fit to data
from 2004-2007. This similarity suggests that P. cyanea has
maintained a similar climatic niche between the two sampling
times, and the westward shift in it’s breeding distribution has
been driven, at least in part, by environmental change. Given
that the random forest models for both time periods identi-
fied precipitation variables as the most important predictors
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Figure 8. Phenotypic hybrid index plotted as a function of genomic hybrid
index for 80 after hatch year male Passerina collected between 2018 and
2021. Phenotypic hybrid index scores derived from visual assessment of
upper breast, lower abdomen and lower breast, and secondary covert
coloration.

for P. cyanea occurrence, the westward shift in the species
distribution has likely tracked changes in precipitation. How-
ever, the predicted distribution of P. cyanea in 2019-2021 sug-
gests westward expansion along rivers in the northern Great
Plains. This close association with riparian areas suggests that,
while changes in precipitation have been the most important
factor in enabling the westward expansion of P. cyanea, the
presence of sufficient habitat also has been necessary.

Environmental changes driving westward movement of the
P. cyanea and P. amoena hybrid zone is consistent with recent
studies of some of the other Great Plains hybrid zones. Walsh
et al. and Aguillon and Rohwer described similar westward
shifts in the hybrid zone between Icterus galbula and I. bul-
locki and the hybrid zone between Colaptes auratus aura-
tus and C. a. cafer, respectively (2020; 2022). The Colaptes,
Icterus, and Passerina hybrid systems may vary in behavior,
mating signals, or demographic trends, but all comprise a
parental taxon that breeds primarily in mesic deciduous forest
habitat in eastern North America and another parental taxon
that occurs in the more xeric conditions in the west (Carling
and Zuckerberg 2011). A consistent trend across at least these
three systems suggests environmental change as a common
driver of hybrid zone movement.

While our estimates of cline widths had high uncertainty
that prevented us from confidently describing changes over
time, they suggest that the Passerina hybrid zone has become
wider between the two sampling times. If this trend is accu-
rate, it contradicts Carling and Zuckerberg’s observation that
the hybrid zone became more narrow in the second half of the
twentieth century (2011). A widening of the Passerina hybrid
zone would also be surprising given previous findings that
the Icterus and Pheucticus hybrid zones in the Great Plains
have similarly become more narrow over time (Mettler and
Spellman 2009; Walsh et al. 2020). It is possible that rapid

westward expansion and increased breeding densities of P.
cyanea (see below) could cause the Passerina hybrid zone to
become wider in recent decades (Hubbs 1955; Ryan et al.
2018; McEntee et al. 2020). Alternatively, recent changes in
hybrid zone width could reflect changes in relative hybrid fit-
ness. All studies documenting contractions in the avian hybrid
zones of the Great Plains have speculated that hybrid fitness is
low relative to unadmixed individuals, spurring the evolution
of stronger prezygotic reproductive isolation throughout the
twentieth century (Hudson and Price 2014). Our finer tem-
poral sampling compared to these earlier studies may have
allowed us to detect a potential reversal in these trends. It is
possible that recent environmental changes have elevated the
relative fitness of previously disadvantageous hybrid pheno-
types, at least in Passerina. For example, P. cyanea and P.
amoena differ markedly in their molt and migratory behav-
ior, and hybrids may exhibit novel combinations of molt
and migration phenology (Rohwer and Irwin 2011). Recent
changes in the spatiotemporal distribution of resources, which
are needed to supply molt, could now favor hybrid pheno-
types. With the fitness of at least some hybrids now equaling
or exceeding that of unadmixed parentals, prezygotic repro-
ductive isolation may become weaker, causing the hybrid zone
to expand (Coyne and Orr 2004). Importantly, this expla-
nation implies that hybridization between P. cyanea and P.
amoena could generate the adaptive variation needed for pop-
ulations to survive rapid changes in the fitness landscape when
mutation alone is too slow (Anderson and Stebbins Jr. 1954).
Ultimately, however, continued sampling of the Passerina
hybrid zone is necessary to assess the true current trend and
mutability in cline width. More study is also needed to assess
how adaptive divergence in molt and migration strategies
influences hybrid fitness and mediates introgression between
P. cyanea and P. amoena (Rohwer and Irwin 2011).

While we present evidence that climate change has driven
shifts in the Passerina hybrid zone, there are likely other fac-
tors at play. The fact that the Passerina hybrid zone appears to
be moving west faster than the other Great Plains avian hybrid
zones in recent decades suggests that there are unique features
of the system influencing zone movement (Walsh et al. 2020).
For instance, declining P. cyanea habitat throughout east-
ern North America as abandoned farmland now progresses
towards mature forest may be driving individuals from these
areas westward into the Great Plains (Carey andNolan 1979).
In this scenario, westward expansion of P. cyanea is driven
not only by climate change creating favorable habitat in the
west, but also by large-scale demographic movement out of
the east. Under the tension zone model, which assumes that
hybrid zones occur where both parental taxa breed at low
densities, increasing numbers of P. cyanea alone would push
the abundance trough farther west (Key 1968; Buggs 2007;
Carling and Zuckerberg 2011). To test this hypothesis, future
studies could generate population genetic data from through-
out the distribution of P. cyanea in eastern North America
and determine the origin of Great Plains populations. Addi-
tionally, systematic surveys of P. cyanea and P. amoena in the
Great Plains could reveal if P. cyanea truly is more abundant
in and near areas of contact. It is also possible that hybrid zone
movement may be driven by environmental change not only
in the breeding distribution, but also in areas where P. cyanea
and P. amoena occur during other parts of the year. As the
two species differ in their overwintering and molting distribu-
tions (Rohwer and Irwin 2011), climate or landcover changes
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in these areas could influence their breeding abundances and
distributions differently. Future studies should describe migra-
tory connectivity of Passerina populations that breed in the
Great Plains and incorporate environmental variation in molt-
ing and overwintering areas in breeding distribution models
(Kramer et al. 2018; Marra et al. 2015; Stevens et al. 2023).

Other potential drivers of hybrid zone movement include
higher male aggression in P. cyanea and female preference
for the traits of male P. cyanea. Baker extensively studied the
behavior of sympatric P. cyanea and P. amoena and found
that in both species, males respond aggressively to heterospe-
cific songs and females prefer conspecific plumage and songs
(Baker 1991; Baker and Baker 1990; Baker 1996). However,
as a female’s mating preferences are strongly influenced by
the songs she hears during development, exposure to more
singing male P. cyanea could lead to stronger preference for
P. cyanea songs (Baker and Boylan 1999). Extensive extra-
pair matings between female P. amoena and male P. cyanea
could increase introgression of P. cyanea phenotypes (Baldas-
sarre and Webster 2013). Asymmetric abundances of parental
species further accelerating hybrid zone movement by bias-
ing female choice in favor of the more abundant species has
never been documented in birds, but is consistent with our
cline models. Future studies of female preference across the
Passerina hybrid zone would be necessary to determine if this
phenomenon is occurring.

While eBird data enabled us to identify climate change
as a driver of hybrid zone movement, our study illustrates
the limitations of the dataset for addressing questions related
to hybrid systems. Ultimately, eBird users, although mostly
highly skilled in bird identification and overseen by expert
reviewers, identify individuals based on phenotype alone
(Johnston et al. 2019). In and near hybrid zones, many indi-
viduals may exhibit phenotypes that do not accurately repre-
sent their ancestry (e.g., cryptic hybrids) (Minor et al. 2022).
To evaluate whether or not we could safely use eBird data, we
explored the relationship between phenotype and ancestry in
Passerina. We found an extremely strong positive relationship
between phenotype and ancestry in the P. cyanea x P. amoena
hybrid zone and discovered few backcrosses to P. cyanea. We
therefore inferred that almost all records of P. cyanea in the
eBird dataset are correct. In contrast, we identifiedmany back-
crosses to P. amoena in our samples. Many of these individ-
uals appeared similar to unadmixed P. amoena. If P. amoena
backcrosses are as common in the hybrid zone as our sam-
ples suggest, many P. amoena records in the eBird database
may actually be misidentified hybrids. These incorrect records
could be why we observed relative stability in the breeding
distribution of P. amoena over time, which conflicts with our
findings that P. cyeana has expanded its range west and that
the hybrid zone has shifted west without significantly expand-
ing in width. It is possible that high numbers of P. amoena
backcrosses misidentified as unadmixed P. amoena led us to
estimate the breeding distribution of P. amoena as extending
farther east than it does in reality. Overall, when applying
eBird data to study hybrid systems, researchers should incor-
porate other datasets and make careful consideration to avoid
inappropriate use (Minor et al. 2022).

In the future, we hope for not only increased eBird activ-
ity in the Great Plains, but also more genetic sampling of
the Passerina hybrid zone. Given that the speed at which the
hybrid zone is moving west seems to have increased in the
past fifteen years, we predict it will continue to shift west in

the following decades. However, our random forest models fit
to eBird data identified annual precipitation as an important
predictor of P. cyanea occurrence in the Great Plains, suggest-
ing that intensifying droughts in western North America may
eventually halt the species’ westward expansion (Zhao et al.
2020). Describing how this dynamic hybrid zone continues to
change under shifting environmental conditions will continue
to yield insights into the processes that mediate speciation and
ecological adaptation.

Conclusion
During the summers of 2019 and 2021, we sampled the Passe-
rina hybrid zone to investigate how it has changed since the
previous sampling effort between 2004 and 2007. Cline mod-
els demonstrated a significant westward shift in the center of
the hybrid zone between the two sampling events. By incor-
porating eBird models, we present evidence that this west-
ward shift has been driven, at least in part, by changes in
precipitation. This work demonstrates the critical importance
of scientific collection, particularly replicate sampling along
transects.
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