
vol . 1 96 , no . 1 the amer ican natural i st july 2020
Dispersal Predicts Hybrid Zone Widths across Animal Diversity:

Implications for Species Borders under Incomplete

Reproductive Isolation
Jay P. McEntee,1,* J. Gordon Burleigh,1 and Sonal Singhal2,†

1. Department of Biology, University of Florida, Gainesville, Florida 32611; 2. Department of Biology, California State University,
Dominguez Hills, Carson, California 90747

Submitted August 12, 2019; Accepted January 31, 2020; Electronically published May 22, 2020

Online enhancements: appendix, supplemental tables and figures. Dryad data: https://doi.org/10.5061/dryad.nvx0k6dnr.
abstract: Hybrid zones occur as range boundaries for many an-
imal taxa. One model for how hybrid zones form and stabilize is
the tension zone model, a version of which predicts that hybrid
zone widths are determined by a balance between random dispersal
into hybrid zones and selection against hybrids. Here, we examine
whether random dispersal and proxies for selection against hybrids
(genetic distances between hybridizing pairs) can explain variation
in hybrid zone widths across 131 hybridizing pairs of animals. We
show that these factors alone can explain ∼40% of the variation in
zone width among animal hybrid zones, with dispersal explaining
far more of the variation than genetic distances. Patterns within
clades were idiosyncratic. Genetic distances predicted hybrid zone
widths particularly well for reptiles, while this relationship was op-
posite tension zone predictions in birds. Last, the data suggest that
dispersal and molecular divergence set lower bounds on hybrid
zone widths in animals, indicating that there are geographic restric-
tions on hybrid zone formation. Overall, our analyses reinforce the
fundamental importance of dispersal in hybrid zone formation and
more generally in the ecology of range boundaries.

Keywords: cline theory, hybridization, range boundaries, tension
zone model, reproductive interference, biotic interactions.

Introduction

The edge of a taxon’s geographic range often abuts the edge
of the range of another closely related taxon (Case and Ta-
per 2000). If reproductive isolation between these taxa is in-
complete, hybrid zones can form.Here, we adoptHarrison’s
(1990, p. 72) definition of hybrid zones as “zones of inter-
actions between genetically distinct groups of individuals
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resulting in at least some offspring of mixed ancestry,” with
genetically pure populations found outside the zone. Hybrid
zones often form when previously isolated populations come
into secondary contact as a result of changing range bound-
aries (Remington 1968), but they also may form in place
while populations diverge with gene flow (Haldane 1948;
Endler 1977; Nosil 2012). Often, these regions of contact
are narrow relative to the distributions of pure populations,
even when they extend along significant swaths of a species’
range (figs. 1, 2).
While hybrid zones have long been the subject of evo-

lutionary inquiry (Endler 1977; Barton and Hewitt 1985;
Harrison 1990), they remain underappreciated in ecology,
particularly in the study of geographic range limits. Geo-
graphic range limits are thought to arise from a number
of factors, such as dispersal barriers, abiotic limits, and
biotic interactions, including hybridization (Case and
Taper 2000; Case et al. 2005; Goldberg and Lande 2007;
Hochkirch et al. 2007; Sexton et al. 2009; Jankowski et al.
2013; Weber and Strauss 2016). Few ecological studies,
however, have considered the potential for hybridization
to set range boundaries. Given the increasing evidence for
the prevalence of hybridization across the animal tree of
life (Mallet et al. 2016), hybridization is likely to be im-
portant in the formation of many range boundaries, even
where hybrids have yet to be found (Levin 2006). Thus, the
extensive body of empirical and theoretical work on hybrid
zones, although largely focused on evolutionary questions,
may also yield important ecological lessons about range
limits for two reasons. First, because hybrid zone studies
typically sample densely at the edges of species’ ranges, they
provide high-resolution data for the analysis of range
boundaries. Second, hybrid zone data are typically analyzed
using a fairly small set of standardized approaches,making it
possible to compare the spatial scale of range limits across
phylogenetically distant relatives, like mammals and insects.
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Much of our understanding of how hybridization can
set range limits derives from theoretical models of hybrid
zone stabilization. With respect to ecology, these models
can be divided into two classes: those that require ecolog-
ical gradients (Endler 1977; Goldberg and Lande 2007;
Armsworth and Roughgarden 2008; Price and Kirk-
patrick 2009) and those that do not (Bazykin 1969; Barton
and Hewitt 1985; Case et al. 2005; Goldberg and Lande
2007). In hybrid zone models requiring ecological varia-
tion across space, each parental taxon is adapted to its lo-
cal environment and shows decreased fitness elsewhere
(fig. 1). In such hybrid zones, hybrid offspring are typically
limited to the ecotone, where their fitness is similar to—or
even greater than—that of parental taxa (fig. 1; Moore
1977). In contrast, in models without ecological gradients,
fitness does not depend on local environmental conditions.
One such model is the tension zone model (Key 1968;
Bazykin 1969; Barton and Hewitt 1985), in which hybrids
show reduced fitness compared with their parents, either
because of intrinsic selection, such as Dobzhansky-Muller
incompatibilities (Dobzhansky 1936; Muller 1942), or be-
cause hybrid traits have low fitness in all environments
(Mallet et al. 1998). Importantly, the location of a tension
zone can be random with respect to geographic space and
local ecological gradients, although it is predicted to move
toward regions of reduced dispersal (Barton and Hewitt
1985; Goldberg and Lande 2007). Of course, both ecolog-
ical variation and selection against hybrids independent of
local ecology can affect a single hybrid zone (Bronson et al.
2003; Taylor et al. 2014).
Ideally, to understand how range boundaries associated

with hybridization are typically formed andmaintained, we
could reconstruct the conditions under which these bound-
aries are formed. Such an approach would allow us to un-
derstand how ecological transitions, taxon fitness across
such transitions, and taxon habitat preference—or the lack
thereof—interact to structure hybrid zones and enforce
range boundaries of hybridizing taxa (fig. 1). However,
such an approach is not feasible for most taxa. Absent this
more direct approach, we can examine whether variation
in hybrid zone widths can be predicted by the factors that
stabilize hybrid zones in theoretical models. To make our
predictions, we focus on the tension zone model both be-
cause it has been extensively applied in the hybrid zone lit-
erature (Barton andGale 1993; Gay et al. 2008) and because
the simple form of the model assumes a homogeneous en-
vironment, making it a useful null model for how hybrid
zonesmight form and stabilize with respect to local ecology.
The simple form of the tension zone model predicts that
hybrid zones are stabilized by just two forces, random dis-
persal and selection against hybrids. The balance between
these two forces determines the width of the hybrid zone
boundary, which is expected to be stable through time
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Figure 1: Depictions of hybrid zone models. A depicts a clinal hy-
brid zone, where two differentiated taxa (circles and asterisks)
meet and form hybrids (asterisks inside circles, here indicating in-
dividuals of mixed ancestry). The dashed lines indicate the ap-
proximate boundaries of where hybrids are formed. Models to ex-
plain the stabilization of these hybrid zones are not mutually
exclusive but invoke different processes. In B, the fitness of the
two taxa varies inversely along an ecological gradient, with hybrids
formed in the area where they have similar fitness. The environ-
mental gradient is indicated by the shading in A. C depicts the
most commonly invoked form of the tension zone model, in which
fitness is constant across the hybrid zone but where hybrids always
have lower fitness than “pure” individuals. Stabilization occurs as a
balance between selection against hybrids and dispersal rate j,
which is generally modeled as being similar between taxa. D de-
picts a habitat selection model where hybridizing taxa differ in
habitat preferences, and hybrids are formed where these habitat
preferences overlap.
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under a number of demographic and ecological scenarios
(Case et al. 2005; Goldberg and Lande 2007).
In this study, we address a central question in the ecol-

ogy of hybrid zones: which factors determine the widths
of hybrid zones? To answer this question, we conducted
a meta-analysis of 131 hybridizing pairs animal taxa. In
particular, we explore whether dispersal distance and the
strength of selection against hybrids predict hybrid zone
width, as in the tension zone model. This study represents
the first quantitative synthesis of hybrid zones since Barton
and Hewitt (1985) and thus provides a novel summary of
patterns from hybrid zones in the DNA sequencing era.
Methods

Literature Review

We identified animal hybrid zones for inclusion in this
meta-analysis by using Google Scholar andWeb of Knowl-
edge on February 6–8, 2016, and May 1–4, 2017. We re-
viewed matches to the search term “hybrid zon*” and all
articles that cited the four major software programs used
to estimate clines: HZAR (Derryberry et al. 2014), Cfit7
(Gay et al. 2008), Analyse 1.3 (Barton and Baird 1995),
and ClineFit (Porter et al. 1997). From each study and
for each cline we recorded cline width, cline center, and
cline type (e.g., morphological, behavioral, genetic; see ta-
ble A1; tables A1, A2, S1–S22 are available online).
Additionally, we summarizedmetadata for each hybrid-

izing pair (table A2). We (1) found estimates of dispersal
rates in the literature, (2) measured a morphological proxy
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for dispersal in birds for bird-specific analyses, and (3) ei-
ther found or estimated genetic distances of mitochondrial
(mtDNA) and nuclear (nDNA) sequences between hybrid-
izing taxa. Details on how we collected these data appear
below. Several hybridizing pairs were studied across multi-
ple temporal or geographic transects. For these pairs, we
also recorded data by transect. Hybridizing pairs that could
not be included because of incomplete metadata are sum-
marized in table S1.
Dispersal Estimates

In the tension zone model, clines are stabilized as a bal-
ance between the dispersal of hybridizing taxa into the
hybrid zone and selection against hybrids. Accordingly,
we identified a dispersal rate estimate for each hybridizing
pair either by referencing estimates included in the stud-
ies themselves or by culling estimates from the broader
literature. We preferentially targeted estimates from the
species themselves, then their close relatives (i.e., con-
generics), and then related taxa with similar natural his-
tory (e.g., temperate-breeding latitudinal migrant passer-
ines). Across hybridizing pairs, dispersal was estimated
using a number of methods, including measuring isolation-
by-distance relationships from population-genetic data
(Rousset 1997) and usingmark-recapture studies to estimate
movement rates. To ensure that dispersal and cline width
estimates were not autocorrelated, we avoided estimates of
dispersal rates derived from cline width estimates, for exam-
ple, using estimates of linkage disequilibrium in the hybrid
A B

Figure 2: Geographic ranges and species photos for two of the hybrid zones included in this study. A, Icterus bullocki (red; left) and
I. galbula in North America (blue; right). B, Carlia crypta (red; left) and C. rubrigularis (blue; right) in Australia. The I. bullocki/I. galbula
hybrid zone is geographically extensive and occurs between temperate, high-dispersing, morphologically differentiated species. In contrast,
the C. crypta/C. rubrigularis hybrid zone is geographically narrow and occurs between tropical, low-dispersing, morphologically cryptic spe-
cies. These two hybrid zones exemplify some of the diversity in hybrid zones. Image credits: I. bullocki (photograph by Gregory Smith; dis-
tributed under a CC-BY 2.0 license), I. galbula (photograph by Laura Gooch; distributed under a CC-BY 2.0 license), C. crypta (photograph
by Ben Phillips), C. rubrigularis (photograph by Sonal Singhal).
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zone to estimate root-mean-square dispersal (Barton and
Gale 1993).
Different methods for measuring dispersal make dif-

ferent assumptions. For example, field-based estimates
are typically less than genetic estimates because field-based
approaches fail to capture most long-distance dispersal
events (Koenig et al. 1996). Additionally, field-based esti-
mates are often given in units proportional to years, whereas
genetic estimates are given proportional to generations.
While these methodological differences likely introduce
error, this error is unlikely to be more than one order of
magnitude. For some taxa, we were able to identify mul-
tiple estimates of dispersal; these estimates were generally
within an order of magnitude. Furthermore, dispersal in
our data set varied across more than four orders of mag-
nitude (from .007 to 150 km; fig. S1; figs. S1–S7 are avail-
able online). Thus, we do not expect these errors to result
in qualitative differences in our results.
As literature-based dispersal estimates are not standard-

ized across studies, we pursued an alternate standardized
proxy for a sample of hybrid zones. For avian hybrid zones,
wemeasured amorphological proxy for dispersal, the hand-
wing index (HWI; Claramunt et al. 2012), on adult bird
study skins in the Florida Museum of Natural History;
the Museum of Vertebrate Zoology at the University of
California, Berkeley; and the Natural History Museum,
London. We measured up to three individuals of each sex
per taxon. We averaged HWI by sex, then by taxon, and
then by hybridizing pair to estimate a single HWI value
per hybridizing pair. Themean numbers of measured spec-
imens per taxon and per hybridizing pair were 4:451:9
(SD) and 6:553:8, respectively.
Genetic Distance Estimates

As tension zones may be stabilized by selection against
hybrids, we estimatedmtDNAandnDNAgenetic distances
between hybridizing taxa as a proxy for selection against
hybrids. Increasing genetic divergence tends to result in
stronger selection against hybrids (Coyne and Orr 1989;
Sasa et al. 1998; Pereira and Wake 2009; Singhal and
Moritz 2013), for example via the accumulation of nega-
tive epistatic interactions like Dobzhansky-Muller incom-
patibilities (Fierst and Hansen 2010).
To estimate genetic distance between taxa, we searched

GenBank for all available sequence data for hybridizing
taxa.We then estimatedmtDNAandnDNAdistances sep-
arately. We aligned sequence data using MUSCLE (Edgar
2004) and then calculated the average genetic distance be-
tween hybridizing taxa with the Tamura-Nei model of
molecular evolution (Tamura and Nei 1993), using the
dist.dna function in the R package ape (Paradis et al.
2004). For species sampled for multiple loci, we averaged
This content downloaded from 141.21
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distance estimates across loci, weighted by length. For
those taxon pairs where we could not find genetic data,
we used estimates of genetic divergence from the litera-
ture (n p 11 mtDNA and 7 nDNA genetic distances).
In total, we were able to estimate or identify mtDNA

distances for 131 taxon pairs and nDNA distances for
73 taxonpairs.Weperformedanalyses using either (1) nDNA
distance and mtDNA distance as separate predictors of hy-
brid zone widths (hereafter, “nDNA1mtDNA analyses”) or
(2) mtDNA distance as the sole proxy for selection against
hybrids (hereafter, “mtDNA-only analyses”). These two anal-
yses have distinct advantages. nDNA is likely to serve as a bet-
ter proxy for selection against hybrids thanmtDNAdistances
(Galtier et al. 2009; Pereira et al. 2011), but the mtDNA-only
analyses allow for more inclusive sampling.
Introgression can both decrease estimates of genetic

distance and increase estimates of cline width, leading to
autocorrelation between these two variables. We inferred
the potential prevalence of introgression by identifying
cases in which hybridizing pairs were nonmonophyletic
in neighbor-joining phylogenies inferred from mtDNA se-
quences. Eighty-twohybridizing pairswere reciprocallymono-
phyletic, suggesting that these data sets did not include
introgressed alleles. For 40 taxa, nonmonophyly could be the
result of incomplete lineage sorting, introgression, or both.
For 11 taxon pairs, our genetic distance estimates were taken
from the literature, sowe could not test for reciprocalmono-
phyly. For the nDNA sequences, very few loci showed recip-
rocal monophyly. Thus, we calculated both mean and maxi-
mumpairwise genetic distances for bothmtDNA and nDNA
sequences.Maximumpairwise genetic distance should be im-
pacted by introgression only in extreme cases; we used these
estimates as an alternate predictor for cline width in sensitiv-
ity analyses (see below).
For bird-only analyses (see below), we used time to the

most recent common ancestor (TMRCA) as an alternate
proxy for selection against hybrids using a large, multi-
locus phylogeny (Burleigh et al. 2015; McEntee et al.
2018). This data set excludes pairs of races or subspecies.
General Modeling Approach

Cline width measures the transition between genotypic or
phenotypic traits in the hybrid zone. Hybrid zone studies
often estimate multiple clines: across different molecular
markers and phenotypic traits, at different time points,
and/or for different spatial transects.While variation among
cline widths within a hybrid zone can reveal evolutionary
processes (Anderson 1953; Bazykin 1969; Singhal and Bi
2017; Schumer et al. 2018), we are primarily interested
in variation in hybrid zone width among different hybrid
zones instead of variation within hybrid zones. Thus, for
each hybridizing pair we calculated the geometric mean
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and Conditions (http://www.journals.uchicago.edu/t-and-c).



Dispersal Predicts Hybrid Zone Widths 13
of cline widths, which should reflect cline width at the
modal geographic center between taxa (fig. S2).
Using a linear model framework, we tested the poten-

tial predictors of hybrid zone widths. Predictor variables
included genetic distances (nDNA1mtDNA or mtDNA
only), dispersal, taxonomic group, and all of their two-
way interactions. Prior to modeling, we took the natural
log of dispersal, genetic distance, and cline width. We
then centered and scaled these variables by subtracting
the mean and dividing them by their standard deviations.
The two primary variants of our full models were

Y p a1 b1#log(dispersal)
1 b2#log(nDNA distance)
1 b3#log(mtDNA distance)
1 b4#taxonomic group1 bX 1 ϵ,

ð1Þ

Y p a1 b1#log(dispersal)
1 b2#log(mtDNA distance)
1 b3#taxonomic group1 bX 1 ϵ,

ð2Þ

whereY is the set of log cline widths,X is the set of two-way
interactions, b is the set of interaction coefficients, and the
remainder is standard linearmodel notation.We fit the full
models and all simpler variants, with equation (1) fit to the
sample of 73 hybrid zones for which we were able to calcu-
late nDNA distances (the nDNA1mtDNA analyses) and
equation (2) fit to the sample of 131 hybrid zones for which
we hadmtDNAdistances (themtDNA-only analyses).We
report results from the best-fitting models using the cor-
rected Akaike information criterion (AICc) and model av-
eraging weighted by AICc (Burnham and Anderson 2003).
We report model-averaged coefficient estimates with 95%
confidence intervals (CIs) calculated from unconditional
variances (Buckland et al. 1997) using the R package
glmulti (Calcagno and de Mazancourt 2010).
Clade-Specific Analyses

Relationships between hybrid zone width and the pre-
dictors might be idiosyncratic across clades. Therefore,
we conducted clade-specific analyses for well-sampled
clades: amphibians (n p 20), birds (n p 33), insects
(n p 20), mammals (n p 26), and nonavian reptiles
(n p 17). We fit linear models for each clade using
mtDNA distance as the sole proxy for selection against
hybrids (as in linear model eq. [2] but without clade
identity as a predictor). We did not conduct clade-level
nDNA1mtDNA analyses because of low sample sizes.
Phylogenetic Analyses of Residuals

To account for phylogenetic effects, we either used taxo-
nomic group as a possible predictor (see eqq. [1], [2]) or
This content downloaded from 141.21
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divided analyses by taxonomic group (see “Clade-Specific
Analyses”). We did not perform a fully phylogenetically
informed analysis because hybrid zones form indepen-
dently of each other and their widths cannot reasonably
be considered a heritable trait evolving along a phylogeny.
Nevertheless, the residuals of our models could be phylo-
genetically correlated if a latent variable that is heritable at
a phylogenetic scale predicted hybrid zone width. Thus,
we tested whether the residuals from the best-fitting lin-
ear models showed phylogenetic signal, as measured by
Pagel’s l (Pagel 1999; Revell 2012) in the R package phy-
tools (Revell 2012). Because our analysis spans corals to
mammals, we used the TimeTree of Life, pruned to relevant
tips (Kumar et al. 2017). We estimated the phylogenetic
signal of model residuals for both the full analyses (both
the nDNA1mtDNA and the mtDNA-only analyses)
and for the clade-level mtDNA-only analyses.
Sensitivity Analyses

We tested multiple variants of our model fitting to assess
the robustness of our results to potential issues (table S2).
In all sensitivity analyses, we first filtered the data set to
relevant cline estimates and then took the geometric
mean of clines within each hybridizing pair. The number
of hybrid zones analyzed varies across sensitivity analyses
because of this differential filtering.
First, some mean cline widths may be upwardly biased

bywidths estimated from loci that are nonclinal, either be-
cause these loci were never fully differentiated between taxa
or because they experienced broad introgression (fig. S2).
To address this concern, we fit a set ofmodels to clinewidths
estimated frommolecular hybrid indices only. Because mo-
lecular hybrid indices are polygenic, they should reflect the
central tendencies for the width of the hybrid zone and thus
may be more directly comparable across hybrid zones. Ad-
ditionally, we estimated the correlation between hybrid in-
dex and geometric mean cline width estimates from the
same hybrid zones to see whether both approaches yielded
similar estimates of cline width.
Second, in our full analyses we sought dispersal esti-

mates that were measured independently of hybrid zone
width; occasionally, we discarded a cline-based dispersal
estimate that was likely to be more accurate. To ensure
that these alternate dispersal estimates do not give quali-
tatively different results, we repeated our analyses using
these “best-available” dispersal estimates instead.
Third, genetic divergence and clinewidthmight be auto-

correlated if introgression is common and widespread.
Thus, instead of using mean genetic distances between
hybridizing pairs in our model, we used maximum genetic
distance, which should be affected by introgression only
if introgression is complete. We additionally compared
3.168.010 on August 03, 2020 17:18:53 PM
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our mean and maximum estimates of genetic distance to
determine how often introgression might have biased
cline estimates.
Fourth, we considered clines for mtDNA data alone.

Because they are collected from the same marker type,
mtDNA clines may be more directly comparable across
hybrid zones and thus allow us to test the robustness of
our patterns to variance in widths across cline type.
Last, we performed a set of analyses exclusively on

avian hybrid zones. For avian hybrid zones, we measured
more standardized alternative proxies for dispersal and
selection against hybrids. As an alternative to dispersal
estimates from the literature, we used the log of HWI
(see “Dispersal Estimates”). As an alternative to genetic
distance, we used TMRCA (see “Genetic Distance Esti-
mates”). Thus, birds—which are also the most well-
represented taxonomic group in our data set—offer an
additional perspective on the robustness of our results.
Software

All analyseswere done inR version 3.3.3 using the statistical
and graphing packages lme4, glmulti, MuMIn, ggplot2, and
cowplot (Bates et al. 2007; Calcagno and de Mazancourt
2010; Jaeger 2016; Wickham 2016; Wilke 2016; Barton
and Barton 2018).
Results

Our review of the hybrid zone literature identified 131 hy-
bridizing taxon pairs for which we could find quantitative
data on cline widths, dispersal estimates or proxies, and ge-
netic divergence. All data are deposited in the Dryad Dig-
ital Repository (https://doi.org/10.5061/dryad.nvx0k6dnr;
This content downloaded from 141.21
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McEntee et al. 2020). Across hybridizing taxon pairs, we
found data on amedian of four clines per pair, across ame-
dian of two cline types (fig. S3). The most common cline
types measured were for nDNA and mtDNA markers
(fig. S3). Hybridizing pairs were fairly evenly split across
vertebrate clades, although fish were underrepresented
(fig. 3A). Hybrid zones occurred globally, although there
was a strong bias toward studies from North America
and Europe (fig. 3B).
The best model from our nDNA1mtDNA analyses had

an adjusted R2 of 0.404 and included three predictors (log
dispersal, log nDNA distance, and log mtDNA distance)
and a single interaction (log dispersal# log mtDNA dis-
tance). Most of the variance explained was attributable to
log dispersal; amodel including log dispersal as the sole pre-
dictor had an adjusted R2 of 0.36 (table 1). The remain-
ing predictors had lower relative importance (RI), flatter
slopes, or both. Model-averaged coefficient estimates were
consistent with the tension zone model (tables 1, 2; fig. 4);
log dispersal had a strongly positive coefficient (0:6350:21
[95%CI]; RI p 1), and there was some support for a neg-
ative coefficient for log nDNA distance (20:1550:25
[95% CI]; RI p 0:78).
In our mtDNA-only analyses, the best model had log

dispersal as its only predictor. The adjusted R2 of this
model was 0.335 (table 3). Across all models, log dispersal
was consistently supported as a predictor (model-averaged
coefficient: 0:5750:17 [95% CI]; RI p 1; table 4; fig. 4A),
and logmtDNAdistance had very limited support as a pre-
dictor (coefficient: 20:0250:1 [95% CI]; RI p 0:42; ta-
ble 4; fig. 4B). Taxonomic group and all interactions had
even less support (RI ! 0:2 for all; table 4).
Our within-clade analyses recovered a positive rela-

tionship between dispersal and hybrid zone width across
other
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Figure 3: Distribution of hybrid zone studies (n p 131) across taxonomic groups (A) and geographic regions (B).
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Dispersal Predicts Hybrid Zone Widths 15
all clades but amphibians (fig. 5; table 5). However, the re-
lationship between log mtDNA distance and hybrid zone
width varied among clades. The best models for birds and
nonavian reptiles included mtDNA distance as a predic-
tor of hybrid zone width. For nonavian reptiles, mtDNA
distance scaled negatively with hybrid zone width, as ex-
pected in the tension zonemodel (fig. 5). However, in birds
mtDNA distance and hybrid zone width scaled positively,
opposite tension zone predictions. Thus, the weak rela-
tionship between mtDNA distance and hybrid zone width
from analyses across all animal taxa was partly explained
by opposing patterns among well-sampled clades.

Phylogenetic Analyses of Residuals

We found no evidence for phylogenetic signal in the full anal-
yses (nDNA1mtDNA analyses: l p 6:6#1025, P p 1;
mtDNA-only analyses: l p 5:5#1025, P p 1).We found
evidence for phylogenetic signal in model residuals for our
clade-level analyses only in the nonavian reptiles (l p
0:72, P p :037). These results suggest that the preponder-
ance of the unexplained variance in our linear models is
not associated with phylogenetic effects.

Sensitivity Analyses

We tested multiple variants of this basic model to assess
the robustness of our results (table S2), recovering similar
This content downloaded from 141.21
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patterns to our primary analyses (tables S3–S18). Model
averaging offered strong support for dispersal as a predic-
tor, with quantitatively consistent coefficient estimates
(0.55–0.73) in all but the nDNA1mtDNA analysis of
mtDNA clines only, where the slope estimate was much
steeper but with a broader CI (1:4151:84 [95% CI];
RI p 0:98; table S18). Model-averaged coefficient esti-
mates for nDNA distance were consistently negative but
weak, with 95% CIs overlapping zero in all but the best-
available dispersal analyses (tables S6, S10, S14, S18).
FormtDNAdistance,model-averaged coefficient estimates
were consistently small in magnitude, with 95% CIs always
overlapping zero (tables S3–S18).
In addition, we found that clinewidth estimates fromhy-

brid indices and the geometric mean of clines were strongly
correlated in pairwise comparisons (fig. S4; Spearman’s
r p 0:87, P ! 2:2#10216), suggesting that our geometric
mean estimates were not strongly upwardly biased by outlier
loci. Furthermore,meanandmaximumgenetic distanceswere
strongly correlated for both mtDNA and nDNA (fig. S5;
mtDNA: Pearson’s r p 0:93, P ! 2:2#10216; nDNA:
Pearson’s r p 0:90; P ! 2:2#10216), suggesting that in-
trogression did not have a significant impact on most of
our genetic distance estimates.
For the avian hybrid zones, the alternative proxies for

dispersal and selection against hybrids were correlated with
the proxies used across all taxa (fig. S6). Models using HWI
Table 2: Model-averaging results for the models shown in table 1
Predictor
3.168
and C
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onditions (http://www.journals.uchica
RI
Log(dispersal)
 .635 .21
 1

Log(nDNA dist)
 2.155 .25
 .78

Log(mtDNA dist)
 .045 .17
 .7

Log(dispersal)# log(mtDNA dist)
 .155 .32
 .54

Log(dispersal)# log(nDNA dist)
 .065 .19
 .4
Note: Shown are coefficients and relative importance (RI) for the five predictors with the greatest RI.
mtDNA p mitochondrial DNA; nDNA p nuclear DNA.
Table 1: Model fitting for predictors of cline width across hybrid zones
Model
 AICc
go.e
Weights
du/t-and-c).
Adj. r2
∼ log(dispersal) 1 log(mtDNA dist) 1 log(nDNA dist) 1 log(mtDNA dist)# log(dispersal)
 177.4
 .224
 .404

∼ log(dispersal) 1 log(nDNA dist) 1 log(nDNA dist)# log(dispersal)
 178.5
 .131
 .385

∼ log(dispersal) 1 log(mtDNA dist) 1 log(nDNA dist) 1 log(mtDNA dist)# log(dispersal)

1 log(nDNA dist)# log(dispersal)
 178.5
 .129
 .406

∼ log(dispersal)
 178.9
 .106
 .36

∼ log(dispersal) 1 log(mtDNA dist) 1 log(nDNA dist) 1 log(mtDNA dist)# log(dispersal)

1 log(nDNA dist)# log(mtDNA dist)
 179.9
 .066
 .396
Note: Cline widths were calculated as the log of geometric mean of cline width per hybrid zone (n p 73). This model includes as predictors the log of
dispersal, the log of mitochondrial DNA (mtDNA) distance, the log of nuclear DNA (nDNA) distance, taxonomic group, and all two-way interactions
and is identified as the nDNA1mtDNA model in the text. All variables were scaled and centered before analysis. Shown are the five models with the highest
weights. AICc p corrected Akaike information criterion.
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as a proxy for dispersal support were qualitatively similar
to analyses using dispersal estimates (tables S19, S20). In
models using TMRCA instead of genetic distance as a
proxy for selection against hybrids, TMRCA had a negative
coefficient (table S22). This pattern is consistent with the
tension zone model but opposite that found for genetic
distances. Analyses using TMRCA excluded hybrid zone
pairs below the species level, which may explain this differ-
ence in outcome.
Discussion

Across 131 hybrid zones, we found that random dispersal
predicts hybrid zone widths across animals. Dispersal esti-
mates alone explained 33.5% of the variation in hybrid zone
widths in our most inclusive analysis. These hybrid zones
occur across marine, freshwater, and terrestrial environ-
ments and across a wide swath of diversity, including inver-
tebrate and vertebrate taxa. Thus, our results are consistent
with random dispersal as a major determinant of hybrid
zone width on a global scale across animal diversity.
This content downloaded from 141.21
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In the most widely invoked version of the tension zone
model (Barton and Hewitt 1985), the shapes of range
boundaries are stabilized when selection against hybrids
alone counters dispersal across the hybrid zone. To exam-
ine support for this proposed balance between dispersal and
selection,we testedwhether nDNAand/ormtDNAdistance,
as proxies for selection against hybrids, explained variation
in hybrid zone width. We found some support for this hy-
pothesis, albeit limited. As predicted by the tension zone
model, we found that cline width scales negatively with
nDNA distance. However, the 95% CI for nDNA distance
slope estimates often included zero. Thus, our support for
selection against hybrids as a structuring force in hybrid
zones is limited and particularlyweakwhenwe usemtDNA
distance as our proxy for selection against hybrids.
Why didwe fail to recover stronger evidence that increas-

ing selection against hybrids—here, measured as greater ge-
netic distance—leads to narrower hybrid zones? This could
be because our estimates of genetic distance are poor or in-
consistent proxies for selection against hybrids. Because we
estimated genetic distance using previously published data,
the scope of these data varied tremendously across studies,
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Figure 4: Relationship between mean cline width per hybrid zone in kilometers and the log of dispersal in kilometers (A; n p 125 hybrid
zones), the log of nuclear DNA (nDNA) distance (B; n p 73), and the log of mitochondrial DNA (mtDNA) distance (C; n p 125). The
solid black line is the model-averaged fit for models that included both nDNA and mtDNA distance as predictors (table 2); the dashed black
line is for models that included only mtDNA distance (table 4).
Table 3: Model fitting for predicting determinants of cline width across hybrid zones
Model
3.168.010 on Augus
and Conditions (http
AICc
t 03, 2020 17:18:53 
://www.journals.uch
Weights
PM
icago.edu/t-and-c).
Adj. r 2
∼ log(dispersal)
 307.9
 .543
 .335

∼ log(dispersal) 1 log(mtDNA dist)
 309.6
 .227
 .332

∼ log(dispersal) 1 log(mtDNA dist) 1 log(mtDNA dist)# log(dispersal)
 310.2
 .169
 .335

∼ log(dispersal) 1 taxonomic group
 314.4
 .021
 .338

∼ log(dispersal) 1 taxonomic group 1 taxonomic group# log(dispersal)
 314.8
 .017
 .379
Note: Cline widths were calculated as the log of geometric mean of cline width per hybrid zone (n p 125). In contrast to the results presented in table 1, this
model does not include the log of nuclear DNA distance as a predictor. Instead, it includes the log of dispersal, the log of mitochondrial DNA (mtDNA)
distance, taxonomic group, and all two-way interactions and is identified as the mtDNA-only model in the text. All variables were scaled and centered before
analysis. Shown are the five models with the highest weights.
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from just one individual sequenced per taxon at one gene to
tens of individuals sequenced per taxon at tens of genes. This
variance in sequencing effort might further explain the rel-
atively weak correlation between mtDNA and nDNA dis-
tances (fig. S7; Pearson’s r p 0:26; P p :021; n p 77). Fu-
ture studies may find that better genomic sampling or, more
ideally, direct measurements of selection against hybrids
might improve our ability to predict hybrid zone width
across taxa.
However, possibly selection against hybrids does not

structure most hybrid zones and other forces are more
important. First, other ecological forces (e.g., competition
or pathogens) could play a strong role opposing dispersal
across most hybrid zones, with selection against hybrids
having relatively limited ecological effect (Case and Taper
This content downloaded from 141.21
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2000; Case et al. 2005; Ricklefs 2010). In the absence of
ecological gradients, models suggest that these ecological
processes would need to have greater intertaxon than
intrataxon negative effects in order to stabilize the hybrid
zone (Case et al. 2005; Goldberg and Lande 2007). Sec-
ond, fitness gradients may also have broad importance
across hybrid zones (Kruuk et al. 1999), even where it is
difficult to detect steep ecological gradients. Fitness dif-
ferences across ecological gradients should result in hy-
brid zone transitions that map to fitness gradients (Moore
1977), with widths determined by environments. Such
ecological or fitness gradients might contribute to some
of the unexplained variation in our models. Future com-
parative analyses of hybrid zones should ideally incorpo-
rate quantitative variation of such gradients.
Table 4: Model-averaging results for models shown in table 3
Predictor
3.168
and C
Coefficient5 SE
.010 on August 03, 2020 17:18:53 PM
onditions (http://www.journals.uchica
RI
Log(dispersal)
 .575 .17
 1

Log(mtDNA dist)
 2.025 .1
 .42

Log(dispersal)# log(mtDNA dist)
 .025 .07
 .18

Taxonomic group
 . . .
 .06

Log(dispersal)# taxonomic group
 . . .
 .02
Note: Shown are coefficients and relative importance (RI) for the five predictors with the greatest RI.
Coefficients not reported for predictors including taxonomic group because these are calculated for each
one of the seven taxonomic groups. mtDNA p mitochondrial DNA.
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Figure 5: Relationship between mean cline width in kilometers and the log of dispersal in kilometers (A) and the log of mtDNA distance
(B), by taxonomic group. Shown are the five most well-represented taxonomic groups and the linear fits for those variables with a model-
averaged relative importance of ≥0.6 (table 5). NAR p nonavian reptiles.
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Last, selection against hybrids may be a weak predictor
of hybrid zone width because the efficacy of selection
against hybrids in stabilizing hybrid zones depends on the
rate of hybridization or attempted hybridization. Tension
zone models assume random mating under which both
taxa suffer negative demographic consequences due to
the low fitness of many of their offspring. Assortative mat-
ing, however, can lessen these negative demographic ef-
fects: the fewer attempts at hybridization, the lesser the
demographic consequences of selection against hybrids.
Compared with random mating, assortative mating may
allow a taxon to expand its range further into the other
taxon’s range, widening the hybrid zone. Interestingly,
we found positive relationships between genetic distances
and cline width in clade-level analyses of birds (table 5).
This result raises the question of whether assortative mat-
ing, in addition to selection against hybrids, scales with ge-
netic distance in some clades.
More generally, our within-clade analyses reinforced

that dispersal is a more consistent predictor of hybrid
zone width than genetic distance, with four of five clades
yielding positive slopes and high RI values in model fit-
ting (table 5). The evidence for a positive association be-
tween cline width and dispersal was less strong for
amphibians, which may be due to the challenge of charac-
terizing dispersal kernels in species that have spatially
(and possibly temporally) clumped dispersal, as is the
case for pond-breeding amphibians.
Despite limited evidence that selection against hybrids

structures hybrid zones, we argue that the tension zone
model necessarily remains a fundamentalmodel in explain-
ing the stabilization of hybrid zones. Most hybrid zones
have widths that fall within the predictions of the tension
zone under very weak to moderate selection (fig. 6; see
This content downloaded from 141.21
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also fig. 3 in Barton and Hewitt 1985). Thus, these com-
parative data collectively continue to support the use of
the tension zone as a suitable null model.
Our analyses also provide insight into the conditions un-

der which animal hybrid zones deviate from tension zone
expectations. Hybrid zones with strongly negative residuals
with respect to dispersal (fig. 4A) may include instances
where ecological gradients are steep, corresponding to fit-
ness differences, and/or where there is habitat selection.
For example, the largest outlier in our mean-widths anal-
ysis is from an extremely narrow hybrid zone between two
lineages of the coral Eunicea flexuosa, which illustrates at
least one, and perhaps both, of these scenarios (Prada
and Hellberg 2014). Eunicea flexuosa has broadcast dis-
persal, with population genetic dispersal rate estimates
ranging from 2.9 to 55.52 km per square-root generation.
However, the hybrid zone is less than 100 m in width. This
zone spans an extremely steep environmental gradient in
depth and light availability, resulting in a steep selective
gradient (Prada and Hellberg 2013; Prada and Hellberg
2014). Furthermore, despite their strong dispersal capacity,
few E. flexuosa larvae settle in areas that poorly match their
phenotypes (fig. 1 in Prada and Hellberg 2014), such that
habitat selection might complement selection in narrowing
the hybrid zone (fig. 1). Thus, a combination of strong se-
lection against immigrants and habitat selection likely yields
the most potent departures toward narrowness from the
pattern found for other hybrid zones. Importantly, unlike
most other species included in our analysis, the dominant
life stage of corals is sessile. Sessile organisms like plants
may be more prone to forming especially narrow hybrid
zones relative to expectations from dispersal (Freeman
et al. 1991; Cruzan and Arnold 1993), given the potential
for fine-scale local adaptation.
Table 5: Results split by taxonomic group
Taxonomic
group
 N
 Best model
Adj.
r2
Dispersal
coefficient
mtDNA
distance
coefficient
3.168.010 on A
and Conditions
Interaction
coefficient
ugust 03, 2020 1
 (http://www.jou
Dispersal
RI
7:18:53 PM
rnals.uchicago
mtDNA
distance

RI
.edu/t-and-c
Interaction
RI
Amphibians
 20
 Intercept only
 0
 .085 .32
 2.055 .24
 .035 .12
 .34
 .29
 .06

Birds
 33
 ∼ log(dispersal)

1 log(mtDNA dist)
1 log(mtDNA dist)
# log(dispersal)
.24
 .315 .4
 .245 .36
 2.275 .45
 .85
 .85
 .69
Insects
 20
 ∼ log(dispersal)
 .22
 .435 .54
 2.035 .17
 05 .03
 .84
 .23
 .03

Mammals
 26
 ∼ log(dispersal)
 .11
 .255 .49
 2.015 .12
 05 .03
 .67
 .23
 .03

NAR
 17
 ∼ log(dispersal)

1 log(mtDNA dist)

.48
 .295 .59
 2.445 .59
 2.015 .05
 .66
 .82
 .07
Note: Within each taxonomic group, we fit linear models that predicted the log of cline width by the log of dispersal, the log of mitochondrial DNA
(mtDNA) distance, and their interaction. All variables were scaled and centered before analysis. Shown are the details of the best-fitting model as determined
by corrected Akaike information criterion scores. Also shown are the estimated coefficients for all terms and their relative importance (RI), as determined by
model averaging across the candidate model set. NAR p nonavian reptiles.
).
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On the other end of the spectrum, hybrid zones with
strongly positive residuals in our full analyses (fig. 4) may
correspond with nonequilibrium hybrid zones undergoing
neutral diffusion, which ultimatelymay not be stable (Endler
1977). Positive residuals may alternatively correspond with
mosaic hybrid zones, where habitats are substantially inter-
digitated but which may appear clinal at larger scales (Ross
and Harrison 2002). In such cases, patches of habitat favor-
able to the locally rare taxon can stretch the width of the hy-
brid zone by supporting peripheral populations. Alternatively,
large positive residuals from our analyses may correspond
with hybrid zones exhibiting bounded hybrid superiority
(Moore 1977), inwhich hybrids are equally ormore fit than
their parents. In this scenario, hybrid zone width should be
determined by the width of the region in which hybrids have
superior fitness.
Finally, while we report evidence for linear relation-

ships, additional patternsmay be important. If we exclude
This content downloaded from 141.21
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the outlier E. flexuosa hybrid zone, the relationship be-
tween hybrid zone width and dispersal is roughly triangu-
lar in shape, with an apparent lower bound (fig. 4A). This
shape underscores the rarity of narrow hybrid zones in
dispersive taxa (Prada and Hellberg 2014). While hybrid
zones are often narrow relative to taxon ranges, dispersal
may impose limits on how narrow animal hybrid zones
can be. This pattern is also somewhat evident in the ge-
netic distance plots, which could suggest a similar limit
on hybrid zone width based on recency of divergence. If
so, geography should limit where hybrid zones can form,
particularly for dispersive taxa. For example, a hybrid
zone between highly dispersive species is unlikely to sta-
bilize on a small island simply because space does not per-
mit it. Rather, one taxon in a diverging pair is likely to
outlast the other before a hybrid zone can form. Relatively
few hybrid zones should stabilize where suitable habitat
area is small relative to dispersal. In evolutionary terms,
our results reinforce the idea that there is a spatial scale
of speciation (Kisel and Barraclough 2010), which may
limit how divergence proceeds. While extremely strong
ecological gradients and habitat selection could lessen this
restriction, the triangular shape of our data imply either
that these conditions are rarely met or that researchers
have not interpreted existing instances as hybrid zones.
Caveats of This Work

The hybrid zones included in this study may be a biased
sample of all likely hybridizing species pairs. The hybrid-
izing pairs included here are disproportionately temper-
ate, morphologically well defined, and common enough to
be sampled at a fine scale. Better sampling of hybrid zones
between nontemperate, morphologically cryptic, or low-
density lineages taxa might reveal different patterns. Ad-
ditionally, in interpreting our results we assume that the
hybrid zones we have analyzed are at dynamic equilib-
rium, which presumes that time since formation is not an
important factor in determining hybrid zone structure
(Endler 1977).
Conclusions

Our results emphasize how narrow range limits set by hy-
bridization—and thus geographic transitions between
species—can be (fig. 4), especially given that many of
these hybrid zones form in the absence of an apparent en-
vironmental gradient (Brumfield et al. 2001; Singhal and
Moritz 2013; McEntee et al. 2016). Across these studies,
we find that cline width for a hybrid zone is, at the me-
dian, 18.6 times greater than dispersal length. The nar-
rowness of hybrid zones relative to dispersal suggests that
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Figure 6: Dispersal and hybrid zone width in kilometers. The two
black lines show tension zone predictions for single-locus cline
widths under moderate selection against hybrids (s p 0:5; lower
line) and very weak selection (s p 0:0001; upper line). For most
hybrid zones, hybrid zone widths fall within expectations generated
from a simple tension model based on selection against hybrids
and random dispersal only. The outlier with a highly negative re-
sidual is a hybrid zone between lineages of the coral species
Eunicea flexuosa. Outside this outlier, divergence from tension
zone expectations is relatively modest. Note that predictions for
cline width under a single-locus and multilocus model are similar
when selection is moderate to weak (Kruuk et al. 1999). Strong se-
lection can lead to significantly narrower widths than predicted
under the single-locus model, possibly explaining the hybrid zones
that fall below the lower line.
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many abrupt range boundaries might be explained in part
by hybridization where other explanations, such as com-
petition, habitat transitions, strong gradients, or biogeo-
graphic boundaries, have been invoked. Furthermore,
the importance of hybridization in setting range bound-
aries extends beyond hybrid zones. Reproductive inter-
ference arising from hybridization—whether via a hybrid
zone or not—can limit a species range (Case et al. 2005;
Levin 2006). Given the increasing appreciation for the
prevalence of hybridization across the tree of life, hybrid-
ization is likely an important, and perhaps underappreci-
ated, force constraining the evolution of range limits.
Acknowledgments

We thank Leo Shapiro and Catherine Sheard for sharing
unpublished data and Rauri Bowie for making morpho-
metric measurements on museum specimens at the Mu-
seum of Vertebrate Zoology. We thank Emily Lockwood
and Hannah Hilbelink for assistance in making morpho-
metric measurements and the FloridaMuseum of Natural
History, especially Andrew Kratter and Thomas Webber,
for facilitating access to its collections. For thoughtful com-
ments on early versions of the manuscript, we gratefully
acknowledge I. Holmes, J. Peniston, R. Pereira, D. Rabo-
sky, and three anonymous reviewers. Funding for this
project was provided by the National Science Foundation
(DEB-1519732 to S.S. and DBI-1458034 to J.G.B.) and
the University of Florida.
Statement of Authorship

J.P.M. and S.S. designed the study; collected, analyzed, and
visualized the data; and wrote the manuscript. J.G.B.
designed the study, helped fund the study, and reviewed
and edited the manuscript.
Data and Code Availability

Cline data and metadata from hybrid zones are available
in the Dryad Digital Repository (https://doi.org/10.5061
/dryad.nvx0k6dnr; McEntee et al. 2020). Code used for
data analysis and visualization are available from GitHub
(https://github.com/singhal/hz_metaanalysis).
Literature Cited

Anderson, E. 1953. Introgressive hybridization. Biological Reviews
of the Cambridge Philosophical Society 28:280–307.

Armsworth, P. R., and J. E. Roughgarden. 2008. The structure of
clines with fitness-dependent dispersal. American Naturalist
172:648–657.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
Barton, K., and M. K. Barton. 2018. Package “MuMIn.” https://
cran.r-project.org/web/packages/MuMIn/index.html.

Barton, N. H., and S. J. E. Baird. 1995. Analyse: an application for
analysing hybrid zones. Freeware, Edinburgh.

Barton, N. H., and K. S. Gale. 1993. Genetic analysis of hybrid
zones. Pages 13–45 in R. G. Harrison, ed. Hybrid zones and
the evolutionary process. Oxford University Press, New York.

Barton, N. H., and G. M. Hewitt. 1985. Analysis of hybrid zones.
Annual Review of Ecology and Systematics 16:113–148.

Bates, D., D. Sarkar, M. D. Bates, and L. Matrix. 2007. The lme4
package. R package version 2.74.

Bazykin, A. D. 1969. Hypothetical mechanism of speciation. Evo-
lution 23:685–687.

Bronson, C. L., T. C. Grubb Jr., and M. J. Braun. 2003. A test of the
endogenous and exogenous selection hypotheses for the main-
tenance of a narrow avian hybrid zone. Evolution 57:630–637.

Brumfield, R. T., R. W. Jernigan, D. B. McDonald, and M. J. Braun.
2001. Evolutionary implications of divergent clines in an avian
(Manacus: Aves) hybrid zone. Evolution 55:2070–2087.

Buckland, S. T., K. P. Burnham, and N. H. Augustin. 1997. Model
selection: an integral part of inference. Biometrics 53:603–
618.

Burleigh, J. G., R. T. Kimball, and E. L. Braun. 2015. Building the
avian tree of life using a large-scale, sparse supermatrix. Molec-
ular Phylogenetics and Evolution 84:53–63.

Burnham, K. P., and D. R. Anderson. 2003. Model selection
and multimodel inference: a practical information-theoretic ap-
proach. Springer Science & Business Media, New York.

Calcagno, V., and C. de Mazancourt. 2010. glmulti: an R package
for easy automated model selection with (generalized) linear
models. Journal of Statistical Software 34:1–29.

Case, T. J., R. D. Holt, M. A. McPeek, and T. H. Keitt. 2005. The
community context of species’ borders: ecological and evolu-
tionary perspectives. Oikos 108:28–46.

Case, T. J., and M. L. Taper. 2000. Interspecific competition, envi-
ronmental gradients, gene flow, and the coevolution of species’
borders. American Naturalist 155:583–605.

Claramunt, S., E. P. Derryberry, J. V. Remsen Jr., and R. T.
Brumfield. 2012. High dispersal ability inhibits speciation in
a continental radiation of passerine birds. Proceedings of the
Royal Society B 279:1567–1574.

Coyne, J. A., and H. A. Orr. 1989. Patterns of speciation in Dro-
sophila. Evolution 43:362–381.

Cruzan, M. B., and M. L. Arnold. 1993. Ecological and genetic as-
sociations in a Iris hybrid zone. Evolution 47:1432–1445.

Derryberry, E. P., G. E. Derryberry, J. M. Maley, and R. T.
Brumfield. 2014. HZAR: hybrid zone analysis using an R soft-
ware package. Molecular Ecology Resources 14:652–663.

Dobzhansky, T. 1936. Studies on hybrid sterility. II. Localization
of sterility factors in Drosophila pseudoobscura hybrids. Genet-
ics 21:113–135.

Edgar, R. C. 2004. MUSCLE: multiple sequence alignment with high
accuracy and high throughput. Nucleic Acids Research 32:1792–
1797.

Endler, J. A. 1977. Geographic variation, speciation, and clines.
Princeton University Press, Princeton, NJ.

Fierst, J. L., and T. F. Hansen. 2010. Genetic architecture and postzy-
gotic reproductive isolation: evolution of Bateson-Dobzhansky-
Muller incompatibilities in a polygenic model. Evolution 64:675–
693.
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.18637%2Fjss.v034.i12&citationId=p_15
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28562864&crossref=10.2307%2F2406862&citationId=p_8
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28562864&crossref=10.2307%2F2406862&citationId=p_8
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1469-185X.1953.tb01379.x&citationId=p_1
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1469-185X.1953.tb01379.x&citationId=p_1
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F303351&citationId=p_17
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568554&crossref=10.1111%2Fj.1558-5646.1989.tb04233.x&citationId=p_19
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F2533961&citationId=p_12
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24373504&crossref=10.1111%2F1755-0998.12209&citationId=p_21
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15034147&crossref=10.1093%2Fnar%2Fgkh340&citationId=p_23
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.0030-1299.2005.13148.x&citationId=p_16
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12703952&crossref=10.1111%2Fj.0014-3820.2003.tb01554.x&citationId=p_9
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19817852&crossref=10.1111%2Fj.1558-5646.2009.00861.x&citationId=p_25
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F591685&citationId=p_2
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=22090382&crossref=10.1098%2Frspb.2011.1922&citationId=p_18
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=22090382&crossref=10.1098%2Frspb.2011.1922&citationId=p_18
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11761066&crossref=10.1111%2Fj.0014-3820.2001.tb01322.x&citationId=p_11
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28564894&crossref=10.1111%2Fj.1558-5646.1993.tb02165.x&citationId=p_20
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=25550149&crossref=10.1016%2Fj.ympev.2014.12.003&citationId=p_13
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=25550149&crossref=10.1016%2Fj.ympev.2014.12.003&citationId=p_13
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1146%2Fannurev.es.16.110185.000553&citationId=p_6
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17246786&citationId=p_22
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17246786&citationId=p_22


Dispersal Predicts Hybrid Zone Widths 21
Freeman, D. C., W. A. Turner, E. D. McArthur, and J. H. Graham.
1991. Characterization of a narrow hybrid zone between two
subspecies of big sagebrush (Artemisia tridentata: Asteraceae).
American Journal of Botany 78:805–815.

Galtier, N., B. Nabholz, S. Glémin, and G. D. D. Hurst. 2009. Mi-
tochondrial DNA as a marker of molecular diversity: a reap-
praisal. Molecular Ecology 18:4541–4550.

Gay, L., P.-A. Crochet, D. A. Bell, and T. Lenormand. 2008. Com-
paring clines on molecular and phenotypic traits in hybrid zones:
a window on tension zone models. Evolution 62:2789–2806.

Goldberg, E. E., and R. Lande. 2007. Species’ borders and dispersal
barriers. American Naturalist 170:297–304.

Haldane, J. B. S. 1948. The theory of a cline. Journal of Genetics
48:277–284.

Harrison, R. G. 1990. Hybrid zones: windows on evolutionary pro-
cess. Oxford Surveys in Evolutionary Biology 7:69–128.

Hochkirch, A., J. Groening, and A. Buecker. 2007. Sympatry with
the devil: reproductive interference could hamper species coex-
istence. Journal of Animal Ecology 76:633–642.

Jaeger, B. 2016. R2glmm: computes R squared for mixed (multilevel)
models. R package version 0.1.1.

Jankowski, J. E., G. A. Londoño, S. K. Robinson, and M. A.
Chappell. 2013. Exploring the role of physiology and biotic in-
teractions in determining elevational ranges of tropical animals.
Ecography 36:1–12.

Key, K. H. L. 1968. Concept of stasipatric speciation. Systematic
Zoology 17:14–22.

Kisel, Y., and T. G. Barraclough. 2010. Speciation has a spatial
scale that depends on levels of gene flow. American Naturalist
175:316–334.

Koenig, W. D., D. Van Vuren, and P. N. Hooge. 1996. Detectabil-
ity, philopatry, and the distribution of dispersal distances in
vertebrates. Trends in Ecology and Evolution 11:514–517.

Kruuk, L. E., S. J. Baird, K. S. Gale, and N. H. Barton. 1999. A com-
parison of multilocus clines maintained by environmental adap-
tation or by selection against hybrids. Genetics 153:1959–1971.

Kumar, S., G. Stecher, M. Suleski, and S. B. Hedges. 2017.
TimeTree: a resource for timelines, timetrees, and divergence
times. Molecular Biology and Evolution 34:1812–1819.

Levin, D. A. 2006. The spatial sorting of ecological species: ghost
of competition or of hybridization past? Systematic Botany
31:8–12.

Mallet, J., N. Besansky, and M. W. Hahn. 2016. How reticulated
are species? BioEssays 38:140–149.

Mallet, J., W. O. McMillan, and C. D. Jiggins. 1998. Mimicry and
warning colour at the boundary between races and species. Pages
390–403 in D. J. Howard and S. H. Berlocher, ed. Endless forms:
species and speciation. Oxford University Press, New York.

McEntee, J. P., J. G. Burleigh, and S. Singhal. 2020. Data from:
Dispersal predicts hybrid zone widths across animal diversity:
implications for species borders under incomplete reproduc-
tive isolation. American Naturalist, Dryad Digital Repository,
https://doi.org/10.5061/dryad.nvx0k6dnr.

McEntee, J. P., J. A. Tobias, C. Sheard, and J. G. Burleigh. 2018.
Tempo and timing of ecological trait divergence in bird specia-
tion. Nature Ecology and Evolution 2:1120–1127.

Moore, W. S. 1977. Evaluation of narrow hybrid zones in
vertebrates. Quarterly Review of Biology 52:263–277.

Muller, H. 1942. Isolating mechanisms, evolution, and tempera-
ture. Biology Symposium 6:71–125.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
Nosil, P. 2012. Ecological speciation. Oxford University Press, Ox-
ford.

Pagel, M. 1999. Inferring the historical patterns of biological evo-
lution. Nature 401:877–884.

Paradis, E., J. Claude, and K. Strimmer. 2004. APE: analyses of
phylogenetics and evolution in R language. Bioinformatics
20:289–290.

Pereira, R. J., W. B. Monahan, and D. B. Wake. 2011. Predictors
for reproductive isolation in a ring species complex following
genetic and ecological divergence. BMC Evolutionary Biology
11:194.

Pereira, R. J., and D. B. Wake. 2009. Genetic leakage after adaptive
and nonadaptive divergence in the Ensatina eschscholtzii ring
species. Evolution 63:2288–2301.

Porter, A. H., R. Wenger, H. Geiger, A. Scholl, and A. M. Shapiro.
1997. The Pontia daplidice-edusa hybrid zone in northwestern
Italy. Evolution 51:1561–1573.

Prada, C., and M. E. Hellberg. 2013. Long prereproductive selec-
tion and divergence by depth in a Caribbean candelabrum coral.
Proceedings of the National Academy of Sciences of the USA
110:3961–3966.

———. 2014. Strong natural selection on juveniles maintains a
narrow adult hybrid zone in a broadcast spawner. American
Naturalist 184:702–713.

Price, T. D., and M. Kirkpatrick. 2009. Evolutionarily stable range
limits set by interspecific competition. Proceedings of the Royal
Society B 276:1429–1434.

Remington, C. L. 1968. Suture-zones of hybrid interaction be-
tween recently joined biotas. Pages 321–428 in T. Dobzhan-
sky, M. K. Hecht, and W. C. Steere, eds. Evolutionary biology.
Vol. 2. Springer, Boston.

Revell, L. J. 2012. phytools: an R package for phylogenetic compar-
ative biology (and other things). Methods in Ecology and Evo-
lution 3:217–223.

Ricklefs, R. E. 2010. Host-pathogen coevolution, secondary sym-
patry and species diversification. Philosophical Transactions
of the Royal Society B 365:1139–1147.

Ross, C. L., and R. G. Harrison. 2002. A fine-scale spatial analysis
of the mosaic hybrid zone between Gryllus firmus and Gryllus
pennsylvanicus. Evolution 56:2296–2312.

Rousset, F. 1997. Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics
145:1219–1228.

Sasa, M. M., P. T. Chippindale, and N. A. Johnson. 1998. Patterns
of postzygotic isolation in frogs. Evolution 52:1811–1820.

Schumer, M., C. Xu, D. L. Powell, A. Durvasula, L. Skov, C. Hol-
land, J. C. Blazier, et al. 2018. Natural selection interacts with
recombination to shape the evolution of hybrid genomes. Sci-
ence 360:656–660.

Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice. 2009. Evo-
lution and ecology of species range limits. Annual Review of
Ecology, Evolution, and Systematics 40:415–436.

Singhal, S., and K. Bi. 2017. History cleans up messes: the impact
of time in driving divergence and introgression in a tropical su-
ture zone. Evolution 71:1888–1899.

Singhal, S., and C. Moritz. 2013. Reproductive isolation between
phylogeographic lineages scales with divergence. Proceedings
of the Royal Society B 280:20132246.

Tamura, K., and M. Nei. 1993. Estimation of the number of nucle-
otide substitutions in the control region of mitochondrial DNA
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1600%2F036364406775971831&citationId=p_40
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19324813&crossref=10.1098%2Frspb.2008.1199&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19324813&crossref=10.1098%2Frspb.2008.1199&citationId=p_56
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568242&crossref=10.1111%2Fevo.13278&citationId=p_65
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=14734327&crossref=10.1093%2Fbioinformatics%2Fbtg412&citationId=p_49
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.2041-210X.2011.00169.x&citationId=p_58
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.2041-210X.2011.00169.x&citationId=p_58
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1002%2Fj.1537-2197.1991.tb14483.x&citationId=p_26
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19453728&crossref=10.1111%2Fj.1558-5646.2009.00722.x&citationId=p_51
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F2412391&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F2412391&citationId=p_35
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12487359&crossref=10.1111%2Fj.0014-3820.2002.tb00153.x&citationId=p_60
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29915344&crossref=10.1038%2Fs41559-018-0570-y&citationId=p_44
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18752618&crossref=10.1111%2Fj.1558-5646.2008.00491.x&citationId=p_28
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568618&crossref=10.2307%2F2411208&citationId=p_53
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21237947&crossref=10.1016%2FS0169-5347%2896%2920074-6&citationId=p_37
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28565326&crossref=10.1111%2Fj.1558-5646.1998.tb02258.x&citationId=p_62
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18905075&crossref=10.1007%2FBF02986626&citationId=p_30
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F678403&citationId=p_55
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F678403&citationId=p_55
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28387841&crossref=10.1093%2Fmolbev%2Fmsx116&citationId=p_39
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1146%2Fannurev.ecolsys.110308.120317&citationId=p_64
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1146%2Fannurev.ecolsys.110308.120317&citationId=p_64
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17584368&crossref=10.1111%2Fj.1365-2656.2007.01241.x&citationId=p_32
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=10553904&crossref=10.1038%2F44766&citationId=p_48
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=26709836&crossref=10.1002%2Fbies.201500149&citationId=p_41
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21733173&crossref=10.1186%2F1471-2148-11-194&citationId=p_50
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24107536&crossref=10.1098%2Frspb.2013.2246&citationId=p_66
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24107536&crossref=10.1098%2Frspb.2013.2246&citationId=p_66
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1600-0587.2012.07785.x&citationId=p_34
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=20194175&crossref=10.1098%2Frstb.2009.0279&citationId=p_59
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=20194175&crossref=10.1098%2Frstb.2009.0279&citationId=p_59
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19821901&crossref=10.1111%2Fj.1365-294X.2009.04380.x&citationId=p_27
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F650369&citationId=p_36
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=9093870&citationId=p_61
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F409995&citationId=p_45
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&system=10.1086%2F518946&citationId=p_29
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23359716&crossref=10.1073%2Fpnas.1208931110&citationId=p_54
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=10581299&citationId=p_38
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29674434&crossref=10.1126%2Fscience.aar3684&citationId=p_63
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29674434&crossref=10.1126%2Fscience.aar3684&citationId=p_63


22 The American Naturalist
in humans and chimpanzees. Molecular Biology and Evolution
10:512–526.

Taylor, S. A., T. A. White, W. M. Hochachka, V. Ferretti, R. L.
Curry, and I. Lovette. 2014. Climate-mediated movement of
an avian hybrid zone. Current Biology 24:671–676.

Weber, M. G., and S. Y. Strauss. 2016. Coexistence in close relatives:
beyond competition and reproductive isolation in sister taxa. An-
nual Review of Ecology, Evolution, and Systematics 47:359–381.

Wickham, H. 2016. ggplot2: elegant graphics for data analysis.
Springer, Berlin.

Wilke, C. O. 2016. cowplot: streamlined plot theme and plot anno-
tations for “ggplot2.” R package version 0.7.0.2016.

References Cited Only in the Online Enhancements

Aldrich, B. T., and S. Kambhampati. 2009. Preliminary analysis of a
hybrid zone between two subspecies of Zootermopsis nevadensis.
Insectes Sociaux 56:439.

Alexandrino, J., S. J. E. Baird, L. Lawson, J. R. Macey, C. Moritz,
and D. B. Wake. 2005. Strong selection against hybrids at a hy-
brid zone in the Ensatina ring species complex and its evolu-
tionary implications. Evolution 59:1334–1347.

Anderson, T. R. 2006. Biology of the ubiquitous house sparrow:
from genes to populations. Oxford University Press, Oxford.

Andersson, A.-C., C. Alstrom-Rapaport, and K. Fredga. 2005. Lack
of mitochondrial DNA divergence between chromosome races of
the common shrew, Sorex araneus, in Sweden: implications for
interpreting chromosomal evolution and colonization history.
Molecular Ecology 14:2703–2716.

Arevalo, E., S. K. Davis, and J. W. Sites Jr. 1994. Mitochondrial DNA
sequence divergence and phylogenetic relationships among eight
chromosome races of the Sceloporus grammicus complex (Phryno-
somatidae) in central Mexico. Systematic Biology 43:387–418.

Arntzen, J. W. 1980. Ecological observations on Chioglossa lusi-
tanica (Caudata, Salamandridae). Amphibia-Reptilia 1:187–203.

Arntzen, J. W., W. de Vries, D. Canestrelli, and I. Martınez-
Solano. 2017. Hybrid zone formation and contrasting outcomes
of secondary contact over transects in common toads. Molecu-
lar Ecology 26:5663–5675.

Arntzen, J. W., T. Trujillo, R. Butot, K. Vrieling, O. Schaap, J.
Gutierrez-Rodriguez, and I. Martinez-Solano. 2016. Concordant
morphological and molecular clines in a contact zone of the
common and spined toad (Bufo bufo and B. spinosus) in the
northwest of France. Frontiers in Zoology 13:52.

Arntzen, J. W., and G. P. Wallis .1991. Restricted gene flow in a
moving hybrid zone of the newts Triturus cristatus and T.
marmoratus in western France. Evolution 45:805–826.

Bailey, R. I., M. R. Tesaker, C. N. Trier, and G.-P. Sætre. 2015.
Strong selection on male plumage in a hybrid zone between a
hybrid bird species and one of its parents. Journal of Evolution-
ary Biology 28:1257–1269.

Baker, R. J. 1981. Chromosome flow between chromosomally
characterized taxa of a volant mammal, Uroderma bilobatum
(Chiroptera: Phyllostomatidae). Evolution 35:296–305.

Baker, R. J., S. K. Davis, R. D. Bradley, M. J. Hamilton, and R. A.
Van Den Bussche. 1989. Ribosomal-DNA, mitochondrial-DNA,
chromosomal, and allozymic studies on a contact zone in the
pocket gopher, Geomys. Evolution 43:63–75.

Baldassarre, D. T., T. A. White, J. Karubian, and M. S. Webster.
2014. Genomic and morphological analysis of a semipermeable
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
avian hybrid zone suggests asymmetrical introgression of a sex-
ual signal. Evolution 68:2644–2657.

Barrowclough, G. F. 1980. Gene flow, effective population sizes,
and genetic variance components in birds. Evolution 34:789–
798.

Barrowclough, G. F., J. G. Groth, L. A. Mertz, and R. J. Gutierrez.
2005. Genetic structure, introgression, and a narrow hybrid
zone between northern and California spotted owls (Strix oc-
cidentalis). Molecular Ecology 14:1109–1120.

Barton, N. H. 1982. The structure of the hybrid zone in Uroderma
bilobatum (Chiroptera: Phyllostomatidae). Evolution 36:863–
866.

Benedict, R. A. 1999. Morphological and mitochondrial DNA var-
iation in a hybrid zone between short-tailed shrews (Blarina) in
Nebraska. Journal of Mammalogy 80:112–134.

Bensch, S., T. Andersson, and S. Akesson. 1999. Morphological
and molecular variation across a migratory divide in willow
warblers, Phylloscopus trochilus. Evolution 53:1925–1935.

Bensch, S., M. Grahn, N. Muller, L. Gay, and S. Akesson. 2009. Ge-
netic, morphological, and feather isotope variation of migratory
willow warblers show gradual divergence in a ring. Molecular
Ecology 18:3087–3096.

Bernard-Laurent, A. 1991a. Migrant rock partridges (Alectoris
graeca saxatilis) in the southern French Alps. Journal Fur
Ornithologie 132:220–223.

———. 1991b. Structure sociale et utilisation de l’espace par la
perdrix rochassière (Alectoris graeca saxatilis # Alectoris rufa
rufa): variations saisonnières et individuelles. Gibier Faune
Sauvage 8:1–30.

Bert, T. M., and R. G. Harrison. 1988. Hybridization in western
Atlantic stone crabs (genus Menippe): evolutionary history
and ecological context influence species interactions. Evolution
42:528–544.

Berven, K. A., and T. A. Grudzien. 1990. Dispersal in the wood
frog (Rana sylvatica): implications for genetic population struc-
ture. Evolution 44:2047–2056.

Beysard, M., and G. Heckel. 2014. Structure and dynamics of hy-
brid zones at different stages of speciation in the common vole
(Microtus arvalis). Molecular Ecology 23:673–687.

Bozikova, E., P. Munclinger, K. C. Teeter, P. K. Tucker, M.
Macholan, and J. Pialek. 2005. Mitochondrial DNA in the hy-
brid zone between Mus musculus musculus and Mus musculus
domesticus: a comparison of two transects. Biological Journal
of the Linnean Society 84:363–378.

Brawn, J. D., T. M. Collins, M. Medina, and E. Bermingham. 1996.
Associations between physical isolation and geographical varia-
tion within three species of Neotropical birds. Molecular Ecol-
ogy 5:33–46.

Brelsford, A., and D. E. Irwin. 2009. Incipient speciation despite
little assortative mating: the yellow-rumped warbler hybrid
zone. Evolution 63:3050–3060.

Bridle, J. R., S. J. E. Baird, and R. K. Butlin. 2001. Spatial structure
and habitat variation in a grasshopper hybrid zone. Evolution
55:1832–1843.

Bridle, J. R., and R. K. Butlin. 2002. Mating signal variation and
bimodality in a mosaic hybrid zone between Chorthippus grass-
hopper species. Evolution 56:1184–1198.

Brumfield, R. T. 2005. Mitochondrial variation in Bolivian popu-
lations of the variable antshrike (Thamnophilus caerulescens).
Auk 122:414–432.
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2Fs00040-009-0041-1&citationId=p_72
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15773939&crossref=10.1111%2Fj.1365-294X.2005.02465.x&citationId=p_88
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=25940369&crossref=10.1111%2Fjeb.12652&citationId=p_81
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=25940369&crossref=10.1111%2Fjeb.12652&citationId=p_81
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24450982&crossref=10.1111%2Fmec.12613&citationId=p_97
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1383213&citationId=p_90
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19624726&crossref=10.1111%2Fj.1558-5646.2009.00777.x&citationId=p_100
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568499&crossref=10.1111%2Fj.1558-5646.1989.tb04207.x&citationId=p_83
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1365-294X.1996.tb00289.x&citationId=p_99
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1365-294X.1996.tb00289.x&citationId=p_99
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=8336541&citationId=p_67
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19457197&crossref=10.1111%2Fj.1365-294X.2009.04210.x&citationId=p_92
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19457197&crossref=10.1111%2Fj.1365-294X.2009.04210.x&citationId=p_92
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fsysbio%2F43.3.387&citationId=p_76
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12144019&crossref=10.1111%2Fj.0014-3820.2002.tb01431.x&citationId=p_102
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24889818&crossref=10.1111%2Fevo.12457&citationId=p_85
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1146%2Fannurev-ecolsys-112414-054048&citationId=p_69
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1146%2Fannurev-ecolsys-112414-054048&citationId=p_69
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28752635&crossref=10.1111%2Fmec.14273&citationId=p_78
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28752635&crossref=10.1111%2Fmec.14273&citationId=p_78
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28564049&crossref=10.1111%2Fj.1558-5646.1991.tb04352.x&citationId=p_80
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28564421&crossref=10.2307%2F2409614&citationId=p_96
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16050109&citationId=p_73
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568238&crossref=10.1111%2Fj.1558-5646.1982.tb05452.x&citationId=p_89
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563382&crossref=10.1111%2Fj.1558-5646.1981.tb04888.x&citationId=p_82
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2005.00440.x&citationId=p_98
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2005.00440.x&citationId=p_98
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28565443&crossref=10.1111%2Fj.1558-5646.1999.tb04573.x&citationId=p_91
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16029472&crossref=10.1111%2Fj.1365-294X.2005.02584.x&citationId=p_75
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11681738&crossref=10.1111%2Fj.0014-3820.2001.tb00832.x&citationId=p_101
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24613306&crossref=10.1016%2Fj.cub.2014.01.069&citationId=p_68
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2FBF01647281&citationId=p_93
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2FBF01647281&citationId=p_93
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1163%2F156853881X00311&citationId=p_77
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fauk%2F122.2.414&citationId=p_103
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563984&crossref=10.1111%2Fj.1558-5646.1980.tb04018.x&citationId=p_86
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28564015&crossref=10.1111%2Fj.1558-5646.1988.tb04158.x&citationId=p_95
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28018475&crossref=10.1186%2Fs12983-016-0184-7&citationId=p_79


Dispersal Predicts Hybrid Zone Widths 23
Bulatova, N., R. M. Jones, T. A. White, N. A. Shchipanov, S. V.
Pavlova, and J. B. Searle. 2011. Natural hybridization between
extremely divergent chromosomal races of the common shrew
(Sorex araneus, Soricidae, Soricomorpha): hybrid zone in Euro-
pean Russia. Journal of Evolutionary Biology 24:573–586.

Butlin, R. K., M. G. Ritchie, and G. M. Hewitt. 1991. Comparisons
among morphological characters and between localities in the
Chorthippus parallelus hybrid zone (Orthoptera: Acrididae).
Philosophical Transactions of the Royal Society B 334:297–308.

Calsbeek, R., M. C. Duryea, E. Parker, and R. M. Cox. 2014. Sex-
biased juvenile dispersal is adaptive but does not create genetic
structure in island lizards. Behavioral Ecology 25:1157–1163.

Canestrelli, D., and G. Nascetti. 2008. Phylogeography of the pool
frog Rana (Pelophylax) lessonae in the Italian peninsula and Sicily:
multiple refugia, glacial expansions and nuclear-mitochondrial
discordance. Journal of Biogeography 35:1923–1936.

Carling, M. D., and Ro. T. Brumfield. 2008. Haldane’s rule in an
avian system: using cline theory and divergence population ge-
netics to test for differential introgression of mitochondrial, au-
tosomal, and sex-linked loci across the Passerina bunting hybrid
zone. Evolution 62:2600–2615.

Carling, M. D., L. G. Serene, and I. J. Lovette. 2011. Using historical
DNA to characterize hybridization between Baltimore Orioles (Ic-
terus galbula) and Bullock’s Orioles (I. bullockii). Auk 128:61–68.

Carling, M. D., and B. Zuckerberg. 2011. Spatio-temporal changes
in the genetic structure of the Passerina bunting hybrid zone.
Molecular Ecology 20:1166–1175.

Carmen, W. J. 1988. Behavioral ecology of the California scrub jay
(Aphelocoma coerulescens Californica): a non-cooperative breeder
with close cooperative relatives. University of California, Berkeley.

Carneiro, M., S. J. E. Baird, S. Afonso, E. Ramirez, P. Tarroso, H.
Teotonio, R. Villafuerte, M. W. Nachman, and N. Ferrand.
2013. Steep clines within a highly permeable genome across a
hybrid zone between two subspecies of the European rabbit.
Molecular Ecology 22:2511–2525.

Case, S. M., and E. E. Williams. 1984. Study of a contact zone in
the Anolis distichus complex in the central Dominican Republic.
Herpetologica 40:118–137.

Chavez, A. S., C. J. Saltzberg, and G. J. Kenagy. 2011. Genetic and
phenotypic variation across a hybrid zone between ecologically
divergent tree squirrels (Tamiasciurus). Molecular Ecology
20:3350–3366.

Cheviron, Z. A., and R. T. Brumfield. 2009. Migration-selection
balance and local adaptation of mitochondrial haplotypes in
rufous-collared sparrows (Zonotrichia capensis) along an ele-
vational gradient. Evolution 63:1593–1605.

Cicero, C., and M. S. Koo. 2012. The role of niche divergence and
phenotypic adaptation in promoting lineage diversification in
the Sage Sparrow (Artemisiospiza belli, Aves: Emberizidae). Bi-
ological Journal of the Linnean Society 107:332–354.

Conroy, C. J., and A. M. Gupta. 2011. Cranial morphology of the
California vole (Microtus californicus, Cricetidae) in a contact
zone. Biological Journal of the Linnean Society 104:264–283.

Conroy, C. J., and J. L. Neuwald. 2008. Phylogeographic study of the
California vole, Microtus californicus. Journal of Mammalogy
89:755–767.

Curry, C. M., and M. A. Patten. 2014. Current and historical ex-
tent of phenotypic variation in the Tufted and Black-crested
Titmouse (Paridae) hybrid zone in the southern Great Plains.
American Midland Naturalist 171:271–300.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
Dasmahapatra, K. K., M. J. Blum, A. Aiello, S. Hackwell, N.
Davies, E. P. Bermingham, and J. Mallet. 2002. Inferences from
a rapidly moving hybrid zone. Evolution 56:741–753.

DeFilippis, V. R., and W. S. Moore. 2000. Resolution of phyloge-
netic relationships among recently evolved species as a function
of amount of DNA sequence: an empirical study based on
woodpeckers (Aves: Picidae). Molecular Phylogenetics and Evo-
lution 16:143–160.

Delmore, K. E., R. A. Brenneman, R. Lei, C. A. Bailey, A. Brelsford,
E. E. Louis, and S. E. Johnson. 2013. Clinal variation in a brown
lemur (Eulemur spp.) hybrid zone: combining morphological,
genetic and climatic data to examine stability. Journal of Evolu-
tionary Biology 26:1677–1690.

Den Boer, P. J. 1970. On the significance of dispersal power for pop-
ulations of carabid-beetles (Coleoptera, Carabidae). Oecologia
4:1–28.

Dessauer, H. C., C. J. Cole, and C. R. Townsend. 2000. Hybridiza-
tion among western whiptail lizards (Cnemidophorus tigris) in
southwestern New Mexico: population genetics, morphology
and ecology in three contact zones. Bulletin of the American
Museum of Natural History 246:1–148.

Devitt, T. J., S. J. E. Baird, and C. Moritz. 2011. Asymmetric repro-
ductive isolation between terminal forms of the salamander ring
species Ensatina eschscholtzii revealed by fine-scale genetic anal-
ysis of a hybrid zone. BMC Evolutionary Biology 11:245.

Dod, B., C. Smadja, R. C. Karn, and P. Boursot. 2005. Testing for se-
lection on the androgen-binding protein in the Danish mouse hy-
brid zone. Biological Journal of the Linnean Society 84:447–459.

Dougall, T. W. 1991. Winter distribution and associated move-
ments of northern Pied Wagtails Motacilla alba yarrellii, as
shown by ringing. Ringing and Migration 12:1–15.

Dowler, R. C. 1989. Cytogenetic studies of three chromosomal
races of pocket gophers (Geomys bursarius complex) at hybrid
zones. Journal of Mammalogy 70:253–266.

Driscoll, D. A. 1997. Mobility and metapopulation structure of
Geocrinia alba and Geocrinia vitellina, two endangered frog
species from southwestern Australia. Australian Journal of Ecol-
ogy 22:185–195.

Dufkova, P., M. Macholan, and J. Pialek. 2011. Inference of selec-
tion and stochastic effects in the house mouse hybrid zone. Evo-
lution 65:993–1010.

Dufresnes, C., L. Bonato, N. Novarini, C. Betto-Colliard, N. Perrin,
and M. Stock. 2014. Inferring the degree of incipient speciation
in secondary contact zones of closely related lineages of Palearc-
tic green toads (Bufo viridis subgroup). Heredity 113:9.

Dufresnes, C., A. Brelsford, J. Crnobrnja-Isailovic, N. Tzankov,
P. Lymberakis, and N. Perrin. 2015. Timeframe of speciation
inferred from secondary contact zones in the European tree
frogradiation (Hyla arborea group). BMC Evolutionary Biology
15:155.

Ehrhardt, N. M., D. J. Die, and V. R. Restrepo. 1990. Abundance
and impact of fishing on a stone crab (Menippe merceneria)
population in Everglades National Park, Florida. Bulletin of Ma-
rine Science 46:311–323.

Engebretsen, K. N., L. N. Barrow, E. N. Rittmeyer, J. M. Brown,
and E. Moriarty Lemmon. 2016. Quantifying the spatiotempo-
ral dynamics in a chorus frog (Pseudacris) hybrid zone over
30 years. Ecology and Evolution 6:5013–5031.

Fernando, S. P., D. E. Irwin, and S. S. Seneviratne. 2016. Pheno-
typic and genetic analysis support distinct species status of the
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1098%2Frstb.1991.0119&citationId=p_105
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1442-9993.1997.tb00658.x&citationId=p_130
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1442-9993.1997.tb00658.x&citationId=p_130
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23865455&crossref=10.1111%2Fjeb.12178&citationId=p_123
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23865455&crossref=10.1111%2Fjeb.12178&citationId=p_123
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1365-2699.2008.01946.x&citationId=p_107
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24713825&crossref=10.1038%2Fhdy.2014.26&citationId=p_132
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19187247&crossref=10.1111%2Fj.1558-5646.2009.00644.x&citationId=p_116
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1206%2F0003-0090%282000%29246%3C0001%3AHAWWLC%3E2.0.CO%3B2&citationId=p_125
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1206%2F0003-0090%282000%29246%3C0001%3AHAWWLC%3E2.0.CO%3B2&citationId=p_125
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1525%2Fauk.2010.10164&citationId=p_109
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2011.01722.x&citationId=p_118
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2005.00446.x&citationId=p_127
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1674%2F0003-0031-171.2.271&citationId=p_120
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21159004&crossref=10.1111%2Fj.1420-9101.2010.02191.x&citationId=p_104
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23530594&crossref=10.1111%2Fmec.12272&citationId=p_113
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1381506&citationId=p_129
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=10877947&crossref=10.1006%2Fmpev.2000.0780&citationId=p_122
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=10877947&crossref=10.1006%2Fmpev.2000.0780&citationId=p_122
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fbeheco%2Faru102&citationId=p_106
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21463294&crossref=10.1111%2Fj.1558-5646.2011.01222.x&citationId=p_131
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21463294&crossref=10.1111%2Fj.1558-5646.2011.01222.x&citationId=p_131
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21771139&crossref=10.1111%2Fj.1365-294X.2011.05184.x&citationId=p_115
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28309033&crossref=10.1007%2FBF00390612&citationId=p_124
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18691261&crossref=10.1111%2Fj.1558-5646.2008.00477.x&citationId=p_108
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=26253600&crossref=10.1186%2Fs12862-015-0385-2&citationId=p_133
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2012.01942.x&citationId=p_117
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2012.01942.x&citationId=p_117
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21232074&crossref=10.1111%2Fj.1365-294X.2010.04987.x&citationId=p_110
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21859447&crossref=10.1186%2F1471-2148-11-245&citationId=p_126
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27547330&crossref=10.1002%2Fece3.2232&citationId=p_135
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1644%2F07-MAMM-A-189R1.1&citationId=p_119
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1080%2F03078698.1991.9673978&citationId=p_128
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12038532&crossref=10.1111%2Fj.0014-3820.2002.tb01385.x&citationId=p_121


24 The American Naturalist
Red-backed Woodpecker (Lesser Sri Lanka Flameback: Dinopium
psarodes) of Sri Lanka. Auk 133:497–511.

Fitness, J., R. A. Hitchmough, andM.Morgan-Richards. 2012. Little
and large: body size and genetic clines in a New Zealand gecko
(Woodworthia maculata) along a coastal transect. Ecology and
Evolution 2:273–285.

Forsman, E. D., R. G. Anthony, J. A. Reid, P. J. Loschl, S. G. Sovern,
M. Taylor, B. L. Biswell, et al. 2002. Natal and breeding dispersal
of northern spotted owls. Wildlife Monographs 149:1–35.

Fredga, K., and Y. Narain. 2000. The complex hybrid zone between
the Abisko and Sidensjo chromosome races of Sorex araneus in
Sweden. Biological Journal of the Linnean Society 70:285–307.

Gartside, D. F., M. J. Littlejohn, and G. F. Watson. 1979. Structure
and dynamics of a narrow hybrid zone between Geocrinia laevis
and G. victoriana (Anura: Leptodactylidae) in south-eastern
Australia. Heredity 43:165.

Gava, A., and T. R. O. de Freitas. 2002. Characterization of a hy-
brid zone between chromosomally divergent populations of
Ctenomys minutus (Rodentia: Ctenomyidae). Journal of Mam-
malogy 83:843–851.

Gifford, M. E. 2008. Divergent character clines across a recent sec-
ondary contact zone in a Hispaniolan lizard. Journal of Zoology
274:292–300.

Gifford, M. E., R. Powell, A. Larson, and R. L. Gutberlet Jr. 2004.
Population structure and history of a phenotypically variable te-
iid lizard (Ameiva chrysolaema) from Hispaniola: the influence
of a geologically complex island. Molecular Phylogenetics and
Evolution 32:735–748.

Gilg, M. R., and T. J. Hilbish. 2003. The geography of marine larval
dispersal: coupling genetics with fine-scale physical oceanogra-
phy. Ecology 84:2989–2998.

Gjerdrum, C., C. S. Elphick, and M. A. Rubega. 2008. How well
can we model numbers and productivity of Saltmarsh Sharp-
tailed Sparrows (Ammodramus caudacutus) using habitat fea-
tures? Auk 125:608–617.

Gompert, Z., L. K. Lucas, J. A. Fordyce, M. L. Forister, and C. C.
Nice. 2010. Secondary contact between Lycaeides idas and L.
melissa in the Rocky Mountains: extensive admixture and a
patchy hybrid zone. Molecular Ecology 19:3171–3192.

Gowen, F. C., J. M. Maley, C. Cicero, A. Townsend Peterson, B. C.
Faircloth, T. Caleb Warr, and J. E. McCormack. 2014. Specia-
tion in Western Scrub-Jays, Haldane’s rule, and genetic clines
in secondary contact. BMC Evolutionary Biology 14:135.

Greenbaum, I. F. 1981. Genetic interactions between hybridizing
cytotypes of the tent-making bat (Uroderma bilobatum). Evolu-
tion 35:306–321.

Grimm, B., and W. Paill. 2001. Spatial distribution and home-
range of the pest slug Arion lusitanicus (Mollusca: Pulmonata).
Acta Oecologica 22:219–227.

Grossen, C., S. S. Seneviratne, D. Croll, and D. E. Irwin. 2016.
Strong reproductive isolation and narrow genomic tracts of dif-
ferentiation among three woodpecker species in secondary con-
tact. Molecular Ecology 25:4247–4266.

Haas, F., and A. Brodin. 2005. The crow Corvus corone hybrid
zone in southern Denmark and northern Germany. Ibis 147:649–
656.

Hafner, J. C., D. J. Hafner, J. L. Patton, and M. F. Smith. 1983.
Contact zones and the genetics of differentiation in the pocket
gopher Thomomys bottae (Rodentia: Geomyidae). Systematic
Biology 32:1–20.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
Hafner, M. S., J. W. Demastes, D. J. Hafner, T. A. Spradling, P. D.
Sudman, and S. A. Nadler. 1998. Age and movement of a hybrid
zone: implications for dispersal distance in pocket gophers and
their chewing lice. Evolution 52:278–282.

Hare, M. P. and J. C. Avise. 1996. Molecular genetic analysis of a
stepped multilocus cline in the American oyster (Crassostrea
virginica). Evolution 50:2305–2315.

Haring, E., A. Gamauf, and A. Kryukov. 2007. Phylogeographic
patterns in widespread corvid birds. Molecular Phylogenetics
and Evolution 45:840–862.

Heaney, L. R., and R. M. Timm. 1985. Morphology, genetics, and
ecology of pocket gophers (genus Geomys) in a narrow hybrid
zone. Biological Journal of the Linnean Society 25:301–317.

Hill, R. I., L. E. Gilbert, and M. R. Kronforst. 2013. Cryptic genetic
and wing pattern diversity in a mimetic Heliconius butterfly.
Molecular Ecology 22:2760–2770.

Hoffmann, F. G., J. G. Owen, and R. J. Baker. 2003. mtDNA per-
spective of chromosomal diversification and hybridization in
Peters tent-making bat (Uroderma bilobatum: Phyllostomidae).
Molecular Ecology 12:2981–2993.

Hofman, S., and J. M. Szymura. 2007. Limited mitochondrial DNA
introgression in a Bombina hybrid zone. Biological Journal of
the Linnean Society 91:295–306.

Hollenbeck, J. P., S. M. Haig, E. D. Forsman, and J. D. Wiens.
2018. Geographic variation in natal dispersal of Northern Spot-
ted Owls over 28 years. Condor 120:530–542.

Irwin, D. E., A. Brelsford, D. P. L. Toews, C. MacDonald, and M.
Phinney. 2009. Extensive hybridization in a contact zone be-
tween MacGillivray’s warblers Oporornis tolmiei and mourning
warblers O. philadelphia detected using molecular and morpho-
logical analyses. Journal of Avian Biology 40:539– 552.

Jiggins, C. D., W. O. McMillan, W. Neukirchen, and J. Mallet.
1996. What can hybrid zones tell us about speciation? the case
of Heliconius erato and H. himera (Lepidoptera: Nymphalidae).
Biological Journal of the Linnean Society 59:221–242.

Johansson, H., Y. Surget-Groba, and R. S. Thorpe. 2008. The roles
of allopatric divergence and natural selection in quantitative
trait variation across a secondary contact zone in the lizard
Anolis roquet. Molecular Ecology 17:5146–5156.

Johnson, B. B., T. A. White, C. A. Phillips, and K. R. Zamudio.
2015. Asymmetric introgression in a spotted salamander hybrid
zone. Journal of Heredity 106:608–617.

Kawakami, T., R. K. Butlin, M. Adams, D. J. Paull, and S. J. B.
Cooper. 2009. Genetic analysis of a chromosomal hybrid zone
in the Australian morabine grasshoppers (Vandiemenella, viat-
ica species group). Evolution 63:139–152.

Kawakami, T., R. K. Butlin, M. Adams, K. M. Saint, D. J. Paull, and
S. J. B. Cooper. 2007. Differential gene flow of mitochondrial
and nuclear DNA markers among chromosomal races of Aus-
tralian morabine grasshoppers (Vandiemenella, viatica species
group). Molecular Ecology 16:5044–5056.

Keane, B. 1990. Dispersal and inbreeding avoidance in the white-footed
mouse, Peromyscus leucopus. Animal Behaviour 40:143–152.

Kimble, S. J. A., O. E. Rhodes Jr., and R. N. Williams. 2014. Unexpect-
edly low rangewide population genetic structure of the imperiled
eastern box turtle Terrapene c. carolina. PLoS One 9:e92274.

Kindler, C., M. Chevre, S. Ursenbacher, W. Bohme, A. Hille, D.
Jablonski, M. Vamberger, and U. Fritz. 2017. Hybridization
patterns in two contact zones of grass snakes reveal a new Cen-
tral European snake species. Scientific Reports 7:7378.
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=22423323&crossref=10.1002%2Fece3.64&citationId=p_137
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=22423323&crossref=10.1002%2Fece3.64&citationId=p_137
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1600-048X.2009.04687.x&citationId=p_162
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=20618903&crossref=10.1111%2Fj.1365-294X.2010.04727.x&citationId=p_146
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24647580&crossref=10.1371%2Fjournal.pone.0092274&citationId=p_171
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17920300&crossref=10.1016%2Fj.ympev.2007.06.016&citationId=p_155
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17920300&crossref=10.1016%2Fj.ympev.2007.06.016&citationId=p_155
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2000.tb00211.x&citationId=p_139
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.1996.tb01464.x&citationId=p_164
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563377&crossref=10.1111%2Fj.1558-5646.1981.tb04889.x&citationId=p_148
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563377&crossref=10.1111%2Fj.1558-5646.1981.tb04889.x&citationId=p_148
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1644%2F1545-1542%282002%29083%3C0843%3ACOAHZB%3E2.0.CO%3B2&citationId=p_141
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1644%2F1545-1542%282002%29083%3C0843%3ACOAHZB%3E2.0.CO%3B2&citationId=p_141
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23530654&crossref=10.1111%2Fmec.12290&citationId=p_157
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27392517&crossref=10.1111%2Fmec.13751&citationId=p_150
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15288051&crossref=10.1016%2Fj.ympev.2004.04.003&citationId=p_143
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15288051&crossref=10.1016%2Fj.ympev.2004.04.003&citationId=p_143
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2007.00795.x&citationId=p_159
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2007.00795.x&citationId=p_159
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fsysbio%2F32.1.1&citationId=p_152
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fsysbio%2F32.1.1&citationId=p_152
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18803685&crossref=10.1111%2Fj.1558-5646.2008.00526.x&citationId=p_168
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1642%2FAUK-15-233.1&citationId=p_136
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1650%2FCONDOR-17-164.1&citationId=p_161
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1525%2Fauk.2008.07029&citationId=p_145
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1016%2FS0003-3472%2805%2980674-8&citationId=p_170
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28565681&crossref=10.1111%2Fj.1558-5646.1996.tb03618.x&citationId=p_154
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24938753&crossref=10.1186%2F1471-2148-14-135&citationId=p_147
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28785033&crossref=10.1038%2Fs41598-017-07847-9&citationId=p_172
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1038%2Fhdy.1979.72&citationId=p_140
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.1985.tb00397.x&citationId=p_156
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19120993&crossref=10.1111%2Fj.1365-294X.2008.03979.x&citationId=p_165
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1016%2FS1146-609X%2801%2901115-8&citationId=p_149
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1469-7998.2007.00385.x&citationId=p_142
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=14629379&crossref=10.1046%2Fj.1365-294X.2003.01959.x&citationId=p_158
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1474-919x.2005.00422.x&citationId=p_151
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=26136297&crossref=10.1093%2Fjhered%2Fesv042&citationId=p_167
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1890%2F02-0498&citationId=p_144
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568164&crossref=10.1111%2Fj.1558-5646.1998.tb05164.x&citationId=p_153
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17971084&crossref=10.1111%2Fj.1365-294X.2007.03572.x&citationId=p_169


Dispersal Predicts Hybrid Zone Widths 25
Kingston, S. E., R. W. Jernigan, W. F. Fagan, D. Braun, and M. J.
Braun. 2012. Genomic variation in cline shape across a hybrid
zone. Ecology and Evolution 2:2737–2748.

Knutson, R. L., J. R. Kwilosz, and R. Grundel. 1999. Movement
patterns and population characteristics of the Karner blue but-
terfly (Lycaeides melissa samuelis) at Indiana Dunes National
Lakeshore. Natural Areas Journal 19:109–120.

Kocher, T. D., and R. D. Sage. 1986. Further genetic analyses of a
hybrid zone between leopard frogs (Rana pipiens complex) in
central Texas. Evolution 40:21–33.

Kozakiewicz, M., A. Choluj, and A. Kozakiewicz. 2007. Long-
distance movements of individuals in a free-living bank vole pop-
ulation: an important element of male breeding strategy. Acta
Theriologica 52:339–348.

Kuchta, S. R. 2007. Contact zones and species limits: hybridization
between lineages of the California Newt, Taricha torosa, in the
southern Sierra Nevada. Herpetologica 63:332–350.

Larson, E. L., T. A. White, C. L. Ross, and R. G. Harrison. 2014.
Gene flow and the maintenance of species boundaries. Molecu-
lar Ecology 23:1668–1678.

Leache, A. D., and C. J. Cole. 2007. Hybridization between multi-
ple fence lizard lineages in an ecotone: locally discordant varia-
tion in mitochondrial DNA, chromosomes, and morphology.
Molecular Ecology 16:1035–1054.

Leache, A. D., J. A. Grummer, R. B. Harris, and I. K. Breckheimer.
2017. Evidence for concerted movement of nuclear and mitochon-
drial clines in a lizard hybrid zone. Molecular Ecology 26:2306–
2316.

Lehnen, S. E., and A. D. Rodewald. 2009. Dispersal, interpatch
movements, and survival in a shrubland breeding bird commu-
nity. Journal of Field Ornithology 80:242–252.

Lemmon, A. R., and E. Moriarty Lemmon. 2008. A likelihood
framework for estimating phylogeographic history on a contin-
uous landscape. Systematic Biology 57:544–561.

Lessa, E. P. 1990. Multidimensional analysis of geographic genetic
structure. Systematic Zoology 39:242–252.

Lidicker, W. Z., and J. L. Patton. 1987. Patterns of dispersal and
genetic structure in populations of small rodents. Pages 144–
161 in B. D. Chepko-Sade and Z. Tang Halpin, eds. Mammalian
dispersal patterns: the effects of social structure on population
genetics. University of Chicago Press, Chicago.

Lopes, C. M., S. S. F. Ximenes, A. Gava, and T. R. O. de Freitas. 2013.
The role of chromosomal rearrangements and geographical
barriers in the divergence of lineages in a South American subter-
ranean rodent (Rodentia: Ctenomyidae: Ctenomys minutus). He-
redity 111:293.

Lovette, I. J., and E. Bermingham. 1999. Explosive speciation in the
New World Dendroica warblers. Proceedings of the Royal Soci-
ety B 266:1629–1636.

MacGregor, H. E. A., R. A. M. Lewandowsky, P. d’Ettorre, C.
Leroy, N. W. Davies, G. M. While, and T. Uller. 2017. Chemical
communication, sexual selection, and introgression in wall
lizards. Evolution 71:2327–2343.

Macholan, M., P. Munclinger, M. Sugerkova, P. Dufkova, B.
Bimova, E. Bozikova, J. Zima, and J. Pialek. 2007. Genetic anal-
ysis of autosomal and X-linked markers across a mouse hybrid
zone. Evolution 61:746–771.

Mallet, J. 1986a. Dispersal and gene flow in a butterfly with home
range behavior: Heliconius erato (Lepidoptera: Nymphalidae).
Oecologia 68:210–217.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
———. 1986b. Hybrid zones of Heliconius butterflies in Panama
and the stability and movement of warning colour clines. He-
redity 56:191.

Mallet, J., N. Barton, G. Lamas, J. Santisteban, M. Muedas, and H.
Eeley. 1990. Estimates of selection and gene flow from measures
of cline width and linkage disequilibrium in Heliconius hybrid
zones. Genetics 124:921–936.

Marshall, J. C., and J. W. Sites Jr. 2001. A comparison of nuclear
and mitochondrial cline shapes in a hybrid zone in the
Sceloporus grammicus complex (Squamata; Phrynosomatidae).
Molecular Ecology 10:435–449.

Martin, J. W., and B. A. Carlson. 1998. Sage sparrow (Artemisiospiza
belli). The birds of North America online. Cornell Lab of Ornithol-
ogy, Ithaca, NY. http://bna.birds.cornell.edu/bna/species/326doi.

Massot, M., R. B. Huey, J. Tsuji, and F. H. van Berkum. 2003. Genetic,
prenatal, and postnatal correlates of dispersal in hatchling fence
lizards (Sceloporus occidentalis). Behavioral Ecology 14:650–655.

McEntee, J. P., J. V. Penalba, C. Werema, E. Mulungu, M. Mbilinyi,
D. Moyer, L. Hansen, J. Fjeldsa, and R. C. K. Bowie. 2016. Social
selection parapatry in Afrotropical sunbirds. Evolution 70:1307–
1321.

McKenzie, J. L., R. S. Dhillon, and P. M. Schulte. 2015. Evidence
for a bimodal distribution of hybrid indices in a hybrid zone
with high admixture. Royal Society Open Science 2:150285.

———. 2016. Steep, coincident, and concordant clines in mito-
chondrial and nuclear-encoded genes in a hybrid zone between
subspecies of Atlantic killifish, Fundulus heteroclitus. Ecology
and Evolution 6:5771–5787.

Mettler, R. D., and G. M. Spellman. 2009. A hybrid zone revisited:
molecular and morphological analysis of the maintenance,
movement, and evolution of a Great Plains avian (Cardinalidae:
Pheucticus) hybrid zone. Molecular Ecology 18:3256–3267.

Mila, B., T. B. Smith, and R. K. Wayne. 2007. Speciation and rapid
phenotypic differentiation in the yellow-rumped warbler
Dendroica coronata complex. Molecular Ecology 16:159–173.

Mila, B., D. P. L. Toews, T. B. Smith, and R. K. Wayne. 2011. A
cryptic contact zone between divergent mitochondrial DNA
lineages in southwestern North America supports past intro-
gressive hybridization in the yellow-rumped warbler complex
(Aves: Dendroica coronata). Biological Journal of the Linnean
Society 103:696–706.

Miller, M. J., S. E. Lipshutz, N. G. Smith, and E. Bermingham.
2014. Genetic and phenotypic characterization of a hybrid zone
between polyandrous Northern and Wattled Jacanas in Western
Panama. BMC Evolutionary Biology 14:227.

Miraldo, A., C. Faria, G. M. Hewitt, O. S. Paulo, and B. C. Emerson.
2013. Genetic analysis of a contact zone between two lineages
of the ocellated lizard (Lacerta lepida Daudin 1802) in south-
eastern Iberia reveal a steep and narrow hybrid zone. Journal of
Zoological Systematics and Evolutionary Research 51:45–54.

Moore, W. S., and D. B. Buchanan. 1985. Stability of the northern
flicker hybrid zone in historical times: implications for adaptive
speciation theory. Evolution 39:135–151.

Moore, W. S., and R. A. Dolbeer. 1989. The use of banding recov-
ery data to estimate dispersal rates and gene flow in avian spe-
cies: case studies in the red-winged blackbird and common
grackle. Condor 91:242–253.

Moore, W. S., and J. T. Price. 1993. Nature of selection in the
northern flicker hybrid zone and its implications for speciation
theory. Hybrid Zones and the Evolutionary Process 196:225.
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24795995&crossref=10.1111%2Fmec.12601&citationId=p_178
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24795995&crossref=10.1111%2Fmec.12601&citationId=p_178
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563641&crossref=10.1111%2Fj.1558-5646.1985.tb04086.x&citationId=p_206
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1098%2Frspb.1999.0825&citationId=p_187
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1098%2Frspb.1999.0825&citationId=p_187
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27167078&crossref=10.1111%2Fevo.12950&citationId=p_196
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23170209&crossref=10.1002%2Fece3.375&citationId=p_173
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17439609&crossref=10.1111%2Fj.1558-5646.2007.00065.x&citationId=p_189
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2011.01661.x&citationId=p_201
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2011.01661.x&citationId=p_201
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1557-9263.2009.00227.x&citationId=p_182
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27547353&crossref=10.1002%2Fece3.2324&citationId=p_198
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27547353&crossref=10.1002%2Fece3.2324&citationId=p_198
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1038%2Fhdy.1986.31&citationId=p_191
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1038%2Fhdy.1986.31&citationId=p_191
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28564110&crossref=10.1111%2Fj.1558-5646.1986.tb05714.x&citationId=p_175
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=25394718&crossref=10.1186%2Fs12862-014-0227-7&citationId=p_203
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F2992184&citationId=p_184
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11298958&crossref=10.1046%2Fj.1365-294x.2001.01232.x&citationId=p_193
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1655%2F0018-0831%282007%2963%5B332%3ACZASLH%5D2.0.CO%3B2&citationId=p_177
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fjzs.12005&citationId=p_205
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fjzs.12005&citationId=p_205
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23759727&crossref=10.1038%2Fhdy.2013.49&citationId=p_186
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23759727&crossref=10.1038%2Fhdy.2013.49&citationId=p_186
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fbeheco%2Farg056&citationId=p_195
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17305859&crossref=10.1111%2Fj.1365-294X.2006.03194.x&citationId=p_179
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1368301&citationId=p_207
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28745028&crossref=10.1111%2Fevo.13317&citationId=p_188
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17181728&crossref=10.1111%2Fj.1365-294X.2006.03119.x&citationId=p_200
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28133829&crossref=10.1111%2Fmec.14033&citationId=p_181
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27019720&crossref=10.1098%2Frsos.150285&citationId=p_197
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28310129&crossref=10.1007%2FBF00384789&citationId=p_190
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18686193&crossref=10.1080%2F10635150802304761&citationId=p_183
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19619198&crossref=10.1111%2Fj.1365-294X.2009.04217.x&citationId=p_199
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=2323556&citationId=p_192
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2FBF03194231&citationId=p_176
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2FBF03194231&citationId=p_176


26 The American Naturalist
Morales-Rozo, A., E. A. Tenorio, M. D. Carling, and C. D. Cadena.
2017. Origin and cross-century dynamics of an avian hybrid
zone. BMC Evolutionary Biology 17:257.

Morgan-Richards, M., S. A. Trewick, and G. P. Wallis. 2000. Char-
acterization of a hybrid zone between two chromosomal races of
the weta Hemideina thoracica following a geologically recent
volcanic eruption. Heredity 85:586.

———. 2001. Chromosome races with Pliocene origins: evidence
from mtDNA. Heredity 86:303.

Morgan-Richards, M., and G. P. Wallis. 2003. A comparison of
five hybrid zones of the weta Hemideina thoracica (Orthoptera:
Anostostomatidae): degree of cytogenetic differentiation fails to
predict zone width. Evolution 57:849–861.

Morzunov, S. P., J. E. Rowe, T. G. Ksiazek, C. J. Peters, S. C. St.
Jeor, and S. T. Nichol. 1998. Genetic analysis of the diversity
and origin of hantaviruses in Peromyscus leucopus mice in
North America. Journal of Virology 72:57–64.

Moyle, R. G., C. E. Filardi, C. E. Smith, and J. Diamond. 2009. Ex-
plosive Pleistocene diversification and hemispheric expansion of
a “great speciator.” Proceedings of the National Academy of
Sciences of the USA 106:1863–1868.

Narain, Y., and K. Fredga. 1996. A hybrid zone between the
Hallefors and Uppsala chromosome races of Sorex araneus in
central Sweden. Hereditas 125:137–145.

Neems, R. M., and R. K. Butlin. 1994. Variation in cuticular hydro-
carbons across a hybrid zone in the grasshopper Chorthippus
parallelus. Proceedings of the Royal Society B 257:135–140.

Nevo, E., and H. Bar-El. 1976. Hybridization and speciation in fos-
sorial mole rats. Evolution 30:831–840.

Nolte, A. W., J. Freyhof, K. C. Stemshorn, and D. Tautz. 2005. An
invasive lineage of sculpins, Cottus sp. (Pisces, Teleostei) in the
Rhine with new habitat adaptations has originated from hybrid-
ization between old phylogeographic groups. Proceedings of the
Royal Society B 272:2379–2387.

Nolte, A. W., J. Freyhof, and D. Tautz. 2006. When invaders meet
locally adapted types: rapid moulding of hybrid zones between
sculpins (Cottus, Pisces) in the Rhine system. Molecular Ecology
15:1983–1993.

Oatley, G., D. H. De Swardt, R. J. Nuttall, T. M. Crowe, and R. C. K.
Bowie. 2017. Phenotypic and genotypic variation across a stable
white-eye (Zosterops sp.) hybrid zone in central South Africa. Bio-
logical Journal of the Linnean Society 121:670–684.

Osorio-Beristain, M., and H. Drummond. 1993. Natal dispersal and
deferred breeding in the blue-footed booby. Auk 110:234–239.

Owen, J. G., and R. J. Baker. 2001. The Uroderma bilobatum
(Chiroptera: Phyllostomidae) cline revisited. Journal of Mam-
malogy 82:1102–1113.

Paradis, E., S. R. Baillie, W. J. Sutherland, and R. D. Gregory. 1998.
Patterns of natal and breeding dispersal in birds. Journal of An-
imal Ecology 67:518–536.

Payseur, B. A., J. G. Krenz, and M. W. Nachman. 2004. Differen-
tial patterns of introgression across the X chromosome in a hy-
brid zone between two species of house mice. Evolution 58:
2064–2078.

Phillips, B. L., S. J. E. Baird, and C. Moritz. 2004. When vicars
meet: a narrow contact zone between morphologically cryptic
phylogeographic lineages of the rainforest skink, Carlia ru-
brigularis. Evolution 58:1536–1548.

Polly, P. D., A. V. Polyakov, V. B. Ilyashenko, S. S. Onischenko,
T. A. White, N. A. Shchipanov, N. S. Bulatova, S. V. Pavlova,
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
P. M. Borodin, and J. B. Searle. 2013. Phenotypic variation
across chromosomal hybrid zones of the common shrew (Sorex
araneus) indicates reduced gene flow. PLoS One 8:e67455.

Polyakov, A. V., T. A. White, R. M. Jones, P. M. Borodin, and J. B.
Searle. 2011. Natural hybridization between extremely divergent
chromosomal races of the common shrew (Sorex araneus, Sori-
cidae, Soricomorpha): hybrid zone in Siberia. Journal of Evolution-
ary Biology 24:1393–1402.

Qi, Y., B. Lu, H. Gao, P. Hu, and J. Fu. 2014. Hybridization and
mitochondrial genome introgression between Rana chensinensis
and R. kukunoris. Molecular Ecology 23:5575–5588.

Rado, R., Z. Wollberg, and J. Terkel. 1992. Dispersal of young
mole rats (Spalax ehrenbergi) from the natal burrow. Journal
of Mammalogy 73:885–890.

Randi, E., and A. Bernard-Laurent. 1999. Population genetics of a
hybrid zone between the red-legged partridge and rock par-
tridge. Auk 116:324–337.

Raufaste, N., A. Orth, K. Belkhir, D. Senet, C. Smadja, S. J. E.
Baird, F. Bonhomme, B. Dod, and P. Boursot. 2005. Inferences
of selection and migration in the Danish house mouse hybrid
zone. Biological Journal of the Linnean Society 84:593–616.

Read, K., J. S. Keogh, I. A. W. Scott, J. D. Roberts, and P. Doughty.
2001. Molecular phylogeny of the Australian frog genera Crinia,
Geocrinia, and allied taxa (Anura: Myobatrachidae). Molecular
Phylogenetics and Evolution 21:294–308.

Reptile trait database: Podarcis muralis. http://scales.ckff.si/scaletool
/index.php?menup6&submenup0&sidp113. Accessed Sep-
tember 30, 2018.

Ribeiro, P. M. de Azevedo. 2008. Dispersal and connectivity of
Northeastern Atlantic Patellid limpets: a multidisciplinary ap-
proach. PhD thesis. University of Southampton.

Richardson, B., R. Hayes, S. Wheeler, and M. Yardin. 2002. Social
structures, genetic structures and dispersal strategies in Austra-
lian rabbit (Oryctolagus cuniculus) populations. Behavioral Ecol-
ogy and Sociobiology 51:113–121.

Rohwer, S., and C. Wood. 1998. Three hybrid zones between Her-
mit and Townsend’s warblers in Washington and Oregon. Auk
115:284–310.

Rose, C. G., K. T. Paynter, and M. P. Hare. 2006. Isolation by dis-
tance in the eastern oyster, Crassostrea virginica, in Chesapeake
Bay. Journal of Heredity 97:158–170.

Roy, J.-S., D. O’Connor, and D. M. Green. 2012. Oscillation of an
anuran hybrid zone: morphological evidence spanning 50 years.
PLoS One 7:e52819.

Ruegg, K. 2008. Genetic, morphological, and ecological character-
ization of a hybrid zone that spans a migratory divide. Evolu-
tion 62:452–466.

Ruegg, K., and T. B. Smith. 2002. Not as the crow flies: a historical ex-
planation for circuitous migration in Swainson’s thrush (Catharus
ustulatus). Proceedings of the Royal Society B 269: 1375–1381.

Ryan, S. F., J. M. Deines, J. M. Scriber, M. E. Pfrender, S. E. Jones,
S. J. Emrich, and J. J. Hellmann. 2018. Climate-mediated hybrid
zone movement revealed with genomics, museum collection,
and simulation modeling. Proceedings of the National Academy
of Sciences of the USA 115:E2284–E2291.

Ryan, S. F., M. C. Fontaine, J. M. Scriber, M. E. Pfrender, S. T.
O’Neil, and J. J. Hellmann. 2017. Patterns of divergence across
the geographic and genomic landscape of a butterfly hybrid zone
associated with a climatic gradient. Molecular Ecology 26:4725–
4742.
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1644%2F1545-1542%282001%29082%3C1102%3ATUBCPC%3E2.0.CO%3B2&citationId=p_222
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1644%2F1545-1542%282001%29082%3C1102%3ATUBCPC%3E2.0.CO%3B2&citationId=p_222
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16489144&crossref=10.1093%2Fjhered%2Fesj019&citationId=p_238
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2005.00457.x&citationId=p_231
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1601-5223.1996.00137.x&citationId=p_215
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18039327&crossref=10.1111%2Fj.1558-5646.2007.00263.x&citationId=p_240
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18039327&crossref=10.1111%2Fj.1558-5646.2007.00263.x&citationId=p_240
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15521462&crossref=10.1111%2Fj.0014-3820.2004.tb00490.x&citationId=p_224
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11697923&crossref=10.1006%2Fmpev.2001.1014&citationId=p_233
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11697923&crossref=10.1006%2Fmpev.2001.1014&citationId=p_233
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563329&crossref=10.1111%2Fj.1558-5646.1976.tb00964.x&citationId=p_217
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29463695&crossref=10.1073%2Fpnas.1714950115&citationId=p_242
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29463695&crossref=10.1073%2Fpnas.1714950115&citationId=p_242
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11240625&crossref=10.1046%2Fj.1365-2540.2000.00796.x&citationId=p_210
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23874420&crossref=10.1371%2Fjournal.pone.0067455&citationId=p_226
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16689913&crossref=10.1111%2Fj.1365-294X.2006.02906.x&citationId=p_219
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12778554&crossref=10.1111%2Fj.0014-3820.2003.tb00296.x&citationId=p_212
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=25308955&crossref=10.1111%2Fmec.12960&citationId=p_228
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F4089188&citationId=p_237
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F4089367&citationId=p_230
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19181851&crossref=10.1073%2Fpnas.0809861105&citationId=p_214
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19181851&crossref=10.1073%2Fpnas.0809861105&citationId=p_214
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1046%2Fj.1365-2656.1998.00215.x&citationId=p_223
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1046%2Fj.1365-2656.1998.00215.x&citationId=p_223
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23300785&crossref=10.1371%2Fjournal.pone.0052819&citationId=p_239
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1098%2Frspb.1994.0106&citationId=p_216
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12079661&crossref=10.1098%2Frspb.2002.2032&citationId=p_241
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15341156&crossref=10.1111%2Fj.0014-3820.2004.tb01734.x&citationId=p_225
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29246108&crossref=10.1186%2Fs12862-017-1096-7&citationId=p_209
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16243698&crossref=10.1098%2Frspb.2005.3231&citationId=p_218
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16243698&crossref=10.1098%2Frspb.2005.3231&citationId=p_218
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28727195&crossref=10.1111%2Fmec.14236&citationId=p_243
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=11488967&crossref=10.1046%2Fj.1365-2540.2001.00828.x&citationId=p_211
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21507114&crossref=10.1111%2Fj.1420-9101.2011.02266.x&citationId=p_227
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=21507114&crossref=10.1111%2Fj.1420-9101.2011.02266.x&citationId=p_227
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fbiolinnean%2Fblx012&citationId=p_220
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fbiolinnean%2Fblx012&citationId=p_220
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2Fs00265-001-0424-4&citationId=p_236
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2Fs00265-001-0424-4&citationId=p_236
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=9420200&crossref=10.1128%2FJVI.72.1.57-64.1998&citationId=p_213
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1382211&citationId=p_229
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1382211&citationId=p_229


Dispersal Predicts Hybrid Zone Widths 27
Santucci, F., G. Nascetti, and L. Bullini. 1996. Hybrid zones be-
tween two genetically differentiated forms of the pond frog
Rana lessonae in southern Italy. Journal of Evolutionary Biology
9:429–450.

Sa-Pinto, A., S. J. E. Baird, C. Pinho, P. Alexandrino, and M.
Branco. 2010. A three-way contact zone between forms of Pa-
tella rustica (Mollusca: Patellidae) in the central Mediterranean
Sea. Biological Journal of the Linnean Society 100:154–169.

Sawaya, P. L. 1990. A detailed analysis of the genetic interaction at
a hybrid zone between the chickadees Parus atricapillus and
P. carolinensis as revealed by nuclear and mitochondrial DNA
restriction fragment length variation. PhD diss. University of
Cincinnati, Cincinnati, OH.

Schaefer, J., D. Duvernell, and D. C. Campbell. 2016. Hybridiza-
tion and introgression in two ecologically dissimilar Fundulus
hybrid zones. Evolution 70:1051–1063.

Scordato, E. S. C., M. R. Wilkins, G. Semenov, A. S. Rubtsov, N. C.
Kane, and R. J. Safran. 2017. Genomic variation across two barn
swallow hybrid zones reveals traits associated with divergence in
sympatry and allopatry. Molecular Ecology 26:5676–5691.

Semenov, G. A., E. S. C. Scordato, D. R. Khaydarov, C. C. R. Smith,
N. C. Kane, and R. J. Safran. 2017. Effects of assortative mate
choice on the genomic and morphological structure of a hybrid
zone between two bird subspecies. Molecular Ecology 26:430–
6444.

Seneviratne, S. S., P. Davidson, K. Martin, and D. E. Irwin. 2016.
Low levels of hybridization across two contact zones among
three species of woodpeckers (Sphyrapicus sapsuckers). Journal
of Avian Biology 47:887–898.

Seneviratne, S. S., D. P. L. Toews, A. Brelsford, and D. E. Irwin.
2012. Concordance of genetic and phenotypic characters across
a sapsucker hybrid zone. Journal of Avian Biology 43:119–130.

Sequeira, F., J. Alexandrino, S. Rocha, J. W. Arntzen, and N.
Ferrand. 2005. Genetic exchange across a hybrid zone within
the Iberian endemic golden-striped salamander, Chioglossa
lusitanica. Molecular Ecology 14:245–254.

Shapiro, L. H. 1998. Hybridization and geographic variation in
two meadow katydid contact zones. Evolution 52:784–796.

Shuker, D. M., K. Underwood, T. M. King, and R. K. Butlin. 2005.
Patterns of male sterility in a grasshopper hybrid zone imply
accumulation of hybrid incompatibilities without selection.
Proceedings of the Royal Society B 272:2491–2497.

Sites, J. W., Jr., N. H. Barton, and K. M. Reed. 1995. The genetic
structure of a hybrid zone between two chromosome races of
the Sceloporus grammicus complex (Sauria, Phrynosomatidae)
in central Mexico. Evolution 49:9–36.

Smith, K. L., J. M. Hale, L. Gay, M. Kearney, J. J. Austin, K. M.
Parris, and J. Melville. 2013. Spatio-temporal changes in the
structure of an Australian frog hybrid zone: a 40-year perspec-
tive. Evolution 67:3442–3454.

Smith, K. L., J. M. Hale, M. R. Kearney, J. J. Austin, and J. Melville.
2013. Molecular patterns of introgression in a classic hybrid
zone between the Australian tree frogs, Litoria ewingii and L.
paraewingi: evidence of a tension zone. Molecular Ecology
22:1869–1883.

Smith, M. F., J. L. Patton, J. C. Hafner, and D. J. Hafner. 1983.
Thomomys bottae pocket gophers of the central Rio Grande
Valley, New Mexico: local differentiation, gene flow, and histor-
ical biogeography. Occasional Papers of the Museum of South-
western Biology 2:1–16.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
Stangl, F. B., Jr. 1986. Aspects of a contact zone between two chro-
mosomal races of Peromyscus leucopus (Rodentia: Cricetidae).
Journal of Mammalogy 67:465–473.

Staub, N. L., C. W. Brown, and D. B. Wake. 1995. Patterns of
growth and movements in a population of Ensatina eschscholtzii
platensis (Caudata: Plethodontidae) in the Sierra Nevada,
California. Journal of Herpetology 29:593–599.

Stewart, K. A., J. D. Austin, K. R. Zamudio, and S. C. Lougheed.
2016. Contact zone dynamics during early stages of speciation
in a chorus frog (Pseudacris crucifer). Heredity 116:239–247.

Stuckas, H., K. Stoof, H. Quesada, and R. Tiedemann. 2009. Evo-
lutionary implications of discordant clines across the Baltic
Mytilus hybrid zone (Mytilus edulis and Mytilus trossulus). He-
redity 103:146–156.

Sun, C. 1997. Dispersal of young in red squirrels (Tamiasciurus
hudsonicus). American Midland Naturalist 138:252–259.

Sutter, A., M. Beysard, and G. Heckel. 2013. Sex-specific clines
support incipient speciation in a common European mammal.
Heredity 110:398–404.

Szymura, J. M., and N. H. Barton. 1986. Genetic analysis of a hy-
brid zone between the fire-bellied toads, Bombina bombina and
B. variegata, near Cracow in southern Poland. Evolution
40:1141–1159.

———. 1991. The genetic structure of the hybrid zone between the
fire-bellied toads Bombina bombina and B. variegata: comparisons
between transects and between loci. Evolution 45:237–261.

Takami, Y., and H. Suzuki. 2005. Morphological, genetic and
behavioural analyses of a hybrid zone between the ground
beetles Carabus lewisianus and C. albrechti (Coleoptera, Car-
abidae): asymmetrical introgression caused by movement of
the zone? Biological Journal of the Linnean Society 86:79–94.

Tarnowska, E., M. Niedziałkowska, J. Gerc, Z. Korbut, M. Gorny,
and B. Jedrzejewska. 2016. Spatial distribution of the Car-
pathian and Eastern mtDNA lineages of the bank vole in their
contact zone relates to environmental conditions. Biological
Journal of the Linnean Society 119:732–744.

Tarwater, C. E. 2012. Influence of phenotypic and social traits on
dispersal in a family living, tropical bird. Behavioral Ecology
23:1242–1249.

Taylor, S. A., D. J. Anderson, C. B. Zavalaga, and V. L. Friesen.
2012. Evidence for strong assortative mating, limited gene flow,
and strong differentiation across the blue-footed/Peruvian
booby hybrid zone in northern Peru. Journal of Avian Biology
43:311–324.

Teeter, K. C., B. A. Payseur, L. W. Harris, M. A. Bakewell, L. M.
Thibodeau, J. E. OBrien, J. G. Krenz, M. A. Sans-Fuentes,
M. W. Nachman, and P. K. Tucker. 2008. Genome-wide patterns
of gene flow across a house mouse hybrid zone. Genome Re-
search 18:67–76.

Teeter, K. C., L. M. Thibodeau, Z. Gompert, C. A. Buerkle, M. W.
Nachman, and P. K. Tucker. 2010. The variable genomic archi-
tecture of isolation between hybridizing species of house mice.
Evolution 64:472–485.

Thorpe, R. S., and A. G. Stenson. 2003. Phylogeny, paraphyly and
ecological adaptation of the colour and pattern in the Anolis
roquet complex on Martinique. Molecular Ecology 12:117–132.

Toews, D. P. L., A. Brelsford, and D. E. Irwin. 2011. Hybridization
between Townsend’s Dendroica townsendi and black-throated
green warblersD. virens in an avian suture zone. Journal of Avian
Biology 42:434–446.
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27062071&crossref=10.1111%2Fevo.12920&citationId=p_247
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fbeheco%2Fars108&citationId=p_272
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28593667&crossref=10.1111%2Fj.1558-5646.1995.tb05955.x&citationId=p_256
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19384341&crossref=10.1038%2Fhdy.2009.37&citationId=p_265
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19384341&crossref=10.1038%2Fhdy.2009.37&citationId=p_265
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fmec.14376&citationId=p_249
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1600-048X.2012.05660.x&citationId=p_274
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23340600&crossref=10.1038%2Fhdy.2012.124&citationId=p_267
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19796152&crossref=10.1111%2Fj.1558-5646.2009.00846.x&citationId=p_276
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1046%2Fj.1420-9101.1996.9040429.x&citationId=p_244
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=15643967&crossref=10.1111%2Fj.1365-294X.2004.02390.x&citationId=p_253
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28567861&crossref=10.2307%2F2409660&citationId=p_269
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1564743&citationId=p_262
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1600-048X.2011.05360.x&citationId=p_278
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1600-048X.2011.05360.x&citationId=p_278
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fbij.12764&citationId=p_271
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fbij.12764&citationId=p_271
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16271974&crossref=10.1098%2Frspb.2005.3242&citationId=p_255
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=26626576&crossref=10.1038%2Fhdy.2015.96&citationId=p_264
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28777875&crossref=10.1111%2Fmec.14276&citationId=p_248
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24299399&crossref=10.1111%2Fevo.12140&citationId=p_257
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fjav.00946&citationId=p_250
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fjav.00946&citationId=p_250
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F2426818&citationId=p_266
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18025268&crossref=10.1101%2Fgr.6757907&citationId=p_275
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18025268&crossref=10.1101%2Fgr.6757907&citationId=p_275
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=23294099&crossref=10.1111%2Fmec.12176&citationId=p_259
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1600-048X.2012.05516.x&citationId=p_252
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28563502&crossref=10.2307%2F2408943&citationId=p_268
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.2307%2F1381277&citationId=p_261
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12492882&crossref=10.1046%2Fj.1365-294X.2003.01704.x&citationId=p_277
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2010.01405.x&citationId=p_245
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.2005.00527.x&citationId=p_270
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28565255&crossref=10.1111%2Fj.1558-5646.1998.tb03702.x&citationId=p_254


28 The American Naturalist
Toews, D. P. L., M. Mandic, J. G. Richards, and D. E. Irwin. 2014.
Migration, mitochondria, and the yellow-rumped warbler. Evo-
lution 68:241–255.

Tominaga, A., M. Matsui, N. Yoshikawa, K. Eto, and K. Nishikawa.
2017. Genomic displacement and shift of the hybrid zone in the
Japanese fire-bellied newt. Journal of Heredity 109:232–242.

Tucker, P. K., R. D. Sage, J. Warner, A. C. Wilson, and E. M.
Eicher. 1992. Abrupt cline for sex chromosomes in a hybrid
zone between two species of mice. Evolution 46:1146–1163.

Vainola, R., and M. M. Hvilsom. 1991. Genetic divergence and a
hybrid zone between Baltic and North Sea Mytilus populations
(Mytilidae: Mollusca). Biological Journal of the Linnean Society
43:127–148.

Vamberger, M., H. Stuckas, F. Sacco, S. D’Angelo, M. Arculeo, M.
Cheylan, C. Corti, et al. 2015. Differences in gene flow in a two-
fold secondary contact zone of pond turtles in southern Italy
(Testudines: Emydidae: Emys orbicularis galloitalica, E. o. hel-
lenica, E. trinacris). Zoologica Scripta 44:233–249.

Van Vuren, D. 1998. Mammalian dispersal and reserve design.
Pages 369–393 in T. Caro, ed. Behavioral ecology and conserva-
tion biology. Oxford University Press, New York.

Vazquez, P., S. J. B. Cooper, J. Gosalvez, and G. M. Hewitt. 1994.
Nuclear DNA introgression across a Pyrenean hybrid zone be-
tween parapatric subspecies of the grasshopper Chorthippus
parallelus. Heredity 73:436–443.

Vercken, E., B. Sinervo, and J. Clobert. 2012. The importance of a
good neighborhood: dispersal decisions in juvenile common liz-
ards are based on social environment. Behavioral Ecology 23:1059–
1067.

Virdee, S. R., and G. M. Hewitt. 1994. Clines for hybrid dysfunc-
tion in a grasshopper hybrid zone. Evolution 48:392–407.

———. 1990. Ecological components of a hybrid zone in the
grasshopper Chorthippus parallelus (Orthoptera, Acrididae).
Boletin de Sanidad Vegetal. Plagas (Spain).

Walsh, J., A. I. Kovach, K. J. Babbitt, and K. M. O’Brien. 2012. Fine-
scale population structure and asymmetrical dispersal in an obli-
gate salt-marsh passerine, the Saltmarsh Sparrow (Ammodramus
caudacutus). Auk 129:247–258.

Walsh, J., W. G. Shriver, M. D. Correll, B. J. Olsen, C. S. Elphick,
T. P. Hodgman, R. J. Rowe, K. M. O’Brien, and A. I. Kovach.
2017. Temporal shifts in the saltmarsh–Nelsons sparrow hybrid
zone revealed by replicated demographic and genetic surveys.
Conservation Genetics 18:453–466.

Walsh, J., W. G. Shriver, B. J. Olsen, and A. I. Kovach. 2016. Dif-
ferential introgression and the maintenance of species bound-
aries in an advanced generation avian hybrid zone. BMC Evolu-
tionary Biology 16:65.
This content downloaded from 141.21
All use subject to University of Chicago Press Terms 
Weise, C. M., and J. R. Meyer. 1979. Juvenile dispersal and develop-
ment of site-fidelity in the Black-capped Chickadee. Auk 96:40–55.

Welling, M. 1990. Dispersal of ground beetles (Col., Carabidae) in
arable land. Mededelingen van de Faculteit Landbouwwetenschap-
pen Rijksuniversiteit Gent 55:483–491.

While, G. M., S. Michaelides, R. J. P. Heathcote, H. E. A.
MacGregor, N. Zajac, J. Beninde, P. Carazo, et al. 2015. Sexual se-
lection drives asymmetric introgression in wall lizards. Ecology
Letters 18:1366–1375.

Wielstra, B., T. Burke, R. K. Butlin, A. Avcı, N. Uzum, E. Bozkurt, K.
Olgun, and J. W. Arntzen. 2017. A genomic footprint of hybrid
zone movement in crested newts. Evolution Letters 1:93–101.

Withey, J. C., and J. M. Marzluff. 2005. Dispersal by juvenile
American crows (Corvus brachyrhynchos) influences population
dynamics across a gradient of urbanization. Auk 122:205–221.

Woodruff, D. S. 1979. Postmating reproductive isolation in
Pseudophryne and the evolutionary significance of hybrid zones.
Science 203:561–563.

Yanchukov, A., S. Hofman, J. M. Szymura, S. V. Mezhzherin, S. Y.
Morozov-Leonov, N. H. Barton, and B. Nurnberger. 2006. Hybrid-
ization of Bombina bombina and B. variegata (Anura, Disco-
glossidae) at a sharp ecotone in western Ukraine: comparisons
across transects and over time. Evolution 60:583–600.

Yannic, G., P. Basset, and J. Hausser. 2008. A hybrid zone with coin-
cident clines for autosomal and sex-specific markers in the Sorex
araneus group. Journal of Evolutionary Biology 21:658–667.

———. 2009. Chromosomal rearrangements and gene flow over
time in an inter-specific hybrid zone of the Sorex araneus group.
Heredity 102:616–625.

Yuri, T., R. W. Jernigan, R. T. Brumfield, N. K. Bhagabati, and
M. J. Braun. 2009. The effect of marker choice on estimated levels
of introgression across an avian (Pipridae: Manacus) hybrid
zone. Molecular Ecology 18:4888–4903.

Zamudio, K. R., and W. K. Savage. 2003. Historical isolation, range
expansion, and secondary contact of two highly divergent mito-
chondrial lineages in spotted salamanders (Ambystoma
maculatum). Evolution 57:1631–1652.

Zemanova, M. A., E. Knop, and G. Heckel. 2017. Introgressive re-
placement of natives by invading Arion pest slugs. Scientific
Reports 7:14908.

Zink, R. M., S. J. Weller, and R. C. Blackwell. 1998. Molecular phy-
logenetics of the avian genus Pipilo and a biogeographic argu-
ment for taxonomic uncertainty. Molecular Phylogenetics and
Evolution 10:191–201.

Associate Editor: Vincent M. Eckhart
Editor: Alice A. Winn
3.168.010 on August 03, 2020 17:18:53 PM
and Conditions (http://www.journals.uchicago.edu/t-and-c).

https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24102562&crossref=10.1111%2Fevo.12260&citationId=p_279
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=24102562&crossref=10.1111%2Fevo.12260&citationId=p_279
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28568304&crossref=10.1111%2Fj.1558-5646.1994.tb01319.x&citationId=p_288
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=16637503&crossref=10.1111%2Fj.0014-3820.2006.tb01139.x&citationId=p_300
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fjhered%2Fesx085&citationId=p_281
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=30283642&crossref=10.1002%2Fevl3.9&citationId=p_297
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1525%2Fauk.2012.11153&citationId=p_290
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19240751&crossref=10.1038%2Fhdy.2009.19&citationId=p_302
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fj.1095-8312.1991.tb00589.x&citationId=p_283
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=17731686&crossref=10.1126%2Fscience.203.4380.561&citationId=p_299
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1007%2Fs10592-016-0920-8&citationId=p_292
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=12940367&crossref=10.1111%2Fj.0014-3820.2003.tb00370.x&citationId=p_304
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=9878230&crossref=10.1006%2Fmpev.1998.0526&citationId=p_306
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=9878230&crossref=10.1006%2Fmpev.1998.0526&citationId=p_306
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fbeheco%2Fars075&citationId=p_287
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=26468006&crossref=10.1111%2Fele.12531&citationId=p_296
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=26468006&crossref=10.1111%2Fele.12531&citationId=p_296
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=18355184&crossref=10.1111%2Fj.1420-9101.2008.01526.x&citationId=p_301
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=28564395&crossref=10.1111%2Fj.1558-5646.1992.tb00625.x&citationId=p_282
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1093%2Fauk%2F122.1.205&citationId=p_298
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=19863717&crossref=10.1111%2Fj.1365-294X.2009.04381.x&citationId=p_303
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&crossref=10.1111%2Fzsc.12102&citationId=p_284
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27000833&crossref=10.1186%2Fs12862-016-0635-y&citationId=p_293
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=27000833&crossref=10.1186%2Fs12862-016-0635-y&citationId=p_293
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29097725&crossref=10.1038%2Fs41598-017-14619-y&citationId=p_305
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=29097725&crossref=10.1038%2Fs41598-017-14619-y&citationId=p_305
https://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F709109&pmid=7989221&crossref=10.1038%2Fhdy.1994.191&citationId=p_286

