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1  |  |  INTRODUC TION

The evolutionary outcome of secondary contact and hybridization 
between diverging lineages is regulated by the strength of reproduc-
tive barriers and the genomic architecture of differentiation (Barton 
& Hewitt, 1985; Burke & Arnold, 2001; Gompert et al., 2017). For 
strongly differentiated lineages, the factors contributing to repro-
ductive isolation are often diverse, and can include both prezygotic 
and postzygotic mechanisms (Coyne & Orr, 2004). In extreme in-
stances, hybrid breakdown can occur, where advanced-generation 
hybrids such as F2 hybrids or backcrosses are rarely if ever viable 
(Burton et al., 2013; Clausen, 1951; Dobzhansky, 1970). However, if 

reproductive isolation is incomplete (i.e., if at least some hybrids are 
viable and fertile), introgression and novel recombinants between 
parental genomes can arise. In this scenario, genomic regions that 
diverged in allopatry can introgress at different rates, potentially 
depending upon their relationship with adaptation and reproduc-
tive isolation (Christe et al., 2016; Gompert et al., 2012; Lindtke 
& Buerkle, 2015). As such, variation in ancestry generated across 
hybrid zones provides an opportunity to evaluate the ecological 
and evolutionary factors associated with reproductive isolation 
(Gompert et al., 2017; Harrison & Larson, 2016; Ravinet et al., 2017).

Genome-wide heterogeneity in the magnitude of differentia-
tion is often quantified to identify regions of elevated divergence 
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When organisms experience secondary contact after allopatric divergence, genomic 
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ecotone in southern California. Individual ancestry estimates confirmed that hybrids 
were rare in this bimodal hybrid zone, and entirely consisted of a few F1 individuals 
and a broad range of multigenerational backcrosses. Genomic cline analyses indicated 
more than half of loci had elevated introgression from one genomic background into 
the other. However, introgression was not associated with relative or absolute meas-
ures of divergence, and loci with extreme values for both were not typically found near 
detoxification enzymes previously implicated in dietary specialization for woodrats. 
The decoupling of differentiation and introgression suggests that processes other 
than adaptation, such as drift, may underlie the extreme clines at this contact zone.
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potentially involved in adaptation (Hoban et al., 2016; Seehausen 
et al., 2014; Wolf & Ellegren, 2017). While divergence can arise from 
adaptation and be associated with reproductive isolation, it can 
also be influenced by genetic drift, recombination rate heterogene-
ity, structural rearrangements, and indirect selection (Burri, 2017; 
Burri et al., 2015; Cruickshank & Hahn, 2014; Haasl & Payseur, 2016; 
Ravinet et al., 2017; Semenov et al., 2019; Stankowski et al., 2019; 
Wolf & Ellegren, 2017). Despite such limitations, genome scans have 
yielded insight into the genetic basis of adaptation in many systems 
(e.g., Christe et al., 2017; Hohenlohe et al., 2010; Lamichhaney et al., 
2015; Pfeifer et al., 2018; Tavares et al., 2018), even for reduced-
representation sequencing data sets for which marker density is 
often limited relative to the extent of linkage disequilibrium (Catchen 
et al., 2017; McKinney et al., 2017; but see Lowry et al., 2017).

While genome scans have often been used for describing re-
gions shaped by adaptation or influenced by variation in gene flow, 
the characterization of hybrid ancestry and introgression can offer 
additional perspective on the genetic basis of reproductive iso-
lation (e.g., Lindtke et al., 2014; Mandeville et al., 2017; Schumer 
et al., 2017). Multiple frameworks are available for quantifying intro-
gression (Payseur & Rieseberg, 2016), including phylogenetic (e.g., 
D-statistics; Green et al., 2010) and cline-based approaches for pop-
ulation genetic data. Geographic clines use physical transects across 
hybrid zones to quantify allele frequency changes across space, 
with cline width serving as an estimate of the strength of disper-
sal and selection in a tension zone at equilibrium (Baldassarre et al., 
2014; Barton & Hewitt, 1985; Endler, 1977; Souissi et al., 2018). 
In contrast, genomic clines are not reliant on spatial sampling, and 
instead quantify how locus-specific ancestry changes across the 
range of genome-wide ancestry found in hybrids (i.e., hybrid index; 
Fitzpatrick, 2013; Gompert & Buerkle, 2011; Macholán et al., 2011; 
Szymura & Barton, 1986).

The identification of loci with extreme genomic cline parameters 
could facilitate an understanding of the genetic basis of reproduc-
tive isolation, as elevated cline centre (α) estimates are indicative of 
strong introgression from one genomic background into the other, 
and elevated cline rate (β) estimates are consistent with either height-
ened or suppressed introgression at a locus (Gompert & Buerkle, 
2011; Gompert, Parchman, et al., 2012). Loci with both strong dif-
ferentiation and exceptional rates of introgression are particularly 
intriguing because these combinations could be expected for adap-
tive introgression (fast introgression of divergent alleles) or repro-
ductive barriers (slow introgression of divergent alleles) (Gompert 
& Buerkle, 2011; McFarlane et al., 2021). Multiple previous studies 
have reported an association between locus-specific estimates of 
introgression and differentiation (e.g., Baiz et al., 2019; Gompert, 
Lucas, et al., 2012; Nosil et al., 2012; Oswald et al., 2019; Parchman 
et al., 2013; Schield et al., 2017; Taylor et al., 2014), suggesting that 
heavily differentiated genomic regions might also influence hybrid 
fitness. It is worth noting, however, that extreme genomic cline es-
timates can arise from stochastic processes (Gompert & Buerkle, 
2011; Gompert, Parchman, et al., 2012; McFarlane et al., 2021), 
and thus do not necessarily stem from selection or reproductive 

isolation. Because genomic clines do not depend on sampling geo-
graphic transects, they allow for the analysis of introgression for mo-
saic or spatially restricted hybrid zones (e.g., McFarlane et al., 2021; 
Simon et al., 2021). Here, we employ genomic clines to quantify 
genome-wide heterogeneity in introgression for a pair of hybridizing 
woodrats at a highly localized contact zone, and then ask how intro-
gression relates to differentiation across the genome.

The North American genus Neotoma (Cricetidae) consists of 
~20  species of woodrats that consume a wide diversity of plants 
and are known to occasionally hybridize (Coyner et al., 2015; Hunter 
et al., 2017; Mauldin et al., 2021; Patton et al., 2007). For example, 
the sister species N. lepida and N. bryanti are estimated to have di-
verged in the mid Pleistocene (~1.6 million years ago; Patton et al., 
2007), yet they meet and hybridize in southern California across a 
sharp ecological transition (Figure 1a). The outcome is a bimodal 
hybrid zone (Jiggins & Mallet, 2000) in which individuals with pure 
parental ancestry are common and hybrids are relatively rare (~13% 
of the population has admixed ancestry; Shurtliff et al., 2014). Here, 
N. bryanti and backcross (BC) bryanti are largely restricted to the 
boulder-strewn, relatively mesic habitat of the southeastern slopes 
of the Sierra Nevada (“the hill”), whereas N. lepida and BC-lepida 
are found in the adjacent Mojave Desert scrub habitat (“the flats”) 
(Figure 1a). Each species is tightly associated with its respective 
habitat and maintains a habitat specific diet (Matocq et al., 2020; 
Nielsen & Matocq, 2021; Shurtliff et al., 2014). The diet of N. bry-
anti is dominated by California coffeeberry (Frangula californica: 
Rhamnaceae), whereas the diet of N. lepida is predominantly com-
posed of desert almond (Prunus fasciculata: Rosaceae) (Nielsen & 
Matocq, 2021). Both plants contain secondary compounds (Frangula, 
anthraquinones; Prunus, cyanogenic glycosides) that are potentially 
toxic to these mammals (Dong et al., 2016; Newton et al.,1981) and 
may require specialized metabolic processing. Woodrats have been 
shown to use a family of cytochrome p450 enzymes to detoxify 
plant secondary compounds (Kitanovic et al., 2018; Magnanou et al., 
2009; Malenke et al., 2012), and the specific metabolic processing 
needed to consume the plants available at this site may be facilitated 
by differentiation or introgression of alleles at these loci.

Using a suite of microsatellite loci and a 4-year mark-recapture 
analysis, Shurtliff et al. (2014) showed that F1 individuals are rare 
(2% of total population) and proposed that the strong habitat-based 
spatial segregation at the site played a role in limiting interspecific 
mating opportunities. Further, F1 individuals are most likely to back-
cross with the habitat-specific pool of pure parentals in which they 
live. Laboratory trials demonstrated that even when pure parentals 
come into contact, N. lepida females strongly prefer to mate with 
conspecific males, whereas N. bryanti females will mate with males 
of both species, suggesting that most F1 hybrids are generated by 
crosses of N. bryanti females and N. lepida males (Shurtliff et al., 
2013). Shurtliff et al. (2014) also found evidence of postzygotic iso-
lation in this system, where juvenile hybrids survived to their first 
year of adulthood at less than half the rate of their purebred coun-
terparts. In sum, habitat-based mating opportunities and asymmet-
ric mate-choice, coupled with putative extrinsic (i.e., ecological) and 
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intrinsic (i.e., genomic) sources of postzygotic selection, potentially 
play roles in determining patterns of introgression in this system.

Here, we characterized genome-wide patterns of differentia-
tion and introgression between N. bryanti and N. lepida to further 
examine the genomic consequences of ecological segregation and 
hybridization in this system. Specifically, we sought to: (i) character-
ize the distribution of ancestry in hybrids and determine the relative 
frequencies of potential hybrid classes; (ii) quantify genome-wide 
variation in introgression and differentiation, and ask how these es-
timates relate to one another; and (iii) examine the potential for loci 
with exceptional levels of differentiation or introgression to be prox-
imal to cytochrome P450 genes, since these loci may be involved 
in metabolic processing of the diets available across the sharp en-
vironmental gradient of this contact zone. We found evidence for 
multigenerational backcrossing between N. lepida and N. bryanti 
along with the complete absence of F2 hybrids, and detect a large 

number of loci with accentuated α estimates indicating elevated but 
asymmetric introgression. However, there was no correspondence 
between divergence and introgression, illustrating the potential for 
processes other than selection to influence extreme genomic clines 
in this system.

2  |  |  MATERIAL S AND METHODS

2.1  |  | Sample collection

Field collections were conducted as described in Shurtliff et al. (2014) 
at the Whitney Well contact zone in southern California (Figure 1a). 
Both areas were extensively surveyed using Sherman and Tomahawk 
live-traps over a 4-year period; each individual was uniquely marked 
with metal ear tags and a small ear biopsy was taken as a source 

F I G U R E  1  (a) The contact zone at Whitney Well, California spans a sharp ecotone across the xeric “flats” habitat typically occupied by N. 
lepida and the mesic “hill” habitat typically occupied by N. bryanti (photo by Danny Nielsen, taken from the north looking southeast). (b) The 
distribution of ancestry coefficients (q) is consistent with a bimodal hybrid zone. Individuals are ordered along the x-axis by increasing values 
of q. See Figure S2 for estimates of uncertainty. (c) Individual ancestry classes were assigned based on estimates of ancestry coefficients (q) 
and interspecific ancestry (Q12) generated with entropy (Gompert et al., 2014; Shastry et al., 2021). Pure parental N. lepida and N. bryanti 
individuals have ancestry coefficients of zero and one, respectively. All individuals residing on the dashed lines, which depict the theoretical 
maximum value of Q12 for a given q, have at least one parent with pure parental ancestry (e.g., pure parentals, F1 hybrids, backcrosses), 
whereas individuals in the centre of the triangle have two parents with admixed ancestry (e.g., F2 and F3 hybrids) (Gompert et al., 2014; 
Shastry et al., 2021). Points were jittered to avoid overplotting. (d) Individual ancestry coefficients (q) are plotted at each individual's trap 
location. The interpolated q surface was generated based on jittered locality data using the kriging package (Olmedo, 2014) in R. Although 
N. bryanti are largely restricted to the “hill” to the west and most N. lepida are found in the “flats” to the east (a few were trapped on the hill), 
hybrid individuals can be found throughout the study area [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (d)

(b)

(c)

www.wileyonlinelibrary.com
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of DNA (Shurtliff et al., 2014). Juveniles emerge from the nest and 
can be live-trapped at approximately 1 month of age, so all genetic 
data are from individuals that survived at least to this age. DNA was 
extracted from ear tissue samples using Qiagen DNeasy Blood and 
Tissue kits (Qiagen Inc.). Original DNA extracts from the previous 
study (N = 600) were quality-checked and quantified using fluorom-
etry. To focus our sequencing effort in the present study on the full 
spectrum of hybrid ancestries recovered by Shurtliff et al. (2014), 
we included nearly all hybrid individuals from their study (19 BC-
bryanti, 27 BC-lepida, and 21 individuals designated as either F1/F2 
or "other") and a subset of the individuals they identified as paren-
tals (156 N. bryanti; 160 N. lepida) for a total of 383 individuals. See 
Supporting Information Methods for an analysis of how sample size 
influences the probability of sampling offspring generated from hy-
brid × hybrid crosses.

2.2  |  | Genotyping-by-sequencing, assembly, and 
variant calling

We constructed reduced-representation libraries for Illumina 
sequencing using a genotyping-by-sequencing approach (GBS; 
Parchman et al., 2012) that is analogous to ddRADseq (Peterson 
et al., 2012). We used two restriction enzymes, EcoRI and MseI, to di-
gest genomic DNA, and ligated DNA barcoded adaptors to digested 
fragments from each individual. We ligated Illumina adaptors em-
bedded with eight to 10 base-pair (bp) DNA barcode sequences to 
the EcoRI ends of fragments, and ligated standard Illumina adaptors 
to the MseI cut sites. Barcoded restriction-ligation products from 
all individuals were subsequently pooled and PCR amplified with 
Illumina primers and a proofreading polymerase (Iproof; BioRad). 
Libraries were size-selected for a region between 350 and 425 bp 
using a PippinPrep quantitative electrophoresis unit (Sage Science). 
We generated single end, 100 bp reads on three lanes of the Illumina 
HiSeq 2500 at the University of Texas Genomic Sequencing and 
Analysis Facility.

We first discarded potential contaminant reads (PhiX, Escherichia 
coli) or those matching portions of any Illumina oligos using bow-
tie 2 _ db (Langmead & Salzberg, 2012) and a series of scripts de-
signed for contaminant cleaning (https://github.com/ncgr/tapioca). 
We used a Perl script to match barcode sequences to individuals and 
to correct one or two base barcode errors. Individual fastq files are 
available at Dryad (Jahner et al., 2021). Due to poor sequencing per-
formance, 13 individuals were not considered further. Reads from 
the remaining 370 individuals were aligned to the draft N. lepida as-
sembly (Campbell et al., 2016) using the aln and samse algorithms in 
bwa 0.7.8 (Li & Durbin, 2009), specifying an edit distance of four 
and otherwise default settings. This early draft assembly is highly 
fragmented (scaffold N50 = 138 kbp, N90 = 7 kbp; Campbell et al., 
2016), but is nonetheless useful as a reference for aligning reduced-
representation reads for variant calling. Sequence alignment map 
(SAM) files generated by bwa were converted to binary alignment 
(BAM) format with samtools 1.3 (Li et al., 2009).

Single nucleotide polymorphisms (SNPs) were identified and 
genotype likelihoods calculated with samtools 1.3 and bcftools 
1.3 (Li et al., 2009), requiring minimum base, site, and mapping qual-
ities of 20, and a minimum genotype quality of 10. The potential pool 
of loci was further filtered using vcftools 0.1.14 (Danecek et al., 
2011). We retained a single biallelic SNP per contig, where at least 
60% of individuals were represented by at least one read and the 
minor allele frequency (maf) was >0.05. Individuals were addition-
ally excluded if they were missing data for more than half of the re-
maining loci. Mapping reads to the draft N. lepida reference genome 
should minimize the over-assembly of paralogous genomic regions 
and associated genotype error in these variants. Nonetheless, to fur-
ther safeguard against this issue, and the potential of over-assembly 
across repetitive regions, we removed loci with a mean coverage 
>10× per individual (3.2% of loci).

2.3  |  | The distribution of ancestry across a 
sharp ecotone

Based on the genotype likelihoods calculated above, we coinci-
dentally estimated genotype probabilities and global ancestry co-
efficients (q) using a hierarchical Bayesian model (the q model of 
entropy, described in Gompert et al., 2014; Shastry et al., 2021) 
that is based on the correlated allele frequency model of struc-
ture (Falush et al., 2003; Pritchard et al., 2000). Importantly, this 
model estimates genotype probabilities and ancestry coefficients 
while incorporating uncertainty arising from variability in sequenc-
ing coverage as well as sequencing and mapping error across individ-
uals and loci into parameter estimation (Buerkle & Gompert, 2013; 
Gompert et al., 2014). The incorporation of genotype uncertainty 
can be critical for low to medium coverage reduced-representation 
sequencing data sets, as simulations have demonstrated that param-
eter estimation is more precise and less biased when researchers 
maximize individual sample sizes as opposed to sequencing depth 
(Buerkle & Gompert, 2013; Fumagalli et al., 2013). entropy does 
not make a priori assumptions about the population origin of indi-
viduals, and assumes that individual genomes consist of loci with 
ancestry from one of k ancestral populations. To aid MCMC con-
vergence, we initialized ancestry coefficients in chains using clus-
ter membership probabilities generated from a k-means clustering 
of principal components estimated from genotype likelihoods in a 
linear discriminant analysis using the MASS package in R v3.4.3 (R 
Core Team, 2020; Venables & Ripley, 2002). This approach was used 
to provide starting values of q to initialize MCMC, and does not limit 
posterior sampling. We executed entropy at k = 2 for 70,000 steps 
following 30,000 steps that were discarded as burnin, and sampled 
every 10th step. The matrix of genotype probabilities generated by 
entropy is available at Dryad (Jahner et al., 2021).

As a model-based view of the distribution of ancestry in hybrids, 
we also used the ancestry complement model of entropy to esti-
mate interspecific ancestry coefficients (Q12), or the proportion of 
loci with interclass ancestry from both parental species (Gompert 

https://github.com/ncgr/tapioca


    | 4249JAHNER et al.

et al., 2014). This parameter allows for more refined categorization 
of ancestry classes for hybrids and is particularly valuable for de-
lineating between F1 and F2 individuals (Gompert & Buerkle, 2016; 
Lindtke et al., 2014; Shastry et al., 2021), which are both expected to 
have q = 0.5, as well as identifying the offspring from other advanced 
generation hybrid crosses. Pure individuals have Q12 =  0 because 
their parents contributed the same ancestry to their offspring's ge-
nome, whereas F1 hybrids have Q12 = 1 because their parents each 
contributed different ancestries. Further, F2 hybrids have on average 
Q12 = 0.5 because recombination results in a genome consisting of 
roughly equal parts same-source and intersource ancestry, and pre-
viously published simulations have demonstrated that backcrossed 
individuals reside on lines drawn between F1 hybrids (Q12 =  1.0; 
q = 0.5) and parental individuals (Q12 = 0; q = 0 or 1) (Lindtke et al., 
2014; Shastry et al., 2021). The distinction between F1 and F2 hybrids 
is particularly relevant in the context of postzygotic incompatibilities 
in F2 hybrids because they have recombinant genomes (i.e., chro-
mosomes contain ancestry from both parental species), which could 
impose lower fitness relative to F1 or parental individuals (Barton, 
2001; Dobzhansky, 1970; Maheshwari & Barbash, 2011). It is worth 
noting that because meiosis generally produces an equal number of 
recombinant and nonrecombinant chromatids, roughly half of an F2 
hybrid's chromatids will be recombinant, though this varies probabi-
listically due to random assortment.

We ran five replicate MCMC chains of entropy for 40,000 
steps, discarded the first 10,000 steps, and retained every 10th 
step. We utilized the comparison of q and Q12 to characterize the 
distribution of ancestry at the contact zone and assign individuals 
to hybrid classes (Gompert & Buerkle, 2016; Lindtke et al., 2014; 
Mandeville et al., 2017). Because the genomic clines analyses de-
scribed below were only performed using a subset of ancestry 
informative markers (AIMs), defined as those loci with allele fre-
quency differences >0.30 between pure parental individuals (N. 
lepida: q < 0.05; N. bryanti: q > 0.95; N = 2565), we also ran en-
tropy on the AIM subset specifying the same parameters as above. 
Allele frequencies were calculated as the mean genotype probabil-
ity divided by two (genotype probabilities range from zero to two 
[first and second homozygous state, respectively], with heterozy-
gotes having probabilities of one).

2.4  |  | Genome-wide patterns of differentiation, 
divergence, and introgression

To characterize patterns of differentiation across the genome, we 
calculated locus-specific Hudson's FST (Hudson et al., 1992) based on 
allele frequencies from genotype probabilities (as described above) 
for parental individuals with q < 0.05 (N. lepida) or q > 0.95 (N. bry-
anti). Following Tavares et al. (2018), we also decomposed FST into its 
two components of within-population diversity (πw) and between-
population diversity (πb) (Charlesworth, 1998).

We follow the terminology of Ravinet et al. (2017) by using 
“genetic differentiation” when referring to FST (a relative measure) 
and “genetic divergence” when referring to πb (an absolute measure 
that is equivalent to dXY; Hahn, 2018). Relative measures can be ex-
treme due to either high divergence between or reduced diversity 
within populations (Baird, 2017; Charlesworth, 1998; Charlesworth 
et al., 1997; Cruickshank & Hahn, 2014), thereby limiting the abil-
ity to delineate between gene flow and potential selective sweeps 
as underlying causes (but see Tavares et al., 2018). In contrast, 
absolute measures of divergence are not influenced by levels of 
within-population diversity and can be more reflective of between-
population differentiation (Charlesworth, 1998; Cruickshank & 
Hahn, 2014; Hahn, 2018; Nei, 1973, 1987). It is worth noting that 
πb is typically calculated for longer sequences, as locus-specific 
estimates from short read data (such as reduced-representation 
approaches) can have little precision (Cruickshank & Hahn, 2014). 
Despite this, we calculated locus-specific πb because (i) the relatively 
low marker density of our GBS data set resulted in relatively few 
loci per scaffold, and (ii) we were interested exploring the potential 
relationship between locus-specific estimates of divergence and in-
trogression (see below). Manhattan plots were generated using the 
qqman package (Turner, 2014) in R to visualize the distribution of 
pairwise FST, πb, and πw across the 25 largest scaffolds of the refer-
ence assembly (2n = 52 chromosomes; Baker & Mascarello, 1969). 
To determine which loci resided in or near coding regions, we aligned 
the 200  bp sequence flanking each SNP in the reference genome 
to the N. lepida gene reference (Campbell et al., 2016) using bwa as 
described above.

To quantify the strength of linkage disequilibrium across the 
genome, the squared correlation coefficient (r2; Hill & Robertson, 
1968) among all loci located on the same genomic scaffolds was 
calculated using the --geno-r2 option in vcftools (Danecek et al., 
2011). The expected decay in r2 among adjacent sites was estimated 
using the equations provided by Remington et al. (2001), which were 
derived from earlier work by Sved (1971) and Hill and Weir (1988):

where n is twice the number of individuals in the sample, N is the effec-
tive population size, and c is the recombination fraction between sites. 
C was estimated from the data via nonlinear regression (Bates & Watts, 
1988) using the nls function in R, specifying 0.1 as the start value. The 
physical distance at which r2 decayed below 0.20 was used as a proxy 
for the strength of linkage disequilibrium (Hahn, 2018), following other 
recent authors (e.g., Acosta et al., 2019; Leforestier et al., 2015). This 
analysis was performed on (i) all individuals (N = 353); (ii) a subset of (1)FST = 1 − �w∕�b

(2)�w = 2pi
(

1 − pi
)

(3)�b = dXY = pi
(

1 − pj
)

+ pj
(

1 − pi
)

(4)E
(

r2
)

=

[

(10 + C)

(2 + C) (11 + C)

]

[

1 +
(3 + C)

(

12 + 12C + C2
)

n (2 + C) (11 + C)

]

(5)C = 4Nc,
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parental individuals with q < 0.05 or q > 0.95 (N = 277); and (iii) a subset 
of hybrid individuals with 0.18 < q < 0.82 (N = 55) (see explanation of 
hybrid ancestry cutoffs below).

Bayesian genomic clines (Gompert & Buerkle, 2011) were em-
ployed to quantify variation in locus-specific introgression. At each 
locus, two parameters (cline centre [α] and cline rate [β]) were esti-
mated based on the relationship between the proportion of parental 
ancestry (ϕ) and the hybrid index (h), both of which range between 0 
(pure N. bryanti) and 1 (pure N. lepida) and are predicted to be equiv-
alent under a null expectation (Gompert & Buerkle, 2011; Gompert, 
Parchman, et al., 2012). The α parameter measures deviations in 
ϕ for a locus relative to h (if ϕ = h, α = 0). Positive values of α re-
flect introgression of N. lepida ancestry into the N. bryanti genomic 
background (ϕ  >  h), whereas negative values of α are consistent 
with introgression of N. bryanti ancestry into the N. lepida genomic 
background (ϕ < h). In contrast, the β parameter measures the rate 
of transition between N. bryanti and N. lepida ancestry across the 
genomic cline. Positive values of β can result from strong selection 
against hybrids and could be associated with potential barrier loci 
(e.g., BDM incompatibilities; Gompert & Buerkle, 2012; Gompert, 
Parchman, et al., 2012; but see Lindtke & Buerkle, 2015), though 
extreme β estimates can also arise during some scenarios of neutral 
introgression (Gompert & Buerkle, 2011; McFarlane et al., 2021). 
Conversely, negative values of β are consistent with broad clines and 
could be indicators of alleles that are potentially favoured in both 
genomic backgrounds (Sung et al., 2018). In addition to characteriz-
ing variation in the magnitude, direction, and rate of introgression, 
we were interested in asking to what extent historical differentia-
tion and divergence between the species predicts introgression, be-
cause any relationship could suggest that divergent selection during 
allopatry may also be associated with reproductive isolation in the 
contact zone (Baiz et al., 2019; Gompert, Lucas, et al., 2012; Schield 
et al., 2017).

Given the computational effort required for chains to success-
fully mix and converge for this analysis, we only considered AIMs 
(described above; N = 2565 loci) and included the 55 hybrid individ-
uals with the strongest evidence of mixed ancestry (0.18 < q < 0.82). 
These ancestry cutoffs for hybrids were selected based on the iden-
tification of relatively natural breaks in the distribution of q across 
all individuals. Additionally, 40 parental individuals were randomly 
selected from both species (N. lepida: q < 0.05; N. bryanti: q > 0.95) 
for the pure reference populations, as this was sufficient for precise 
estimates of parental allele frequencies. Five replicate chains of the 
genotype uncertainty model of bgc v1.04b (Gompert & Buerkle, 
2012) were implemented for 1,000,000 MCMC iterations, specify-
ing a burnin of 200,000 and thinning every 100 steps. In order to 
explore the potential for the use of AIMs to bias the results from 
bgc (McFarlane et al., 2021), we ran additional analyses based on 
10 random subsets of the same number of loci (2565) used in the 
AIM analysis that were sampled from the entire distribution of allele 
frequency differences (see Supporting Information Methods). Chain 
convergence and mixing were assessed via correlations of parame-
ters among chains and the calculation of effective sample sizes in the 

coda package (Plummer et al., 2006) in R. Across loci, the relation-
ships among πb, FST, and absolute genomic cline parameters (i.e., |α| 
and |β|) were assessed using linear models in R.

3  |  |  RESULTS

3.1  |  | Assembly and variant calling

After removing individuals with insufficient sequencing data and 
filtering potential contaminants from the raw data, we retained 
634,404,152 reads for analysis. A total of 406,609,782 reads 
mapped onto the N. lepida draft genome assembly. After thorough 
bioinformatic and quality filtering, we retained a data set of 353 
individuals and 26,262 SNPs with a mean coverage per individual 
per locus of 3.31x. The full data set of 26,262 loci were used for all 
analyses except those based on Bayesian genomic clines and a con-
firmatory entropy analysis, which instead used the subset of 2565 
AIMs described above.

3.2  |  | The distribution of ancestry across a 
sharp ecotone

Genetic differentiation and divergence were pronounced between 
pure individuals of the parental species (mean πb  =  0.214; mean 
FST =  0.178; based on the full data set of 26,262 SNPs), consist-
ent with substantive divergence in allopatry (Patton et al., 2007; 
Shurtliff et al., 2014). Ancestry coefficients (q) completely assigned 
pure N. lepida and N. bryanti to separate ancestries, and putative hy-
brids had a range of intermediate q estimates (Figure 1b). Estimates 
of individual ancestry coefficients (q) from entropy were broadly 
consistent with those from a previously published microsatellite 
data set (r =  .995; Figure S1; Shurtliff et al., 2014). However, 95% 
credible intervals were dramatically smaller for the GBS data set, es-
pecially for hybrids (Figure S2).

The distribution of ancestry coefficients (q) and interspecific an-
cestry estimates (Q12) from entropy were highly concordant among 
independent MCMC chains (Figure S3) and were consistent with a 
broad distribution of multigenerational backcrosses (0.05 < q < 0.95; 
Figure 1c). All but 16 individuals were assigned to the same an-
cestry category (i.e., N. lepida; BC-lepida; F1 hybrid; BC-bryanti; 
N. bryanti) based on the ancestry coefficients from both data sets 
(SSRs and GBS; Figure S1). All hybrids were designated as F1 (N = 16; 
q = 0.4–0.6), BC-lepida (N = 28; q = 0.1–0.4), or BC-bryanti (N = 20; 
q  =  0.6–0.9). No individuals had ancestry estimates that are ex-
pected for F2 and later generation FN hybrids (q ≈ 0.5; Q12 ≈ 0.5), or 
for other hybrid ancestries (e.g., BC × BC), even though simulations 
found sufficient power to detect hybrid × hybrid crosses with sample 
sizes >200 (Supporting Information Results; Figure S4). The results 
obtained from the full entropy model including all 26,262 loci were 
qualitatively identical to those generated from an additional con-
firmatory model based on the subset of 2565 ancestry informative 
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markers (mean AIMs πb =  0.571; mean AIMs FST =  0.545; Figure 
S5)—individual parameter estimates were highly correlated for both 
q (r = .9998) and Q12 (r = .9971) (Figure S6). Further, estimates were 
consistent even when the initialized ancestry coefficients based on 
LDA were randomly assigned across individuals (Figure S7).

3.3  |  | Genome-wide patterns of differentiation, 
divergence, and introgression

The genome-wide distributions of differentiation and divergence 
between N. lepida and N. bryanti were highly correlated (r =  .888) 
and both contained a unimodal peak (mean πb  =  0.214; median 
πb = 0.166; mean FST = 0.178; median FST = 0.147) and a long tail of 
loci with more extreme estimates (Figure 2). Further, both distribu-
tions were similar for the subset of 4636 loci (17.7%) that mapped 
to coding regions (mean πb  =  0.220; median πb  =  0.166; mean 
FST = 0.184; median FST = 0.148; Figure S8). Of the 31 loci residing in 
regions coding for cytochrome P450 detoxification enzymes (mean 
πb = 0.255; mean FST = 0.177; Table S1), four were above the 95th 
quantile of the πb distribution (πb > 0.499) (Cyp4b1, scaffold 2527, 
position 76723, πb = 0.975, FST = 0.975; Cyp3a11, scaffold 29245, 
position 1971, πb = 0.679, FST = 0.639; Cyp2b1, scaffold 1904, posi-
tion 35291, πb = 0.501, FST = 0.006; Cyp2C25, scaffold 8345, po-
sition 44827, πb =  0.500, FST =  0.498) and three were below the 

fifth quantile (πb < 0.119) (Cyp3a13, scaffold 7071, position 35662, 
πb =  0.100, FST =  0.098; Cyp3a11, scaffold 7303, position 40349, 
πb = 0.106, FST = 0.040; Cyp2C25, scaffold 3799, position 72216, 
πb = 0.110, FST = 0.107) (Tables S1 and S2). Based on permutations, 
the number of cytochrome p450 loci in either tail did not differ from 
null expectations (upper 95th quantile: p =  .100; lower fifth quan-
tile: p =  .215; Figure S9). Within-population genetic diversity was 
markedly higher for N. lepida (mean πw = 0.198; median πw = 0.230) 
than for N. bryanti (mean πw = 0.114; median πw = 0.024), a pattern 
driven by a relatively large number of loci with πw ranging from 0.20 
to 0.35 for N. lepida (Figure 2). For most scaffolds, estimates of dif-
ferentiation, divergence, and diversity were not visibly clustered, but 
instead exhibited patterns suggesting a lack of genomic autocorrela-
tion (Figure S10). This result was consistent with a moderately rapid 
erosion of LD across scaffolds, with expected r2 decaying below 
0.20 at 1466 bp (estimate based on all individuals; Figure S11). As 
expected, r2 decayed below 0.20 more slowly for the subset of pa-
rental individuals (2157 bp) and more quickly for the subset of hy-
brids (1373 bp). Importantly, these estimates of LD decay occur at a 
scale that is two orders of magnitude smaller than that covered by 
our marker density (1 SNP per ~90–110 kbp).

Estimates of genomic cline centre (α) and rate (β) parameters 
were concordant across replicate MCMC chains (Figure S12), and all 
effective sample sizes were >200. The distribution of α was highly 
heterogeneous (Figure 3a), with 60.7% of the ancestry informative 

F I G U R E  2  Locus-specific estimates 
of differentiation (FST; panel a) and 
divergence (πb; panel b) between N. lepida 
and N. bryanti were highly heterogeneous 
across the genome. Additionally, within-
population diversity (πw) estimates were 
higher for N. lepida (panel c) than for 
N. bryanti (panel d). All estimates were 
calculated based on allele frequencies 
from parental N. bryanti (q > 0.95) and N. 
lepida (q < 0.05) individuals [Colour figure 
can be viewed at wileyonlinelibrary.com]
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markers (mean AIMs πb = 0.571; FST = 0.545) having 95% credible 
intervals that did not overlap zero. Estimates of differentiation and 
divergence did not differ for the subset of α outliers (N =  1558; 
πb = 0.570; FST = 0.543) relative to the full set of AIMs (N = 2565; 
πb = 0.571; FST = 0.545). There was no difference in the number of 
loci with either positive or negative α estimates (N = 803 vs. 755; 
χ2 = 1.479; df = 1; p = .224), but the magnitude of estimates were 
larger for negative α outliers (mean = −1.817; SD = 0.575) than for 
positive α outliers (mean =  1.109; 0.131) (Figure 3b). Additionally, 
there was no relationship between πb and |α| (R2 <  .001; p =  .205; 
Figure 3C; Table S3). No loci had 95% credible intervals for β that did 
not include zero, and |β| was not predicted by pairwise πb (R2 < .001; 
p =  .418; Table S3). Finally, of the four loci residing in regions as-
sociated with cytochrome p450 detoxification enzymes that were 
included in the genomic cline analysis, a single locus had an α es-
timate with credible intervals that did not overlap zero (Cyp3a11, 
scaffold 5775, position 58030, πb = 0.386, FST = 0.324, α = −2.304; 
95% CI = −3.878, −1.083; Table S1). Our bgc results were consis-
tent across different subsets of individuals and loci (Supporting 
Information Results; Figures S13–S23; Table S3).

4  |  |  DISCUSSION

4.1  |  | Distribution of ancestry across the contact 
zone

Estimates of Q12 provided new insight into patterns of mating among 
parental and hybrid ancestry classes that survive to emergent ju-
venile or adult stages in this system. All individuals were restricted 
to the outer diagonals of the triangle in Figure 1c, indicating that 
all had at least one parent with pure N. lepida or N. bryanti ances-
try (Gompert et al., 2014; Lindtke et al., 2014; Shastry et al., 2021). 
That is, hybrids at this site appear to only be the product of matings 
that are: P1 ×  P2 (F1 offspring), F1 ×  P1 or P2 (BC1 offspring), and 
BCN × P1 or P2 (BCN+1 offspring). The apparent absence of F2 hybrids 
may not be surprising given the rarity of F1 hybrids in this bimodal 
hybrid zone (2% of individuals; Shurtliff et al., 2014), as only 1 in 
2500 offspring would be expected to be F2 under random mating. 
However, there was also no evidence for offspring resulting from 
any type of hybrid × hybrid cross, despite the null expectation that 
1.69% of mating events should fall into this category under random 
mating based on the estimate that 13% of individuals have admixed 
ancestry (latter estimate from Shurtliff et al. [2014], who sampled 
individuals from this contact zone at random).

Many bimodal hybrid zones are regulated by prezygotic barriers 
to gene flow that promote strong assortative mating (Billerman et al., 
2019; Jiggins & Mallet, 2000; Schumer et al., 2017). In this system, 
the strong spatial segregation of the parental species and their re-
spective backcrosses, albeit spanning distances well within the dis-
persal capacity of woodrats, probably contributes to the rarity of 
F1 hybrids and could be involved in limiting the occurrence of sub-
sequent hybrid × hybrid crosses. Indeed, <5% of large inter-annual 

movements (>20 m) involve transitions across the ecotone that di-
vides the sampling area (Figure 1; Shurtliff et al., 2013), so individuals 
are less likely to encounter potential heterospecific mates. Further, 
even when pure parentals meet, laboratory mate choice trials show 
that N. lepida females display strong aversion to mating with N. bry-
anti males, whereas N. bryanti females will mate with males from 
either species (Shurtliff et al., 2013). This suggests that F1 hybrids 
predominantly result from N. bryanti female × N. lepida male crosses, 
further limiting the potential for heterospecific matings.

While it is possible that the prezygotic factors listed above com-
bined with the overall rarity of hybrids could fully explain the absence 
of hybrid × hybrid matings, postzygotic barriers could also contrib-
ute to this pattern. Specifically, the apparent absence of individuals 
that would have been produced via hybrid × hybrid crosses could 
be consistent with some form of intrinsic genomic incompatibility 
(i.e., hybrid breakdown; Barton, 2001; Dobzhansky, 1970; Stelkens 
et al., 2015). If parental ancestry blocks are vital for survival, the 
genetic variation found in hybrids with recombinant genomes could 
have negative fitness consequences. Such intrinsic incompatibilities 
could act in addition to the extrinsic postzygotic mechanisms pro-
posed for the low survival of juvenile hybrids (Shurtliff et al., 2014). 
Together these results suggest that hybrids may require at least one 
pure parent to have the genomic stability to reach the age of nest 
emergence, but that these individuals may still face a survival disad-
vantage as they begin interacting with the environment during their 
first year of life.

4.2  |  | Heterogeneous patterns of differentiation, 
divergence, and introgression

The distributions of differentiation (FST, a relative measure) and 
divergence (πb, an absolute measure) were strongly correlated 
(r  =  .888; Figure 2; Table S3), indicating they similarly illustrate 
genome-wide variation in this case. Both contained long tails of ex-
treme values (Figure 2), including some loci found in coding regions 
(Table S2), which could represent genomic regions involved in ad-
aptation (but see Baird, 2017). Due to the fragmented state of the 
N. lepida draft genome we utilized (Campbell et al., 2016), as well 
as the potential pitfalls associated with detecting loci associated 
with adaptation using genome scans of reduced-representation 
data (Cruickshank & Hahn, 2014; Hoban et al., 2016; Lowry et al., 
2017; Ravinet et al., 2017), we view these distributions only as a cur-
sory characterization of genome-wide heterogeneity. That said, we 
were interested in exploring candidates associated with cytochrome 
P450s, as these detoxification enzymes have been implicated in 
driving dietary specialization in a wide range of organisms, including 
woodrats (Kitanovic et al., 2018; Magnanou et al., 2009; Malenke 
et al., 2012), greater sage-grouse (Oh et al., 2019), koalas (Johnson 
et al., 2018), and swallowtail butterflies (Berenbaum & Feeny, 2008). 
Our analyses provide little evidence for divergent selection influenc-
ing genetic variation at cytochrome P450 loci. The mean estimates 
of πb and FST for cytochrome P450 associated loci were similar to 
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the genome-wide averages, and only four of the 31 loci occurring 
in or near p450 genes were in the upper 5% of the genome-wide 
πb distribution (Table S2; Figure S9). Despite the paucity of cy-
tochrome P450 candidates, the rapid decay of linkage disequilibrium 
(Figure S11) coupled with the relatively low marker density of our 
data places substantial limits on our ability to describe genomic dif-
ferentiation and its relationship to traits of ecological significance. 
Ultimately, more genomically thorough sequencing will be needed 
for analyses of the genetic basis of dietary adaptation in this system.

Given the absence of hybrid × hybrid crosses, we expected to 
find loci with steep genomic clines (i.e., positive β), which might be 
associated with reproductive isolation (Gompert & Buerkle, 2012; 
Gompert, Parchman, et al., 2012). However, we did not detect any 
loci with β estimates not overlapping zero. The absence of β outliers 
has been previously interpreted as an absence of selection against 
hybrids (e.g., Akopyan et al., 2020; Menon et al., 2018; Oswald et al., 
2019). In contrast, ~60% of loci had genomic cline centre (α) credi-
ble intervals that did not overlap zero, confirming that the history of 
multigenerational backcrossing (Figure 1c) has enabled substantial 
introgression. The fraction of loci with extreme α estimates we re-
port is larger than in most other studies using genomic clines (e.g., 
Kingston et al., 2017; Nosil et al., 2012; Parchman et al., 2013; Sung 
et al., 2018; Taylor et al., 2014; but see Janoušek et al., 2015; Souissi 
et al., 2018), although this result is likely influenced by restricting our 
analyses to AIMs. In another recent study, McFarlane et al. (2021) 
recovered a much higher proportion of loci with excess α estimates 
when considering only the AIM subset of SNPs (70% excess α for 
AIMs vs. 11% excess α for all loci). When we performed genomic 
cline analysis using random subsets of loci sampled from the full 
range of allele frequency differences (instead of considering only 
AIMs; see Supporting Information), only 46% of loci had extreme 
α estimates on average. Additionally, while we nearly exhaustively 

sampled hybrids from this bimodal hybrid zone, the general rarity of 
hybrids resulted in the inclusion of relatively few admixed individuals 
in this analysis (N = 55), which may have contributed to the variabil-
ity of genomic cline parameters (Gompert & Buerkle, 2011). Further, 
the ability to distinguish between backcrosses and pure parental in-
dividuals rapidly erodes after even a few generations (Anderson & 
Thompson, 2002; Boecklen & Howard, 1997), so we cannot rule out 
that this hybrid zone was formed relatively recently (i.e., within many 
tens of generations) despite the apparent presence of multigenera-
tional backcrosses (Figure 1c). As such, the large number of loci with 
extreme α estimates could be influenced by the stochasticity of drift 
and recombination (Baird et al., 2003; Gompert & Buerkle, 2011; 
McFarlane et al., 2021).

Extreme α outliers should have higher detectability when alleles 
are moving into less diverse genomic backgrounds (McFarlane et al., 
2021), which could bias our results towards detecting stronger in-
trogression of N. lepida alleles (N. lepida: mean πw = 0.198; median 
πw = 0.230; N. bryanti: mean πw = 0.114; median πw = 0.024; Figure 2). 
Counter to this expectation, the magnitude of negative α outliers 
was more pronounced (Figure 3b), consistent with stronger intro-
gression of N. bryanti ancestry into the N. lepida genetic background 
than vice versa. The one locus tagging a cytochrome p450 (Cyp3a11; 
Table S1) that appears to have introgressed from N. bryanti to N. lep-
ida is intriguing, but requires further verification. Cyp3a has partic-
ularly broad substrate specificity and is abundantly expressed in the 
liver and intestines of mammals, where it acts as a barrier against 
xenobiotics (e.g., plant secondary compounds) from entering the cir-
culation system, while also regulating the expression of other liver 
detoxification pathways (van Waterschoot et al., 2009). The func-
tional significance and potential selective advantage that might be 
conferred from the introgression of Cyp3A alleles requires further 
investigation.

F I G U R E  3  (a) Bayesian genomic clines for 1000 representative ancestry informative markers (AIMs) are drawn based on cline centres 
(α) and rates (β) estimated with bgc (Gompert & Buerkle, 2012). The dashed diagonal black line gives the predicted shape of clines when 
the probability of N. lepida ancestry (ϕ) is equal to hybrid index (h; N. bryanti = 0; N. lepida = 1). Maroon genomic clines represent loci with 
excess N. lepida ancestry (lower 95% credible interval of α > 0), teal genomic clines represent loci with excess N. bryanti ancestry (upper 
95% credible interval of α < 0), and grey genomic clines represent loci where α is not different from zero. Zero loci had β estimates that were 
different from zero. (b) Boxplots display the distribution of α parameter estimates for loci with excess N. lepida ancestry (N = 803) and excess 
N. bryanti ancestry (N = 755). (c) Across all ancestry informative markers (AIMs), the magnitude of introgression (α) is not associated with 
between-population or within-population divergence (πb and πw) [Colour figure can be viewed at wileyonlinelibrary.com]
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While there was plenty of variability in measures of divergence, 
differentiation, and genomic clines (and thus power for analy-
sis of their comparison), there was no evidence of an association 
between divergence (or differentiation) and introgression in this 
study. Genetic regions with extreme genomic cline parameters 
did not strongly coincide with those having extreme differentia-
tion or divergence (Figure 3; Table S3), nor did they have estimates 
of differentiation and divergence that differed from the full set of 
ancestry informative markers (α outliers: πb = 0.570; FST = 0.543; 
all AIMs: πb = 0.571; FST = 0.545). Multiple previous studies using 
similar data and analyses have reported some level of coincidence 
between introgression and differentiation (e.g., Baiz et al., 2019; 
Ebersbach et al., 2020; Gompert, Lucas, et al., 2012; Kingston 
et al., 2017; Menon et al., 2018; Nosil et al., 2012; Oswald et al., 
2019; Parchman et al., 2013; Schield et al., 2017; Taylor et al., 2014; 
but see Zieliński et al., 2019) and interpreted this as evidence that 
divergence in allopatry can predict reproductive isolation. This is 
despite the fact that most of these studies used the relative diver-
gence metric FST (but see Schield et al., 2017), which could obscure 
such a relationship. Nonetheless, there are multiple explanations 
for why divergence and introgression might be unrelated in this 
Neotoma hybrid zone. First, our consideration of only AIMs for 
Bayesian genomic clines might limit the ability to detect relation-
ships between introgression and divergence metrics, as previous 
studies recovered reduced correlations between FST and α when 
employing higher minimum FST thresholds (Gompert, Lucas, et al., 
2012; Nosil et al., 2012). Additional genomic clines analyses based 
on random sampling of loci across the entire range of allele fre-
quency differences did recover evidence that πb and FST were as-
sociated with α in one of ten subsets each (Supporting Information 
Results; Table S3). However, these predictors explained a small 
proportion of the variance in genomic cline parameters even when 
associations could be detected (R2 <  .003; Table S3), suggesting 
that any putative relationships between differentiation, diver-
gence, and introgression in this study are subtle. Second, simula-
tions of hybridization have demonstrated that genetic drift may 
underlie variation in extreme genomic cline estimates under some 
demographic scenarios. For example, using simulations of neutral 
introgression Gompert and Buerkle (2011) found higher variability 
in cline estimates—particularly for α—when sample sizes were small 
(i.e., N =  100). Using similar simulations of neutral introgression, 
McFarlane et al. (2021) recovered high variability in the proportion 
of β outliers when hybridization was rare or relatively recent. As 
similar conditions could characterize the Neotoma hybrid zone, the 
variability in genomic clines we report could be strongly influenced 
by stochastic processes, hence precluding the type of association 
between differentiation or divergence and introgression reported 
in previous studies.

A final caveat worth considering is that our results are likely 
influenced by the fact that our sampling of parental ancestry is 
restricted to the area of active hybridization (Figure 1d) wherein 
“parentals” may themselves be partly introgressed. Indeed, a recent 
study of Mytilus hybridization reported higher proportions of loci 

with extreme genomic cline estimates when using spatially distant 
parental populations in comparison to parental populations near 
sites of active hybridization (Simon et al., 2021). Thus, future studies 
should include additional parental populations that are less likely to 
have a recent history of hybridization to allow insight into patterns 
of differentiation and introgression beyond the immediate area of 
secondary contact. Likewise, as with most studies, our sampling of 
admixed genomes in the area of contact is limited to a narrow win-
dow of time that may not characterize longer-term patterns of ad-
mixture between these species, even at this site. The demography 
and, thus, opportunity for interspecific mating in woodrats has been 
shown to be weather-driven and likely fluctuates through time (e.g., 
Hunter et al., 2017). Ultimately, clarity into the causes and conse-
quences of hybridization in this system will require augmented tem-
poral, spatial, and genomic sampling, including comparative analyses 
of replicate contact zones.
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