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Many widespread plant taxa of western North America have diversified into pheno-
typically and genetically divergent lineages due to complex biogeographic histories
across heterogeneous landscapes. Mosaic hybrid zones can form when geographically
co-occurring, yet environmentally distinct, lineages cross-pollinate and form hybrids
that occupy unique environmental niches absent of a geographic cline. This expands the
total environmental space across which parental and hybrid individuals grow, resulting
in larger, less fragmented geographic distributions. Here, we highlight hybridization
mosaics across three study systems containing taxa critical to widespread plant com-
munities in western North America: Ericameria nauseosa, Artemisia tridentata, and
Sphaeralcea fendleri. The systems contain diverged taxa that co-occur across the land-
scape and hybridize readily. Hybridization among taxa has facilitated niche expansion
into intermediate environments consistent with unique combinations of adaptive genetic
variation, creating more continuity within each study system—study systems occupy
~820 to 270,000 km” more geographic area by virtue of hybridization. Furthermore,
hybrids are predicted to play important roles in future climates, as they may occupy
8 to 475% larger distributions compared to present. Convergent patterns signal mosaic
hybridization as an underappreciated mechanism with broad ecological and evolutionary
ramifications. Leveraging mosaic hybridization may assist the creation of restoration
management plans that aim to mitigate the deleterious effects of habitat fragmentation
on ecosystems in the context of climate change.

mosaic hybrid zone | seed-based restoration | climate change |
genotype-environment association | range dynamics

Plant populations and species that diversify during their biogeographic histories often
hybridize in areas of secondary contact (1). Mosaic hybrid zones form when hybridization
between divergent evolutionary lineages results in hybrid genotypes that maximize fitness
in intermediate or novel environments absent of a geographic cline (2, 3). Parental lineages
and hybrids together may be more continuously distributed due to the occupation of a
wider environmental niche compared to what would be realized by the parental taxa alone
(4-6). In turn, less fragmented distributions, especially for foundational taxa, have the
propensity to facilitate community resilience and stability (7, 8). Hybrids may also act as
conduits of adaptive genetic variation between parental lineages (9, 10) or as reservoirs of
novel genetic variation that aid population persistence (11). In the context of rapid climate
change and broadscale habitat disturbance (12), the ecological and evolutionary ramifi-
cations of mosaic hybrid zones may be critical to understand for maintaining diverse
ecosystems and their services (13).

With declining biodiversity (14, 15) and increasingly fragmented ecosystems (16),
attention to restoring degraded habitat has gained global attention (17, 18). However,
management strategies are challenged by climate change, which causes restoration failures
(19) and confounds evidence-based guidance (20, 21). To buffer against uncertainty and
bolster positive outcomes, there is active development of novel methods of restoration
(22, 23), tools to assist seed transfer (24-26), and research to ascertain local adaptation
and the outcomes of assisted migration (27-29). For taxa that form mosaic hybrid zones
(30, 31), unique combinations of adaptive variation may make hybrids well suited to
navigate the complexities of large-scale and rapidly changing environmental conditions
(11), in addition to facilitating expanded distributions across environmental gradients.
Opportunities to leverage the adaptive flexibility of these systems (i.c., parental taxa plus
hybrids) in management efforts necessitate a deeper understanding of the extent and
consequences of mosaic hybridization.

Foundational species or clades with large and environmentally complex distributions
often have complicated biogeographic histories and phenotypic diversity recognized as
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taxonomic variation. We leverage three suites of such taxa known
to hybridize and that are critical components of plant communi-
ties in western North America: Ericameria nauseosa (Pall. ex Pursh)
G.L. Nesom & G.I. Baird (rubber rabbitbrush; Asteraceae),
Artemisia  tridentata Nutt. (big sagebrush; Asteraceae), and
Sphaeralcea fendleri A. Gray (Fendler’s globemallow; Malvaceae).
E. nauseosa and A. tridentata are foundational shrub species span-
ning the entirety of western North America that exhibit intraspe-
cific phenotypic and taxonomic variation associated with
environmental variation and hybridization (32, 33). Specifically,
we focus on E. nauseosa subsp. nauseosa (hereafter E. n. nauseosa)
and E. nauseosa subsp. consimilis (Greene) G.L. Nesom & G.I.
Baird (hereafter E. n. consimilis) following (34) and diploid
A. tridentata subspecies including A. tridentata subsp. tridentata
(hereafter A. #. tridentata) and A. tridentata subsp. vaseyana
(Rydb.) B. Boivin (hereafter A. t. vaseyana). S. fendleri is an eco-
logically important forb occupying disturbed soils across the west-
ern drylands. Because Sphaeralcea species readily hybridize and
can be difficult to identify due to intermediate morphologies (35),
we included species in close geographic proximity to S. fendleri
that occasionally overlap morphologically, including S. angustifolia
(Cav.) G. Don, S. hastulata A. Gray, and S. incana Torr. ex A.
Gray. All the above taxa are critical to restoration efforts across
dryland habitats in western North America. For more informa-
tion, see S/ Appendix, Supplemental Text.

To investigate the ecological and evolutionary ramifications of
mosaic hybrid zones, we first use genomic data to identify diver-
gent evolutionary lineages (hereafter parental taxa) and hybrids
among them. Next, we assess correlations between allele frequen-
cies and environmental gradients that may be indicative of adap-
tation and use machine learning algorithms to predict ancestry
based on the environment for each lineage (i.e., parental taxa and
hybrids). We leverage relationships between environmental char-
acteristics and ancestry to project parental and hybrid climate
envelopes across geographic space and quantify the ecological
ramification of hybridization for each study system in both present
and future climates (i.e., the change in area occupied by the study
system resulting from hybridization). Our research leverages data
and methods described in ref. 32, which we expand upon to high-
light the convergence of mosaicism across study systems. Finally,
we synthesize the evolutionary and ecological consequences of
hybridization in the context of habitat fragmentation and land-
scape management efforts.

Results

Divergent Evolutionary Lineages and Readily Distinguished
Hybrids. Based on reduced representation genomic sequencing
data, estimated ancestry of individual plants provided unambiguous
support for the existence of divergent evolutionary lineages (i.., the
parental taxa) with geographically dispersed sites of hybridization
in each of our study systems (Fig. 1 and S/ Appendix, Figs. S1 and
S2). Fir and Nei’s D are highest in pairwise comparisons between
parental taxa and intermediate between each parental taxon and
hybrids when assigning individuals as taxon/hybrid (i.., based on
ancestry coeficients rather than collection locality; SI Appendix,
Fig. §3). Fgp values remain high when assessing pairwise comparisons
between populations of parental taxa, even when they are in close
geographic proximity (Dataset S1). Variance partitioning illustrates
that environmental variation, conditioned upon geography, is
strongly associated with genomic variation, explaining 10.5%,
56.2%, and 30.4% of variation within E. nauseosa, A. tridentara,
and Sphaeralcea respectively (S Appendix, Table S1). An additional
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Fig. 1. Each study system consists of genetically distinct lineages (i.e., parental
taxa) that co-occur geographically. Hybrids form throughout the ranges of
parental taxa and vary considerably in their degree of hybridization. Ancestry
class is predicted by environmental conditions, rather than geography (i.e.,
mosaic hybrid zones). Plots depict genetic variation in (A) E. nauseosa, with
hybrids occurring between the well-supported E. n. nauseosa and E. n. consimilis
subspecies, (B) A. tridentata, with hybrids occurring between the diploid A. t.
tridentata and A. t. vaseyana subspecies, and (C) multiple Sphaeralcea species.
For each species, numbered subpanels represent the following: 1) Individual
ancestry coefficients (q) from the hierarchical Bayesian model of entropy for
k=2, ordered by the first PCA axis (S/ Appendix, Fig. S1). Color proportion of each
bar depicts individual ancestry proportion. 2) Redundancy analysis (RDA), which
illustrates how environmental variation predicts genetic variation between the
lineages and hybrids. Black lines and labels denote the top five environmental
variables predicting ancestry in a multivariate framework. 3 and 4) The top two
environmental predictors of ancestry coefficients (q) assessed through univariate
beta regressions, with P-values and r* values reported above each panel.
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24.5% and 47.9% of genomic variation is confounded between
environment and geography for E. nauseosa and Sphaeralcea such
that the relative influence of these factors cannot be disentangled.
This demonstrates both the variability in how species are influenced
by extrinsic factors and the difficulty implicit in investigating
biological processes given complex abiotic covariation, as caused by
the topographic and environmental heterogeneity of western North
America. Much less genomic variation is associated with geography
(i.e., latitude and longitude) after accounting for environmental
variation (13.6%, 4.6%, and 0%) for E. nauseosa, A. tridentata, and
Sphaeralcea, respectively (SI Appendix, Table S1).

Hybrids Occupy Unique Environmental Space and Relationships
between Genotypic and Environmental Variation Support
Adaptation. Hybridization in our study systems was expected
given previous reports and intermediate morphologies (33-35).
Capitalizing on approaches used in ref. 32, we quantify the fidelity
of hybrids to intermediate environments using multivariate
(redundancy analysis), univariate, and machine learning (Random
Forest) models (Fig. 1, Table 1, and SI Appendix, Figs. S4-S6

and Table S2). Our results indicate that environmental variation

drives the distribution of allele frequencies across the landscape,
coinciding with parental and hybrid ancestry. Overlap in
environmental predictor variables across the systems, irrespective
of the method used, is indicative of shared drivers of environmental
niche divergence. For example, heat load was highly ranked across
all systems, and precipitation as snow is important for both
A. tridentata and Sphaeralcea (Fig. 1 and SI Appendix, Table S2).
However, we also identify unique environmental influences for
taxa, including temperature continentality for subspecies in E.
nauseosa, climatic water index for subspecies in A. tridentata,
and precipitation seasonality for Sphaeralcea species. When using
only knowledge of environmental variation at the sampling
locations, Random Forest models assigned individuals to their
correct ancestry class (i.e., parental or hybrid) with high degrees of
accuracy (88.9%, 87.8%, and 86.8% for E. nauseosa, A. tridentata,
and Sphaeralcea, respectively; Fig. 2 and SI Appendix, Fig. S7).
Each of these systems represents a mosaic hybrid zone; hybrids
occupy unique habitat bridging environmental space between
parental taxa, occur at multiple geographically dispersed locations,
and environmental variation is a strong predictor of both parental
and hybrid ancestries.

Table 1. Predicted geographic area across which parental taxa and hybrids are distributed based on Random For-
est machine learning models

Present SSP126 SSP585 SSP126 SSP585
area (km?) area (km?) area (km?) change from present (km?)  change from present (km?)
(%) (%) (%) (%) (%)
E. nauseosa
E. n. consimilis 553,229 596,504 590,568 43,275 37,339
(49.09) (53.85) (54.58) (7.82) (6.75)
E. n. nauseosa 95,602 53,527 19,458 -42,075 -76,144
(8.48) (4.83) (1.80) (-44.01) (=79.65)
hybrid 269,591 263,396 290,099 -6,195 20,508
(23.92) (23.78) (26.81) (-2.30) (7.61)
>2 taxa 208,577 194,237 181,862 -14,340 -26,715
(18.51) (17.54) (16.81) (-6.88) (-12.81)
total 1,126,999 1,107,664 1,081,987 -19,335 -45,012
(100) (100) (100) (-1.72) (-3.99)
A. tridentata
A. t. tridentata 164,771 225,346 287,543 60,575 122,772
(43.24) (60.84) (81.08) (36.76) (74.51)
A. t. vaseyana 212,769 141,421 60,897 -71,348 -151,872
(55.84) (38.18) (17.17) (-33.53) (-71.38)
hybrid 822 1,357 4,729 535 3,907
(0.22) (0.37) (1.33) (65.09) (475.30)
>2 taxa 2,688 2,280 1,472 -408 -1,216
(0.71) (0.62) (0.42) (-1518) (-45.24)
total 381,050 370,404 354,641 -10,646 -26,409
(100) (100) (100) (=2.79) (-6.93)
Sphaeralcea sp.
S. fendleri 54,962 27,812 14,105 -27,150 -40,857
(25.76) (12.94) (6.69) (-49.40) (-74.34)
hybrid 54,384 64,266 54,320 9,882 -64
(25.49) (29.89) (25.76) (18.17) (-0.12)
Other Sph. sp. 87,515 98,527 116,737 11,012 29,222
(41.02) (45.83) (55.36) (12.58) (33.39)
>2 taxa 16,479 24,399 25,716 7,920 9,237
(7.72) (11.35) (12.19) (48.06) (56.05)
total 213,340 215,004 210,878 1,664 -2,462
(100) (100) (100) (0.78) (-1.15)

Changes in area are based on low and high future climate scenarios (SSP126 and SSP585) for the years 2071 to 2100. Multiple occurrences of either parental taxa or hybrids can be pre-
dicted to be present at a location and signified by >2 lineages. Models were projected at a 1 km? scale.
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Fig. 2. Environmental predictions of ancestry class (i.e., parental taxa or hybrid) for each study system using Random Forest for (A) E. nauseosa, (B) A. tridentata,
and (C) Sphaeralcea. Points represent permuted accuracy within each lineage, vertical spread represents point density, and text boxes show mean accuracy
percentages. Dashed lines, overall accuracy percentages, and shaded bars represent the overall mean predictive accuracy and the 95% bootstrapped Cl. P-values

were assessed through a randomized permutation test (S/ Appendix, Fig. S7).

Quantifying the Ecological Impact of Mosaic Hybrid Zones
through Geographic Interpolation of Suitable Landscapes
for Current and Future Climates. Given the predictability
of environmentally mediated ancestry across the landscape
(Fig. 2), we used the Random Forest models introduced above
to interpolate the distributions of parental taxa and hybrids
(Fig. 3). Consideration of hybrid ancestries expanded estimated
distributions by 269,591 km?, 822 km”, and 54,384 km” for
E. nauseosa, A. tridentata, and Sphaeralcea, respectively.
Differences across these estimates may in part be explained
by the habitat occupied by hybrids. For example, parental
A. tridentata taxa occupy most geographic space, whereas
A. tridentata hybrids are constrained to a narrow geographic
distribution in intermediate environments on mountain slopes,
which occurs repeatedly throughout the basin and range
topography of western North America (36). This habitat is
difficult to accurately estimate based on the size of raster pixels
representing environmental data (1 km?), and thus we have likely
underestimated hybrid occupancy. In contrast, the proportion of
environmental space occupied by hybrids compared to parents
is greater in Sphaeralcea, which is not confined to steep slopes
in montane environments (Fig. 3). We then considered low and
high emission scenarios to interpolate ancestry distribution for
climate change in 2071 to 2100 (SSP126 and SSP585), with
results suggesting that the area occupied by hybrids will remain
approximately stable or increase in each study system (Table 1).
In contrast, suitable area is predicted to decrease dramatically
for the parental taxa occupying environmentally cooler/wetter

habitat (Fig. 3 and Table 1).

Mosaic Hybridization Merits Ongoing Investigation. Hybridiza-
tion dynamics within our study systems warrant further investiga-
tion to understand their full scope of impacts on ecological and
evolutionary processes. Given that we use ancestry class (i.e.,
parent or hybrid) associated with predictable environmental
variation and that our sampling for each study system is not
range wide, our interpolations detail geographic areas with
predictable ancestry and should not be interpreted as species
distribution models. We recognize additional sampling across the
distributions of study systems will improve predictions; herein,
our goal is to highlight potential evolutionary and ecological
impacts of mosaic hybridization. Moreover, we did not include
all codistributed Sphaeralcea species known to hybridize with

https://doi.org/10.1073/pnas.2410941122

S. fendleri (35), suggesting that broader taxonomic sampling
would add complexity to ancestry predictions. However, within
our sampling scheme, we note that we collected populations
having morphological characteristics of the parental taxa we
included. Further methodological development will allow us
to predict specific hybrid ancestries across space, instead of
S. fendleri and “Other Sphaeralcea species.” Finally, we excluded
A. t. wyomingensis, an ecologically important tetraploid taxon within
A. tridentata. A. tridentata subspecies are ecologically, cytologically,
and chemically distinct (37-39) and despite opportunities for
one-way gene flow from diploid subspecies into A. #. wyomingensis
via unreduced gametes (40), a triploid block (41) prohibits
opportunities for mosaic hybridization. However, we note that
there are many interesting dynamics among A. #ridentata ploidal
levels, including autopolyploidization and allopolyploidization
involving A. . tridentata and A. t. vaseyana, which may break
down ecological barriers and facilitate tetraploid hybridization
with A. 2. wyomingensis (40, 42). While a complete picture
of the environmental distribution and ecological importance of
A. tridentata must include A. #. wyomingensis, our goal is to highlight
the ramifications of mosaic hybridization. See SI Appendix,
Supplemental Texr for caveats and limitations to our analyses as
well as confirmatory rarefaction analyses.

Discussion

With varied impacts of hybrids on evolutionary outcomes, it
stands to reason the impact of mosaic hybrid zones on ecological
processes may be similarly diverse (43). For example, hybrids may
act as conduits of adaptive genetic variation between parental taxa
(9, 10), or they may result in loss of biodiversity by eroding
species boundaries (44). Ecologically, hybrids may suture frag-
mented landscapes, thereby creating communities that are more
resilient to disturbances (45), they may act as reservoirs of novel
genetic variation that aid population persistence (11), or they
may lead to population decline (44). Increasingly disturbed and
fragmented landscapes combined with human-induced climate
change foreshadow the importance of landscape genomic inves-
tigations to illuminate the role of mosaic hybrid zones in the
persistence and continuity of plant communities. In a manage-
ment context, understanding the distribution of hybrids and their
environmental preferences could forestall genotype—environment
mismatches, which can lead to expensive restoration failures, and

pnas.org
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incorporating hybrids into modeling efforts for predicting Linking Hybridization and Restoration Strategies to Address
responses to climate change may add options for mitigation of Habitat Fragmentation. Ecosystem health is declining worldwide,
plant community degradation. necessitating widescale landscape management to counteract
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disturbances and build resilience to future change (46). In particular,
habitat fragmentation damages ecosystems by hindering gene flow
among species’ populations, reducing population sizes, and limiting
the environmental heterogeneity to which populations are exposed
(47). As a result, populations may lose genetic diversity needed for
responding to selection (48). Management efforts to counteract
habitat fragmentation often focus on reestablishing native
plants according to the paradigm of ecologically and genetically
appropriate restoration (49), regardless of whether goals support the
conservation of threatened and endangered species (50) or bolster
healthy community dynamics and ecosystem functions (51). This
paradigm requires that native plant materials (which usually refers
to seeds; 52) are matched to restoration sites by accounting for local
adapration (29, 53, 54) and evolutionary history (55). However,
the basic unit of seed-based restoration is seed representing a taxon,
not seed representing hybridizing taxa—even intraspecific mixing
of individuals (i.e., seed and naturally occurring conspecifics at the
restoration site) that are too divergent is viewed as a potentially
deleterious management effort (56). Our identification of hybrids
adapted to unique environments necessitates a reevaluation of
using hybrid genotypes within restoration activities, as they reduce
fragmentation and expand geographic footprints of ecologically
important species by ~800 to 270,000 km? (Table 1). Moreover,
hybrids are estimated to remain important in future climates, as
the environmental space they occupy is projected to expand across
study systems’ geographic extents (Fig. 3).

Mosaic hybridization has consequences for seed-based restora-
tion that depends upon the agricultural production of seed to
obtain volumes necessary for broadscale restoration (57). Across
our study systems, mosaic hybrid zones are facilitated by the geo-
graphic co-occurrence of parents that freely cross-pollinate despite
being adapted to different environmental niches (Fig. 1). We
demonstrate that hybridization produces individuals that represent
a variety of ancestry combinations, and that only hybrid genotypes
persist in environmental space unique and predominately inter-
mediate from that of parental taxa (58). If environment dictates
the fitness of genotypes (as in Fig. 1), then establishing an agri-
cultural field from wild-collected, hybridized seed will select for
genotypes favored by the field’s environment and result in strong
genetic drift. Moreover, seed produced in the agricultural field
will result from recombination and cross-pollination among
plants. As such, the environments to which farm-produced seed
is adapted will be unknown, and using seed in genetically appro-
priate restoration (i.e., matching locally adapted seed to the correct
environment) may be stymied (54). However, the environmental
breadth over which hybrid-origin, agriculturally produced seed
can be used may also be much broader (11), or the seed may be
better suited to unpredictable weather or changing climate trajec-
tories (similar to a composite or climate-adjusted provenancing
strategy in ref. 59). Ongoing management challenges that include
increasingly fragmented landscapes and changing climates may
require novel approaches, including using seed produced from
actively hybridizing species (60).

Mosaic Hybridization and the Persistence of Evolutionary
Lineages. Plant species that survived Pleistocene climate
changes repeatedly shifted their distributions over evolutionary
timescales (61, 62). Moreover, many plants that shifted their
distributions are known to hybridize (63—65). The concordance
of changing climates, distributional shifts, and hybridization in
foundational plant clades raises the intriguing possibility that
mosaic hybridization may confer evolutionary advantages to
lineages. Mosaic hybridization may contribute to the persistence
of parental taxa by promoting unique combinations of genetic
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variation (66), fostering greater community/species resilience by
reducing fragmentation (47), and/or facilitating introgression
(67-70). Our results demonstrate how hybrids may expand
geographic ranges under different climate scenarios, although
to varying degrees depending on taxa’s environmental niches
(Fig. 3 and Table 1). For example, hybrids occupy 8 to 475%
more geographic area compared to present in future climate
scenarios, despite overall declines in the total area occupied
by study systems (Table 1). While the benefits provided by
mosaic hybridization to the survival of clades are speculative,
understanding their diversity and scope may be critical to help
taxa navigate warming climates in the increasingly fragmented
landscapes of the Anthropocene.

Materials and Methods

Reduced Representation Sequencing, Bioinformatic Processing, and
Genotype Likelihood Estimation. Reduced representation libraries for each
system were prepared using a double-digest restriction-site associated DNA
sequencing (i.e., ddRADseq) method (71, 72). Genetic data for £. nauseosa was
generated by ref. 32 and full descriptions of methods can be found therein.
Similar lllumina sequencing protocols were followed for all three study systems
(51 Appendix, Table S3). Bioinformatic processing for £. nauseosa and A. tridentata
followed a custom pipeline, while STACKS v2.6 was used for Sphaeralcea. A.
tridentata was the only study system for which a reference genome was available
(~4.2 Gb genome, nine chromosomes; 73, 74); E. nauseosa was aligned to a
de novo reference assembly and Sphaeralcea was processed in STACKS v2.6.
Filtering was completed for all study systems using vCFTOOLS v0.1.16 (75)
under similar thresholds for missing data, quality, minor allele frequency, read
depth, and observed heterozygosity (S/ Appendix, Table S3). Study systems and
sampling design are discussed in detail in S/ Appendix, Supplemental Text. Final
sample sizes after filtering for each species and ancestral classes are presented
in Fig. 1 and SI Appendix, Table S3.

Spatial Genetic Structure and Lineage Differentiation. To incorporate gen-
otype uncertainty throughout our analyses, we utilized a hierarchical Bayesian
model (ENTROPY Vv2.0; 76, 77) to estimate genotype probabilities for each
individual ateach locus (i.e., single nucleotide polymorphism), infer the number
of ancestral genetic clusters (k), and estimate individual ancestry coefficients
(g). Genotype probabilities from the top five models based on deviance infor-
mation criterion (DIC; k = 2 to 9) were averaged across four chains and used
for all subsequent population genetic analyses (S/ Appendix, Table S4). Across
all three study systems, a k = 2 model was used to delineate ancestral classes
(i.e., parental or hybrid) and assign individuals by thresholds specific to each
taxon (Fig. 1). Furthermore, we conducted principal componentanalyses (PCA) on
genotype probabilities, following standardization (78), as complementary model-
free approach to quantify genetic variation among all individuals (S/ Appendix,
Figs.S1and S2). Finally, as a metric of genetic differentiation among the lineages,
we estimated pairwise Hudson's F¢; based on allele frequencies (79).

To verify that ordination and ancestry analyses were not biased by uneven
sampling (80-82), we filtered variants, inferred ancestry coefficients, and con-
ducted population genetic analyses as described below on a reduced dataset
with even sampling across sampling locations and ancestry classes (S/ Appendix,
Supplemental Text). Because patterns of clustering and ancestral class assignment
were qualitatively similar for both datasets (S/ Appendix, Fig. S8), we used the
full dataset for analyses detailed below.

Environmental Data. We extracted environmental data across western North
America for sampling sites for each study systems using the 30 climate variables
of the Climatic Water Deficit Toolbox (83, 84). This dataset provides estimates
of potential evapotranspiration, actual evapotranspiration, and climatic water
deficit estimated from 30-y climate normals (ClimateNA 1991 to 2020, 1 km?
resolution; 85) and predicts spatial and distributional variation across plant
communities (86, 87). Variables were reduced for each study system using
variable inflation factors (VIF < 10) to account for multicollinearity. Full descrip-
tions of these variables and their values for each sample location can be found
in Dataset S1.
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Mosaicism and the Environmental Predictors of Hybridization. Asa mosaic
hybrid zone is defined by hybrids occupying multiple, independent locations,
thereby creating complex mosaics in which populations of parents are inter-
spersed among populations of hybrids, we predicted that genetic variance across
the parentals and the hybrids could be explained by variation in environment
instead of geography.To test this, we first estimated the individual and combined
influences of environment (all selected variables) and geography (latitude/lon-
gitude) on ancestry coefficients (g) using a variance partitioning approach (88).
Next, we examined the extent to which environmental variation predicts the
spatial distribution of each parental and hybrid ancestry using 1) Redundancy
analysis (RDA) following the guidelines in ref. 89, a multivariate approach that
quantifies the association of environmental variables and genotype probabilities,
2) univariate models of each geographic and environmental variable associated
with ancestry () and ancestry class (i.e., parental or hybrid), and 3) Random Forest
models of ancestry class predicted by solely environmental variation. Variance
partitioning and RDA were performed using the functions varpart() and rda() in
the VEGAN package. Univariate models were assessed using beta regressions
(BETAREG; 90) for predictors of g, as g is bound by 0 and 1, and ANOVA (type
11)in the CAR package (91)for associations to ancestry class. The Random Forest
models were analyzed using the R package RANDOM FOREST (92); models
were trained using 70% of the data, and accuracy was assessed using /* and
percentaccurate assignment to each ancestral classification (permuted n = 500).
Permutation tests support results of these predictive models by affirming pat-
terns are outside what is likely due to chance (P < 0.001 for all study systems;
Sl Appendix, Fig. S7).

Because hybrids in our study systems occurred across the ranges of paren-
tal taxa in predictable, intermediate environmental space (Fig. 2), we projected
ancestry class (i.e., parental taxa and hybrids) across geography, similar to
generating genetically informed species distribution models (93). We used
Random Forest to build predictive models of the occurrence of each ancestry
class. Specifically, a presence/absence (0/1) model was built (trained and tested,
70/30) using the environmental data associated with sampling locations as the
response variable in the R package RANDOM FOREST (ntrees = 1,000, mtry
= default). In other words, for each model, one ancestry class was designated
present (1), while the other ancestry classes represented known absences (0).
The independent models were predicted across the entire estimated range of the
study system [using (32) for Ericameria, (40) for Artemisia, and the New Mexico
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state boundary for Sphaeralcea], then constrained to the approximate geographic
extent of our sampling. Models were combined into one prediction, with raster
pixels categorized as parental, hybrids, no occurrence, or multiple occurrences
(=2lineages present). Furthermore, we estimated how ancestry classes may shift
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in association with two projected climate change scenarios (low, SSP126 and
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eight models downscaled to a 1 km? resolution (94). To highlight the ecological
relevance of the hybrids across currentand future climate scenarios, we calculated
the extent of the area occupied by each lineage (in km?).

Data, Materials, and Software Availability. Genomic data for Ericameria,
Artemisia, and Sphaeralcea are available in Dryad (10.5061/dryad.1g1jwsvér)
(95) and ScienceBase (10.5066/P13M7W4G) (96).

ACKNOWLEDGMENTS. Support from the U.S. Department of Interior (DOI)
Bureau of Land Management (BLM) Colorado Plateau Native Plant Program,
BLM Great Basin Native Plant Project, New Mexico BLM Plant Conservation
Program, and DOI U.S. Geological Survey Ecosystems Mission Area made this
research possible. This project was funded by grant 2017-67019-26336 from
the US Department of Agriculture National Institute of Food and Agriculture
Sustainable Agroecosystems program, Cooperative Agreements L16AC00318
and L19AC00013 from the BLM through the Great Basin Cooperative Ecosystem
Studies Units to E.A.L and T.L.P, and Interagency Agreements L18PG00222,
L23PG00055, and L23PG00110 from the BLM to R.M.The paper has been greatly
improved by comments from Josh Jahner and three reviewers. We appreciate sup-
portfrom Ashlee Wolf, Alison Agneray, and Chris Halsch. Any use of trade, product,
or firm names is for descriptive purposes only and does notimply endorsement
by the U.S. Government.

Author affiliations: *United States Geological Survey, Southwest Biological Science Center,
Flagstaff, AZ 86001; "Department of Ecology and Evolutionary Biology, Museum of Zoology,
University of Michigan, Ann Arbor, MI 48104; “Department of Biology, University of Nevada,
Reno, NV 89557; and “United States Department of Agriculture Forest Service, Rocky
Mountain Research Station, Moscow, ID 83843

Author contributions: R.M., T.M.F, T.L.P., and L.L.K. designed research; R.M., T.M.F., and
I.M.B. performed research; R.M., T.M.F.,, and |.M.B. analyzed data; R.M., E.AA.L, T.L.P., and
B.A.R. secured funding; R.M., EA.L, T.L.P., and B.A.R. organized sampling/sequencing of
materials; R.M. and T.M.F. wrote the paper; and all authors edited the paper.

21. L.A.Brudvig, C.P. Catano, Prediction and uncertainty in restoration science. Restor. Ecol. 29, e13380
(2021).

22. S.E.Fick, C. Decker, M. C. Duniway, M. E. Miller, Small-scale barriers mitigate desertification
processes and enhance plant recruitment in a degraded semiarid grassland. Ecosphere 7,01354
(2016).

23. E.Gornish, H.Arnold, J. Fehmi, Review of seed pelletizing strategies for arid land restoration.
Restor. Ecol. 27,1206-1211(2019).

24. J.B.Stetal, Seedlot selection tool and climate-smart restoration tool: Web-based tools for
sourcing seed adapted to future climates. Ecosphere 13, e4089 (2022).

25. M. Rossetto et al., Restore and renew: A genomics-era framework for species provenance
delimitation. Restor. Ecol. 27,538-548 (2019).

26. R.Massatti, D. E. Winkler, Spatially explicit management of genetic diversity using ancestry
probability surfaces. Methods Ecol. Evol. 13, 2668-2681(2022).

27. Y.Yu,S.N.Aitken, L. H. Rieseberg, T. Wang, Using landscape genomics to delineate seed and
breeding zones for lodgepole pine. New Phytol. 235, 1653-1664 (2022).

28. S.Llachmuth, T. Capblancq, S. R. Keller, M. C. Fitzpatrick, Assessing uncertainty in genomic offset
forecasts from landscape genomic models (and implications for restoration and assisted migration).
Front. Ecol. Evol. 11,1155783 (2023).

29. 0.W.Baughman et al., Strong patterns of intraspecific variation and local adaptation in Great Basin
plants revealed through a review of 75 years of experiments. Ecol. Evol. 9, 62596275 (2019).

30. R.J.Abbott, A. C. Brennan, Altitudinal gradients, plant hybrid zones and evolutionary novelty.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 369, 20130346 (2014).

31. S.Gramlich, E. Horand|, Fitness of natural willow hybrids in a pioneer mosaic hybrid zone. Ecol. Evol.
6,7645-7655(2016).

32. T.M.Faske etal., Environment predicts the maintenance of reproductive isolation in a mosaic hybrid
zone of rubber rabbitbrush. Evolution 78, 300-314 (2024).

33. E.McArthur, B. Welch, S. Sanderson, Natural and artificial hybridization between big sagebrush
(Artemisia tridentata) subspecies. J. Hered. 79, 268-276 (1988).

34. G.L. Nesom, G.l.Baird, Completion of Ericameria (Asteraceae: Astereae), diminution of
Chrysothamnus. Phytologia 75, 1-25 (1993).

35. S.E.Dreher, Interspecific Hybridization in Sphaeralcea (Malvaceae) (The Claremont Graduate
University, 2014).

36. H.Wang, E. D. McArthur, S. C. Sanderson, J. H. Graham, D. C. Freeman, Narrow hybrid zone between
two subspecies of big sagebrush (Artemisia tridentata: Asteraceae). IV. Reciprocal transplant
experiments. Evolution 51, 95-102 (1997).

https://doi.org/10.1073/pnas.2410941122 7 of 8


http://www.pnas.org/lookup/doi/10.1073/pnas.2410941122#supplementary-materials
https://doi.org/10.5061/dryad.1g1jwsv6r
https://doi.org/10.5066/P13M7W4G

37.

38.

39.

40.

41,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

8 of 8

E. D. McArthur, S. C. Sanderson, Cytogeography and chromosome evolution of subgenus Tridentatae
of Artemisia (Asteraceae). Am. J. Bot. 86, 1754-1775(1999).

D. M. Jaeger, J. B. Runyon, B. A. Richardson, Signals of speciation: Volatile organic compounds
resolve closely related sagebrush taxa, suggesting their importance in evolution. New Phytol. 211,
1393-1401(2016).

M. M. Brabec, M. J. Germino, B. A. Richardson, Climate adaption and post-fire restoration of a
foundational perennial in cold desert: Insights from intraspecific variation in response to weather.
J.Appl. Ecol. 54,293-302 (2017).

L. P. Grossfurthner, E. R. Milano, P. A. Hohenlohe, L. P. Waits, B. A. Richardson, Population structure
and hybridization under contemporary and future climates in a heteroploid foundational shrub
species (Artemisia tridentata). Front. Plant Sci. 14,1155868 (2023).

C.Kohler, 0. M. Scheid, A. Erilova, The impact of the triploid block on the origin and evolution of
polyploid plants. Trends Genet. 26, 142-148 (2010).

B.A. Richardson, J.T. Page, P. Bajgain, S. C. Sanderson, J. A. Udall, Deep sequencing of amplicons
reveals widespread intraspecific hybridization and multiple origins of polyploidy in big sagebrush
(Artemisia tridentata; Asteraceae). Am. J. Bot. 99, 1962-1975(2012).

D. Porretta, D. Canestrelli, The ecological importance of hybridization. Trends Ecol. Evol. 38,
1097-1108 (2023).

J. Ottenburghs, The genic view of hybridization in the Anthropocene. Evol. Appl. 14, 2342-2360
(2021).

T.G. Whitham et al., Plant hybrid zones affect biodiversity: Tools for a genetic-based understanding
of community structure. Ecology 80, 416-428 (1999).

J.Aronson, N. Goodwin, L. Orlando, C. Eisenberg, A.T. Cross, Aworld of possibilities: Six restoration
strategies to support the United Nation's Decade on Ecosystem Restoration. Restor. Ecol. 28,
730-736(2020).

A Hoffmann et al., Aframework for incorporating evolutionary genomics into biodiversity
conservation and management. Clim. Change Responses 2, 1-24 (2015).

A.S.Jump, R. Marchant, J. Pefiuelas, Environmental change and the option value of genetic
diversity. Trends Plant Sci. 14,51-58 (2009).

P. Olwell, L. Riibe, National seed strategy: Restoring pollinator habitat begins with the right seed in
the right place at the right time. Nat. Areas J. 36, 363-365 (2016).

S.G. Kearney, V. M. Adams, R. A. Fuller, H. P. Possingham, J. E. Watson, Estimating the benefit of
well-managed protected areas for threatened species conservation. Oryx 54, 276-284 (2020).
V.J. Erickson, A. Halford, Seed planning, sourcing, and procurement. Restor. Ecol. 28, 5219-5227
(2020).

M. L. McCormick et al., How to increase the supply of native seed to improve restoration success: The
US native seed development process. Restor. Ecol. 29, e13499 (2021).

C.J. Lortie, J. L. Hierro, A synthesis of local adaptation to climate through reciprocal common
gardens. J. Ecol. 110, 1015-1021 (2022).

J.K.McKay, C. E. Christian, S. Harrison, K. J. Rice, "How local is local?"-A review of practical and
conceptual issues in the genetics of restoration Restor. Ecol. 13, 432-440 (2005).

R. Massatti et al., Population history provides foundational knowledge for utilizing and developing
native plant restoration materials. Evol. Appl. 11,2025-2039 (2018).

K.Vander Mijnsbrugge, A. Bischoff, B. Smith, A question of origin: Where and how to collect seed for
ecological restoration. Basic Appl. Ecol. 11,300-311(2010).

National Academies et al., An Assessment of the Need for Native Seeds and the Capacity for Their
Supply: Interim Report (National Academies Press, 2020).

V. L. Sork, Genomic studies of local adaptation in natural plant populations. J. Hered. 109, 3-15
(2018).

A. Bucharova et al., Mix and match: Regional admixture provenancing strikes a balance

among different seed-sourcing strategies for ecological restoration. Conserv. Genet. 20, 7-17
(2019).

. D.E.Winkler, R. Massatti, Unexpected hybridization reveals the utility of genetics in native plant

restoration. Restor. Ecol. 28, 1047-1052 (2020).

. J.Avise, Phylogeography: The History and Formation of Species (Harvard University Press, 2000).
. G. Hewitt, The genetic legacy of the quaternary ice ages. Nature 405, 907-913 (2000).
. R.Buck, L. Flores-Renteria, The syngameon enigma. Plants 11, 895 (2022).

J. M. Pefialoza-Ramirez et al., Interspecific gene flow in a multispecies oak hybrid zone in the Sierra
Tarahumara of Mexico. Ann. Bot. 105, 389-399 (2010).

. J.A.Hamilton, C. Lexer, S. N. Aitken, Genomic and phenotypic architecture of a spruce hybrid zone

(Picea sitchensisx P. glauca). Mol. Ecol. 22, 827-841(2013).

https://doi.org/10.1073/pnas.2410941122

66.

67.

68.
69.

70.

7.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.
93.

94.

95.

96.

Z.Gompert, E. G. Mandeville, C. A. Buerkle, Analysis of population genomic data from hybrid zones.
Annu. Rev. Ecol. Evol. Syst. 48,207-229(2017).

P.R. Grant, B.R. Grant, Phenotypic and genetic effects of hybridization in Darwin's finches. Evolution
48,297-316(1994).

M. L. Arnold, N. H. Martin, Adaptation by introgression. J. Biol. 8, 1-3 (2009).

K. D. Whitney, R.A. Randell, L. H. Rieseberg, Adaptive introgression of abiotic tolerance traits in the
sunflower Helianthus annuus. New Phytol. 187, 230-239 (2010).

K. Kunte et al., Sex chromosome mosaicism and hybrid speciation among tiger swallowtail
butterflies. PLoS Genet. 7, €1002274(2011).

T. L. Parchman et al., Genome-wide association genetics of an adaptive trait in lodgepole pine.
Mol. Ecol. 21,2991-3005 (2012).

B.K. Peterson, J. N. Weber, E. H. Kay, H. S. Fisher, H. E. Hoekstra, Double digest RADseq: An
inexpensive method for de novo SNP discovery and genotyping in model and non-model species.
PLoS One 7,€37135(2012).

A.E. Melton et al., A draft genome provides hypotheses on drought tolerance in a keystone plant
species in Western North America threatened by climate change. Ecol. Evol. 11, 15417-15429 (2021).
A.E. Melton et al., A haploid pseudo-chromosome genome assembly for a keystone sagebrush
species of western North American rangelands. G3 (Bethesda) 12, jkac122 (2022).

P. Danecek et al., The variant call format and VCFtools. Bioinformatics 27,2156-2158 (2011).
Z.Gompert et al., Admixture and the organization of genetic diversity in a butterfly species complex
revealed through common and rare genetic variants. Mol. Ecol. 23, 4555-4573 (2014).

V. Shastry et al., Model-based genotype and ancestry estimation for potential hybrids with
mixed-ploidy. Mol. Ecol. Resour. 21, 1434-1451 (2021).

N. Patterson, A. L. Price, D. Reich, Population structure and eigenanalysis. PLoS Genet. 2, €190
(2006).

R.R. Hudson, M. Slatkin, W. P. Maddison, Estimation of levels of gene flow from DNA sequence data.
Genetics 132, 583-589 (1992).

G. McVean, A genealogical interpretation of principal components analysis. PLoS Genet. 5,
€1000686(2009).

J.Novembre, M. Stephens, Interpreting principal component analyses of spatial population genetic
variation. Nat. Genet. 40, 646-649 (2008).

E. A. Sinclair, R. J. Hobbs, Sample size effects on estimates of population genetic structure:
Implications for ecological restoration. Restor. Ecol. 17, 837-844 (2009).

T.E. Dilts, P.J. Weisberg, C. M. Dencker, J. C. Chambers, Functionally relevant climate variables for
arid lands: A climatic water deficit approach for modelling desert shrub distributions. J. Biogeogr.
42,1986-1997 (2015).

M. Redmond, CWD and AET function (Version V1. 0.3). Zenodo. (2022). 10.5281/zenodo.6416352.
T.Wang, A. Hamann, D. Spittlehouse, C. Carroll, Locally downscaled and spatially customizable
climate data for historical and future periods for North America. PLoS One 11, 0156720 (2016).
J.A. Lutz, J. W.Van Wagtendonk, J. F. Franklin, Climatic water deficit, tree species ranges, and
climate change in Yosemite National Park. J. Biogeogr. 37, 936-950 (2010).

N. Stephenson, Actual evapotranspiration and deficit: Biologically meaningful correlates of
vegetation distribution across spatial scales. J. Biogeogr. 25, 855-870 (1998).

D. Borcard, P. Legendre, P. Drapeau, Partialling out the spatial component of ecological variation.
Ecology 73,1045-1055 (1992).

K. E. Lotterhos, The paradox of adaptive trait clines with nonclinal patterns in the underlying genes.
Proc. Natl. Acad. Sci. U.S.A. 120, 2220313120 (2023).

F. Cribari-Neto, A. Zeileis, Beta regression in R. J. Stat. Softw. 34, 1-24 (2010).

J. Fox, S. Weisberg, An R Companion to Applied Regression, Third edition (Version 3.1-2., Sage,
Thousand Oaks, CA, 2019). https://www.john-fox.ca/Companion/. Accessed 22 May 2024.

L. Breiman, Random forests. Mach. Learn. 45, 5-32 (2001).

D.H. Ikeda et al., Genetically informed ecological niche models improve climate change predictions.
Glob. Change Biol. 23,164-176 (2017).

C.R. Mahony, T.Wang, A. Hamann, A. J. Cannon, A global climate model ensemble for downscaled
monthly climate normals over North America. Int. J. Climatol 42, 5871-5891 (2022).

R. Massatti et al., Suturing fragmented landscapes: Mosaic hybrid zones in plants may facilitate
landscape restoration [Dataset]. Dryad. https://doi.org/10.5061/dryad.1g1jwsvér. Deposited 8
February 2025.

T. M. Faske, R. Massatti, Genomic data for rabbitbrush and big sagebrush plant communities in
western North America (2017 - 2019) and Fendler's globemallow in New Mexico (2022). U.S.
Geological Survey. https://doi.org/10.5066/P13M7WA4G. Deposited 7 March 2025.

pnas.org


https://doi.org/10.5281/zenodo.6416352
https://www.john-fox.ca/Companion/
https://doi.org/10.5061/dryad.1g1jwsv6r
https://doi.org/10.5066/P13M7W4G

	Suturing fragmented landscapes: Mosaic hybrid zones in plants may facilitate ecosystem resiliency
	Significance
	Results
	Divergent Evolutionary Lineages and Readily Distinguished Hybrids.
	Hybrids Occupy Unique Environmental Space and Relationships between Genotypic and Environmental Variation Support Adaptation.
	Quantifying the Ecological Impact of Mosaic Hybrid Zones through Geographic Interpolation of Suitable Landscapes for Current and Future Climates.
	Mosaic Hybridization Merits Ongoing Investigation.

	Discussion
	Linking Hybridization and Restoration Strategies to Address Habitat Fragmentation.
	Mosaic Hybridization and the Persistence of Evolutionary Lineages.

	Materials and Methods
	Reduced Representation Sequencing, Bioinformatic Processing, and Genotype Likelihood Estimation.
	Spatial Genetic Structure and Lineage Differentiation.
	Environmental Data.
	Mosaicism and the Environmental Predictors of Hybridization.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 26





