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ABSTRACT

Aim Information on the association between geographical patterns of hybrid-
ization and the climatic niche requirements and co-occurrence of the species
involved can provide important insights that further our understanding of the
factors promoting the formation of hybrid zones. Here, we test whether cli-
matic niche suitability explains patterns of hybridization beyond spatial overlap
in distributions of the geographically restricted Engelmann oak (Quercus engel-
mannii) and the widespread scrub oak species complex (Quercus spp.).

Location Southern California, USA.

Methods We sampled Engelmann and scrub oaks across 31 localities and
genotyped 343 individuals at nine microsatellite loci. We used climatic niche
modelling to assess the suitability of habitats for each parental species and
hybrids and to analyse whether climatic niche suitability in addition to co-
occurrence are associated with observed spatial patterns of hybridization.

Results Our data indicated that hybrid zones are located in areas that are geo-
graphically constrained by the presence of scattered patches of Engelmann oak
within a matrix broadly occupied by scrub oaks. However, the climatic niche
of hybrids differed from that occupied by both Engelmann and scrub oaks,
suggesting the importance of climate on their establishment and persistence
beyond the simple role of geographical overlap of parental species distributions.
We also found that even moderate levels of introgression contributed to
increased genetic diversity in Engelmann oak but not in scrub oaks.

Main conclusions These results show that hybrid zones follow a mosaic pat-
tern constrained by the presence of scattered patches occupied by Engelmann oak
and climatically suitable areas that favour the establishment of hybrids. The low
rates of ongoing hybridization and the bimodal distribution of parental geno-
types found here suggest that hybridization is not threatening Engelmann oak
and this phenomenon could instead be promoting the acquisition of favourable
alleles that may increase the adaptive potential of this vulnerable species.

Keywords

Ecological niche modelling, extinction through hybridization, genetic diversity,
hybridization, introgression, Maxent, microsatellite markers, Quercus engel-
mannii, peripheral populations, southern California.

INTRODUCTION

biological diversity through species formation (Chapman &
Burke, 2007) and extinction (Rhymer & Simberloff, 1996).

Hybridization and introgression are frequent phenomena
across diverse taxa and are considered important evolutionary
processes that contribute to shaping geographical patterns of
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For these reasons, the role of ecological factors in promoting
or limiting interspecific gene exchange has long been
discussed (e.g. Stebbins et al., 1947; Anderson, 1948) and is
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now receiving attention from researchers with new
approaches that integrate genetic data and information pro-
vided by niche modelling (Chatfield et al., 2010; Carling &
Zuckerberg, 2011; Cullingham et al., 2012).

Hybrid zones usually form when species separated by weak
reproductive barriers come into geographical contact (Barton
& Hewitt, 1985). These zones generally occur in ephemeral
habitats or narrow ecotonal regions where two or more
diverging lineages meet and interbreed after secondary con-
tact (Barton & Hewitt, 1985; Swenson & Howard, 2005;
Cullingham et al., 2012). However, the width of hybrid zones
is highly variable and some interbreeding taxa are co-distrib-
uted or share a large portion of their respective ranges
(Barton & Hewitt, 1985). Geographical heterogeneity in
hybridization rates has been often described in these widely
co-distributed and interbreeding species, indicating that the
location of hybridization hotspots cannot be predicted
merely from overlapping distribution ranges and suggesting
that factors other than simple geographical contact are prob-
ably involved (e.g. Lepais et al., 2009; Zeng et al., 2011). For
example, hybridization rates or degree of admixture in
hybrid individuals might also be a function of the suitability
of the habitat for the hybrids or one or both of the parental
species, irrespective of their co-occurrence (Anderson, 1948).

Oaks (Quercus, Fagaceae) are a classic example of a taxo-
nomic group that often forms mixed stands of two or more
species that maintain their morphological, ecological and
genetic identities in the presence of relatively frequent
hybridization (e.g. Stebbins et al, 1947; Van Valen, 1976;
Howard et al., 1997; Gonzalez-Rodriguez & Oyama, 2005;
Curtu et al., 2007; Cavender-Bares & Pahlich, 2009; Ortego
& Bonal, 2010). However, patterns of hybridization among
oak species are heterogeneous, probably because of the dif-
ferent impacts of multiple factors, such as relative species
abundance (Lepais et al., 2009), interpopulation differences
in reproductive barriers (Zeng et al., 2011), and local ecolog-
ical or environmental conditions determining the production
and survival of hybrids (Anderson, 1948; Muller, 1952; Ben-
son et al., 1967; Williams et al., 2001; Dodd & Afzal-Rafii,
2004; Alberto et al., 2010). For these reasons, oaks are an
excellent study group with which to analyse the factors asso-
ciated with hybridization patterns across a wide range of
environmental gradients and contrasting patterns of species
relative abundance (Dodd & Afzal-Rafii, 2004; Lepais et al.,
2009; Zeng et al, 2011). Information on the association
between ecological niche requirements and geographical pat-
terns of hybridization could provide further insights into this
environmental role. Specifically, it will further our under-
standing of whether hybridization occurs simply in areas of
geographical overlap among species or whether it is further
influenced by how environmentally suitable a particular site
is for each parental species and the hybrids. Climatic niche
models provide an estimate of habitat suitability across the
range of a species and sites within regions of species overlap
can be compared in terms of habitat suitability for each
parental species and for hybrids (Chatfield et al., 2010). The
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climatic conditions at a particular site will be the same for
co-occurring individuals but can vary in terms of suitability.
Thus, a climatic niche modelling approach can be particu-
larly advantageous when comparing species with overlapping
distributions, offering a potential advantage to traditional
approaches using raw climatic or environmental variables
(e.g. Chatfield et al., 2010; Swenson, 2006; see also Barton &
Hewitt, 1985 and references therein).

In this study, we analyse patterns of hybridization between
Engelmann oak (Quercus engelmannii Greene) and the scrub
oak complex (Quercus spp.) (Nixon, 2002; Pearse & Hipp,
2009) (Fig. 1). Engelmann oak is a tree species endemic to
the southern Californian Floristic Province whose entire dis-
tribution range consists of southern California (USA) and
northern Baja California (Mexico) (Scott, 1990; Roberts,
1995). Species within the scrub oak complex, Q. cornelius-
mulleri Nixon & Steele, Q. berberidifolia Liebmann, Q. durata
Jepson and Q. dumosa Nuttall (Roberts, 1995; Nixon, 2002;
eFloras, 2011), have never been definitively resolved phyloge-
netically and their taxonomic status has been debated
(Tucker, 1952, 1953; Nixon & Steele, 1981; Nixon & Muller,
1994; eFloras, 2011). Scrub oaks have a much larger distribu-
tion range than the Engelmann oak, being present from
northern California to Baja California and overlapping with
the entire geographical range occupied by Engelmann oak
(Roberts, 1995). Engelmann oak is included in the TUCN
Red List of Threatened Species due to its small range size
and extensive habitat destruction (category Vulnerable Alg;
TUCN, 2010). The core of the species’ distribution range is
located in San Diego County (USA), where the species is
generally distributed in scattered patches often consisting of
a few individuals (Scott, 1991; Ortego et al., 2012). Hybrid-
ization with the widespread scrub oaks has implications for
the persistence of the species. Extensive hybridization and
pollen swamping could dilute Engelmann oak’s genome and
further decimate the population (Rhymer & Simberloff,
1996; Allendorf et al., 2001; Lepais et al., 2009) or, alterna-
tively, some hybridization could facilitate the exchange of
adaptive alleles across species boundaries and thus bolster
the population (Barrett & Schluter, 2008; Becker et al.,
2013).

We combine information from nuclear microsatellite mark-
ers and climatic niche models (CNM) to study the factors
associated with hybridization between Engelmann oak and the
scrub oak complex. We first quantify the extent of hybridiza-
tion across the distribution range of Engelmann oak and use
CNMs to create climatic suitability maps for Engelmann oak,
scrub oaks and hybrids. We then (1) analyse whether the pres-
ence of hybrid individuals in a given locality is explained by
the climatic suitability of that site for both parental species or
simply by their co-occurrence, and (2) test the null hypothesis
that hybrids and either parental species have equivalent cli-
matic niches. If the geographical presence of hybrids is associ-
ated with co-occurrence of Engelmann and scrub oaks, but
they are located in areas that differ from those occupied by
both parental species, our findings would then suggest that
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Figure 1 General appearance of the
Californian white oak study species,
Engelmann oak (Quercus engelmannii) and
the scrub oak complex (Quercus spp.), with
a more detailed picture of their respective
leaves. (a) Engelmann oak, which is tree-like
(up to 10 m), with (b) longer leaves and
leaf margins generally entire or undulate.
(c) Scrub oaks, which form multi-stemmed
short (< 4 m) shrubs, with (d) smaller
leaves and leaf margins typically toothed
and spinose.

sympatry creates the opportunity for hybridization but climate
shapes the extent to which hybrids persist in a given locality.

MATERIALS AND METHODS

Study species and sampling

The distribution range of Engelmann oak overlaps primarily
with those of Q. berberidifolia and Q. cornelius-mulleri, but
also to a small extent with that of Q. durata var. gabrielensis
(Roberts, 1995). For the purpose of this study we treat all
putative species belonging to the scrub oak complex as a sin-
gle parental species (see also Introduction). We consider this
a reasonable criterion given that STRUCTURE (Pritchard et al.,
2000; Falush et al., 2003) analyses described in the results sec-
tion indicate the presence of only two genetic clusters, one for
Engelmann oak and one for scrub oaks. Further, phylogenetic
analyses have shown that scrub oaks and Engelmann oak are
paraphyletic and placed in very divergent clades within the
white oak section (Quercus) (Pearse & Hipp, 2009). Phyloge-
netic analyses indicate that Engelmann oak is more related to
the allopatric gray oak (Q. grisea), Sonoran blue oak
(Q. oblongifolia) and Sonoran scrub oak (Q. turbinella) found
in south-western USA and northern Mexico (Pearse & Hipp,
2009; eFloras, 2011). Scrub oaks are more related to blue oak
(Q. douglasii) and valley oak (Q. lobata), both allopatric to
Engelmann oak but co-distributed with scrub oaks in central
and northern California (Roberts, 1995; eFloras, 2011).
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We sampled Engelmann and scrub oaks across 31 localities

covering the majority of the distribution range of Engelmann
oak (Ortego et al., 2012) (Fig. 2). During 2008-2011, we col-
lected leaf tissue from 343 individuals from these localities
(Table 1). The identification of Engelmann oak and scrub
oaks during field sampling was based on their distinctive
morphological appearance: Engelmann oak has a tree-like
growth form with entire leaves whilst scrub oaks are multi-
stemmed shrubs with toothed leaves (Fig. 1). Hybrids show
intermediate leaf traits and tend to be more shrubby than
tree-like, but can only be tentatively identified in the field on
the basis of their morphological appearance (eFloras, 2011;
V.L. Sork et al., unpublished data) (Table 1). Spatial coordi-
nates were registered using a Global Positioning System
(GPS) and leaf samples were stored frozen (20 °C) until
needed for genetic analyses.

Microsatellite genotyping, admixture analyses
and hybrid identification

We used nine polymorphic microsatellite markers previously
developed for other Quercus species to genotype Engelmann
and scrub oaks (see Appendix S1 in Supporting Informa-
tion). DNA extraction and microsatellite amplification and
genotyping were performed as described in Ortego et al.
(2012).

We identified hybrid individuals using sTRUCTURE 2.3.3
(Pritchard et al,, 2000; Falush et al, 2003). In STRUCTURE,
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Figure 2 Map representing the location of white oak sampling sites in southern California. The proportion of Engelmann oaks, scrub
oaks, and hybrids in each locality are represented using pie charts, with each colour indicating a different genotypic cluster (Engelmann
oak: black; scrub oaks: white; hybrids: grey). Individuals were classified into these three groups according to two criteria: a threshold
value of posterior probability () equal to 0.90 (panel a) and the 95% posterior probability interval around each individual’s admixture
proportion (panel b) (see text for further details). Circle area is proportional to the number of individuals sampled at each location.

Population codes are described in Table 1.

the posterior probability (q) describes the proportion of an
individual genotype originating from each cluster. We ran
STRUCTURE assuming correlated allele frequencies and
admixture and conducted 10 independent runs for each
value of K = 1-10 to estimate the ‘true’ number of clusters
with 10® Markov chain Monte Carlo (MCMC) cycles, follow-
ing a burn-in period of 100,000 iterations (Pritchard et al.,
2000; Falush et al., 2003). We expected an optimal value of
K = 2, with one genetic cluster corresponding to Engelmann
oak and another to scrub oak, but we ran STRUCTURE con-
sidering K = 1-10 to allow log probabilities [Pr(X|K)] to sta-
bilize and to make sure that we were accurately inferring the
optimal number of genetic clusters (Evanno et al, 2005).
The number of populations best fitting the data set was
defined both using log probabilities [Pr(X|K)] (Pritchard
et al., 2000) and the AK method (Evanno et al, 2005), as
implemented in StrRUCTURE HARVESTER 0.9.93 (Earl &
vonHoldt, 2012).

Microsatellite genotypes were tested for departure from
Hardy—Weinberg equilibrium (HWE) within each sampling
population/species at each locus using an exact test (Guo &
Thompson, 1992) based on 900,000 Markov chain iterations
as implemented in the program ArLeQuIN 3.1 (Excoffier
et al., 2005). We also used ARLEQUIN 3.1 to test for linkage
equilibrium between each pair of loci and population/species
using a likelihood-ratio statistic, whose distribution was
obtained by a permutation procedure (Excoffier et al., 2005).
Sequential Bonferroni corrections were applied to account
for multiple comparisons (Rice, 1989). We assessed the diag-
nostic power of each marker by calculating allele frequency
differentials (8; Shriver et al, 1997) based on individuals
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showing pure genotypes according to STRUCTURE analyses.
For this specific analysis, we considered as pure individuals
those with a low degree of admixed ancestry using a thresh-
old value of g equal to 0.90. Measures of allelic richness (Agr)
were standardized for sample size using the program
Hp-RARE 1.1 (Kalinowski, 2005).

We identified hybrid individuals and assessed support for
possible instances of mixed ancestry in two ways. First, we
used a threshold value of g = 0.90 to classify each individual
as pure-bred or hybrid. A value of g > 0.90 was classified as
a pure-bred genotype, and a value of g < 0.90 was classified
as an introgressed genotype (e.g. Vdha & Primmer, 2006;
Lepais et al., 2009; Ortego & Bonal, 2010; Cullingham et al.,
2012). Hereafter, we refer to this criterion as the ‘q threshold
criterion’. Second, we used the ANCESTDIST option in
STRUCTURE to compute the 95% posterior probability inter-
val (the Bayesian analogue of a confidence interval) around
each individual’s admixture proportion (Pritchard et al.,
2000; Falush et al., 2003). According to this criterion, indi-
viduals for which the probability interval of the genome pro-
portion derived from the cluster of origin did not include ¢
equal to one are likely to have experienced introgression (e.g.
Kronforst et al., 2006; Blair & Hufbauer, 2010; Wheeldon
et al., 2010). Hereafter, we refer to this criterion as the ‘95%
interval criterion’. It should be noted that when the number
of employed markers is relatively low (e.g. the typical panel
of 7-10 microsatellite markers typed here and in most previ-
ous studies on hybridization; e.g. Lepais et al, 2009;
Penaloza-Ramirez et al., 2010; Cullingham et al., 2012), the
95% interval criterion is likely to be more restrictive than
the g threshold criterion to identify hybrid individuals but at

Journal of Biogeography 41, 1895-1908
© 2014 John Wiley & Sons Ltd



Hybridization and climatic niche in oaks

Table 1 Geographical location of white oak sampling sites in southern California. Number of Engelmann oaks (Ngng), scrub oaks
(Nscr), and hybrids (Nyyp) classified according to sSTRUCTURE analyses are indicated for each locality. Individuals were classified in
these three groups according to two criteria: (A) a threshold value of posterior probability (g) equal to 0.90 and (B) the 95% posterior
probability interval around each individual’s admixture proportion (see text for further details). We also indicate the a priori assignment
of individuals during field sampling. These data should be exclusively considered as a reference and interpreted with caution given that
hybrid individuals were only tentatively identified during field sampling based on a quick assessment of their morphological appearance.

Field classified A B
Locality Code  Latitude Longitude Ning Nsck Nuys Neng Nsck Nuys Neing Nscr Nuys
Glendora GLE 34.177483  —118.095033 3 4 0 0 3 4 1 5 1
Pasadena PAS 34.134079  —118.098914 17 0 0 9 0 8 15 1 1
Yucaipa YUC  34.038817 —117.021700 0 4 0 0 4 0 0 4 0
Joshua Tree National Park JOS 34.017380 —116.167374 0 5 0 0 5 0 0 5 0
Beaumont BEA 33.909783  —116.983217 0 7 0 0 7 0 0 7 0
Hemet HEM  33.628262 —117.012864 15 5 4 14 4 6 18 4 2
Avocado Mesa AVO 33.513735  —117.308909 5 5 9 6 6 7 10 8 1
Pauba Ranch PAU 33.508552  —117.088208 3 11 23 8 25 4 8 29 0
De Luz LUz 33.423553  —117.321380 12 6 3 3 8 10 6 12 3
Palomar Mountains PAL 33.390607 —117.039250 12 3 3 7 5 6 7 6 5
Harolds HAR 33.302025 —116.892959 3 0 3 3 1 2 5 1 0
Oak Knoll Ranch OAK 33.298210 —116.922127 11 0 0 7 0 4 9 0 2
Lake Henshaw HEN  33.276442 —116.855038 5 0 0 4 0 1 4 0 1
Warner Springs WAR  33.275230 —116.624060 2 6 2 0 6 4 2 7 1
Ranchita RAN 33211081  —116.485548 0 18 1 0 18 1 0 18 1
Daley Ranch DAL 33.165990 —117.047007 3 0 0 0 0 3 2 0 1
Santa Ysabel YSA 33.102790  —116.669374 6 6 4 7 6 3 9 6 1
Julian JUL 33.074770  —116.549129 10 6 2 6 1 11 13 4 1
Lake Hodges HOD  33.074700 —117.118072 3 0 0 3 0 0 3 0 0
Ramona RAM  33.029917 —116.823050 8 0 0 5 0 3 8 0 0
Louis A. Stelzer County Park  LOU  32.881655 —116.901225 1 3 1 1 1 3 3 2 0
Laguna Mountain LAG  32.849683  —116.485150 0 6 0 0 6 0 0 6 0
Japatul JAP 32.823380 —116.627470 1 3 0 1 2 1 1 2 1
Alpine ALP 32.814090 —116.772395 8 0 0 6 0 2 8 0 0
Cleveland National Forest CLE 32.776504  —116.494784 5 5 1 3 3 5 5 5 1
Mc Cain Valley Road CAI 32.770260  —116.258620 0 9 0 0 8 1 0 9 0
Lawson Valley Road LAW 32744610 —116.805661 8 6 5 5 6 8 9 7 3
Jamul JAM 32.730587 —116.875713 3 0 0 3 0 0 3 0 0
Dulzura DUL  32.631651 —116.761523 8 0 0 5 0 3 7 0 1
Jacumba JAC 32.622233  —116.218267 0 6 0 0 5 1 0 6 0
Potrero POT 32.597267  —116.554867 0 5 1 0 5 1 0 5 1

the expense of classifying many individuals with a high
degree of admixed ancestry as pure-bred (e.g. Blair &
Hufbauer, 2010; Wheeldon et al., 2010). For this reason, we
present all subsequent analyses using classifications of indi-
viduals based on both criteria.

In subsequent analyses, we used two indices to describe
the genetic characteristics of sampled individuals. The first
index is the assignment scores (g) provided by STRUCTURE.
This index ranges from 0 (a ‘pure’ Engelmann oak genotype)
to 1 (a ‘pure’ scrub oak genotype) (see Results). Hybrid indi-
viduals in which Engelmann and scrub oak genotypes are
equally represented would have a score of 0.5 (see Chatfield
et al, 2010). Second, we developed a ‘hybridity index’
(Hgen), calculated using the equation: Hgey = 2 x (0.5 — |
(q — 0.5)]). Values close to 1 indicate hybrid individuals in
which Engelmann and scrub oak genotypes are equally repre-
sented. Values close to 0 indicate pure-bred individuals of
either Engelmann or scrub oak. Thus, the main property of

Journal of Biogeography 41, 1895-1908
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this index is that
same value (Hggy = 0) irrespective of whether they belong

it scores pure-bred individuals with the

to one or the other parental species.

Climate niche modelling

We used niche modelling to predict the geographical distri-
bution of climatically suitable habitat for Engelmann and
scrub oaks and analyse whether current climatic conditions
and niche overlap are associated with observed patterns of
hybridization. We modelled the current climate-based distri-
bution of Engelmann and scrub oaks using a maximum
entropy algorithm, Maxent 3.3.3 (Phillips et al., 2006; Phil-
lips & Dudik, 2008). MaxeNT calculates probability distribu-
tions based on incomplete information and does not require
absence data, making it appropriate for modelling species
distributions based on presence-only records (Elith et al.,
2006; Phillips et al., 2006). Additionally, MaxeNT has high
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performance with spatially biased datasets (Loiselle et al.,
2008).

Models were trained using species occurrence data
obtained from herbarium records and from genetically iden-
tified Engelmann and scrub oaks field sampling locations
using STRUCTURE software and the q threshold criterion, i.e.
the most accurate and restrictive criterion to identify geneti-
cally pure individuals (see above for details). Herbarium
record localities were compiled from specimens collected
from 1950 to 2011 using the Consortium of California Her-
baria database (http://ucjeps.berkeley.edu/consortium/). For
the scrub oak complex, we compiled records from the
following three species: Q. berberidifolia, Q. cornelius-mulleri,
Q. durata var. gabrielensis. Because Q. berberidifolia has a
broad distribution in California, herbarium records for this
species were restricted to latitudes overlapping with Q. engel-
mannii and the other scrub oak species (32.56-34.38° N). All
records were carefully checked to exclude species misidentifi-
cations, errors in georeferencing and duplicate records. For
models, all duplicate locations falling within the same grid
cell were also removed, resulting in 175 localities for Engel-
mann oak and 381 localities for the scrub oak complex.
Models trained using only herbarium data (i.e. excluding
genetically identified individuals from sampling sites) pro-
vided analogous distribution models and results in subse-
quent analyses (data not shown).

To construct the models, we used 19 climate variables
from the WorldClim 1.4 dataset (http://www.worldclim.org/)
interpolated to 30-arcsec (c. 1-km) resolution (Hijmans
et al., 2005). We chose WorldClim because it is the highest
resolution dataset available that spans the USA—Mexico polit-
ical boundary and covers the Mexican portion of the ranges
of both Engelmann and scrub oaks. This resolution is also
the most detailed available at the spatial scale at which cli-
matically based selection is likely to determine the establish-
ment of oak seedlings (e.g. Borchert et al., 1989). Final
model variables were selected to minimize correlations
among variables and maximize variable contribution to
model predictions. If two variables were highly correlated
(Pearson’s correlation coefficient, r > 0.85), we retained only
the variable with the maximum contribution to the model.
Variables with a high contribution to model performance,
measured by the training gain, and those whose absence led
to a strong drop in training gain were retained. Thus, vari-
able importance was determined from the percentage contri-
bution of each variable to the model and the loss of
predictive power when each variable was excluded. Model
evaluation statistics were produced from 10 cross-validation
replicate model runs. Overall model performance was evalu-
ated using the area under the receiver operating characteristic
curve (AUC), which ranges from 0.5 (random prediction) to
1 (maximum prediction). Climate suitability maps were
created using the logistic output of MAXENT, which that
consists of a gridded map with each cell having an index of
suitability between 0 and 1. Low values indicate that condi-
tions are unsuitable for the species to occur, whereas high

1900

values indicate that conditions are suitable. Model predic-
tions were visualized in ARcMaP 9.3 (ESRI, Redlands, CA,
USA). We have only modelled the climatic niche of the stud-
ied species, which does not preclude the impact of other abi-
otic (e.g. exposure, soil type, etc.) or biotic factors (e.g.
interspecific competition, parasitism, etc.) on the spatial dis-
tribution of the studied species (e.g. Pearson & Dawson,
2003; Kozak et al., 2008; Wiens et al., 2009).

Analyses of hybrid zones

We used an information-theoretic model selection approach
to analyse Hggy in relation to presence of Engelmann oak in
a given locality (included as fixed factor) and climatic niche
suitability indices for Engelmann and scrub oaks (included
as covariates). This analysis allowed us to test the role of
climatic suitability of each parental species on hybrid
occurrence beyond any simple association with species co-
occurrence. In particular, if the establishment of hybrids is
mostly constrained by climatic suitability for the most
restricted Engelmann oak, we would expect that the degree
of admixed ancestry of individuals is higher in stands where
Engelmann oak is present and increases with climatic suit-
ability for this species. These analyses were performed at the
individual level using generalized linear mixed models
(GLMM) with a normal error structure and identity link
function as implemented in the R 3.0.0 package LmE4
(R Core Team, 2012). Locality was included as random effect
to control for the expected non-independence of data due to
genetic and environmental spatial autocorrelation (Krackow
& Tkadlec, 2001). We ranked the resulting models following
a model-selection approach on the basis of Akaike’s informa-
tion criterion corrected for small sample size (AIC; Burn-
ham & Anderson, 1998). AIC. values for each model were
rescaled (AAIC,) calculating the difference between the AIC.
value of each model and the minimum AIC, obtained among
all competing models (i.e. the best model has AAIC. = 0).
Models with AAIC. < 2 were considered equivalent (Burn-
ham & Anderson, 1998). Model selection was performed
using the R package AICcmopavé (R Core Team, 2012).
Finally, we tested the null hypothesis that hybrids and
parental species are distributed in an identical climatic space.
For this purpose we built a climatic niche model for geneti-
cally identified hybrids with MaxenT and considering the
same bioclimatic layers and parameters used for parental
species as described in the previous section. We quantified
niche overlap between parental species and hybrids using
Schoener’s D (Schoener, 1968) and Warren’s I (Warren
et al., 2008) metrics. Both measures range from 0 (no niche
overlap) to 1 (identical niches). Then, we performed niche-
identity analyses with 200 pseudo-replicates to test whether
niche models generated for both parental species and hybrids
are more different than expected if they were drawn from
the same wunderlying distribution. These analyses were
performed using program ExmToors 1.4.3 (Warren et al.,
2010). We built niche models and conducted identity tests
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Figure 3 (a) Results of genetic assignments of Engelmann oaks, scrub oaks and hybrids from southern California (n = 343 individuals
in total) based on the Bayesian method implemented in the program sTRUCTURE considering two genetic clusters. Each individual is
represented by a thin vertical line, which is partitioned into coloured segments that represent the individual’s probability of belonging
to the cluster with that colour (Engelmann oak: dark grey; scrub oaks: light grey). Individuals are grouped according to sampling
localities (codes are described in Table 1). (b) Results of Bayesian clustering analyses in sTRUCTURE. Plots show the mean (& SD) log
probability of the data (In Pr(X|K)) over 10 runs (left axis, black dots and error bars) for each value of K. The magnitude of AK as a
function of K indicates the most likely number of genetic clusters (K = 2) in the STRUCTURE analyses (right axis, open dots).

considering hybrids classified according to the g threshold
criterion and the 95% interval criterion.

RESULTS

Admixture analyses and hybrid identification

Log probabilities [Pr(X|K)] of sTRUCTURE analyses sharply
increased from K=1 to K=2, but only slightly from
K =2 until reaching a plateau at K = 6 (Fig. 3b). Accord-
ingly, the AK method (Evanno ef al., 2005) indicated that
the best-supported number of clusters was K = 2 (Fig. 3b).
The two groups correspond to Engelmann oak and the
scrub oak species complex (Figs 2 & 3; Table 1). Consider-
ing a threshold value of g = 0.90 to classify each individual
as pure or hybrid, we identified 106 Engelmann oaks, 135
scrub oaks, and 102 individuals with some degree of genetic
admixture of which only 21 showed approximately 50% of
admixture (0.4 < g < 0.6) for each of the two parental spe-
cies (Table 1, Figs 3 & 4). Twenty-eight out of these 102
individuals with some degree of admixed ancestry had 95%
posterior probability intervals around the individual’s
admixture proportions that did not include g equal to one
(Table 1) and 19 (68%) of them showed approximately 50%
of admixture (0.4 < gq < 0.6) for each of the two parental
species. We found that some specimens tentatively identified
in the field as either Engelmann or scrub oaks had a high
degree of admixed ancestry and g scores closer to the other
parental species. This resulted in the assignment of some
individuals, morphologically identified as Engelmann oaks
(two individuals from Glendora, one individual from Pasa-
dena and six individuals from De Luz) to pure scrub oaks,
and the assignment of some individuals, morphologically
identified as scrub oaks (two individuals from Julian), to
pure Engelmann oaks, using the 95% interval criterion
(Table 1) (see also Cavender-Bares & Pahlich, 2009 for a
similar genetic and morphological discordance in two
hybridizing oaks).
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Figure 4 Frequency distribution of g values according to
genetic assignments by STRUCTURE analyses of Engelmann oaks,
scrub oaks and hybrids from southern California (n = 343
individuals in total). Dashed vertical lines indicate threshold
values of posterior probabilities (g) used to classify individuals
as pure or hybrids.

Polymorphism characteristics of microsatellite loci used to
type Engelmann and scrub oaks based on genetically identified
individuals using assignment scores from STRUCTURE (g < 0.1
for Engelmann oak and g > 0.90 for scrub oaks) are indicated
in Appendix S1. They contained 7-31 alleles across the nine
loci and provided a high to moderate discriminatory power,
with allele frequency differentials ranging from & = 0.44 to
& = 0.89 (Appendix S1). After applying sequential Bonferroni
corrections to compensate for multiple statistical tests, no
locus deviated from HWE in any of the sampled populations/
species. Furthermore, we did not find any evidence of linkage
disequilibrium at any pair of loci in any population/species.

Climate niche modelling

The climate variables included in the final habitat suitability
models for both Engelmann and scrub oaks were temperature
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seasonality (BIO4), maximum temperature of the warmest
month (BIO5), minimum temperature of the coldest month
(BIO6), mean annual precipitation (BIO12), precipitation sea-
sonality (BIO15), and precipitation of the driest quarter
(BIO17). The AUC for the test data was above 0.9 for both
Engelmann and the scrub oak complex (mean £ SD, Engel-
mann oak: 0.959 =+ 0.009; scrub oak: 0.914 4 0.012; n = 10
replicate model runs), indicating a high correspondence of the
modelled distribution to the observed current distribution
(Fielding & Bell, 1997; Phillips et al., 2006). The predicted cur-
rent distributions for Engelmann and scrub oaks (Fig. 5) are
consistent with the observed distribution of both species
within the distribution range of Engelmann oak (Scott, 1991;
Roberts, 1995). Niche modelling analyses have shown that the

(a)

Suitability
[]<o0.10
(] 0.10-0.29
3 0.30-0.49
I 0.50-0.69
B > 069

(b)

Figure 5 Maxenr predictions of the present distribution for
(a) Engelmann oak and (b) scrub oaks. Sampling sites for each
species are indicated by white ‘bullseyes’. Suitability values
indicate logistic probability of presence and range from 0 to 1,
with increasingly darker shades of grey with increasing habitat
suitability.
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climatic niche envelope of Engelmann oak is geographically
embedded within the climatic niche envelope of scrub oaks,
which is expected based on the broader observed scrub oak
distribution range (Fig. 5) (Roberts, 1995; eFloras, 2011).

Analyses of hybrid zones

In testing the co-occurrence hypothesis, our most parsimoni-
ous model revealed that Hgpn was significantly higher in
localities where Engelmann oak is present (t=—3.70,
P <0.001; estimate = SE = -0.146 + 0.039) (Fig. 6). All
other tested models had a AAIC. value > 4 (Table 2). It
should be noted that all the analysed independent variables
were highly intercorrelated and after the exclusion from the
model of the variable ‘presence of Engelmann oak’, Hggn
was positively associated with niche suitability for Engelmann
oak (t=2.62, P =0.009; estimate = SE = 0.183 + 0.070).
However, Hggy was not associated with niche suitability for
scrub oak even when this variable was included alone into
the model (t = 0.43, P = 0.667), indicating that the lack of
correlation was not due to interactions among independent
variables.

Analyses of niche identity showed that observed niche
overlap estimates between Engelmann and scrub oaks were
significantly lower than those obtained from the randomized
distribution of 200 pseudoreplicates (I: P < 0.01; D: P <
0.01; Fig. 7a), rejecting the null hypothesis of niche identity
between both parental species. The climatic niche of hybrids
identified using the g threshold criterion (AUC, mean £ SD:
0.903 £ 0.065; n = 10 replicate model runs) was significantly
different from Engelmann (I: P = 0.07; D: P = 0.04; Fig. 7b)
and scrub oaks (I: P <0.01; D= P <0.01; Fig. 7d). The
climatic niche of hybrids identified using the 95% interval
criterion (AUC, mean + SD: 0.891 + 0.091; n = 10 replicate
model runs) differed from Engelmann oak (I: P = 0.03;
D: P <0.01; Fig. 7c) but only marginally from scrub oaks
(I. P =10.06; D: P=0.1; Fig. 7e). Assignment scores (q) for
hybrid individuals tended to be lower than 0.5 (mean =+

Table 2 Model selection to assess the association between the
‘hybridity index’ (Hggn) and presence of Engelmann oak (A),
niche suitability for Engelmann oak (B), and niche suitability for
scrub oak (C) in southern California.

Model no. Model K AIC, AAIC, i

1 A 4 —456.00 0.00 0.82
2 B 4 —451.38 4.62 0.08
3 A+ C 5 —450.41 5.59 0.05
4 A + B 5 —449.70 6.30 0.04
5 C 4 —446.17 9.83 0.01
6 B + C 5 —445.80 10.20 0.01
7 A+ B + C 6 —444.15 11.85 0.00

K, number of parameters in the model; AIC., corrected Akaike’s
information criterion (AIC) value; AAIC,, difference in AIC. value
from that of the strongest model; wi, AIC. weight. Locality was
included as random effect in all the generalized linear mixed models
(GLMM).
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Figure 6 Boxplots of ‘hybridity index” (Hggy) for localities
where Engelmann oak is present versus absent in southern
California. Horizontal black lines show the median and the
bottom and top of the boxes show the 25 and 75 percentiles,
respectively. The whiskers extend to the highest and lowest
values, excluding outliers (open circles).

SE = 0.449 + 0.026; t-test: t=1.97, P = 0.051), indicating
that hybrid individuals carry a higher proportion of Engel-
mann oak than scrub oak alleles. We performed additional
analyses only considering hybrid individuals with 0.6 >
q > 0.4 (n=21), i.e. individuals with a high admixed ances-
try probably belonging to F; hybrids or crosses between
them. Genetic assignment scores (q) of this subset of hybrid
individuals with a high admixed ancestry did not signifi-
cantly differ from 0.5 (mean £+ SE = 0.503 + 0.060; #-test:
t=0.25, P=0.805). With this reduced dataset we also
found that the climatic niche of hybrids (AUC, mean + SD:
0.922 + 0.022; n = 10 replicate model runs) differed from
Engelmann (I: P < 0.01; D: P < 0.01; Fig. 7f) and scrub oaks
(I: P < 0.01; D: P < 0.01; Fig. 7g).

DISCUSSION

Our data indicate that hybridization between Engelmann and
scrub oaks is widespread across all the distribution range of
Engelmann oak (Figs 2 & 3). Contrary to other studies anal-
ysing two or more species that occupy contrasting climatic
niches and hybridize in discrete suture zones of secondary
contact (e.g. Swenson, 2006; Chatfield et al., 2010), niche
modelling applied to our study system has shown that the
climate niche envelope of Engelmann oak is geographically
embedded within the climate niche envelope of scrub oaks.
Despite the extraordinarily high dispersal potential of pollen
in oaks (e.g. Dow & Ashley, 1998; Buschbom et al., 2011),
the degree of individual genetic admixture is much higher in
areas where Engelmann oak is present and our data indicate
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that hybrids occur in environments with climates that are
not identical to those occupied by either parental species
(Fig. 7). This suggests that sympatry creates the opportunity
for hybridization but climate-based selection determines the
extent to which hybrids persist in a given locality (Swenson
et al., 2008). Overall, our results indicate that the location of
hybrid zones is characterized by the presence of particular
climatic environments (in terms of both temperature and
rainfall) and scattered Engelmann oak patches within a
matrix broadly occupied by scrub oaks, a pattern that resem-
bles a mosaic hybrid structure (e.g. Harrison, 1986; Howard
et al., 1997; Dodd & Afzal-Rafii, 2004; Cullingham et al.,
2012) rather than a simple cline (e.g. Chatfield et al., 2010;
Penaloza-Ramirez et al., 2010; Carling & Zuckerberg, 2011).
This mosaic pattern is similar to that previously reported for
a contact zone between Q. grisea and Q. gambelii, suggesting
that both geographical overlap and environmental heteroge-
neity are key factors determining the location of hybrid
zones in oaks (Howard et al., 1997; Swenson et al., 2008).

Some of our findings indicate that hybridization could be
contributing to the progressive extinction of some peripheral
and decimated populations of Engelmann oak where the
scrub oak is widespread. In these localities, we found few
tree-like individuals with the morphological appearance of
Engelmann oak (e.g. RAN, POT; Fig. 2) and genetic analyses
have revealed that all these individuals are hybrids. The pro-
portion of scrub oak genome in most of these hybrid indi-
viduals was very high (>35%), suggesting that extensive
pollen swamping and dilution of the genome of the rare spe-
cies could have resulted in local extinction of Engelmann
oak in these localities (Lepais et al., 2009). Thus, one possi-
bility is that introgressed individuals present in these periph-
eral populations are the result of historical hybridization
events followed by a progressive extinction of the rare Engel-
mann oak whose alleles only persist in hybrid individuals
(Dodd & Afzal-Rafii, 2004; Lepais et al, 2009). Scrub oaks
probably sustain much higher local effective population sizes
(N.) than Engelmann oak due to their higher population
densities, a fact that is also supported by the higher levels of
genetic diversity observed in scrub oaks in comparison with
Engelmann oak across the nine microsatellite makers analy-
sed (paired t-test, Ag: t = 2.69, P = 0.028; Appendix S1) (see
also Ortego et al., 2010). An alternative to the ‘extinction
through hybridization’ hypothesis to explain the presence of
hybrid individuals in these peripheral localities is that pollen
dispersal from adjacent Engelmann oak populations has
resulted in the establishment of some hybrids in marginal
areas with low suitability for Engelmann oak or where this
species went extinct due to other factors (Dodd & Afzal-
Rafii, 2004; Petit et al., 2004).

A limitation of most microsatellite-based studies is that
individuals can be only broadly assigned to pure-bred or
hybrids due to the inherent difficulties to differentiate first/
second generation hybrids and backcrosses with the typical
panel of 7-10 microsatellite markers generally employed in
most studies (e.g. Lepais et al., 2009; Penaloza-Ramirez et al.,
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Figure 7 Results of niche identity tests for pairwise comparisons involving Engelmann oak, scrub oaks and hybrids from southern California
defined according to different criteria. Vertical lines represent the estimated value of niche overlap calculated from empirical occurrence data using
I (grey dotted line) and D (black solid line) niche similarity metrics. Histograms represent the distribution of niche overlap obtained by random re-
sampling of occurrence points (I: grey bars; D: black bars). The null hypothesis of no significant niche differentiation is rejected if the estimated
value falls outside the 95% probability threshold of the permuted distributions (P-values are indicated).

2010; Cullingham et al., 2012). Despite this limitation, our genotypes of both species similarly represented; 0.6 >
data suggest that only a small portion of the analysed indi- q > 0.4) typical of F; hybrids or crosses between them (see
viduals have a high degree of admixed ancestry (i.e. with also Lepais et al, 2009). Both the low frequency of F,
1904 Journal of Biogeography 41, 1895-1908

© 2014 John Wiley & Sons Ltd



progeny and the sharp bimodal distribution of parental
genotypes (Fig. 4) indicate a low rate of ongoing hybridiza-
tion, which suggests selection against hybrids and/or strong
pre-mating or post-mating pre-zygotic barriers to hybridiza-
tion (Zeng et al., 2011). Many hybrid individuals (mostly
identified using the g threshold criterion) may be backcrosses
with a low degree of admixed ancestry, suggesting that F;
hybrids are preferentially pollinated by one of the parental
species and/or increased viability of backcrosses in compari-
son with first- and second-generation hybrids (Lepais & Ger-
ber, 2011). This could be contributing to avoid total collapse
into a hybrid swarm in sympatric areas and favour the
recovery of pure-bred genotypes within a few generations
and the maintenance of the species genetic identity despite
recurrent gene flow between them (Lepais & Gerber, 2011).
Thus, the hybrid state could be a transitory phase that may
allow the exchange of some alleles with potential evolution-
ary benefits (Morjan & Rieseberg, 2004; Fitzpatrick et al.,
2010; Lepais & Gerber, 2011).

Despite the fact that hybridization can compromise the
long-term persistence of rare species or have negative fitness
consequences due to the disruption of co-adapted gene com-
plexes (e.g. Rhymer & Simberloff, 1996; Johansen-Morris &
Latta, 2008), a moderate degree of allele exchange can also
potentially have both additive and non-additive genetic bene-
fits (Edmands, 1999; Barrett & Schluter, 2008). Collective
evolution at major loci via trans-specific spread of favourable
alleles can enhance within species adaptive variation and
increase the chance of long-term population persistence
under changing environmental conditions (Becker et al.,
2013). On the other hand, some degree of inter-specific allele
exchange can also increase fitness via heterosis in certain
genes with large effects, which could be particularly advanta-
geous for genetically depauperate species (Edmands, 1999;
Kirk et al., 2005). We have found that individuals with mod-
erate levels of admixed ancestry (0.4 > g > 0.1) that were
closer to Engelmann oak showed higher levels of allelic rich-
ness in comparison with pure-bred Engelmann oaks
(q < 0.1) across the nine microsatellite loci analysed (paired
t-test; P < 0.001) but a comparable analysis was not signifi-
cant for scrub oaks (P = 0.243). These findings suggest that
moderate introgression may increase genetic variability in the
genetically less diverse Engelmann oak (see also Nettel et al.,
2008). Thus, heterozygote advantage and/or the acquisition
of novel favourable alleles from moderate levels of interspe-
cific gene flow could benefit Engelmann oak (Edmands,
1999; Kirk et al., 2005).

Overall, our data showed that hybrid zones follow a
mosaic pattern mostly constrained by the presence of scat-
tered patches occupied by Engelmann oak but characterized
by particular climatic environments that differ from those
occupied by either parental species. Our study adds empirical
evidence for the role of environment in promoting hybridiza-
tion and supports previous research indicating that introgres-
sion could contribute to widen parental species ecological
niches and occupy new or marginal habitats (Choler et al.,
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2004; Kunte et al, 2011). The risk of extinction through
hybridization in some decimated Engelmann oak populations
should be considered in future management programmes and
restoration projects. However, the low rates of ongoing
hybridization and the bimodal distribution of parental geno-
types found here suggest strong selection against hybrids and/
or barriers to hybridization, indicating that the studied popu-
lations do not represent a hybrid swarm and that hybridiza-
tion is not threatening Engelmann oak. Instead, it is possible
that introgression can be a means of introducing novel alleles
that may increase the adaptive potential of Engelmann oak.
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