Conserv Genet (2012) 13:1601-1609
DOI 10.1007/s10592-012-0409-z

RESEARCH ARTICLE

Populus hybrid hosts drive divergence in the herbivorous mite,
Aceria parapopuli: implications for conservation of plant hybrid

zones as essential habitat

Luke M. Evans - Gerard J. Allan - Thomas G. Whitham

Received: 18 March 2012/ Accepted: 29 August 2012 /Published online: 16 September 2012

© Springer Science+Business Media B.V. 2012

Abstract Plant hybrid zones receive little conservation
attention, yet they may be centers of diversity and evolu-
tionary opportunity for dependent species. In previous
studies, cottonwood hybrid zones have been shown to be
important drivers of biological diversity and herbivore
evolution. Despite these findings, no studies have examined
whether hybrid host use drives herbivore genetic diver-
gence across a broad geographic range. Here, we examined
the role of Populus hybridization on the evolution of the
eriophyid mite, Aceria parapopuli, using ITS1 sequence
differentiation. We found support for the hypothesis that
Populus hybridization has driven genetic divergence in
mites in multiple hybrid zones. Furthermore, our data
suggest that hybrid host use has followed at least two
instances of mite genetic divergence. Our findings have
several important conservation implications. First, they
suggest that cottonwood hybrid zones can be important
drivers of evolutionary divergence in a dependent herbi-
vore. Second, different hybrid zones represent different
ecological environments, and provide independent oppor-
tunities for local adaptation and divergence. Although
hybrid plants are not considered a high priority for con-
servation management, and in some cases viewed as
“evolutionary dead ends”, our results suggest that new
consideration ought to be given to plant hybrid zones. As
shown here, natural hybrid zones provide unique ecological
and evolutionary opportunities, and essential habitat for
dependent species, all of which deserve conservation
attention and increased protection.
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Introduction

Plant hybridization is common, naturally occurring, and
important to plant evolution. It has been suggested that
30-70 % of land plants may have arisen from ancestral
hybridization (Grant 1971; Stace 1987; Rieseberg et al.
1996; Mallet 2007; Soltis and Soltis 2009). Plant hybrid-
ization also has strong impacts on plant traits such as
defensive chemistry, growth, and morphology (Dungey
et al. 2000; Rehill et al. 2005; Bangert et al. 2006; Travis
et al. 2008; Cheng et al. 2011), which in turn can be
associated with herbivore preference, performance, and
distribution (Whitham 1989; Floate and Whitham 1993,
Whitham et al. 1994, 1999; Gange 1995; Fritz 1999; Fritz
et al. 1999; Orians 2000; Hochwender and Fritz 2004;
Hochwender et al. 2005; Bailey et al. 2009; Carmona et al.
2011). These effects can be so pronounced that they affect
soil microbes (Schweitzer et al. 2004), the understory plant
community (Lamit et al. 2011) and aquatic insects that feed
on leaves in streams (LeRoy et al. 2006).

Despite the importance of plant hybridization for plant
evolution and its strong influence on herbivore ecology,
there has been little focus on the evolutionary impacts of
plant hybridization on dependent organisms. In a previous
study, Floate and Whitham (1993) proposed the hybrid
bridge hypothesis as a mechanism for arthropods to shift
hosts through intermediate hybrids, which emphasized the
importance of plant hybrids in arthropod host use evolution
as stepping-stones between parental plant species. Alter-
natively, the hybrid sink hypothesis (Whitham 1989)
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suggested that hybrids could be evolutionary sinks for
herbivores by virtue of their increased susceptibility,
shifting herbivores away from parental species to hybrid
plants. However, while these hypotheses address plant
hybridization as influencing herbivore evolution, neither
tests whether hybrid plants themselves are unique resources
for herbivores, which may diverge onto hybrid hosts.

Recently, it has been shown that hybridizing cotton-
woods can drive herbivore divergence in the same way that
different plant species drive the formation of genetically
differentiated arthropod lineages (Evans et al. 2008).
Adaptation of herbivores to alternative host plant species
may lead to reproductive isolation and associated genetic
differentiation (host-associated differentiation, or HAD),
and has been suggested as one reason for the diversity of
plant-associated arthropods (Dres and Mallet 2002; Stir-
eman et al. 2005; Dickey and Medina 2010). Just as dif-
ferent plant species can drive HAD, hybrids between
species may be sufficiently different from parental plant
species to promote adaptation, reproductive isolation, and
HAD in dependent herbivores. For example, along the
Weber River, UT Moran and Whitham (1988) demon-
strated that the complex life cycle (host alternation) of the
aphid, Pemphigus betae, has evolved in association with
Populus hybridization. Evans et al. (2008) and McIntyre
and Whitham (2003) examined neutral locus genetic dif-
ferentiation and adaptation in the eriophyid mite, Aceria
parapopuli, and demonstrated that mites have adapted to
and are genetically differentiated on Populus angustifolia
and P. angustifolia X P. fremontii hybrids to the level of
potential cryptic species.

Despite these studies, it is unclear if plant hybrid zones,
in general, can drive herbivore evolution and if so, whether
hybrid host use has evolved once, or multiple times in
multiple locations. Similar patterns of genetic differentia-
tion in multiple locations would provide evidence of the
role of host plants in arthropod evolution, because in the
absence of host plant effects, geographic isolation would
lead to mite genetic differentiation among hybrid zones,
but not among mites on different host plants within zones.
Alternatively, if different populations inhabiting similar
ecological environments exhibit independent instances of
genetic differentiation, it is strong evidence that natural
selection has driven divergence and reproductive isolation
through repeated and independent events, in response to
similar environmental selection pressures (Rundle et al.
2000; Nosil et al. 2002; Rundle and Schluter 2004).
Whether an arthropod differentiated among plant hosts
once with subsequent spread among rivers, or multiple
times, independently in different rivers, it would argue for
acknowledging plant hybridization as an important, but
previously unrecognized process driving herbivore
evolution.
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Plant hybrids have not typically been given protection
under the United States Endangered Species Act because of
a prevailing view that hybrids are ecologically and evolu-
tionarily mal-adapted, contributing to the extinction of
species (O’Brien and Mayr 1991; Whitham and Maschinski
1996; Allendorf et al. 2001; Haig and Allendorf 2006).
However, as noted above, natural hybridization has been
shown to have important ecological and evolutionary roles
for both plants and dependent organisms, and therefore
deserves consideration in conservation guidelines (Whi-
tham et al. 1991, 1999; Whitham and Maschinski 1996;
Allendorf et al. 2001; Evans et al. 2008). Furthermore, if
different hybrid zones between the same pair of species
represent unique ecological and evolutionary opportunities
for dependent organisms, then each instance may warrant
added protections as distinct entities driving evolutionary
processes. Because hybrid zones are often found in
restricted areas of overlap between parental species (e.g.,
Whitham et al. 1994; Martinsen et al. 2001; Tovar-Sanchez
and Oyama 2006) they are particularly vulnerable to hab-
itat destruction (Whitham and Maschinski 1996), and
thus may deserve special attention for conservation
management.

To examine whether plant hybridization arose once as a
single evolutionary event, or multiple times, we examined
genetic divergence in A. parapopuli Kiefer (Acari: Erio-
phyidae) across three different Populus hybrid zones, using
newly collected data and data from a previous study (Evans
et al. 2008). Specifically, we hypothesized that A. para-
populi would be genetically differentiated among parental
Populus species and their hybrids in multiple hybrid zones.
Evidence in support of this hypothesis would argue that the
genetic differentiation of dependent species in plant hybrid
zones may not be a rare event and should be studied in
other systems. We next tested whether hybrid host use by
A. parapopuli has followed multiple, independent instances
of genetic differentiation. Confirmation of this hypothesis
would argue that hybrids represent important and predict-
able evolutionary pathways for dependent species. Support
for host-associated differentiation in multiple hybrid zones
would provide ample justification for developing conser-
vation strategies that emphasize the importance of plant
hybridization as essential habitat for herbivore evolution.

Materials and methods

Aceria parapopuli is a single nominal species that forms
woody, cauliflower-like galls by attacking the buds of all
North American species of Populus (Kiefer 1940; Drouin
and Langor 1992; Amrine and Stasny 1994; Baker et al.
1996). Mites disperse via wind and crawling along twigs.
Windborne dispersal studies (Zhao and Amrine 1997;
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Bergh 2001) and population genetic studies along a single
river (Evans et al. 2008) indicate that mites are capable of
long-distance dispersal. Previous studies (Evans et al.
2012) have shown that A. parapopuli is genetic differen-
tiated among species of Populus hosts (Evans et al. 2012)

Hybridization is a common feature among North
American species of Populus (Eckenwalder 1984). Cot-
tonwoods are dominant riparian species, but riparian hab-
itat is the most endangered habitat in the western United
States (Noss et al. 1995), despite supporting the greatest
biodiversity in the region (Finch and Ruggiero 1993).
Furthermore, hybrids themselves typically occur only in
narrow bands between parental species, which are them-
selves distributed across an elevation gradient (Martinsen
et al. 2001, Floate 2004), a characteristic similar to
other systems where hybrid plants occur only in narrow
contact zones [e.g., Eucalyptus (Whitham et al. 1994),
Quercus (Tovar-Sanchez and Oyama 2006)]. Both hybrid
cottonwoods and their parental species are susceptible to
A. parapopuli (Kalischuk et al. 1997; Whitham et al. 1999).
Susceptibility to mites is genetically based (Kalischuk et al.
1997; McIntyre and Whitham 2003), and yearly abiotic
variation has minimal effects on gall number relative to
tree genetic effects (Evans et al. 2012).

To test whether A. parapopuli exhibits hybrid host
associated differentiation in multiple hybrid zones, we
examined mite genetic differentiation in three different
hybrid zones (Fig. 1). We collected galls from hybrid
zones in Indian Creek, UT [N37.9933°, W109.5234°] and
San Miguel River, CO [N38.3621°, W108.7214°], and
drew upon previously published data and findings from
mites along the Weber River, UT [N41.1716°,
W111.9974°] (Evans et al. 2008). In each zone, we col-
lected galls from Populus angustifolia, P. fremontii, and
their F; hybrids. In the four-corners region, authorities have
disputed the classification of broadleaf cottonwoods in the
section Aigeiros as P. fremontii or P. deltoides (Eckenw-
alder 1977, 1984; Ford 2004), and preliminary molecular
evidence suggests that it is an area of hybridization
between these two Aigeiros cottonwoods (Max et al.,
unpublished data). For this study, we have therefore clas-
sified all mites from Aigeiros cottonwoods as collections
from a single “broadleaf” cottonwood host. Tree classifi-
cation (e.g., broadleaf Populus, P. angustifolia, or F,
hybrid) was based on leaf morphology and tree architecture
(Floate and Whitham 1995; Floate 2004; Floate, Whitham,
and Isabel, unpublished manuscript). Morphological cate-
gorization can reliably identify parental species v. F;
hybrid cottonwood (Keim et al. 1989; Floate and Whitham
1995; Martinsen et al. 2001). Morphological discrimination
has been used to accurately identify hybrid Populus in
multiple systems, including the Weber River, one of our
collection sites (e.g., Keim et al. 1989; Floate and Whitham

1995; Martinsen et al. 2001). We note that in the previous
studies, a low proportion of the morphological P. angust-
ifolia x P. fremontii F; hybrids were in fact early genera-
tion backcross hybrids towards P. angustifolia, which
support arthropod communities similar to true F; hybrids
(Floate and Whitham 1995; Floate 2004; Floate, Whitham,
and Isabel unpublished manuscript). Furthermore, recent
work (Hersch-Green et al., unpublished manuscript), has
suggested that the incidence of backcross hybridization to
either parental species in the San Miguel River (another
one of our collection sites) is relatively rare (only 2 % of
the trees sampled in that study). While this raises the
possibility that some of the mites we collected from mor-
phological F; hybrids were in fact from early generation
backcross hybrids, it is unlikely and furthermore would not
invalidate the hypothesis that tree hybridization (F; or early
generation backcross) leads to herbivore genetic differen-
tiation and evolution.

We sampled one to two mites on each individual tree,
totaling 9-24 mites per host type at each location
(Table 1). Plant host types were geographically sympatric
at each site. Data for the Weber River, UT (where mites
are found on F; hybrid trees and P. angustifolia, but not
P. fremontii; Whitham et al. 1999) were taken from Evans
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Fig. 1 Map of collection locations, represented by circles
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et al. (2008). To maintain similar sample sizes among all
three rivers, we randomly chose two mite sequences from
each host tree sampled in the Weber River by Evans et al.
(2008).

To examine host-driven population genetic structure of
A. parapopuli we sequenced the Internal Transcribed
Spacer 1 (ITS1) region of nuclear ribosomal DNA using
individual mites and following the extraction, amplifica-
tion, and sequencing methods of Evans et al. (2008). We
found 17 variable positions in the 499 bp region. Some
individuals were heterozygous at multiple sites; therefore,
we phased haplotypes using PHASE v. 2.1 (Stephens et al.
2001) as implemented in DnaSP (Librado and Rozas 2009),
and found 18 unique haplotypes (Table 1; Genbank
Accessions JF792213-JF792237). Ploidy differs between
male and female eriophyid mites; males are haploid while
females are diploid (arrhenotokous parthenogenesis; Helle
and Wysoki 1996). As sexing individuals requires clearing
mites for microscopy, we were unable to determine haploid
males from homozygous females before DNA extraction.
Therefore, to avoid bias from ploidy level differences of
individuals, we randomly chose one haplotype per indi-
vidual (from PHASE output) for analysis (as in Carew et al.
2004; Evans et al. 2008).

It has been argued that HAD should result in multi-locus
differentiation of arthropods (Scheffer and Hawthorne
2007). Here, we focus on a single locus, the ITS1 region,
for several reasons. First, eriophyid mites have relatively
few genomic resources (Cruickshank 2002), but the ITS1
locus can be reliably amplified and sequenced. Second,
ITS1 differentiation has led to morphological revision of
sibling species (e.g., Fenton et al. 1993, 2000; Amrine et al.
1994) and has been considered a reliable marker for tax-
onomic purposes, and has reflected patterns of other loci
for eriophyid mites using SSRs and ITS1 (Carew et al.
2004) and ntDNA and mtDNA (Navia et al. 2005). Third,
primers for mtDNA (Navia et al. 2005) do not reliably

amplify in A. parapopuli (Evans, unpublished data), pos-
sibly due to major structural rearrangements with the mite
genome (Yuan et al. 2010). Fourth, because of the small
size of mites (~ 150 pm), non-Acari DNA is extracted
along with A. parapopuli, and using non-Acari-specific
marker methods is unreliable as attempts (with subsequent
cloning and sequencing of the amplification product) have
yielded bacterial, fungal, and Populus DNA (Evans,
unpublished data). An additional complication is that
multiple copies of ITS1 exist within individuals due to
duplications, and intra-individual variation in ITS1 has
been observed (e.g., Buckler et al. 1997). However, if this
exists in our sample it would only increase the total vari-
ance, not the partitioning of that variance via AMOVA (see
below), and we have attempted to control for ploidy level
in the analyses via randomly choosing one haplotype from
each individual (as in Carew et al. 2004; Evans et al.
2008).To test our first hypothesis, that A. parapopuli is
differentiated among Populus host types (parental species
v. F; hybrid trees) in each of three rivers, we performed an
Analysis of Molecular Variance (AMOVA) of mites on
host types within each hybrid zone separately and among
all pairwise comparisons, as implemented in Arlequin v.3.1
(Excoffier et al. 2005).

Upon confirming that mites are differentiated among
host types in all three rivers, we then used a series of
AMOVA models to test the hypothesis that F; hybrid host
use followed multiple instances of genetic divergence in
A. parapopuli using the Akaike Information Criterion (with
small sample size correction, AICc; Burnham and Ander-
son 1998) method of Halverson et al. (2008). We tested
multiple alternative models using AMOVA. The first
model strictly suggests that host use arose only once for
each host associated mite lineage, with subsequent differ-
entiation among rivers within each host type. The second
model strictly proposes that mites differentiated first

among rivers, with subsequent and independent

Table 1 Haplotype frequency of 18 ITS1 haplotypes found in A. parapopuli

Population ITS1 Haplotype

C E F G H K L N

(6] Q R S T U v w X Y

BP SM (13, 11) - - - 0.85 - - - 0.08 0.08 - - - - - - - - -
BP IC (10, 9) - - - 050 050 - - - - - - - - - - - - -
F, SM (17, 15) - 029 - 041 - - - - - 0.06 - - - - 0.06 0.06 - 0.12
F, IC (9, 6) - 0.11 - 0.67 - - - - - - - - - - N 0.11 011 -
F; WR (24, 12) 0.08 046 021 - - - - - - - 0.04 0.13 0.04 004 - - - -
Pa SM (15, 14) 093 0.07 - - - - - - - - - - - - - - - -
Pa 1C (11, 8) 036 - - - - 055 0.09 - - - - - - - - - - -
Pa WR (20,12) 095 - 005 - - - - - - - - - - - - - - -

Populations represent the Populus host and geographic location of each sample: Hosts: BP Broadleaf Populus, F; F; hybrid, Pa P. angustifolia.
Rivers: WR Weber River, IC Indian Creek, WM San Miguel River. Numbers in parentheses represent the number of mites sampled and the

number of trees sampled from, respectively
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differentiation of host type use in each river. The model that
explains the most variation in the highest level (host types for
the strict single origin model, rivers for the strict multiple
origins model) is the preferred model, quantified as the
smallest AIC¢ as described by Halverson et al. (2008):

AICc=nlog,(6?) + 2K + [2K(K + 1)/(n--K--1)]

where 7 is the number of observations, 6> = SSR/n where
SSR is the total sum of squares for all levels except the
highest, and K is the number of parameters. Here, K = 3 and
n = 119. A difference between models in AICc of more than
10 indicates substantially more support for the model with
the smaller AIC: value (Burnham and Anderson 1998).
Little support for any given model would suggest a complex
history of hybrid host use in A. parapopuli.

Because we were interested in the evolution of hybrid
host use, we next tested multiple models of mite differ-
entiation on F; hybrid hosts. These alternative models
treated mites on F; hybrid hosts as subpopulations of mites
on the parental Populus species. We tested models that had
one, two, or three mite populations on F; hosts as sub-
populations within either the broadleaf Populus group or
the P. angustifolia mite group. A brief description of each
model is found in Table 4. Previous work has shown that
mites on each of the parental Populus species are strongly
differentiated from one another, regardless of geographic

Table 2 Estimates of A. parapopuli Fsr among host types (P. an-
gustifolia, broadleaf Populus, and their F; hybrids) within each river

River Fsr p value
San Miguel River, CO 0.58 <0.0001
Indian Creek, UT 0.72 <0.0001
Weber River, UT 0.58 <0.0001

proximity (Evans et al. 2012); therefore, we expected a
single origin for mites on each parental species, and did not
test alternative models of host use evolution on the parental
species. We evaluated these models for each of the host
type pairs using AICc as above, and identified the best-
supported model of hybrid host use as the model with the
lowest AICc value.

Results

Aceria parapopuli was strongly differentiated between
hybrid and parental tree species in all three rivers
(Tables 1, 2), supporting our hypothesis that Populus
hybridization drives mite differentiation in hybrid zones of
multiple rivers. Furthermore, the strong pairwise differen-
tiation of mites found on different host types (e.g., F,
hybrid vs. P. angustifolia) supports the hypothesis that
Populus hybridization drives mite genetic differentiation
within rivers (Table 3).

Neither the strict single origin of hybrid host use model,
nor the strict multiple origins model of host use was the best-
supported model (Table 4). Instead, the best supported
model of host use was one in which the Indian Creek and San
Miguel River populations of mites on F; hybrid hosts were
grouped with populations of mites on broadleaf Populus
(Tables 4, 5). This model had very strong support, with the
next-best supported model having an AICc > 15 larger.

Additional support for variation among hybrid host mite
populations was found in the pairwise Fgr estimates
(Table 3). We found mite differentiation among rivers
within each host type (mean Fgt = 0.28), and much higher
differentiation among host types (mean Fgst = 0.62).
However, differentiation of mites on F; hybrid trees

Table 3 Pairwise Fgr estimates of A. parapopuli populations on different host types and different rivers

F, Hybrid host mites

P. angustifolia mites

Broadleaf Populus mites

SM IC WR SM IC WR IC SM

F; hybrid host mites

SM - 0.229 0.000 0.000 0.000 0.000 0.007 0.017

IC 0.04 - 0.000 0.000 0.000 0.000 0.012 0.250

WR 0.42 0.60 - 0.000 0.000 0.000 0.000 0.000
P. angustifolia mites

SM 0.63 0.80 0.52 - 0.000 0.999 0.000 0.000

IC 0.57 0.71 0.53 0.33 - 0.000 0.000 0.000

WR 0.69 0.84 0.58 —0.02 0.38 - 0.000 0.000
Broadleaf Populus mites

IC 0.31 0.22 0.72 0.91 0.83 0.92 - 0.011

SM 0.21 0.04 0.65 0.78 0.69 0.81 0.18 -

Rivers: WR Weber River, IC Indian Creek, SM San Miguel River. Pairwise Fgr estimates below diagonal, pairwise p values (1,000 permutations)

above
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Table 4 AICc values for different models of hybrid host use evo-
lution in Aceria parapopuli

Model AlCc
Strict Single Host Use Origin 34.0
Strict Multiple Host Use Origins 76.3
All F; host populations within BP host group 58.9
All F; host populations within Pa host group 75.7
IC F,; host population within BP host group 22.2
SM F, host population within BP host group 32.4
WR F; host population within BP host group 533
IC & SM F; host populations within BP host group 7.0
IC & WR F; host populations within BP host group 56.9
SM & WR F; host populations within BP host group 54.9
IC F; host population within Pa host group 48.7
SM F; host population within Pa host group 60.5
WR F; host population within Pa host group 36.0
IC & SM F; host populations within Pa host group 55.9
IC & WR F; host populations within Pa host group 57.3
SM & WR F; host populations within Pa host group 61.8

The best supported model is in bold

Rivers: WR Weber River, I/C Indian Creek, WM San Miguel River.
Mites on hosts: BP Broadleaf Populus, F; F; hybrid, Pa P.
angustifolia

between Indian Creek and San Miguel was minimal and
not significant, while differentiation of each compared to
mites on F; hybrid trees in the Weber River was very high
(Fst = 0.60 and 0.42, respectively). Additionally, mites on
Indian Creek and San Miguel F; hybrid trees were much
less differentiated from those on broadleaf Populus com-
pared to those on F; hybrid trees in the Weber River.

Overall, our AMOVA results suggest a single, diver-
gence for mites found on P. angustifolia and mites found
on broadleaf Populus, and that mites on hybrid hosts have a
more complex history. The best-supported model included
mites on Indian Creek and San Miguel River F; hybrid
trees as subpopulations of mites on broadleaf Populus,
while mites on Weber River F; hybrid trees were distinct
from mites on either parental species. These results are
consistent with a hypothesis of at least two independent
instances of hybrid host associated differentiation, but with
different host-associated evolutionary histories.

Discussion

Mite differentiation on hybrid hosts in multiple
hybrid zones

We have shown that A. parapopuli on F; hybrid cotton-

woods are strongly differentiated from mites on parental
cottonwood species in three rivers (Tables 1, 2 and 3).

@ Springer

Table 5 AMOVA results for the best-supported model, with mites
from IC and SM F; hosts as subpopulations within the BP host group,
mites from WR F; hosts as a separate group, and IC, SM, and WR
mites from Pa hosts as subpopulations within a Pa host group

Source of variation Sums of Estimated variance  Variance
squares ~ component %
Among groups 145.86 1.79 61.58
Among subpopulations 17.65 0.20 6.81
within groups
Within subpopulations ~ 102.19 0.92 31.60

In the analysis, n = 118, K = 3, o 1.0, and AICc = 7.0

Furthermore, mites on hybrid hosts in different rivers are
genetically differentiated from one another, as supported
by AMOVA and AICc analysis (Tables 3, 4). The history
of hybrid host use may be evolutionarily complex, and
AMOVA and AICc analysis suggest that mites on hybrid
hosts in different rivers may have genetically differentiated
from different parental hosts (Tables 3, 4), implying that
different hybrid zones impose different evolutionary tra-
jectories on dependent herbivores. Together, these results
support our hypothesis that hybrid host-driven A. para-
populi divergence has occurred in multiple hybrid zones,
and are suggestive of multiple origins of hybrid host use.

The multiple occurrences of Populus hybrid host use by
A. parapopuli indicate that adaptation to host trees has led to
reproductive isolation and genetic differentiation of mites
(as shown in Evans et al. 2008), because replicated patterns
of differentiation in multiple locations is strong evidence that
natural selection has driven adaptation and reproductive
isolation (Rundle and Schluter 2004; Nosil et al. 2002). Our
analysis suggests that F; hybrid host use in A. parapopuli
may have followed independent instances of genetic diver-
gence, which supports the hypothesis that tree hybridization
drives herbivore evolution. The geographical isolation of
hybrid zones may have facilitated the differentiation of mites
on hybrids in the Weber River from those in the San Miguel
and Indian Creek, which are similar to one another (Fig. 1).
The latter two, geographically near, host genetically similar
mites on hybrid trees (Table 3), and it may be that their
proximity facilitates gene flow or a more recent divergence
and colonization of both, apparently from the broadleaf
Populus hosts (Table 4). Being isolated, and without nearby
mites on broadleaf Populus hosts (Whitham et al. 1999),
mites in the Weber River may have a unique evolutionary
history, potentially from the P. angustifolia hosts. Therefore,
both geographical and host context may determine the evo-
lutionary dynamics of A. parapopuli.

Although the role of plant hybridization has received
little focus in studies of herbivore evolution (e.g., Orians
2000; Dres and Mallet 2002), our results show that it can be
a repeatable phenomenon with evolutionary effects of the
same scale as different plant species (Table 3). While there
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are a growing number of studies investigating herbivore
HAD among plant species (e.g., Dres and Mallet 2002;
Stireman et al. 2005; Dickey and Medina 2010), our studies
suggest that greater emphasis should be given to the role of
plant hybridization on herbivore evolution.

Importantly, multiple lines of evidence argue that hybrids
have influenced arthropod evolution, e.g., molecular anal-
yses in a single river (Evans et al. 2008; this paper),
molecular analyses in multiple rivers (this paper), and
transfer experiments and differential survival analyses
within a single river (McIntyre and Whitham 2003; Evans
et al. 2008). Reciprocal transfer experiments can provide
powerful tests of adaptation, and future experiments of
adaptation to hybrid hosts (as in Evans et al. 2008) in
multiple rivers could strengthen this conclusion, as will
investigations of additional hybrid zones. The level of dif-
ferentiation between mites on hybrid trees versus parental
species of trees is similar to levels observed among species
in other arthropods (Fst = 0.16-0.89; Nason et al. 2002;
Abbot and Withgott 2004; Anderson et al. 2004; Blair et al.
2005), suggesting that plant host hybridization can lead to
divergence and the potential for speciation in arthropods. In
combination with experimental studies with aphids in which
transfer experiments have shown significant evolutionary
responses to hybrids (Moran and Whitham 1988), evidence
is accumulating that naturally occurring hybrids can affect
the evolution and speciation of dependent organisms.

Implications for conservation

Natural hybridization in plants is evolutionarily important
for both plant speciation (Mallet 2007; Soltis and Soltis
2009) and dependent arthropod species (Evans et al. 2008;
this study), yet plant hybrids themselves generally receive
no special attention or protection (but see examples in
Whitham and Maschinski 1996). Distinction between nat-
ural hybrids and those resulting from anthropogenic influ-
ences must be made, because while natural hybrids are
important in an evolutionary and ecological sense, non-
natural hybrids (e.g., introduced exotics hybridizing with
natives) can drive species toward extinction (O’Brien and
Mayr 1991; Allendorf et al. 2001; Haig and Allendorf
2006). On the other hand, taxa of natural hybrid origin
should be eligible for protection because they are a natural
part of evolution (Whitham et al. 1991; Allendorf et al.
2001; Haig and Allendorf 2006). Our results demonstrate
that plant hybrid zones can drive genetic divergence in the
herbivore A. parapopuli, and also suggest that hybrid
host use has arisen at least two times in the evolutionary
history of A. parapopuli. That the observed divergence in
A. parapopuli is sufficiently high enough to suggest cryptic
speciation underscores the fact that hybrid zones can be
evolutionarily important entities for dependent arthropod

evolution, worthy of increased conservation management
and protection.

The fact that natural hybrids can drive herbivore evolu-
tion and provide essential habitat for dependent species and
interactions also emphasizes the importance of plant hybrids
for entire communities. Studies of hybridizing plants, for
example, illustrate how they can influence dependent com-
munity structure and biodiversity (Whitham et al. 1999).
Community structure, involving arthropods, fungi, under-
story plants, and vertebrates, can be affected by plant
hybridization involving a wide range of plant taxa (Whitham
et al. 1994, 1999; Wimp et al. 2005; Bangert et al. 2005;
Bailey et al. 2009; Lamit et al. 2011). For example, in studies
of Australian Eucalyptus, Whitham et al. (1994) quantified
how 40 taxa responded to hybridization of E. amygdalina
and the endangered species, E. risdonii. The hybrid zone had
greater species richness and abundance than either pure
zone, and within the hybrid zone individual hybrid trees had
on average 53 % more dependent species. Relative abun-
dances of dependent taxa on hybrids were four-fold higher
than on either eucalypt species growing in pure stands.
Importantly, 5 of 40 species were largely restricted to the
hybrid zone, suggesting that these naturally occurring
hybrids are essential habitat for rare species. Our findings
suggest that multiple hybrid zones can provide unique evo-
lutionary opportunities and essential habitat for herbivores.
Given that hybrids zones are often restricted to limited areas
of overlap between species (Whitham et al. 1994; Martinsen
et al. 2001; Tovar-Sanchez and Oyama 2006), and can often
be located where human development is rapidly occurring,
(e.g., in the western United States; Whitham and Maschinski
1996), it is all the more imperative to initiate conservation
management strategies designed to protect not only the
hybrid zones themselves, but their associated dependent
communities. Our study suggests that the protection of
multiple, naturally occurring hybrid zones may be important
for maintaining natural evolutionary processes for depen-
dent community members, especially in the face of ongoing
habitat loss, a primary threat to hybrid zones in the western
United States (Whitham and Maschinski 1996).
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