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Abstract. Plant hybrid zones are dynamic centers of ecological and evolutionary pro-
cesses for plants and their associated communities. Studies in the wild and in gardens with
synthetic crosses showed that hybrid eucalypts supported the greatest species richness and
abundances of insect and fungal taxa. In an updated review of 152 case studies of taxa
associated with diverse hybridizing systems, there were 43 (28%) cases of hybrids being
more susceptible than their parent species, 7 (5%) resistant, 35 (23%) additive, 35 (23%)
dominant, and 32 (21%) showed no response to hybridization. Thus, most taxa respond to
hybrids in ways that result in equal or greater abundance, and hybrids tend to accumulate
the taxa of their parent species. These studies suggest that genetic-based plant traits affect
the distribution of many species and that the variation in hybrids can be used as tools to
examine the genetic components of community structure and biodiversity. Several patterns
have emerged thus far. (1) Genetic variation between classes of hybrids (e.g., F1’s vs.
backcrosses) may equal or even exceed that found between species. (2) As a reflection of
this genetic variation, herbivores are more likely to differentiate between hybrid classes
than they are to differentiate between pure plant species. (3) The communities associated
with different hybrid classes can differ from one another as well as from their parental
species. (4) Generalist and specialist herbivores predictably vary in their responses to
hybrids. (5) Plant hybrid zones may represent essential habitat for some arthropod species.
(6) Even nesting birds respond to hybridizing plants. (7) Including multiple trophic levels
and taxa from microbes to vertebrates, susceptible hybrid genotypes support greater bio-
diversity than resistant genotypes. (8) The effects of hybridization on common or keystone
species can either positively or negatively affect biodiversity. The indirect impacts of
hybridization on biodiversity may exceed the direct impacts and may result in ‘‘apparent’’
herbivore resistance or susceptibility at the community level. (9) Although hybrids are often
maligned, exotic or problem hybrids generally result from human disturbances, whereas
native hybrids are part of natural ecosystems and should be conserved.

Three predictions are made: (1) Intermediate genetic differences between the parental
species will result in the greatest genetic variation in the hybrid zone, which in turn will
have a positive effect on biodiversity. (2) Bidirectional introgression enhances species
richness on hybrids, whereas F1 sterility and unidirectional introgression limit the accu-
mulation of species on hybrids. (3) Although susceptible hybrids are likely to support the
greatest biodiversity, the impacts of hybridization on keystone species will be crucial in
determining the overall effect.

Key words: biodiversity; conservation and endangered species; genetic basis of community struc-
ture; genetic diversity; indirect effects; keystone species; plant hybrid zones; specialists and generalists.

INTRODUCTION

Only recently have ecologists begun to appreciate
how plant hybridization might affect the ecology and
evolution of associated species and communities. This
oversight was likely due to the view that hybrids (es-
pecially among animals) are freaks of nature and of no
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ecological or evolutionary consequence (Mayr 1963,
see review by Levin 1979). Plant biologists, however,
have long considered hybridization to be an important
evolutionary process (e.g., Stebbins 1950, Grant 1971,
Lewis 1980). If this latter view is correct, ecologists
may have systematically avoided these dynamic sys-
tems where much ecological and evolutionary action
takes place.

Here, we explore how the genetic variation in plant
hybrid zones may provide mechanistic tools for ex-
amining the genetic components of species and trophic-
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level interactions, and ultimately a genetic-based un-
derstanding of community structure. Two related fac-
tors support this view. First, the combining of different
species’ genomes in hybrids has the potential to gen-
erate much greater genetic variation than that found in
single species. Just as geneticists have used genetic
variation in Drosophila to understand gene function
and regulation, ecologists may utilize the genetic vari-
ation in hybrids to examine plant defense mechanisms,
direct interactions with herbivores, pathogens, and mu-
tualists, and indirect interactions with other trophic lev-
els. Second, in taxa where hybridization is either known
or suspected of playing an important evolutionary role
(e.g., Ellstrand et al. 1996), hybridization in the wild
or synthetic hybrids from controlled crosses may res-
urrect the ‘‘ghosts of selection past’’ (sensu Connell
1980). These ghosts may have been favored as the pro-
genitors of new species, or may have been selected
against as evidence of the barriers between species. For
example, Rieseberg et al. (1996) crossed two species
to resurrect the progenitors of a diploid species of hy-
brid origin. By combining studies of both the ghosts
and the survivors, ecologists may gain an important
evolutionary perspective in the study of species inter-
actions and community structure.

Here we examine five issues. (1) How is plant hy-
bridization associated with the distributions of species
and biodiversity? (2) Why is it important to quantify
the genetic structure of hybrid zones? (3) Are there
genetic components to community structure? (4) Al-
though the direct effects of hybridization on commu-
nity structure are most easily detected, are there indi-
rect effects? (5) How do hybrid plants relate to con-
servation and endangered species issues?

PLANT HYBRIDIZATION AND BIODIVERSITY

Biodiversity in the wild and in synthetic populations

Several studies of hybridizing Eucalyptus in Austra-
lia illustrate how hybridization can influence commu-
nity structure and biodiversity. Whitham et al. (1994)
quantified how 38 insect taxa (Homoptera, Diptera, Hy-
menoptera, Coleoptera, and Lepidoptera) and two fun-
gal taxa were distributed in pure and hybrid zones of
E. amygdalina and E. risdonii. Analyses showed the
hybrid zone to be a center of insect and fungal species
richness and abundance (Fig. 1). Of 40 taxa examined,
73% were significantly more abundant in the hybrid
zone than in the pure zones, 25% showed no significant
differences, and only 2% were most abundant on a pure
host species. The average hybrid tree supported 53%
more insect and fungal species (Fig. 1A), and relative
abundances averaged four times greater on hybrids than
on either eucalypt species growing in pure stands (Fig.
1B). Even though individual taxa exhibited all possible
responses to hybrids, the overall community response
was that hybrids accumulated the insects and fungi that
were otherwise unique to each parental species. Similar

results were found with other hybridizing eucalypts by
Morrow et al. (1994).

Although Fig. 1 shows the hybrid zone to be a center
of biodiversity (i.e., greater species richness and abun-
dance), genetic, environmental, and other factors are
not controlled in such observational studies. To sepa-
rate these effects, Dungey et al. (1994) and Dungey
(1996) performed experimental crosses and established
a common garden that contained both parental species,
F1 and F2 hybrids of known pedigree, and advanced
generation hybrids of limited pedigree. The trial was
arranged in 16 randomized blocks, with 72 trees per
block. Responses of herbivores to these controlled
crosses were censused 3 yr after planting. Although
these small trees supported fewer species than larger
trees in the wild, insect species richness differed sig-
nificantly among groups (F1 . F2 . E. amygdalina .
E. risdonii; Fig. 2). This pattern of increased species
richness on hybrids in a synthetic population agrees
remarkably well with the observational studies in the
wild (Fig. 1A), and represents the first study using con-
trolled crosses to experimentally demonstrate a plant
genetic component that affects species richness.

Patterns in diverse hybridizing systems

Patterns of host use from diverse systems generally
agree with the above community-level study. Strauss’s
(1994) review identified 32 cases where herbivores or
parasites were most abundant on hybrids, 6 cases where
abundances were lowest on hybrids, 24 cases where
abundances were intermediate, 28 cases where abun-
dances were equal to one of the parent species, and 27
cases where abundances did not differ between hybrids
and either parent species. If genetically based, these
cases correspond to hybrid susceptibility, resistance,
additive, dominance, and no differences (i.e., the null
hypothesis), respectively (Fritz et al. 1994, Strauss
1994). Table 1 updates Strauss’s review with 35 ad-
ditional cases. To reflect biodiversity in the wild our
survey included only studies that measured natural col-
onization and was restricted to plants (Strauss also in-
cluded hybrid vertebrates). These include 11 cases of
susceptibility, 1 resistance, 11 additive, 7 dominance,
and 5 no differences.

Three patterns emerge from these combined studies.
First, of 152 cases, there were 43 cases of hybrid sus-
ceptibility, but only 7 cases of hybrid resistance. We
conclude that susceptibility is about six times more
common than resistance. Second, 79% (120/152) of
these diverse taxa showed significant responses to hy-
brid plants (i.e., susceptibility, resistance, additive,
dominance), while only 21% showed no responses.
Thus, most organisms exhibit variable but significant
responses to hybrid plants relative to the parental spe-
cies.

Third, hybrids and hybrid zones are likely to accu-
mulate the taxa of both parental species. Consider the
35 cases in Table 1. If an herbivore was found on both
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FIG. 1. In the wild, both species richness (A) and relative abundance (B) of 40 insect and fungal taxa increase on hybrid
Eucalyptus in comparison to the parental trees growing either in pure stands or intermixed with hybrids. Leaf silhouettes
illustrate the morphological differences among eucalypt species and their hybrids. Different letters indicate significant dif-
ferences among groups (adapted from Whitham et al. [1994]). Relative abundance was calculated by averaging standardized
abundance measures for each taxon.

parent species, it was also found on hybrids. If an her-
bivore was restricted to just one plant species, the hy-
brids also supported these specialists (i.e., 7 cases).
Also, there were 2 cases where an arthropod was ap-
parently restricted to hybrid plants and in no case was
a taxon excluded from hybrids. The proportion of spe-
cialists in the associated community is especially im-
portant to consider. Because hybrids tend to accumulate
these specialists, an increase in the proportion of spe-
cialists increases the potential for hybrids to be centers
of species richness. Because specialist and generalist
taxa were not identified in Strauss’s (1994) review, they
are not included in the above discussion.

THE IMPORTANCE OF HYBRID ZONE

GENETIC STRUCTURE

In light of the above patterns, why do we observe
variable responses of the associated community mem-
bers to hybrids and why might increased biodiversity

be more common than reduced biodiversity? We sus-
pect that answers to these questions are, in part, de-
termined by the genetic structure of hybrid zones. Two
related factors affect genetic structure: (1) the level of
genetic variation exhibited by plants in the hybrid zone,
and (2) the pattern of hybridization.

Genetic variation

Interspecific hybridization brings together different
genomes and often forms hybrid zones that exhibit
great genetic variation. Hybridization can produce nov-
el traits (e.g., Rieseberg and Ellstrand 1993) that could
affect associated community members and be important
in plant speciation. Molecular data (restriction frag-
ment length polymorphisms; RFLPs) from cotton-
woods demonstrate that the genetic diversity found
within a hybrid zone is much greater than in pure spe-
cies zones (Fig. 3). This diversity arises from two
sources. First, the presence of two species rather than
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FIG. 2. Common garden experiments using crosses of
known pedigree (except advanced generation hybrids) show
that insect species richness is significantly greater on hybrids
than on the pure parental species (Eucalyptus amygdalina and
E. risdonii). Leaf silhouettes illustrate the morphological dif-
ferences among eucalypt species and their hybrids. Two-way
ANOVA was performed on block means for each cross type
(16 randomized blocks, with 72 trees per block), and the
differences between cross types are highly significant (P ,
0.001). Different letters indicate significant differences
among groups; bars indicate means 1 1 SE (adapted from
Dungey et al. 1994).

just one enhances the genetic diversity of the site, es-
pecially when the two species are highly differentiated
like Populus angustifolia and P. fremontii. Second, ge-
netic diversity increases even further in hybrids, es-
pecially when they are fertile.

Hybrid zones are genetically more diverse than sim-
ply the breadth of the parental genotypes due to the
immense number of possible recombining genes. This
increased diversity begins with the F1 progeny from an
interspecific cross. Although F1 hybrids combine two
different genomes and differ greatly from their parental
species, as a group they contain little more variation
than was present in their parents. For example, in an
analysis of 40 species-specific RFLP markers on 600
trees, a subsample of these trees (Fig. 3) illustrates the
basic patterns of genetic variation. Each of the parental
species vary at only 5% of their loci (i.e., 2 of 40 RFLP
marker loci), and their F1 progeny are slightly more
diverse, with a genetic difference of 10% (i.e., 4 of
40). In contrast, F2 progeny (F1 hybrid 3 F1 hybrid) or

backcross progeny (F1 hybrid 3 pure species) represent
a continuum of genetic types due to the diverse ge-
notypic combinations that are possible following seg-
regation and recombination. These backcross hybrid
genotypes are made up of a complex mixture of the
two species’ alleles in both homozygous and hetero-
zygous states and vary at 33% of their loci (13 of 40
loci), compared to only 5% for their parents.

Fig. 3 underrepresents the level of diversity found
in a natural hybrid zone. Assuming the 40 polymorphic
RFLP markers used in our analysis are independent
(from segregation studies we know that most are) there
is a potential for .1012 unique backcross genotypes (2
genotypic classes to the 40th power) and .1019 unique
F2 genotypes (340). Because there are far more than 40
genes in a eukaryotic genome (up to 40 000), the po-
tential for unique genotypic combinations is even great-
er. A similar calculation in the pure species zones for
2 polymorphic markers (2 of 40) reveals the potential
for only 9 (32) unique genotypes. Thus, genetic diver-
sity among hybrids alone is probably greater than the
combined genetic diversity of the two pure species.
Interspecific hybridization creates a genetically unpar-
alleled population base that can then affect an asso-
ciated complex ecological community.

If hybrid zones are as variable as suggested above,
then diverse organisms should respond to this variation.
As an assay of plant genetic variation, we find that
numerous arthropods exhibit greater variation in their
responses to different classes of hybrids than to dif-
ferent host species. Fig. 4 shows that the mite Aceria
parapopuli exhibits much greater variation in abun-
dance between F1 and backcross hybrids than it does
between the parental species. On Populus fremontii and
P. angustifolia we found that mite densities were low
(,0.01 galls/tree) and did not significantly differ be-
tween species. Between hybrid classes, however, mite
density varied hugely; mites were concentrated on F1

type hybrids where their densities were 800 times great-
er than on adjacent backcross hybrids. It appears that
mites prefer hybrids that possess novel phenotypes that
are absent in the parental species. Furthermore, these
results suggest that in the absence of the preferred hy-
brid class, some community members might be elim-
inated from the hybrid zone.

Similar results have been observed at the community
level. Morrow et al. (1994) showed that in two different
eucalypt hybrid swarms, 17 of 33 (52%) insect species
were significantly more abundant on one hybrid class
than another, whereas only 6 (18%) of the same insects
were significantly more abundant on one eucalypt spe-
cies than another. Because diverse insects are nearly
three times more likely to vary in abundance between
hybrid classes than between plant species, these results
suggest that hybrids generate novel phenotypes and
exhibit greater variation than the sum of the parental
species.
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TABLE 1. Relative abundance of herbivores and pathogens reported for plant species and their hybrids.

Parental spp. Herbivore/pathogen Hybrid category

Abundance on
hybrid

relative to
parent spp. Reference

Alnus glutinosa,
A. incana

aphid F1 i Gange 1995

Artemisia tridentata ssp.,
tridentata, A. t. vaseyana

various
herbivores (S)

F2 5both (3)
5A.t.t. (1)
5A.t.v. (3)

Messina et al. 1996

Carex canescens,
C. mackenziei

smut fungus F1 .† Ericson et al. 1993

Eucalyptus nitens,
E. globulus

leaf spot fungus F1 . Dungey et al. 1997

Picea glauca,
P. pungens

galling adelgids (S) F1 . (1)
5P.g. (1)

Mattson et al. 1996

Picea rubens,
P. mariana

moth (S) mixture i Manley and
Fowler 1969

Pinnus banksiana,
P. contorta

various pathogens,
pitch moth

mixture i (4) Wu et al. 1996

Pinus californiarum,
P. edulis

stem-boring moths,
pitch moths

mixture .
5P.c.

Christensen et al.
1995

Populus angustifolia,
P. deltoides

galling aphid
(P. betae) (S)

mixture .‡ Floate et al. 1997

Populus angustifolia,
P. fremontti

galling aphid
(P. betae) (S)

mixture .§ Floate et al. 1997

Populus angustifolia,
P. balsamifera, P. deltoides

galling aphid
(P. betae) (S)

mixture . Floate et al. 1997

Populus angustifolia,
P. balsamifera, P. deltoides

galling mite
(restricted to hybrids)

mixture . Kalischuk et al.
1997

Populus angustifolia,
P. balsamifera

galling mite
(restricted to hybrids)

mixture 5both Kalischuk et al.
1997

Populus trichocarpa,
P. fremontii

various pathogens
and herbivores

mixture .\ Eckenwalder 1984

Populus tremuloides,
P. grandidentata

various pathogens mixture . Henry and Barnes
1977

Quercus dumosa,
Q. engelmannii

galling wasp (S) mixture 5Q.d. (1)
. (1)

Moorehead et al.
1993

Quercus grisea,
Q. gambelii

leaf-mining moth F1, mixed BC i‡ Preszler and
Boecklen 1994

Quercus grisea,
Q. gambelii

endophytic fungi F1, mixed BC i (3) Gaylord et al. 1996

Silene alba,
S. dioica

smut fungus F1 5both Biere and Honders
1996

Typha latifolia,
T. angustifolia

seed-feeding caterpillars
(S)

F1 , (1)
i (1)

Eisenbach 1996

Notes: Herbivores and pathogens show nonrandom distributions on hybrids and species. The table format is modeled after
Strauss (1994) for consistency and to allow direct comparison. ‘‘S’’ denotes one or more arthropod species that are apparently
specialized on one of the two or more host plant species. Herbivore or pathogen abundances on hybrids relative to plant
species are classified as being . (significantly greater than observed on both parental species, i.e., hybrid susceptibility), ,
(significantly less than observed on both parental species, i.e., hybrid resistance), i (intermediate and significantly different
from both parental species [i.e., additive]) 5 one parental species (not significantly different than observed on one of the
parental species but significantly different from the others [i.e., dominance]), and 5 both (not significantly different than
observed on both of the parental species [i.e., the null hypothesis]). Numbers in parentheses indicate the number of cases
observed for each of the above patterns of arthropod or pathogen abundances. Other special cases are denoted as follows.

† Same result observed in each of 13 hybrid zones.
‡ Same result observed in each of 2 hybrid zones.
§ Same result observed in each of 3 hybrid zones.
\ General result based on the distributions of seven taxa across 8 hybrid zones.

Patterns of hybridization and hybrid bridges

Because the genetic variation found within a hybrid
zone is greatest when all classes of hybrids are present,
any factor that eliminates one or more classes should
diminish the genetic variation. For example, the great-
est genetic variation should be found where F1 hybrids
are fertile, interbreed, and backcross with both parents
(i.e., bidirectional introgression). This results in all

combinations and permutations of the two species’ ge-
nomes and produces a continuum of intermediates be-
tween both species. Eucalyptus risdonii 3 E. amyg-
dalina hybrid zones (Potts and Reid 1985, Potts 1986)
represent this pattern.

Another pattern of hybridization exhibited in hybrid
zones of Populus fremontii 3 P. angustifolia results in
unidirectional introgression where fertile F1 hybrids
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FIG. 3. Dendrograms, based upon genetic
distance among individual trees, show greater
genetic diversity in the hybrid zone relative to
pure zones. UPGMA (unweighted paired group
method arithmetic) analysis of RFLP-based ge-
netic distances was performed on 10 randomly
chosen individuals from (1) the pure Populus
fremontii zone, (2) the hybrid/overlap zone, and
(3) the pure P. angustifolia zone. Forty RFLP
marker loci were used to estimate the genetic
relationships among these trees. Note that the
hybrid/overlap zone contains both pure parental
and hybrid genotypes. Leaf silhouettes illustrate
the morphological differences among cotton-
wood species and their hybrids.

FIG. 4. On the Weber River drainage in northern Utah, USA, the geographical distribution of the eriophyid mite Aceria
parapopuli is concentrated in the hybrid zone of Populus fremontii 3 P. angustifolia. Within the hybrid/overlap zone, where
all tree classes grow in close proximity, mites are overwhelmingly concentrated on F1-type hybrids. Leaf silhouettes illustrate
the morphological differences among cottonwood species and their hybrids (bars indicate means 1 1 SE).
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backcross with only one of the parent species (Keim
et al. 1989). With this hybridization pattern, the con-
tinuum of hybrid types is one sided, creating a mor-
phological and genetic gap with an associated decline
in hybrid zone genetic diversity. Lastly, if the F1 hy-
brids are sterile and survive only by cloning, then ge-
netic diversity should further decline.

The genetic gaps and hybrid intermediates resulting
from these patterns of hybridization may affect the po-
tential of herbivores and pathogens to shift hosts and
to accumulate on hybrids. The hybrid bridge hypothesis
predicts how hybrid intermediates may serve as eco-
logical and evolutionary stepping stones that allow her-
bivores to gradually adapt to new plant species (Floate
and Whitham 1993). Associated with these host-shift-
ing predictions, the model also predicts how the three
basic patterns of hybridization (i.e., bidirectional and
unidirectional introgression and F1 sterility) will influ-
ence how organisms accumulate on hybrids. For ex-
ample, species richness should be highest in hybrid
zones with bidirectional introgression because a com-
plete continuum of intermediates should facilitate hy-
brids accumulating the taxa associated with both plant
species. At the other extreme, hybrid zones composed
of just sterile F1 hybrids should accumulate the fewest
taxa because the complete lack of backcrossing pre-
vents the continuum of intermediates from being
formed that would facilitate host shifting. As an inter-
mediate case, hybrid zones formed by unidirectional
introgression should accumulate the taxa associated
with one parent (i.e., the one that F1’s successfully
backcross to), but not the other (i.e., the one where a
genetic gap is formed by the lack of hybrid interme-
diates).

Two lines of preliminary evidence support these pre-
dictions. First, in a eucalypt hybrid zone with bidirec-
tional introgression, all of the taxa unique to either
plant species were also found on the hybrids (Whitham
et al. 1994). Second, in a cottonwood hybrid zone with
unidirectional introgression, hybrids accumulated all
the species associated with the parent species that
formed backcross intermediates, but numerous arthro-
pods failed to cross the genetic gap with the other par-
ent species where backcrossing was absent (Floate and
Whitham 1993; K. D. Floate and T. G. Whitham, un-
published data). It appears that the genetic gaps created
by the pattern of hybridization affects the likelihood
that arthropods will ecologically and/or evolutionarily
shift from one host to another and how they will ac-
cumulate on hybrids.

Predictions of genetic structure and biodiversity

We make three additional predictions about how ge-
netic structure will affect biodiversity. (1) The biodi-
versity of dependent communities should be positively
correlated with the genetic variation found within hy-
brid zones. Hybrid zones with little genetic variation
might be expected to provide fewer niches with lower

biodiversity than hybrid zones with higher genetic vari-
ation and many novel phenotypes. These novel phe-
notypes result from either genetic recombination or
from the production of novel alleles in hybrids (e.g.,
Hunt and Selander 1973). (2) Biodiversity in the hybrid
zone is likely to be greatest when the genetic differ-
ences between the parental species are great and the
hybrids are fully fertile. For example, hybridization
between morphologically distinct eucalypts (see leaf
silhouettes in Fig. 1) produces great morphological di-
versity in the F1 and advanced generation hybrids that
is associated with the greater biodiversity of the hybrid
zone. We expect that the morphologically distinct plant
species will support numerous specialist herbivores,
and that the hybrids will accumulate these specialists
to become a center of biodiversity. Associated with the
great variation in the hybrid zone, we also expect her-
bivores to commonly exhibit greater variation in their
abundances on different hybrid classes than in their
abundances on the different parental species (e.g., Fig.
4). (3) In contrast to our second prediction, the positive
effects of hybridization on biodiversity are likely to be
lessened in two instances. (a) When the genetic dif-
ferences between parental species are so great that F1

hybrid sterility prevents the production of advanced
generation hybrids that contribute greatly to the overall
genetic variation of hybrid swarms. (b) When the ge-
netic differences between the parental species are very
low (i.e., the parental species and their hybrids exhibit
few differences in traits that are important to associated
species). In such instances, the same herbivores are
likely to be common on both parental species and the
biodiversity of the hybrid zone is likely to be little
different than the pure zones. Thus, intermediate ge-
netic differences between the parental species are likely
to result in the greatest genetic variation in the hybrid
zone and to support the greatest biodiversity. These
predictions provide a framework for exploring the
mixed patterns reported in the literature (e.g., Table 1).

A GENETIC BASIS TO COMMUNITY STRUCTURE

The genetic structure of hybrid zones has the poten-
tial to affect communities in several ways. (1) Just as
herbivores discriminate between different plant spe-
cies, so may they discriminate between different classes
of hybrids. (2) Just as generalist and specialists differ
in their patterns of host species utilization, so may they
differ in their use of different classes of hybrids. (3)
If common herbivores attract predators and parasites,
then susceptible hybrids may support more diverse
communities than resistant hybrids.

Different communities on different hybrid classes

As the variation among hybrids increases, the as-
sociated communities may differ on pure species, F1s,
and backcross hybrids. To quantify potential differ-
ences, we first used nine morphological traits to iden-
tify pure Populus fremontii, F1 hybrids, and backcross
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FIG. 5. There is a 98% level of agreement in the classi-
fication of individual trees as F1 hybrids, backcross hybrids,
or pure Populus fremontii, based upon discriminant function
analysis of plant morphological traits (A), or their respective
arthropod communities (B). Solid symbols represent trees
classified by RFLP molecular genetic analyses. Leaf silhou-
ettes illustrate the morphology characteristic of each tree type
(adapted from Floate and Whitham [1994]).

hybrids (Floate and Whitham 1995). To minimize site
effects, only tree classes growing intermixed in the
hybrid zone were included, and pure P. angustifolia
was omitted due to its low abundance in the hybrid
zone. Fig. 5A shows how 43 trees are distributed in
discriminate space based on leaf morphology. As an
additional control on the morphological classification
of trees, 25% of the trees had also been characterized
using RFLP molecular genetic analyses (Keim et al.
1989). Morphological and molecular classifications of
trees generally agreed; however, two trees morpholog-
ically categorized as F1 hybrids were by RFLP analyses
classified as backcross hybrids.

If arthropods exhibit host specificity at the hybrid
level, we reasoned that a taxonomic analysis based
upon arthropod taxa, instead of traditional plant mor-
phological traits, should produce the same tree group-
ings. The 15 most common arthropods from two classes
(Insecta and Arachnida) and five orders (Acarina, Co-
leoptera, Diptera, Homoptera, and Lepidoptera) were

used as traits in classification. Fig. 5B shows that only
1 of 43 trees was classified differently when we used
arthropods as plant traits rather than morphology as
plant traits. This demonstrated a 98% level of agree-
ment between morphological traits and arthropods in
classifying individual trees.

We draw three major conclusions from this specific-
ity study. (1) The arthropod communities associated
with hybrids can be different than parental species. (2)
Different classes of hybrids (i.e., F1’s vs. backcrosses)
vary significantly in their arthropod communities and
should be considered separately in analyses. (3) Most
importantly, this study suggests that both insect com-
munities and plant morphology reveal the same un-
derlying genetic differences among plants, and that
communities map onto the underlying genetic structure
of the plant population.

The level of specificity that some herbivores exhibit
towards hybrids can be extreme; the eriophyid mite,
Aceria parapopuli, is restricted to one hybrid type—
not just hybrids in general, but specifically F1 hybrid
types (Fig. 4). This pattern is consistent at both local
and geographical levels. Within the hybrid zone, with
different tree types growing adjacent to one another,
$99% of the mite’s population is concentrated on F1

hybrid types, and across pure and hybrid zones it is
concentrated in the hybrid zone (see also Kalischuk et
al. 1997). Similarly, in hybrid eucalypt swarms, the
scale insect Eriococcus tepperi is 87 times more abun-
dant on backcrosses to E. risdonii than on backcrosses
to E. amygdalina (Whitham et al. 1994).

Even vertebrates respond to hybrid plants; the altered
architecture of hybrid cottonwoods supports more nest-
ing birds than the parental species (Martinsen and
Whitham 1994). Within the hybrid zone, where all tree
types grow side by side, we found two times more nests
in the canopies of F1 type hybrids than in any other
tree type (Fig. 6). Consistent with this within-site pat-
tern, we also found a similar pattern across hybrid and
pure zones. In the hybrid zone, nest densities were over
three times greater than in pure species stands. The
distinctive architecture of F1 type hybrids may enhance
their attractiveness to nesting birds. F1 type hybrids
have many large lateral branches that are used for nest
placement, and it is well known that architecture and
physical structure of vegetation play an important role
in determining avian habitat selection (e.g., MacArthur
and MacArthur 1961, Rotenberry 1985). Furthermore,
these architectural traits are likely genetically based.
Wu and Stettler (1996) crossed Populus trichocarpa
and P. deltoides and examined the architectural traits
in segregating F2 progenies. Significant genotypic ef-
fects were observed, with broad-sense heritabilities
ranging from 0.50 to 0.80 for most traits.

Generalist and specialist herbivores

An understanding of how herbivores respond to their
host species may be important in understanding how
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FIG. 6. Within the hybrid and overlap zone
of Populus fremontii and P. augustifolia, bird
nests are significantly more abundant in F1

hybrids than in adjacent backcross hybrids and
cottonwood species. Similarly, bird nests are
significantly more abundant in the hybrid zone
than in nearby pure zones. Most of the nests
belonged to Northern Orioles (Icterus galbula)
and Black-billed Magpies (Pica pica); other
common taxa included American Robin (Turdus
migratorius) and Warbling Vireo (Vireo gilvus).
Tree silhouettes illustrate the branch architec-
tures characteristic of each tree type (adapted
from Martinsen and Whitham [1994]).

they respond to hybrids. In eucalypts, we found that
generalists were significantly more likely to be con-
centrated in the hybrid zone than specialists (Whitham
et al. 1994). Having classified individual herbivores as
generalists or specialists based upon their responses to
host species, we then examined their responses to dif-
ferent classes of hybrids. Of 12 generalist taxa 11, or
92%, were significantly more abundant on hybrids than
on either host species, compared to only 14 or 50% of
the 28 specialists. Apparently, the adaptations of gen-
eralists that allow them to utilize two host species pre-
disposes them to utilize hybrid hosts, whereas spe-
cialists are less likely to possess the adaptations to deal
with the traits present in hybrids that are derived from
the novel host species.

Knowledge of the preferred host species of special-
ists may also allow us to predict which hybrid class is
most likely to be used (i.e., the phenotypic affinity
hypothesis, Whitham et al. 1994). In a eucalypt hybrid
swarm, we found that of 28 specialists, 19 were sig-
nificantly more abundant on the hybrid phenotype clos-
est to their preferred host species, 8 were equally abun-
dant on different classes of hybrids, and only 1 was
most abundant on the hybrid phenotype least similar
to its preferred host species. In other words, in this
system specialists are far more likely to be found on
the backcross hybrids most similar to their preferred
host species than on backcross hybrids that resemble
their least preferred host species.

Plant susceptibility and biodiversity

The trait variation found in hybrids can be used to
examine how plant resistance affects biodiversity. If a

plant is resistant to a common herbivore, will it support
greater, equal, or less biodiversity than a susceptible
host plant? An increase in one herbivore could increase
biodiversity by supporting a larger community of pred-
ators and parasites. Conversely, the increase in one
herbivore could diminish biodiversity by eliminating
competitively inferior herbivores and their associated
predators and parasites. Using backcross hybrid cot-
tonwoods that were morphologically very similar but
varied in their resistance to the gall aphid P. betae,
susceptible hybrids supported 31% greater species rich-
ness and 26% greater relative abundances than resistant
trees (Dickson and Whitham 1996). Because this anal-
ysis included 42 taxa from 35 families and 14 orders
(herbivores, predators, and parasites), this represents a
clear case of greater biodiversity being associated with
susceptibility. Although numerous studies would be re-
quired for generalization, two factors seem important.
First, because extremely susceptible trees are more
likely to suffer reduced fitness and be eliminated from
the population, we expect that intermediate levels of
susceptibility may support the greatest biodiversity.
Second, as the following section demonstrates, indirect
interactions and the effects of multiple herbivores can
greatly complicate the community-wide effects of sus-
ceptibility.

INDIRECT EFFECTS OF HYBRIDIZATION ON

COMMUNITY STRUCTURE

If hybridization affects the geographic distribution
of common or keystone herbivores, then their altered
distributions can affect the rest of the community. In
such cases, the indirect effects of hybridization on bio-
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FIG. 7. The effects of hybridization on common or keystone species can affect community structure. The experimental
removal of the gall aphid, Pemphigus betae, negatively impacted arthropod biodiversity. (A) Aphid removal resulted in a
significant 32% decline in species richness when compared to control trees. (B) Aphid removal resulted in a 55% decline in
the relative abundance of the arthropod community when compared to control trees. The experimental removal of the leaf
beetle Chrysomela confluens had a positive impact on arthropod biodiversity. (C) Ramets on which beetles had been removed
exhibited a significant 120% increase in arthropod species richness when compared to control ramets where beetle feeding
removed much of the foliage. (D) Relative abundance of the arthropod community increased 75% on beetle-removal ramets
relative to defoliated controls (adapted from Waltz and Whitham [1997]). Relative abundance was calculated by averaging
standardized abundance measures for each taxon.

diversity and community structure may equal or exceed
the importance of the direct effects. This appears to be
the case with the gall aphid P. betae, and the leaf beetle
Chrysomela confluens, whose distributions are largely
limited to hybrid zones of Populus angustifolia 3
P. fremontii (Whitham 1989, Floate et al. 1993, 1997).
Because gall aphids reach densities of 3.5 3 106 on
mature trees and beetles completely defoliate small
trees, both have the potential to affect diverse taxa. As
a test of the indirect effects of hybridization on com-
munity structure, aphids were experimentally removed
from mature trees where they are most abundant, and
beetles were experimentally removed from juvenile
trees where they predominate.

In comparison with their respective controls, the
presence of both insects had dramatic, but opposite,
impacts on biodiversity (Waltz and Whitham 1997).
Aphid removal decreased species richness and relative
abundance by 32 and 55%, respectively (Figs. 7A, B),
whereas beetle removal increased species richness and
relative abundance by 120 and 75%, respectively (Figs.
7C, D). These opposite results are probably due to the

different life-styles of these two insects. Leaf beetles
defoliate and destroy the ability of cottonwoods to sup-
port most other herbivores; lepidopteran miners were
completely eliminated, and leafhoppers (Cicadellidae),
lepidopteran leaf rollers, and hymenopteran leaf folders
were reduced to one-third their normal levels. Also,
beetles are chemically defended, so they generally at-
tract fewer predators and parasites. In contrast, as phlo-
em-feeding aphids do not defoliate trees and are not
chemically defended, they attract a large following of
predators and parasites, and they apparently modify the
host plant in ways that attract other herbivores. For
example, when gall aphids were removed, leaf rollers
completely disappeared, and leafhoppers and leaf fold-
ers declined by half. Because the arthropod community
of this study consisted of 42 taxa (herbivores, preda-
tors, parasites) from eight arthropod orders, these re-
moval experiments illustrate community-wide re-
sponses.

These experiments suggest that the community-wide
effects of plants being susceptible to a keystone her-
bivore could be confused with plants being susceptible
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to multiple herbivores. Thus, susceptibility to keystone
species could produce ‘‘apparent’’ resistance or sus-
ceptibility at the community level. To differentiate be-
tween these two hypotheses, gall aphids were experi-
mentally removed from susceptible hybrids to match
the lower gall densities of resistant hybrids (Dickson
and Whitham 1996). With aphid removal, arthropod
species richness and abundance declined such that in
the absence of aphids, the biodiversity of aphid-sus-
ceptible trees mirrored resistant trees. Even vertebrates
and fungi were affected. The foraging of Black-capped
Chickadees on gall aphids declined threefold. Similar-
ly, the mold Cladosporium cladosporioides, which
lives on the honeydew and may kill the entire aphid
colony, declined twofold. Thus, rather than trees being
susceptible to many herbivores (i.e., susceptible to one,
susceptible to all), susceptibility to a single common
or keystone aphid resulted in a community-wide re-
sponse of apparent susceptibility.

Even if common garden studies using known crosses
support a strong genetic component to biodiversity, the
genetic effects of hybridization on just one keystone
species could drive the overall community response. In
the absence of experiments designed to quantify the
direct and indirect effects of susceptibility on com-
munity structure and biodiversity, apparent resistance
and susceptibility might best describe the overall com-
munity response. Studies lacking such experiments, but
nevertheless showing apparent responses at the com-
munity level include the following. (1) Susceptibility:
12 taxa were on hybrid willows (Fritz et al. 1994); 40
taxa were on hybrid eucalyptus (Whitham et al. 1994).
(2) Dominance: 7 taxa were on hybrid sagebrush (Mes-
sina et al. 1996). (3) Additive: 69 taxa were on hybrid
oaks (Aguilar and Boecklen 1992).

Complex associations with vectors, parasites, and
mutualists are also likely to exhibit indirect impacts of
hybridization. Ericson et al. (1993) showed that hy-
bridization in sedges affected the distribution of a
beetle, which in turn served as a vector for a plant
pathogen. Similarly, hybridization in oaks indirectly
affects parasitic wasps by changing the distributions of
their leaf-mining hosts (Preszler and Boecklen 1994),
and hybridization in cottonwoods indirectly affects leaf
beetles via effects on an ant–aphid mutualism (Floate
and Whitham 1994). Such studies demonstrate that the
impacts of hybridization on common community mem-
bers can indirectly affect diverse interactions and tro-
phic levels that extend from microbes to vertebrates.

HYBRID PLANTS AND CONSERVATION BIOLOGY

The documented effects of hybrid plants on the as-
sociated community demonstrate that hybrid zones can
be centers of biodiversity (e.g., Fig. 1) and may provide
essential habitat for rare species. For example, what
would happen to Aceria parapopuli (Fig. 4) if the rel-
atively rare F1 type hybrid trees that support this ar-
thropod’s population were eliminated? This is not an

isolated example. Of 40 insect and fungal taxa surveyed
in the hybrid zone and adjacent pure zones of Euca-
lyptus amygdalina 3 E. risdonii in Tasmania, 5, or
13%, were largely restricted to a narrow hybrid zone
that is only 100 m wide (Whitham et al. 1994). As E.
risdonii is considered a rare and endangered species
(Pryor 1981), the loss of the small hybrid zone and/or
the rare parent species could have important local con-
sequences for these dependent species. Though the con-
servation of insects (Collins and Thomas 1990) has not
been a major issue in the public eye, the conservation
of vertebrates is, and even these more glamorous spe-
cies are affected by plant hybridization (e.g., Fig. 6).
Furthermore, just as hybridization is thought to be im-
portant in plant evolution, it may also affect the evo-
lution of other species. Moran and Whitham (1988)
showed that the aphid Pemphigus betae has evolved
two life cycles, a complex life cycle associated with
the hybrid zone, and a simple life cycle associated with
pure zones.

Because 30–80% of all plant species are thought to
have originated from hybridization events (e.g., Steb-
bins 1950, Grant 1971, Lewis 1980, Stace 1987), the
conservation of hybrid zones as potential centers of
plant evolution is important (Whitham et al. 1991). The
conservation of hybrids is complicated by studies that
correctly argue that hybridization can cause the ex-
tinction of rare plant species through demographic
swamping and genetic assimilation (Levin et al. 1995).
However, of the reported problem cases, all or nearly
all resulted from introductions or represent native spe-
cies that behave like exotic species due to human dis-
turbance. Thus, problem hybrids are nearly all artifacts
of human intervention and should be considered sep-
arately from hybrids of natural origin. Whitham and
Maschinski (1996) argued that the best hybrid policy
would recognize the important role that hybridization
has played in the ecology and evolution of plants,
which in turn may affect the ecology and evolution of
the rest of the community. Just as we discriminate be-
tween native and exotic species in formulating man-
agement policies, so should we discriminate between
native and exotic hybrids by conserving the former and
discouraging the latter.

Hybridization is part of a natural ecosystem and as
such, hybrid plants are deserving of conservation. Al-
though hybrids are often susceptible to herbivores and
pathogens, we should not assume that all hybrids are
inferior and somehow undesirable. Hybrid zones, with
their great genetic diversity, continually generate some
of the worst and best. Hybrid zones represent the stage
of an evolutionary play (sensu Hutchinson 1965) where
we may utilize the genetic variation of hybrids as a
tool to untangle the complex web of interactions in
communities and to understand the underlying pro-
cesses.
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