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Abstract Herbivory on hybrid plants has the potential to
aVect patterns of plant evolution, such as limiting gene-Xow
through hybrids, and can also aVect herbivore biodiversity.
However, few studies have surveyed multiple hybrid spe-
cies to identify phylogenetic patterns in the inheritance of
plant traits that may drive herbivory. We surveyed 15 leaf
traits and patterns of chewing, mining, and galling herbiv-
ory in a common garden of 17 artiWcially crossed hybrid
oak species and each of their parental species over a 2-year
period. Using a phylogeny of oaks, we tested whether
hybrids that resulted from more divergent parents received
more herbivory than those derived from closely related par-
ents (as would be predicted by a build-up of incompatibili-
ties in defensive systems over evolutionary time) and found
only marginal evidence in support of this. We found that
chewing damage to hybrids was weakly predicted by the
relatedness of a parental species to the single native oak.
The levels of chewing and mining herbivory on hybrids
were typically intermediate to those of their parental spe-
cies, though less than the parental mean for chewing dam-
age in 2008. Most leaf traits of hybrids were also
intermediate to those of their parental species. There was
no clear pattern in terms of an association between 11 spe-
cies of cynipid gall wasps and hybrids. The patterns of (1)

intermediate levels of herbivory on hybrids and (2) no trend
in herbivory on hybrids based on the phylogenetic related-
ness of parental species suggest that herbivory may not play
a general role in limiting hybrid Wtness (and thus gene-Xow
through hybrids) in oaks.

Keywords Introgression · Hybrid out-breeding 
depression · Quercus · Hybrid bridge · Herbivory

Introduction

Observational studies on the current interactions between
herbivores and hybrid plants inform us of historical factors
that have shaped plant evolution and herbivore–host associ-
ations (Strauss 1994; Fritz et al. 1999). SpeciWcally, the
hybrid depression hypothesis (sensu Dobzhansky 1936;
Arnold and Hodges 1995) and the hybrid bridge hypothesis
(Floate and Whitham 1993) make explicit predictions about
patterns of herbivory expected between diVerent hybrid
crosses and on hybrids versus parental species. In the
hybrid depression hypothesis, greater predation to hybrids
than parental species may act as a selection mechanism that
promotes species maintenance or even speciation (Arnold
and Hodges 1995). Alternatively, the hybrid bridge hypoth-
esis suggests that hybridization may aVect patterns of the
herbivore–host association, such as creating a “hybrid
bridge” in host phenotypes that may facilitate host-switches
by herbivores (Floate and Whitham 1993). While many
studies have documented herbivore associations with a
hybrid plant and its parental species (e.g., Aguilar and
Boecklen 1992; Moorehead et al. 1993; Hanhimaki et al.
1994; Dungey et al. 2000; Tovar-Sanchez and Oyama
2006b), understanding the patterns of herbivory on hybrids
requires studies that examine multiple hybrid crosses, and
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these have been uncommon (but see an overview of multi-
ple hybridization studies by Fritz et al. 1999).

Hybridization plays a central role in the macroevolution
of plants (Grant 1971). The re-introgression of divergent
lineages within a species may inhibit speciation and main-
tain gene-Xow within a species. Conversely, hybrid lin-
eages that are not reintegrated back into their parental
species may form a novel and stable “hybrid species”
(Rieseberg 1997). In plant groups such as oaks, where mul-
tiple species that can freely hybridize also co-occur, it is
likely that selection acts to reduce the number of hybrids
that survive to reproduction (Cottam et al. 1982; Howard
et al. 1997; Williams et al. 2001). Greater predation on
hybrids than on parental species has been suggested as a
potential mechanism of disruptive selection favoring either
parent over their hybrid (Whitham 1989; Moulia et al.
1991). While the role of herbivory in plant speciation or
species maintenance has not been thoroughly explored, her-
bivory has been implicated as a causal mechanism of broad
macroevolutionary patterns in plants (Ehrlich and Raven
1964).

Hybrid outbreeding depression, where hybrids have a
lower Wtness than either parent, has historically been attrib-
uted to the incompatibility of two divergent physiological
systems (Dobzhansky 1936, 1970). In the context of her-
bivory, the physiologically incompatible systems may be
the plant’s defensive systems. The breakdown of defensive
systems in hybrids has received little attention from plant
physiologists. However, metabolic screens of plant second-
ary compounds, which often play a defensive role against
herbivore attack, have revealed unexpected patterns of
inheritance in hybrid plants (Orians and Fritz 1995; Orians
2000; Pearse et al. 2006; Yarnes et al. 2008). In terms of
hybrid outbreeding depression in animals, hybrids pro-
duced from parental species that are less related to one
another are less Wt than hybrids produced from phylogenet-
ically close relatives, as divergent evolutionary history is a
good proxy for the divergence of physiological systems
(Coyne and Orr 1989). This logic may also be applicable to
defensive systems in plants, such that more distantly related
parental species with more divergent defensive systems
would create a poorly defended hybrid oVspring (which in
turn would experience more herbivory than hybrids of close
relatives).

Understanding the patterns of herbivory to hybrid plants
may also help to explain macroevolutionary patterns of her-
bivore–host associations. The “hybrid bridge” hypothesis
suggests that hybrids between two phenotypically disparate
species could facilitate host-shifts of herbivores from the
original host to another (Floate and Whitham 1993). The
assumptions of this hypothesis are that (1) host-shifts of
insects are far more likely between phenotypically similar
plants than phenotypically disparate plants; (2) hybrid phe-

notypes will be intermediate between the two parents, as
would be suggested by additive inheritance of traits; (3)
adaptation of herbivores to intermediate trait values will
follow; (4) these herbivores will then ultimately adapt to
consuming the previously non-attacked parental species. In
this case, hybrid plants are more likely to facilitate host-
switches between parental species if they have an interme-
diate phenotype compared to their parentals.

Hybridization plays a particularly central role in the evo-
lution of oaks (Quercus). Most species of oak can freely
mate with other species within their generic section (i.e.,
red oaks, white oak, cerris oaks, intermediate oaks, and
cyclobalanopsis) (Cottam et al. 1982). However, many
studies have observed that sympatric oak species that can
freely hybridize to produce viable, fertile oVspring are still
genetically distinct (Nason et al. 1992; Howard et al. 1997;
Hipp and Weber 2008; but see Dodd and Afzal-RaWi 2004).
In order to understand how this is possible, we need to gain
a better understanding of the ecology of hybrid oaks and of
the selection pressures that these hybrids experience. In this
study, we surveyed patterns of herbivory and the inheri-
tance of plant traits that may aVect herbivory on 17 diVerent
hybrid crosses of oaks (Quercus) as well as on their paren-
tal species in a common garden. If hybrids experience more
herbivory than their parental species, hybrid Wtness (and
ultimately gene-Xow between species) may be limited by
increased herbivory to hybrids. Likewise, if hybrids that
result from crosses of distantly related parents experience
more herbivory than hybrids that result from closely related
parents, then the success of a hybrid may be related to the
divergence between its parents’ anti-herbivory systems. If
hybrid oaks are phenotypically intermediate (or have inter-
mediate insect communities) to their parental species, the
distribution of herbivores on oak species may be aVected,
as herbivores may be able to use these intermediate hybrids
to expand their host-range to the other parental species.

Methods

Hybrid formation, insect community, and herbivory 
estimates

Oak traits, herbivory measures, and genetic information
were gathered from trees at the UC Davis Shields oaks
grove. Hybrid oaks and their parental species originated
from the classic Cottam¡Tucker oak hybridization experi-
ments (Cottam et al. 1982) and were planted by Dr. John
Tucker in the UC Davis Arboretum between 1963 and
1972. F1 hybrids (16 crosses) were cultivated either from
synthetic hybrid crosses between known parental species
(13 crosses) or from hybrids collected from various Weld
locations (three crosses). A single F2 hybrid was also used
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in this study (Q. turbinella £ Q. macrocarpa), as no F1

hybrid of this cross was available. The parental species
used in this study do not necessarily represent the parental
individuals of each cross and, moreover, one parental spe-
cies (Q. stellata ssp. margaretta) is likely of a diVerent sub-
species than the hybrid parent. The identity and number of
individuals of each hybrid cross are presented in Table 1.
Parental species were represented by two to four individu-
als. Vouchers of each hybrid and parental species were
deposited at the UC Davis Center for Plant Diversity.

Many native lepidopteran, hemipteran, and hymenop-
teran (Cynipidae) insects from the native valley oak com-
munity utilize exotic oak species and hybrids in the
common garden (Pearse and Hipp 2009). Damage from
these insects is reliably classiWed into chewing damage
[known lepidopteran chewing feeders include Archips
argyrospila (Walker) Tortricidae, Epinotia emarginata
(Walsm) Tortricidae, Bucculatrix sp. Bucculatricidae,
Chionodes trichostola (Meyrick) Gelechiidae, Ypsolopha
cervella (Walsm) Ypsolophidae], mining damage (caused
by lepidopterans Cameraria sp. Gracillariidae or Caloptilia
sp. Gracillariidae), and galling damage. Galls are reliably
identiWed based on gall morphology (Russo 2006). The

gall-makers present at the site included the following cyni-
pid wasps: oak apple gall (Andricus quercuscalifornicus),
saucer gall (Andricus parmula), pink bow tie gall (unde-
scribed), stem gall (Disholcaspis sp.), fuzzy gall (Andricus
fullawayi), integral stem gall (Andricus chrysolepidicola),
red cone gall (Andricus kingi), jumping gall (Neuroterus
saltatorius), urchin gall (Antron quercusechinus), crystal-
line gall (Andricus crystallinus), and plate gall (Liodora
pattersonae). Gall wasp communities were estimated in
August 2009 based on a 30-s dedicated search for each gall
species on each tree. Gall species that were found outside
of their allotted search time were scored as present, but
with no abundance estimate. Yearly total herbivore damage
to each individual hybrid and parental tree was estimated in
August 2008 and August 2009 as the average percentage
leaf damage (using a transparent grid) of chewing or min-
ing damage on 20 leaves (at a canopy height of 2¡6 m) per
oak individual.

Tree traits

Tree traits (except for trichome characters) were scored
according to Pearse and Hipp (2009). In spring 2008, fresh

Table 1 Oak (Quercus) hybrid crosses between $ and # parental species

Number of hybrid individuals is shown for crosses examined in this study

Letters (A¡L) refer to the presence of galls from diVerent gall wasp (Cynipidae) species on that oak species or hybrid: A, oak apple gall (Andricus
quercuscalifornicus); B, saucer gall (Andricus parmula), C pink bow tie gall (undescribed); D, stem gall (Disholcaspis sp.); E, fuzzy gall (Andricus
fullawayi); F, integral stem gall (Andricus chrysolepidicola); G, red cone gall (Andricus kingi); H, jumping gall (Neuroterus saltatorius); I, urchin
gall (Antron quercusechinus); J, crystalline gall (Andricus crystallinus); K, plate gall (Liodora pattersonae); L, non-native cork oak twig gall (Pla-
giotrochus suberi); M, non-native live oak gall (Andricus quercuslanigera?)
a Rare (singleton) collections; all gall–host associations were observed >5 times on at least two individuals per species or hybrid cross (except in
cases where only one individual was present)

Hybrid Number of individuals Cynipid gall species

Hybrid $ parent # parent

berberidifolia £  lobata 2 B, E, Ja A, B, C, D, E, J A, B, D, E, F, G, H, I, K

engelmannii £ berberidifolia 2 A, B, C, D, E, J

garryana £ turbinella 2

gambelii £ turbinella 5 Ba

lobata £ macrocarpa 1 A A, B, D, E, F, G, H, I, K

lobata £ turbinella 2 A, B, E, F A, B, D, E, F, G, H, I, K

macrocarpa £ gambelii 8 Ba

macrocarpa £ robur 6

mongolica £ gambelii 1 Ba

muehlenbergii £ macrocarpa 1

robur £ gambelii 2 Ba

stellata £ turbinella 1

suber £ cerris 1 L

suber £ turbinella 1 L

turbinella £ macrocarpa 4 Ba

turbinella £ robur 9

virginiana £ turbinella 5 J M
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leaf material was bulk collected from Wve arbitrarily chosen
leaves from diVerent branches at a canopy height of
1.5¡5 m on each oak individual. Both sun and shade leaves
were represented in this sample. Leaves were ground in liq-
uid nitrogen, and ground leaf material (100 �L) was sus-
pended in 1 mL 70% acetone. After 1 h, the insoluble
material was removed by centrifugation. Relative total phe-
nolic concentration was estimated using a colorimetric
Prussian blue assay (Graham 1992). Total tannins were
estimated using a radial diVusion assay of protein precipita-
tion (Hagerman 1987). Relative condensed tannins were
estimated colorimetrically following a reaction with acidi-
Wed butanol in the presence of Fe3+ salts (Porter et al.
1986). For protein estimates, ground fresh leaf tissue
(100 mg) was suspended in 1.5 mL 0.1 M potassium phos-
phate buVer (pH 7) with 7% polyvinylpolypyrrolidone
(PVPP). Insoluble tissue was removed, and a 10-�L sample
of the supernatant was assayed for soluble proteins with the
Bradford reagent. For peroxidase (POX) activity estimates,
ground fresh leaf tissue (100 mg) was suspended in 1.5 mL
0.1 M potassium phosphate buVer (pH 7) with 7% PVPP
with 3% Triton-X (Fisher, Fair Lawn, NJ). Insoluble mate-
rial was removed and 30 �L of supernatant was added to
270 �L 0.1 M potassium phosphate (pH 8) with 27 mM
guaiacol and 12 mM H2O2. POX activity was recorded as
�(Absorbance470 nm)/minute. Leaf toughness was recorded
for three leaves per tree with a penetrometer (Chatillon &
Sons, Kew Garden, New York) as grams required to punch
through the lamella with a 3-mm-diameter needle. SpeciWc
leaf area was measured as grams per square centimeter dry
weight. Water content was measured as (fresh weight ¡ dry
weight)/fresh weight. Trichomes were measured on three
expanded leaves per tree using a micrometer. Trichome
density (adaxial and abaxial) was estimated as the number
of trichomes per 25-mm2 grid, and trichome length (adaxial
and abaxial) was estimated as the average length of three
arbitrarily chosen trichomes per leaf. Other diVerences in

trichome morphology, such as glands or stellate versus Wla-
mentous conWguration, were not assessed in this study,
these parameters showed considerable variation between
the oaks studied. The sub-samples of each trait were aver-
aged by tree prior to further analysis.

Relatedness estimates and statistics

As the phylogenetic relationship between each parental
species in this study is well resolved (Pearse and Hipp
2009; Fig. 1), we estimated the patristic phylogenetic dis-
tance (sum of branch lengths that link two nodes) between
both parental species of each hybrid and the local native
oak (Q. lobata) as well as the patristic distance between the
two parental species for each hybrid. The pairwise patristic
distances were extracted from a minimum evolution phy-
logeny (Pearse and Hipp 2009) based on 2,932 ampliWed
fragment length polymorphisms (AFLPs) using mesquite
(Maddison and Maddison 2009). As AFLP phylogenies
tend to overestimate the lengths of terminal branches, we
trimmed the terminal branches to the convergence of multi-
ple accessions of the same species, even though a past
study using the same phylogeny was robust to changes in
terminal branch lengths (Pearse and Hipp 2009). “Mini-
mum phylogenetic distance to native” was the patristic dis-
tance between Q. lobata and the parental species of the
hybrid that was more closely related to Q. lobata, “maxi-
mum phylogenetic distance to native” was the patristic dis-
tance between Q. lobata and the parental species of the
hybrid that was more distantly related to Q. lobata, and
“parental phylogenetic breadth” indicates the patristic dis-
tance between the two parental species of each hybrid. Con-
sequently, “minimum phylogenetic distance to native” for
hybrids with Q. lobata as parental species was scored as 0.

Average trait and herbivory measures were calculated
for each hybrid cross. A principle component axis (PC 1)
of leaf traits was created independently for hybrids and

Fig. 1 A schematic connecting 
each hybrid cross to its two 
parental oak species and show-
ing the phylogenetic relation-
ships of those parental species as 
an ultrametric phylogenetic tree. 
The Wrst species in a hybrid’s 
name is the maternal parent
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parental means. These values were compared to mean
parental trait values using linear regression. Deviation of
the hybrid to the mean parental trait value was assessed by
comparing the linear regression to a regression with a slope
of 1 and intercept of 0. Three phylogenetic predictors (min-
imum distance to native, maximum distance to native, and
parental breadth), were used to predict herbivory on hybrid
individuals using multiple regression. Graphical representa-
tion of the oak phylogeny was created in R using the pack-
age “ape” (Paradis et al. 2004; R Core Development Team
2009). All statistics were performed in JMP (SAS Institute,
Cary, NC).

Results

Inheritance of traits, amounts of herbivory, and herbivore 
associations

Chewing damage to hybrids was predicted by mean paren-
tal values, but mining damage was not (Fig. 2; Table 2).
Chewing damage in 2009 was equivalent to the parental
mean (i.e., the linear regression was indistinguishable from
a regression with a slope of 1 and intercept of 0), but chew-

ing damage to hybrids in 2008 was less than that of the
mean parental species (Fig. 2; Table 2).

Leaf toughness, trichome density, and total tannin con-
tent contributed most heavily to a principle component axis
(PC 1) of hybrid and parental leaf defenses. We compared a
PC 1 of 13 hybrid leaf traits (which are putative defensive
traits against herbivory) to the PC 1 of mean parental traits
and found that hybrid leaf traits were predicted by the mean
parental leaf traits and that they were consistent with a pat-
tern of additive inheritance (Table 2). Of the 13 traits
assessed in the hybrids, seven were predicted by the corre-
sponding mean parental trait, and those seven traits were
distributed among chemical (tannins, condensed tannins,
and % H2O), morphological (speciWc leaf area, toughness,
and abaxial trichome density), and phenological (evergre-
enness) categories of traits. Condensed tannins of hybrid
crosses were signiWcantly higher than the mean parental
value for each cross (Table 2). For all other traits, the
hypothesis of equal hybrid and mean parental values (addi-
tive inheritance) could not be rejected.

Galls caused by cynipid wasps were surveyed on each
hybrid and parental species, and the presence of each gall
wasp species—oak species association was noted (Table 1).
The relationship between parental oak species and hybrid

Fig. 2 A regression of leaf 
damage observed on hybrids 
onto the mean leaf damage 
observed on their parental oak 
species. Solid lines show a 
signiWcant relationship between 
hybrids and their mean parental 
values. For reference, dotted 
lines have a slope of 1 and inter-
cept of 0 and represent the 
expected relationship given an 
additive mode of inheritance
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oak gall wasp community was complex. Most parental spe-
cies and hybrids did not accumulate any cynipid species.
Hybrids that originated from a parental species with at least
one gall wasp association also accumulated at least one spe-
cies of gall wasp (with the exception of hybrids originating
from a Q. gambelii parent, which had a weak association
with the gall wasp, Andricus parmula). Some hybrid
crosses had fewer gall wasp species than either parent
(Q. lobata £ Q. berberidifolia), and some novel gall wasp
associations emerged in the hybrids (Q. macrocarpa £
Q. turbinella¡Andricus parmula; Q. turbinella £ Q. vir-
giniana¡Andricus crystallinus) (Table 1).

Phylogenetic predictors of herbivory among hybrids

The mapping our hybrid crosses onto a phylogeny of oaks
suggested that there was substantial variation in the phylo-
genetic distance that separated a hybrid’s parental species
(parental phylogenetic breadth) in our study as well as vari-
ation in the phylogenetic proximity of a hybrid to Q. lobata,
the local native oak (Fig. 1). We assessed the ability of
three phylogenetic characterizations of hybrids (minimum
phylogenetic distance to native, maximum phylogenetic
distance to native, and parental phylogenetic breadth) to

predict herbivory on 17 hybrid crosses of oaks. Multiple
regression revealed a weak trend in chewing damage in
2009 in which hybrids with one parent closely related to the
local native oak (low minimum phylogenetic distance to
native) experienced less chewing damage than hybrids with
a high minimum phylogenetic distance to the native
(� = ¡2.40, P = 0.01; Table 3). This trend was qualitatively
similar, although non-signiWcant, when hybrids resulting
from the native oak were excluded from the analysis
(� = ¡1.43, P = 0.16). We did not detect this trend for
either chewing damage in 2008 or mining damage
(Table 3). Parental phylogenetic breadth was not signiW-
cantly related to levels of herbivory, nor was maximum
phylogenetic distance signiWcantly related to native,
although there was a non-signiWcant trend in which greater
herbivory was experienced by hybrids arising from more
distantly related parentals (Table 3). As each hybrid cross
was represented by diVerent numbers of individual trees
(where some crosses were represented by only one individ-
ual), we tested whether those hybrids with fewer individu-
als deviated more from the predictions of our model than
hybrids with better representation; however, this was not
the case for each herbivory measure (chewing damage
2008: � = ¡0.0007, P =0.92; chewing damage 2009:

Table 2 A regression table of leaf damage observed on hybrids onto the mean leaf damage observed on their parental oak species

An F ratio is given for the standard regression of hybrid traits onto mean parental traits, where asterisks denote a signiWcant correlation between
mean parental values and hybrids (*P < 0.05, **P < 0.01, ***P < 0.001). In cases where a signiWcant correlation between the mean parent and the
hybrid was detected, the probability of hybrid traits conforming to a model of additive inheritance of parental traits was then assessed by comparing
the regression coeYcient to a slope of one

Trait R2 (hybrid : 
mean parent)

Slope § SE (hybrid : 
mean parent)

F ratio (hybrid : 
mean parent)

Probability additive 
inheritance (slope = 1)

Chewing 2008 0.39 0.452 § 0.151 9.03** 0.003

Chewing 2009 0.49 0.816 § 0.231 12.5** 0.44

Mining 2008 0.07 0.531 § 0.526 1.01 0.60

Mining 2009 0.00 ¡0.06 § 0.344 0.1 NA

PC1 of oak traits 0.81 1.101 § 0.134 67.60** 0.46

Tannins 0.23 0.585 § 0.269 4.71* 0.14

Phenolics 0.18 0.498 § 0.266 3.49 NA

Condensed tannins 0.51 0.573 § 0.141 16.58** 0.008

Protein 0.03 0.365 § 0.483 0.57 NA

POX 0.13 0.377 § 0.239 0.135 NA

Evergreenness 0.73 0.986 § 0.152 42.09** 0.93

Day of budbreak 0.06 0.311 § 0.301 0.60 NA

Maturation time 0.01 0.162 § 0.515 0.21 NA

SpeciWc leaf area** 0.47 0.795 § 0.211 14.06** 0.35

Toughness 0.60 0.967 § 0.196 24.43** 0.87

H2O(%) 0.34 0.770 § 0.270 8.12* 0.41

Trichome density (abaxial) 0.26 0.600 § 0.257 5.46* 0.14

Trichome length (adaxial) 0.01 0.122 § 0.315 0.15 NA

Trichome length (abaxial) 0.00 ¡0.055 § 0.237 0.003 NA

Trichome length (adaxial) 0.03 0.165 § 0.245 1.53 NA
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� = ¡0.06, P = 0.99; mining damage 2008: � = ¡0.001,
P = 0.20; mining damage 2009: � = 0.008, P = 0.11).

Discussion

This study did not Wnd any evidence that would support
hybrid depression due to increased herbivory. In our
hybrids, the levels of herbivory were typically intermediate
to those of the parental species. In fact, in the one case of
herbivory on hybrids that did diVer from a purely additive
inheritance pattern (chewing damage 2008), hybrids tended
to receive less herbivory than would be expected (Fig. 2).
Similarly, leaf defenses (whether analyzed individually or
in a principal components axis) were intermediate to those
of the parental species and—with the exception of con-
densed tannins—conformed to an additive pattern of inher-
itance (Table 2). Some traits, such as protein, POX, day of
budbreak, and two trichome metrics, and one herbivory
measure, namely, mining 2008, showed no pattern between
hybrids and parental species (Fig. 1). For herbivory mea-
sures, this is perhaps unsurprising, as the levels of herbiv-
ory (especially mining) were low across all tree species and
hybrids. Likewise, some traits may simply have a low vari-
ability among oak species, so no pattern of inheritance
could be seen with our relatively small sample of unique
oak hybrid crosses (n = 17). Alternatively, the mode of
inheritance of these traits may simply be more complex. It
is unlikely that chewing or mining herbivores reduce hybrid
Wtness relative to their parental species, as would be
expected if herbivory led to a hybrid depression.

Hybrids of distantly related parental species experienced
comparable or slightly higher levels of herbivory compared
to those of closely related parental species (Table 3). This
trend was similar whether hybrids with the local native as a
parental species were included in the analysis or not (data
not shown). Thus, we Wnd only marginal support for the
concept that incompatibilities between defensive physiolo-
gies increase with increasing evolutionary divergence time
in oaks. As our sample of oak hybrids spans what are

thought to be the compatibility limits of oaks (Fig. 1),
intrinsic factors, such as the inability to successfully mate,
may limit hybridization in oaks before a breakdown in
defensive physiologies occurs. In general, throughout this
study, we observed relatively low levels of herbivory to all
trees, so it is possible that greater replication would be
needed to Wnd subtle trends, such the relationship between
parental relatedness and herbivory to hybrids.

As a recent study demonstrated that herbivory on non-
native oaks is predicted by the relationship between those
oak species and the local native (Q. lobata) (Pearse and
Hipp 2009), we explored whether the amount of herbivory
on hybrids was predicted by the relationship between either
the parental species that was most closely related to
Q. lobata or the more distantly related parental species. We
found that the relationship between Q. lobata and a
hybrid’s more closely related parental species may be pre-
dictive of chewing herbivory on the hybrid in some years,
but not in others (Table 3), although this relationship was
statistically marginal. The relationship between Q. lobata
and the more distantly related parental species was never
predictive of herbivory to the hybrid. It is interesting that
the relationship between phylogenetic distance to a native
was weaker in this study than in that of Pearse and Hipp
(2009). This diVerence could either be due to a smaller
sample size in our study (17 hybrids vs. 57 true species in
the earlier study), or it could be that hybridization partially
breaks the phylogenetic conservatism of insect host-use.

Other surveys of herbivory on oak hybrids have found
patterns ranging from susceptible hybrids, to intermediate
hybrids, to resistant hybrids. Boecklen and Spellenberg
(1990) found fewer gall wasps and mining lepidopterans
associated with hybrids than with either parent in hybrid
zones of two diVerent crosses of oaks. In a diVerent oak
hybrid cross, Aguilar and Boecklen (1992) observed inter-
mediate densities of insects on hybrids as compared to
those on either parental species. Tovar-Sanchez and Oyama
(2006a, b) found intermediate densities and diversities of
both endophagous and free-feeding insects in the hybrid
zone of a single oak hybrid. Moorehead et al. (1993)

Table 3 A multiple regression of three phylogenetic predictors on diVerent types of herbivory on hybrid oaks

a Minimum and maximum phylogenetic distance to native refer to the patristic distance between the parental species most closely related to (min-
imum) or more distantly related to (maximum) the single, local native oak (Q. lobata), respectively. Parental phylogenetic breadth refers to the
patristic distance between the maternal and paternal parental species of the hybrid

Phylogenetic predictorsa Chewing (2008) Chewing (2009) Mining (2008)

Estimate P > |t| Estimate P > |t| Estimate P > |t|

Whole model 0.34 0.07 0.26

Minimum phylogenetic distance to native ¡0.020 0.98 ¡2.403 0.01 0.175 0.37

Maximum phylogenetic distance to native ¡0.461 0.58 ¡1.583 0.27 ¡0.108 0.61

Parental phylogenetic breadth 0.061 0.90 1.797 0.14 ¡0.059 0.64
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observed a pattern of susceptible dominance of oak hybrids
to a single gall wasp (Andricus quercuscalifornicus), where
trees that had even a small amount of introgression to the
susceptible host were still susceptible to the gall wasp.

There are several possible explanations for why diVerent
studies might Wnd unique trends in herbivore relationships
with hybrids. DiVerences in herbivory metrics (ranging
between leaf damage, herbivory abundance, and herbivore
diversity), diVerences in study sites, or diVerences in the
generation of hybrids may account for some of the disparity
between the patterns of herbivory that diVerent groups have
observed (Strauss 1994; Dungey et al. 2000; McIntyre and
Whitham 2003). For example, in our study, the majority of
oaks (whether parentals or crosses) do not occur naturally
within the ranges of local herbivores, such that herbivores
are presumably not locally adapted to the majority of oaks
present in this study. This contrasts with studies conducted
within a single hybrid zone (Boecklen and Spellenberg
1990; Moorehead et al. 1993; Tovar-Sanchez and Oyama
2006b), where local herbivores may be locally adapted to
either parent or the hybrid. Likewise, diVerent hybrid gener-
ations may interact with herbivores in unique ways, depend-
ing on the nature of the genetic basis for herbivore resistance
in the plant (see Fig. 1 in Fritz 1999). Heterosis (hybrid
vigor) may occur in F1 progeny and aVect plants’ interac-
tions with herbivores (Vila and D’Antonio 1998; Burke and
Arnold 2001). Heterosis may appear in F1 hybrids and coun-
teract hybrid depression that may simultaneously occur in
those hybrids (Rhode and Cruzan 2005). The eVects of het-
erosis are most pronounced when parental genotypes are
inbred (Rhode and Cruzan 2005). In this study, oaks are pre-
dominantly outcrossing, so the eVects of inbreeding may be
minor. However, our parental genotypes came from natural
populations of oaks where the eVective population size and
level of inbreeding is not known, and heterosis may indeed
mask outbreeding depression in F1 oaks. As another exam-
ple, in F2 generations, parental genomes will have under-
gone recombination, which often results in a greater
phenotypic diversity of F2 hybrids than F1 hybrids. This
study compares herbivory on F1 hybrids versus parentals, so
a lower diversity of phenotypes is likely present than in stud-
ies that assay later hybrid generations.

Likewise, oaks are thought to typify quantitative herbivore
resistance traits, such as tannins (Feeny 1976; but see Roslin
and Salminen 2008), which are thought to act on herbivores
in a dose-dependent manner. For plants with quantitative
defenses, herbivory may be more likely to appear as an addi-
tive “trait”, where hybrids would be intermediate to their
parental species (Fritz 1999). Alternatively, diVerent types of
insects may have diVerent responses to hybrids. While chew-
ing damage on hybrids was intermediate to that on parental
species, the patterns of inheritance of gall wasp associations
were less clear between hybrid and parental species

(Table 1). In terms of gall wasp associations, we observed
examples of intermediate hybrids (Q. turbinella £ Q.
lobata), resistant hybrids (Q. berberidifolia £ Q. lobata), and
even novel associations of hybrids (Q. turbinella £ Q. vir-
giniana) when compared to their parental species. Several
past studies on herbivores of hybrid oaks have concentrated
on cynipid gall wasps (Boecklen and Spellenberg 1990;
Moorehead et al. 1993; Tovar-Sanchez and Oyama 2006b),
and these diVerent responses to hybrids may account for
some of the disparity in patterns found in the literature.

Additive inheritance of traits (such that hybrids are phe-
notypically intermediate to their parental species) fulWlls
one of the requirements of the hybrid bridge hypothesis
(Floate and Whitham 1993). This hypothesis posits that
hybrids may facilitate herbivore–host shifts between paren-
tal plant species by providing an intermediate defensive
phenotype that may allow gradual adaptation of an herbi-
vore to a novel host. In this study, we found that hybrid
oaks do have an intermediate phenotype to that of their
parental species. Likewise, intermediate herbivore damage
to hybrids suggests that herbivores are using the hybrid
trees. Moreover, gall wasp colonization of the hybrid oaks
in this study shows that hybrids between susceptible and
resistant oak species often accumulated many of the gall
wasps from the susceptible host (Table 1). However, we did
not observe full host-shifts of the wasp onto a non-hybrid,
non-host species. It is likely that the short period of time
that the arboretum has been in existence (approx. 40 years),
the relatively low abundance of novel oak species, and the
lack of more complicated hybrid backcrosses or later
hybrid generations would inhibit such a host-shift. The
majority of non-native oak species or hybrid crosses in this
study had not been colonized by gall wasps, which is per-
haps unsurprising given that these herbivores often have an
extreme degree of host-speciWcity (Stone et al. 2002).

The results of the initial studies of herbivory on hybrid
plants (Whitham 1989) suggest that herbivory might pro-
vide such a negative selection pressure on hybrids so as to
limit realized introgression (production of fertile hybrids)
and help keep parental species genetically distinct. Subse-
quent work has shown that this trend is not generalizable
across plant taxa (Fritz et al. 1994). In our study, we found
that within oaks, hybrids tend to be phenotypically and eco-
logically intermediate to their parental species and that the
evolutionary divergence between the parental species did
not predict the amount of herbivory on the hybrid.
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