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PLANT GENOTYPE AFFECTS LONG-TERM HERBIVORE POPULATION
DYNAMICS AND EXTINCTION: CONSERVATION IMPLICATIONS
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Abstract. Few studies have linked long-term herbivore population dynamics with plant
genetics. In this study we present evidence that plant genotype and hybridization influence
the population dynamics of the poplar bud gall mite, Aceria parapopuli. Using experimental
transfers and a five-year data set on mite abundance on two cottonwood species (Populus
fremontii and P. angustifolia) and their naturally occurring hybrids, we demonstrated that
hybrid trees exhibiting an F, morphology were, on average, extremely susceptible to A.
parapopuli. The susceptibility of these hybrids ranged several orders of magnitude and
affected the population dynamics of A. parapopuli across the five years of study. Populations
grew exponentially on susceptible hybrids in every year, eventually reaching a mean of
~140 galls per tree. In contrast, populations fluctuated around low densities (0.01-0.87
galls per tree) on their parental host species. Low gall densities on parental trees resulted
in high annual extinction rates (mean = 62%) for mite populations on individual parental
trees, in contrast to low annual extinction rates (mean = 7%) for mite populations on hybrid
trees. We detected significant differences in gall population growth rates (intrinsic rate of
increase, r) among hybrid genotypes across four years of study, ranging fromr = 0tor
= 1.5, demonstrating that plant genotype influences a fundamental component of population
dynamics. We argue that plant genotype should also impact metapopulation dynamics,
because plant genotype affected the number of available colonists and directly affected
mite extinction rates. If other arthropod species exhibit similar traits, these findings have
important conservation implications. Because mite population growth and extinction are
so closely tied to rare host genotypes, to conserve such species we must preserve rare host
genotypes, which would represent a major challenge to current conservation practices that

target species rather than genotypes.
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INTRODUCTION

Hybridization alters ecologically important traits by
combining the genomes of different species (Rieseberg
and Ellstrand 1993, Scribner 1993, Grant and Grant
1996, Wang et al. 1997). Among plants, hybridization
influences herbivore resistance, thereby affecting the
abundance and distribution of common herbivores. A
recent review of 152 insect herbivores and pathogens
associated with hybrid plants found that hybridization
affected abundance in 79% of the cases (Whitham et
al. 1999; see also Strauss 1994, Fritz et al. 1999). Con-
sequences of plant hybridization range from increased
susceptibility to herbivores (e.g., Whitham 1989, Gra-
ham et al. 1995), to cases of hybrid resistance (e.g.,
Boecklen and Larson 1994, Fritz et al. 1996). Although
environmental factors may contribute to patterns of
herbivore abundance in hybrid zones (Fritz 1999, Gra-
ham et al. 2001), common garden studies demonstrate
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that hybrid susceptibility often has a strong genetic
component (Messinaet al. 1996, Fritz et al. 1998, Dun-
gey et a. 2000). The genetic variation in herbivore
resistance generated through hybridization makes hy-
brid zones powerful natural systems for studying the
impacts of plant genetics on herbivore populations
(Whitham et al. 1999).

Despite interest in how bottom-up factors such as
plant quality impact herbivore population dynamics
(Cappucino 1992, Hunter and Price 1992, Rossiter
1992, Price et al. 1995, Ylioja et al. 1999, Larsson
2000), few studies have linked genetic variation in
host-plant quality to herbivore population dynamics
(but see Schotzko and Bosque-Perez 2000, Underwood
and Rausher 2000). However, several authors have pro-
posed that the extreme variation in host-plant quality
generated through plant hybridization influences her-
bivore population dynamics and evolution (Whitham
1989, Floate and Whitham 1993, Strauss 1994). Ge-
netic influences on herbivores are of great potential
importance in understanding the processes that regul ate
populations. In agricultural situations, the effects of
plant genotype on herbivore population dynamics have
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clear applied importance (e.g., controlling and pre-
dicting herbivore outbreaks). In the wild, genetic ef-
fects on population dynamics may be particularly im-
portant among clonal plants that cover large areas and
are long lived. For example, a large clone on which
herbivore populations grow rapidly could act as a
source habitat (sensu Pulliam 1988), influencing her-
bivore populations on adjacent genotypes. Further-
more, consistent temporal impacts of plant genotype
on herbivore populations may result in local adaptation
to particular plant genotypes (e.g., Moran and Whitham
1988, Karban 1989, Mopper et al. 2000). If these ad-
aptations to susceptible plant genotypes come at the
expense of adaptations dealing with resistant plant ge-
notypes, genotypes that are sources in ecological time
may become sinks in evolutionary time as herbivores
adapted to susceptible genotypes may |lose the ability
to survive on more resistant genotypes (Whitham
1989).

In this study we use the poplar bud gall mite (Aceria
parapopuli Kiefer: Eriophyidae), which feeds on sev-
eral cottonwood (Populus) species and their hybrids,
to ask whether plant genotype and hybridization can
influence long-term herbivore population dynamics.
Underwood and Rausher (2000) used a modeling ap-
proach to demonstrate that empirical differencesin her-
bivore growth rates and density-dependent mortality
on different host genotypes were capabl e of influencing
the long-term dynamics of herbivore populations.
However, empirical examples of plant genotype influ-
encing herbivore population dynamics over multiple
years are lacking. We use experimental transfers and
five years of population surveys on A. parapopuli in a
common garden of replicated cottonwood genotypes to
study the impact of plant genotype on herbivore pop-
ulation dynamics. Fig. 1 shows that A. parapopuli is
nearly 800X more abundant on hybrid trees than pa-

rental trees in the wild. The enormous difference in
apparent susceptibility to A. parapopuli between pa-
rental and hybrid types make this a good system in
which to test for effects of host plant genotype on her-
bivore population dynamics. We address the following
questions: (1) Is there genetic variation among and be-
tween hybrid and parental genotypes for resistance to
A. parapopuli? (2) Does variation in plant resistance
impact herbivore population extinction rates? (3) Does
variation in plant resistance impact long-term herbivore
population growth rates?

METHODS AND MATERIALS

Study sites.—Observational studies were conducted
in a naturally occurring hybrid zone between Fremont
cottonwood (Populus fremontii) and narrowleaf cot-
tonwood (P. angustifolia). The hybrid zone is located
along 13 km of the Weber River, near Ogden, Utah,
USA, and is made up of F, and backcross hybrids and
both parental species (Keim et al. 1989). Genetic anal-
yses show that introgression is unidirectional, such that
F, hybrids backcross only with P. angustifolia (Keim
et al. 1989, Martinsen et al. 2001). F, hybrids are re-
stricted to the 13-km hybrid zone, and the frequency
of backcross hybrids drops off rapidly outside the hy-
brid zone (Martinsen et al. 2001).

Experimental studies using common garden trials
were conducted at the Ogden Nature Center, located
~2 km from the current channel of the Weber River,
within the lower elevational range of the hybrid zone.
The garden was established in 1991 and is composed
of 350 trees grown from cuttings of 81 naturally oc-
curring parental and hybrid genotypes (six Fremont
types, 16 F, types, 59 narrowleaf types). Each genotype
was represented by 1-10 replicates (variation in clone
numbers was primarily due to mortality after the initial
planting). Trees were planted in a randomized—inter-
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spersed design. Prior to planting, cuttings were grown
in the greenhouse for two years. All treesin the garden
are clones of trees of known genotype (i.e., parental,
F,, backcross hybrid), determined using 35 RFL P mark-
ers (methods described in Martinsen et al. [2001]). At
the time the study began, most cuttings had matured
into small trees (7—20 cm dbh).

Tree types.—Throughout this paper we refer to three
tree types: (1) Fremont cottonwood, (2) F, morpho-
types, and (3) narrowleaf morphotypes. These three
classes are easily distinguished in ordinations, based
on morphology (Floate and Whitham 1995), herbivore
communities (Floate and Whitham 1995), and second-
ary plant chemistry (Crawford 1974), and appear to
represent broad functional groups. However, based on
molecular markers (G. Martinsen, unpublished data),
trees in the F; morphotype category include some near
F, hybrids that express the distinctive morphology of
true F,'s. Trees in the narrowleaf morphotype category
include complex backcrosses to narrowleaf, as well as
pure narrowleaf cottonwood. In contrast, all trees that
express the Fremont morphology are true Populus fre-
montii, as backcrossing to P. fremontii does not occur
naturally. These three morphotypes represent the func-
tional tree types found in the hybrid zone. First and
second generation backcrosses to narrowleaf, which
would potentially represent adistinct ** backcross” phe-
notype, are rare in the wild (Martinsen et al. 2001).

Herbivore natural history.—Aceria parapopuli in-
duces galls on all species of Populus in western North
America (Brown 1964, Drouin and Langor 1992). Fe-
male mites induce galls in axillary buds at the base of
leaf petioles, during early spring as leaves are expand-
ing. A. parapopuli is ~0.2 mm long and feeds by pierc-
ing individual plant cells with its stylets and sucking
the cell contents (Drouin and Langor 1992, Lindquist
and Oldfield 1996). Mites are haplodiploid with ar-
rhenotokous parthenogenesis, and reproduce inside the
gallsthroughout the summer at 2-3 wk intervals (Philip
and Mengerson 1989, Sabelis and Bruin 1996). Mite
populations can reach thousands per gall by the end of
the summer (Cambell et al. 1969, Drouin and Langor
1992). Among eriophyid mites, dispersal within a host
usually occurs through crawling, while dispersal
among hosts occurs via the wind (Sabelis and Bruin
1996). Galls are typically active for a single season but
can be active up to 15 years (Campbell et al. 1969).

Gall surveys.—We conducted annual surveys of gall
abundance on trees in the common garden in 1998,
1999, and 2000. Surveys were conducted in late June,
when newly initiated galls had reached maximum size
and were easily spotted due to their red color. Each
tree in the garden was visually scanned for 3 min to
determine the presence or absence of galls. If gallswere
found, we counted all galls present on the tree. In ad-
dition to counting galls initiated during the study pe-
riod, we were able to census galls initiated prior to our
study. Galls induced by A. parapopuli are retained on
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the host plant for several years after gall initiation.
These older galls are easily aged by examining their
position relative to terminal bud scars. In 1998, thefirst
year of study, we counted and aged galls initiated in
the years prior to our study, allowing us to reconstruct
the history of colonization and population growth. We
checked the accuracy of these prior-year censuses by
examining the retention rate of newly initiated galls
over the three years of our actual surveys. We adjusted
these prior-year censuses upward to account for galls
dropped from the trees (95% annual gall retention on
F, type trees and 55% annual retention on narrowleaf
types).

To test the hypothesisthat patterns of mite abundance
on hybrid and parental treesin the field are influenced
by plant genotype, we compared patterns of gall abun-
dance between hybrid and parental types in the com-
mon garden with the results of previously published
field surveys (Whitham et al. 1999). For this compar-
ison, we used the total number of galls (both old—re-
tained and newly initiated galls) present on garden trees
in the final study year (2000), because gall abundance
on field trees was measured as the number of old—
retained plus newly initiated galls on atree at asingle
census period. Gall abundance was averaged across
replicated clones to determine mean gall abundance per
clone, and clone means were used to compare gall
abundance among tree types. We tested for an effect
of tree type on gall abundance with a Kruskal-Wallis
(K-W) test followed by Fisher’'s LSD test on ranked
data for pairwise comparisons (Conover 1999, Agresti
1996). These and all other statistical tests were per-
formed on SPSS v. 10.0.7 (SPSS 1999).

In addition to testing for an effect of hybridization
on gall abundance, within F, and narrowleaf types we
tested for a clone effect. Fremont was not included
because it was colonized at such low densities that a
test of clone effects was not possible. To test for a
clone effect on gall abundance, we selected all clones
in the garden represented by at least three replicates.
For both F, and narrowleaf type trees, we compared
gall abundance among clones using a Kruskal-Wallis
test followed by Fisher's LSD test on ranked data for
pairwise comparisons.

We conducted experimental transfers of gallsto trees
in the common garden in mid April 2000. Transfers
were made to four tree types: randomly chosen Fremont
clones (n = 5 clones), randomly chosen narrowleaf type
clones (n = 6 clones), deliberately chosen F, type
““mite-susceptible’” clones that naturally supported
high gall densities (n = 5 clones), and deliberately
chosen ““mite-resistant’” F, type clones that supported
few or no galls (n = 5 clones). Transfers were con-
ducted to four haphazardly chosen lower branches on
each treatment tree. On each branch, we removed all
naturally occurring galls and pruned back adjacent
branches to reduce the likelihood of mites colonizing
from elsewhere within the tree. Each of the four treat-
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ment branches received a single ‘‘source twig,” a 5—
10 cm cottonwood twig with two to three active mite
galls, which was tied to the treatment branch just bel ow
the terminal shoot. Source twigs were from asingle F,;
hybrid in the field that supported high gall densities.
Two branches on each tree were designated as controlss,
fromwhich all gallswereremoved and nearby branches
pruned back to prevent colonization. To test transfer
success, we cal culated atransfer success number (mean
number of galls per transfer branch—mean number of
galls per control branch) for each tree. We used a Krus-
kal-Wallis test to compare transfer success across the
four treetypes, followed by Fisher’s L SD test on ranked
data for pairwise comparisons.

To determine how mites performed within galls on
the different tree types we compared mite population
sizes from galls on F, and narrowleaf types. Fremont
was not included because gall initiation was so rare on
Fremont that we could not consistently find attacked
trees. We conducted censuses in mid June, July, and
August of 2000. At each census period, 10 galls were
randomly chosen from three F, clones in the common
garden. Due to the rarity of galls on narrowleaf types,
we haphazardly collected two to three galls from each
of six narrowleaf trees in the common garden, and used
tree means for analysis in order to avoid pseudorep-
lication. We dissected gallsinto small (2-5 mm) pieces,
which were placed in a 3.7-mL (1-dram) vial. Thevial
was filled with water and shaken vigorously by hand
for 1 min. The contents of each vial were decanted into
a small Petri plate and examined under a dissecting
microscope to determine the number of mites present.
We used arepeated-measures ANOVA to compare mite
abundance between the groups, followed by Tukey’s
HSD tests for pairwise comparisons.

Mite popul ation and col onization dynamics.—To test
whether mite colonization dynamics differed among
tree types, we compared the frequency of mite extinc-
tion between F, and narrowleaf type trees in the com-
mon garden. Fremont was not included in the analysis
because mites rarely used it as a host. Extinction was
defined as the absence of active galls on atree that had
supported at least one active gall the previous year. To
avoid using data that included gallsinitiated before our
study began, we calculated extinction frequencies only
for 1999 and 2000. We used a chi-square test to com-
pare extinction frequency between F;, and narrowleaf
type trees in both 1999 and 2000. In addition to com-
paring overall extinction rates between F; and narrow-
leaf type trees, we used logistic regression to model
how gall population size in the previous year was re-
lated to the likelihood of gall extinction the following
year. Because extinction events were rare on F, trees,
and because few narrowleaf trees were attacked in ei-
ther year, we combined extinction data from 1999 and
2000 for the logistic regression.

To test whether plant genotype influenced mite pop-
ulation dynamics, we tested for an effect of F, clone
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on the intrinsic rate of increase of gall populations, r.
We did not compare density dependence in growth rates
because gall populations on F,; type trees continued to
exhibit exponential growth in the final year of our
study. Rates of increase were not compared among nar-
rowleaf types, because individual trees were not con-
sistently attacked over the study period, preventing us
from examining gall population growth rates on indi-
vidual trees. We calculated a clone-specific rate of gall
population increase for each replicated F, clone from
1997 to 2000 (1996 being excluded because mites were
just beginning to colonize the garden at that time), by
plotting natural log-transformed gall counts acrosstime
and running a linear regression to estimate the slope
of the line fitted to the data. We calculated r separately
for each individual of our replicated F, clones. We then
tested for a clone effect on r with a Kruskal-Wallis test
followed by Fisher’'s LSD test on ranked data for pair-
wise comparisons. Although we did not establish a di-
rect link between gall population dynamics and the
annual dynamics of mite populations within galls, gall
populations are indicative of the year-to-year success
and survival of groups of mites and should reflect the
year-to-year dynamics of mite populations per tree.

REsuULTS

Natural colonization of common garden trees.—The
pattern of gall abundance across F, and parental types
in the common garden closely mirrored the field pat-
tern, demonstrating a strong plant-genetic component
to the distribution of mites. In thefield, gall abundance
was 800X higher on F, types than parentals (Fig. 1)
while in the common garden gall abundance was over
100X higher on F; types (Kruskal-Wallis x? = 24.14,
df = 2, P <0.0001, Fig. 2). Within the common garden,
F, type clones supported 138 galls on average (range
0-1200 galls per clone), while Fremont and narrow| eaf
type clones supported less than a single gall on average
(range 0-0.3 and 0-9.9 galls per type, respectively).
Although mite densities in the common garden were
lower than those observed in the wild, results described
below show that garden populations were increasing
exponentially, suggesting they may eventually reach
the densities of wild populations.

In addition to a cross-type (i.e., F,, Fremont, nar-
rowleaf types) effect on gall abundance, we detected a
significant clone effect (i.e., different replicated ge-
notypes) on gall abundance among F; types (Kruskal-
Wallis test, x> = 46.48, df = 9, P < 0.0001), and
narrowleaf types (Kruskal-Wallis test, x> = 29.66, df
= 14, P = 0.008). Although we detected a significant
clone effect within both types, the range of gall abun-
dance wasrelatively small among narrowleaf types (0—
9.87 galls per clone), but enormous among F, types
(0—1200 galls per clone) (Fig. 3). Thus, in their ap-
parent resistance, F, clones range from being com-
pletely resistant to exhibiting apparent breakdown in
resistance. This is an important finding as it demon-
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FiG. 2. Aceria parapopuli gall abundance (mean + 1 sg)
by tree phenotype in the common garden. Gall abundance
was measured as the total number of galls (both active and
dead) per clone at the final census period (2000). Sample
sizes are the numbers of different clones for each tree type.
Statistically significant differences between means (P < 0.05)
are indicated by different lowercase letters.

strates that the variation among hybrid types in mite
responses is far greater than the sum of the variation
among the parental tree types. Relative to the heavily
attacked susceptible F, type clones, even those narrow-
leaf type clones that supported the most mites in their
class appeared to be effectively resistant to mite attack.

Results of the gall transfer experiment support the
hypothesis that hybrid susceptibility is genetically
based, and also showed that F, type clones varied in
resistance traits. Transfersto treesin the ** susceptible”
F, category resulted in four times as many galls as
transfers to ‘‘resistant’” F, types or parental types
(Kruskal Wallis 2 = 14.61, df = 3, P = 0.002; Fig.
4). These transfers rule out the possibility that trees
without mites are suitable hosts but have not been col-
onized, and confirm the observational finding that F,
type hybrids vary in susceptibility to Aceria parapo-
puli.

Surveys of naturally occurring galls in the common
garden showed that F, type hybrids, in addition to sup-
porting more galls than either parental tree species,
supported larger mite populations per gall. By the final
sampling period, mite abundance was 10—300X greater
within galls from F; types than within galls from nar-
rowleaf type trees (F;3 = 58.083, P < 0.001; Fig. 5;
note that galls on Fremont were too rare for analysis).
There were 1-1021 mite individuals within galls from
F, clones, while there were only 1-8 mite individuals
within narrowleaf galls. Because narrowleaf galls sup-
ported very few mites (average = 1.54 mites per gall
at final sampling period), we predicted that mite pop-
ulations on narrowleaf trees are not large enough to
sustain infestations from year to year in the absence of

FiG. 3. Aceria parapopuli gall abundance (mean + 1 sg)
on replicated F, and narrowleaf type clones in the common
garden. Each tick mark on the x-axis represents a different
clone. Sample size per clone ranged from 3 to 12 trees. Gall
abundance is the cumulative number of galls observed over
the five-year study period. Significance values represent a
clone effect on gall abundance.

mites immigrating to narrowleaf hosts from F, trees
with large mite populations.

By extrapolating the results of mites per gall to the
tree level, our maximum estimates of mite abundance
are 480 000 mites per F, type tree in the garden (based
on 1600 active galls), and 1500 000 mites per F, type
tree in the field (based on a conservative estimate of
5000 active galls on heavily attacked trees in the wild)
compared to a maximum of 54 mites/narrowleaf tree

No. galls per transfer branch

Fremont Suscéptible Resistant Narrowleaf
F, F, type

Fic. 4. Number of galls (mean + 1 sE) resulting from

experimental transfers of A. parapopuli to four tree types

(Fremont, resistant F,, susceptible F;, and narrowleaf). Sta-

tistically significant differences between means (P < 0.05)
are indicated by different lowercase letters.
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Fic. 5. Number of mites (mean + 1 sg) extracted from
individual galls on three F, clones and a composite average
of narrowleaf type trees at three census periods in 2000. Note
the log,, scale.

in either the field or garden (based on 33 active galls).
These numbers are probably underestimates of maxi-
mum mite populations on F; trees, because mite pop-
ulations within galls were still increasing at the final
sample date.

Population dynamics: extinction and population
growth rates.—Population trends for A. parapopuli dif-
fered dramatically between F, and parental tree types
(Fig. 6). On F, types, gall populations increased ex-
ponentially from a few colonist galls in 1996 to total
over 5800 active galls in our fifth study year. In con-
trast, gall populations on narrowleaf types remained at
low densities across the study period (maximum annual
abundance = 111 galls on narrowleaf type treesin the
common garden compared to >6000 galls on F, types),
and gall populations on these trees fluctuated from year
to year.

After the common garden was first established in
1991, no mites were observed until 1996. The follow-
ing three years were characterized by the rapid spread
of mites among F, trees, but not on narrowleaf types.
By 1998, mite colonization of F,’s had increased from
<10% to 70% of treesin the garden (Fig. 6A). Seventy
percent colonization appeared to be an equilibrium val-
ue, as colonization remained at this level the following
year, despite continued exponential growth of gall pop-
ulations within already colonized trees (Fig. 6B). This
rapid spread of mites throughout the common garden,
followed by an apparent saturation of the proportion
of attacked hosts, argues that mites had colonized all
susceptible trees by the end of our study. Colonization
rates on narrowleaf trees fluctuated in the last three
years of observation, suggesting a stronger impact of
the environment or other stochastic processes on mite
populations that attacked narrowleaf types.

Extinction was more frequent on narrowleaf types
than on F; typesin 1999 (x2 = 39.3, df = 1, P < 0.001)
and in 2000 (x2 = 9.9, df = 1, P = 0.002) (Fig. 7). In
both years, extinction rates on narrowleaf types were
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>50%. This high probability of going extinct from one
year to the next, in conjunction with low rates of re-
production, (i.e., less than one mite extracted per gall),
suggests that mite populations on narrowleaf type trees
are not viable, because they would be unlikely to persist
over time without a source of immigrants. In contrast,
mite extinction rarely occurred on F; type hosts. Ex-
tinction was only 3% in 1999, and 11% in 2000. These
low extinction rates, taken with large population sizes
(i.e., hundreds of mites per gall), suggest that F, type
trees represent stable host habitats. In combination,
these population growth data argue that the relatively
rare susceptible F, hybrid types represent sources of
mites for colonizing trees throughout the Weber River,
whereas common narrowleaf types represent unstable
sinks where the probability of going locally extinct is
very high.
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Fic. 6. Aceria parapopuli gall population and coloniza-
tion dynamics across five years. The upper panel (A) depicts
the percentage of F, and narrowleaf type trees that were col-
onized by at least one gall. The lower panel (B) depicts the
censused population size of galls on all F, and narrowleaf
type trees in the common garden. Error bars are not shown
since points depict total gall counts across all trees in each
category.
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We detected a significant effect of gall population 041
size from the previous year on the probability of gall 02
extinction the following year for both F; (Wald x? = '
3.91, df = 1, P = 0.048) and narrowleaf (Wald x? = 00 1 cecee o o
4.8, df = 1, P = 0.039) type trees. On both F, and '

narrowleaf type trees, extinction was more likely for
trees with few galls (Fig. 8). However, the extinction
probability showed a very low threshold on F, type
trees, whereas the extinction probability declined lin-
early with population size on narrowleaf types. Ex-
tinction was never observed on F; hosts with more than
two galls. F, type trees with one or two galls may
represent normally resistant trees that are occasionally
colonized by mites, while trees with more than two
galls appear to represent suitable hosts on which pop-
ulations have a high annual rate of persistence. In con-
trast to F, types, on narrowleaf types extinction of mites
was commonly observed at all but the highest naturally
occurring gall densities (27 galls/tree).

We detected significant variation in gall population
growth rates across four years among F; clones (Krus-
kal-Wallistest, x?2 = 45.713, df = 9, P < 0.001). Mean
intrinsic rates of increase (r), for gall populations var-
ied from 0 to 1.5 among F, clones (Fig. 9). Thus, based
upon four years of population growth data, gall pop-
ulations remained at extremely low densities on some
host genotypes, while other host genotypes supported
phenomenal growth rates in which the population in-
creased from a single colonizer to >1000 galls in four
years. This finding demonstrates that there are geno-
type-specific gall population growth rates that have the
potential to act as a major determinant of long-term
herbivore population dynamics.

Discussion

Genetically based hybrid susceptibility.—Theresults
of this study demonstrate a clear and dramatic example
of genetically based hybrid susceptibility to an herbi-
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Fic. 8. Mites were less likely to go extinct on F, type
hybrids than on narrowleaf type clones. Logistic curves show
the probability of Aceria parapopuli extinction on an indi-
vidual tree plotted against gall population size from the prior
year, for F, and narrowleaf type trees. Note the break in the
x-axis. Points show both extinction and persistence of pop-
ulations.
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statistically significantly different from each other (P > 0.05).
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vore. Within acommon garden, Aceria parapopuli galls
were >100X more abundant on F, type trees than on
parental types (Fig. 2). This corresponded closely with
the distribution of galls in the field (Fig. 1). The in-
crease in mean gall abundance on F, type clones was
associated with an increase in variation in susceptibil-
ity. F, type clones ranged from completely resistant to
exhibiting apparent breakdown in resistance (Figs. 3
and 4). Thus, F, types are not uniformly susceptible,
but represent a heterogeneous group that includes in-
dividuals that are more susceptible than parental types
and individuals with alevel of resistance similar to that
of parental types. This increased variation in a genet-
ically based trait (i.e., herbivore resistance), generated
through hybridization, is what makes hybrid zones
powerful systems for exploring the ecological impacts
of genetic variation among plants. These common gar-
den studies demonstrate a strong genetic component to
the distribution of A. parapopuli, and rule out the al-
ternative hypothesis that, at a local level, hybrids are
susceptible due to microsite differencesin thelocations
of hybrid and parental trees. However, because our
studies were not replicated in both pure and hybrid
zones, we cannot rule out the possibility that parental
and hybrid genotypes respond differently to environ-
ment (i.e., different G X E [genetic X environmental]
reaction norms), and that environment plays some role
in producing the geographical patternsof A. parapopuli
abundance.

Previous studies have found that A. parapopuli ex-
hibits increased abundance on artificial hybrids (Camp-
bell et al. 1969) and on native trees exhibiting hybrid
morphology (Eckenwalder 1984, Kalischuck et al.
1997). However, our study is the first to use clones of
native trees of known hybrid statusin acommon garden
to experimentally demonstrate that plant genotype de-
termines susceptibility to A. parapopuli. Because stud-
ies in other locations have observed high numbers of
mites on hybrid morphotypes, we suggest that hybrid
susceptibility to A. parapopuli may be a repeated bio-
geographic pattern: wherever cottonwoods hybridize,
A. parapopuli is abundant. This type of repeated and
consistent association between hybrid zones and her-
bivore abundance has been demonstrated for galling
aphids over a 1500-km latitudinal gradient (Floate et
al. 1997), although the role of hybrid genetics vs. en-
vironment in herbivore abundance is less clear in that
system (Paige and Capman 1993). Because hybrid
zones occur at multiple locations wherever parental
species ranges overlap, they offer ecologists systems
in which to test the repeatability of ecological patterns
and evolutionary phenomena. In this sense, hybrid
zones may be analogous to replicated habitats such as
islands, lakes, and caves used to study the repeatability
of evolution or ecology (e.g., Kane et al. 1992, Losos
et al. 1998, Robinson and Schluter 2000).

Although we did not examine plant traits (e.g.,
growth rates, secondary chemistry) that may bedirectly
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associated with susceptibility to A. parapopuli, and be-
cause our experiments utilized replicated hybrid and
parental genotypes, we can broadly determine the pat-
tern of genetic variation for resistance (e.g., resistance
controlled by dominant or additive genes). The rela-
tively continuous variation in gall abundance among
hybrid and narrowleaf types (Fig. 3) suggests that re-
sistance could be controlled by multiple genes of ad-
ditive effect (Fritz et al. 1994). However, experimental
crosses to reproduce F; and backcross genotypes, fol-
lowed by resistance assays, are necessary to determine
more about the underlying genetics of resistance (e.g.,
whether hybrid susceptibility is dependent on a thresh-
old dose of genes' additive effect; Dungey et al. 2000).
Plant resistance to eriophyid mitesisthought to involve
a hypersensitive response to gall initiation, similar to
the hypersensitive response of plants to pathogens
(Westphal 1992). The hypersensitive response is im-
portant in plant pathogen defense, and involves local -
ized cell death in response to pathogen infection or
cell-wall puncture (Dangl et al. 1996, Mittler and Lam
1996). In Solanum dulcamar a attacked by the eriophyid
mite Aceria cladophthirus, resistant plants exhibit a
hypersensitive response resulting in localized necrotic
lesions where mites pierce cells (Westphal et al. 1990,
Bronner et al. 1991). Because the hypersensitive re-
sponse is involved in gene-for-gene plant—pathogen in-
teractions (De Wit 1997), variation in hypersensitive
response alleles among hybrids and parentals may also
explain variation in susceptibility. At least one plant—
eriophyid system exhibits plant and herbivore strain
compatibility similar to that known from plant-patho-
gen systems, suggesting complex genetic dynamicsin-
volving both plant and herbivore genotypes (Caresche
and Wapshere 1974, Cullen and Moore 1983). It is
possible that additive effects and gene-for-gene dy-
namics may operate in the same system, but differ-
entially affect different stages of the herbivore life cy-
cle. For example, the hypersensitive response could
play arole in the success of gall initiation, while con-
stitutive defenses controlled by many alleles could in-
fluence the success of feeding mites and the growth of
mites within galls. Further experiments involving con-
trolled crosses between resistant and susceptible plant
genotypes and mite populations from multiple sources
would be necessary to determine if both factors may
be playing a role in plant susceptibility.

Host plant genotype, population dynamics, and
metapopulation dynamics.—Plant genetics affected A.
parapopuli gall population dynamicsin three ways: (1)
Across the five years of study, populations grew ex-
ponentially on F, types, while populations fluctuated
on parental types, (2) Gall populations on individual
narrowleaf trees exhibited annual extinction rates five
times higher than rates on F; types, and (3) Theintrinsic
rate of increase of gall populations varied significantly
among F,-type clones. Taken together, these results
demonstrate that plant genotype and hybridization im-
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pacted herbivore population dynamics over a five-year
period. Furthermore, these results demonstrate that
plant genotype is capable of impacting long-term pop-
ulation dynamics, because differences in r can impact
the periodicity of population cycles and recovery from
stochastic events (Renshaw 1991). However, detecting
an effect of plant genotype on the rate of population
increase is only a first step in understanding the role
of host genetics in herbivore population dynamics, be-
cause density-dependent birth and death rates are cru-
cial to understanding population regulation.

Studiesthat have detected an effect of plant genotype
on the density-dependent birth or death rates of her-
bivores have been limited to a single season (e.g., Un-
derwood and Rausher 2000, but see Schotzko and
Bosque-Perez 2000). In order to clearly understand the
role of plant genotype in long-term herbivore popu-
lation dynamics, these types of studies need to be ex-
tended across multiple yearsto determine whether plant
genotype influences long-term dynamicsin aconsistent
fashion across temporal environmental variation. Sto-
chastic environmental variation from year to year may
override the effects of plant quality or genotype on
population dynamics if populations are followed for
more than asingle season (e.g., Stiling and Rossi 1996).
In addition, environmental factors may interact with
plant genotype (e.g., Maddox and Cappuccino 1986)
to influence population dynamics in complex fashions.
Long-term studies, or studies that simulate temporal
environmental variation (e.g., rainfall) are needed to
determine if and how the effects of plant genotype on
herbivore population dynamics vary temporally. Anin-
teresting possibility isthat the impact of environmental
variation on the expression of plant traits influencing
herbivore population dynamics may vary among plant
genotypes. Thus, theimpact of environmental variation
on long-term herbivore population dynamics could be
mediated by plant genotype. Exploration of the con-
sequences of variation in genotype X environment in-
teractions (i.e., different reaction norms among geno-
types) on long-term herbivore population dynamics
could be explored using a model-fitting approach sim-
ilar to that of Underwood and Rausher (2000).

Our results suggest that plant genotype can also in-
fluence spatial population dynamics, such as metapop-
ulation dynamics. From a metapopulation and epide-
miological perspective, individual tree population
growth rates can impact the rate of colonization of new
hosts by influencing the abundance of emigrants. In
combination with our results showing that hybridiza-
tion affectsindividual tree extinction rates (Fig. 7), this
demonstrates that plant genotype and hybridization
may influence patch colonization and extinction rates,
the central parameters of metapopulation and SIS ep-
idemiological models (Levins 1969, Anderson and May
1991). Thus, plant genotype may affect the spread of
mites among individual hosts at a site, and the persis-
tence of mites as a metapopulation. Furthermore, the
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genetics of individual clones may determine whether
colonization of new host patches will be successful
over the long term, because there may be a threshold
number of susceptible host genotypes, or minimum
amount of suitable habitat required for mites to persist
in a population of host plants (cf. Kermack and
McKendrick 1927, Lande 1988).

The impacts of plant genotype on herbivore popu-
lation dynamics should be particularly important for
long-lived plant species, and for clonal species that
cover large areas. Clones that cover large areas may
have strong effects on local dynamics if they act as a
source habitat from which herbivores spread to colo-
nize other host populations (cf. Pulliam 1988). Addi-
tionally, consistent effects of plant genotype on birth
and death rates may impact the evolution of herbivore
life history traits, resulting in local adaptation to in-
dividual plant genotypes (Karban 1989). Questions of
spatial scale and host population genetic structure may
be particularly important issues in understanding the
impacts of plant genotype on herbivore populations.
For example, effects of plant genotype on population
dynamics may be stronger and easier to detect when
single plant genotypes cover large areas of land, while
the effects of plant genotype on population dynamics
may be diffuse and difficult to detect when host stands
are genetically diverse hosts.

Specialization on host genotype.—Several lines of
evidence argue that Aceria parapopuli islocally (with-
in the vicinity of the hybrid zone) specialized on F,
type hybrids, and that narrowleaf trees represent mar-
ginal or sink habitat: (1) Annual tree-level extinction
rates exceeded 50% on narrowleaf types, whereas on
susceptible F, types the annual extinction rate was
<10% and was restricted to trees with few galls, and
(2) Galls on narrowleaf trees supported fewer than two
mites on average, whereas galls on F, type clones sup-
ported nearly 100 mites on average. Furthermore, our
extinction rates on narrowleaf types may actually be
underestimates since we did not account for a potential
rescue effect in which immigrants save a declining pop-
ulation from extinction (Brown and Kodrick-Brown
1977). Our observational and experimental results ar-
guethat if colonization from large mite populations on
F. hosts were prevented, mite populations would be
unlikely to persist on narrowleaf hostswhere extinction
rates are high and population sizes are low.

These patterns suggest that the functional resource
of this herbivore population is not a particular plant
species, but a relatively rare hybrid genotype. F, type
hybrids comprise only ~5% of the trees in the Weber
River hybrid zone. Because only ~60% of these F,
types are susceptible (Fig. 3), the effective pool of
viable hosts for A. parapopuli is further diminished.
That viable populations of an herbivore may be re-
stricted to relatively rare host genotypes or areas that
support these genotypes has important conservation
implications. In order to ensure the survival of arthro-
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pod herbivores that are strongly impacted by plant ge-
notype, we may need to conserve the genetic diversity
of natural plant populations. It is particularly important
that this herbivore may be restricted to hybrid geno-
types, as naturally occurring and native hybrid plants
such as cottonwoods receive little conservation atten-
tion, particularly in light of fears that native—exotic
hybridization may lead to the extinction of native ge-
notypes (e.g., Levin et al. 1995, Ayres et al. 1999, but
see Whitham et al. 1991, 1999).

From a biogeographical perspective, restriction to F,
typesis alocal phenomenon, because although F, type
susceptibility is arepeated pattern (Eckenwalder 1984,
Kalischuck et al. 1997) there are rivers on which large
mite populations occur on parental host types (Drouin
and Langor 1992; P J. Mclntyre, personal observa-
tion). However, in these rivers, mites may have genet-
ically differentiated to successfully utilize the parental
hosts and very little is known about the phylogeog-
raphy of mites across North America. Furthermore, we
do not know what is driving the apparent specialization
on F, type hybrids in the Weber River and other rivers
where mites are concentrated on F, type hybrids. F,
types may be the only intrinsically susceptible hostsin
the area, or there may be genotype X environment in-
teractions that result in parental hosts that are resistant
in the environment of the hybrid zone. Alternatively,
mites may be genetically adapted to F, types, with gene
flow from large mite populations on F, hybrids pre-
venting adaptation to more resistant narrowleaf types
(e.g., hybrid sink hypothesis [Whitham 1989]). The
apparent geographic variation in restriction to F, types
could be utilized to determine the mechanisms under-
lying patterns of plant herbivore distribution and evo-
lution on a geographic scale (cf. Thompson 1994).

In conclusion, this study provides the first empirical
evidence that plant genotype and hybridization influ-
ence long-term (five-year) herbivore population dy-
namics and extinction. However, our study is only a
first step in understanding the general importance of
host plant genetic variation for herbivore populations,
and we suggest that research in the following four areas
is crucial for a more general understanding: (1) the
effects of genetic variation among hosts and plants at
the stand level (e.g., herbivore dynamics in monocul-
tures vs. mixtures of host genotypes), (2) the spatial
scales at which genetic variation impacts herbivore
population dynamics (e.g., individual hosts or host
patches), (3) how genetic variation among herbivore
populations interacts with the genetic variation among
host populations, and (4) how plant genetics interacts
with environmental influences on herbivore popula-
tionsto impact long-term dynamics. Finally, our results
have important conservation implications. Because a
rare class of hybrid tree supported >99% of the mite
population, thisimpliesthat the conservation of genetic
diversity in plants is not only important to the conser-
vation of primary producers, but may also be crucial
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for the survival of community members that are de-
pendent on asmall genetic subset of the host population
for their survival.
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