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Abstract. Invasive species can experience strong selection in their new environments.
Some populations of invasive Spartina spp. cordgrass in Pacific estuaries have been sep-
arated from the specialist planthopper Prokelisia marginata for many generations while
virtually no native populations, in estuaries of the Atlantic and Gulf coasts of North America,
have experienced this separation. Contemplating the implications for biological control, we
compared native cordgrass populations for resistance and tolerance to the planthopper with
invasive ones that have been separated from the herbivore from many generations.

We found that plant genotypes varied more in their ability to resist and support plant-
hoppers in a population that had been separated from the herbivore for many generations
(in Willapa Bay, Washington, USA) than in one that had been consistently exposed to the
herbivore (in San Francisco Bay, California, USA). In the former, some plant genotypes
experienced !50% shoot mortality while others experienced none. In contrast, in the latter
no genotype experienced !20% shoot mortality. Population growth rates of the herbivore
paralleled this pattern among plant genotypes from the two populations. Extending previous
observations, we found generally lower resistance and tolerance among six (nonnative)
cordgrass populations that have been long-separated from the planthopper than in six (na-
tive) cordgrass populations that had been consistently exposed to it.

One Willapa Bay genotype of S. alterniflora was quite tolerant of the planthopper while
lacking resistance; the high densities of the insect that grew on this genotype did it virtually
no harm. Plant genotypes with this combination of traits are insidious to biological control.
Initially they could contribute to control by fostering herbivores that harm vulnerable
genotypes. However, as these tolerant plant genotypes increase in frequency, the effec-
tiveness of biological control would decrease. Prokelisia marginata has recently been re-
leased in Willapa Bay for biological control of S. alterniflora. Our findings of tolerant but
nonresistant genetic cordgrass variants suggest the need for complementary chemical and/
or mechanical control of less vulnerable genotypes. Attention to the frequency and nature
of genetic variation in vulnerability to natural enemies in target species is germane to both
the science and the practice of biological control.
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INTRODUCTION

Though little studied, rapid evolutionary change can
occur during biological invasions (Vermeij 1996). In-
vasive plants are prime candidates for rapid evolution
due to relaxed selection for defensive traits and dif-
ferent competitive regimes in their new environments
(Thompson 1998). The natural variability of plants in
resistance and tolerance (vulnerability) to herbivores
is widespread (Strauss and Agrawal 1999). Hints of
enemy-related evolution have been detected during in-
vasions (Muldrew 1953, Burdon et al. 1981, Fenner
1983, Young 1986), and deeper understanding of these
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processes is crucial to safe and effective biocontrol
(Barrett 1992, Clement 1994, McEvoy 1996, Gould et
al. 1997, Strong and Pemberton 2000).
Relaxation of selection by release from herbivory

could lead to an intermediate period of high variance
in vulnerability among invasive plants (Burdon et al.
1981). Were an effective biological control agent in-
troduced during this intermediate period, invulnerable
genotypes could proliferate at the expense of vulner-
able ones eliminated by the biocontrol agent. Ulti-
mately this could create a target population upon which
the natural enemy had little effect. Without comple-
mentary control by other means of the less vulnerable
genotypes, natural selection could lead to self-defeat-
ing biological control. Though a classic scenario of
evolution caused by natural enemies, such ideas have
not been much explored in biological control; they
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should also be of high interest to the study of invasive
species (Keane and Crawley 2002). Cordgrasses are
invaders of Pacific estuaries, and our earlier work sug-
gested that they could provide an example of this sce-
nario.
Invasive populations of Spartina alterniflora (and S.

anglica) that have not recently (or ever) been in contact
with the specialist planthopper Prokelisia marginata
appeared to have lower mean resistance and tolerance
to herbivory by this planthopper than native popula-
tions that have not experienced this separation (Daehler
and Strong 1997, Wu et al. 1999). The first objective
of this study was to examine the effects of contact
history on mean vulnerability to the planthopper of
cordgrass populations. The second, more difficult ob-
jective was to examine variation in vulnerability within
populations following separation of the plant from the
herbivore. The ideal experimental design for exploring
this issue was precluded when authorities erroneously
ordered the destruction of some strains of cordgrass.
Nevertheless, we at least were able to compare a pop-
ulation of S. alterniflora that had been released from
herbivory about 100 years ago (when introduced to
Willapa Bay, Washington, USA) with another that has
never been separated from this herbivore (introduced
to San Francisco Bay, California, USA,"25 years ago).
Both of these cordgrass populations are outside S. al-
terniflora’s native range (Daehler and Strong 1996);
however, the planthopper was present in San Francisco
Bay, where it had existed upon native California cord-
grass, S. foliosa, previously (Denno et al. 1996).
Spartina anglica was created in the 19th century in

England by hybridization between S. alterniflora in-
troduced from North America and S. maritima native
to Europe (Raybould 1991). All specialist insect her-
bivores of Spartina are native to Atlantic and Gulf coast
estuaries of North America and absent from Europe.
The most common and abundant herbivores are plant-
hoppers in the genus Prokelisia spp. (Heady andWilson
1990, Denno et al. 1996). Other specialists include the
stem-boring cecidomyid fly Calamomyia alterniflorae
(Gagné 1981) and the scale insect Haliaspis sp. (Strong
et al. 1984, Liu and Howell 1994). Thus, S. anglica is
made up of the S. maritima genome, which has never
experienced P. marginata, and that of S. alterniflora,
which evolved with this herbivore. To our knowledge,
no population of S. anglica has ever been subject to
herbivory by P. marginata, although the S. alterniflora
part of its hybrid genome derives from a long-estab-
lished interaction with the planthopper. S. anglica in
general and S. alterniflora from Willapa Bay have been
separated from P. marginata for many generations, and
we refer to them as ‘‘long-separated’’ cordgrasses.
Spartina anglica was deliberately introduced to es-

tuaries of Britain, Europe, China, and New Zealand for
sheep grazing and to Australia, Tasmania, and Puget
Sound, Washington, for stabilizing soft intertidal sed-
iments. S. anglica is now considered a serious pest of

salt marshes worldwide and has been found to be vul-
nerable to P. marginata in greenhouse tests (Wu et al.
1999). S. alterniflora is native to the Atlantic and Gulf
coasts of North America where P. marginata is a ubiq-
uitous herbivore of this cordgrass in native areas. P.
marginata has been introduced to Willapa Bay as a
biological control agent of S. alterniflora (Grevstad et
al. 2003).
In San Francisco Bay, Spartina foliosa (native Cal-

ifornia cordgrass) has a long-established interaction
with P. marginata (Denno et al. 1996). S. alterniflora
became a second host when it was introduced to San
Francisco Bay 25 years ago (Faber 2002). In Pacific
estuaries, the northern limit of native Spartina spp. and
Prokelisia spp. is Bodega Bay, California. S. alterni-
flora was introduced to Willapa Bay 900 km to the
north "100 years ago, without P. marginata or other
specialized herbivores (Daehler and Strong 1997).
Thus, the cordgrass populations in this study that have
been long-separated from herbivory are S. anglica and
S. alterniflora from Willapa Bay. Those that have never
been separated from the planthopper include all pop-
ulations of S. alterniflora from the native range on the
Atlantic and Gulf coasts and that from San Francisco
Bay.
Spartina alterniflora is a perennial, wind-pollinated,

obligately outcrossing grass. Seed set is low in the
invasive populations in San Francisco Bay and Willapa
Bay, probably owing to inbreeding depression and the
paucity of wind-borne pollen available to the invader
(Daehler 1999). Study of cordgrass vulnerability to P.
marginata presents the challenges common to under-
standing effects of herbivores that feed in aggregations,
such as many species of Homoptera, upon long-lived
plants. P. marginata is tiny and feeds upon sap from
the vascular system. The fluid removed by each insect
is relatively small and difficult to quantify (Walling
2000). Numbers upon the plant build through a series
of generations over the growing season. Wounds due
to oviposition as well sap removed by insect feeding
are harmful to the plant. (There is no evidence that
plant diseases are transmitted by these planthoppers
[Davis et al. 2002].) Cumulative plant damage caused
by the herbivore colony over the course of the growing
season is a quantity that integrates the effects of the
insects and a parameter that is meaningful to the study
of biological control and to understanding evolution of
this insect–plant interaction. We measured effects of
P. marginata upon vegetative growth and survival but
not on seed set.
Apropos to the questions of release from herbivory

and selection imposed by biological control, we per-
formed a series of greenhouse assays. We first asked
how contact history between cordgrass populations and
the planthopper affected the suitability of host plants
for insects (resistance). Second, we asked how contact
history affected the ability of cordgrass to withstand
the herbivore (tolerance). Finally, we asked if release
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TABLE 1. Experimental objectives, cordgrass accessions (Greek letters), contact history (footnotes), and sample sizes (in
parentheses) in this study.

Experi-
ment Objective

Cordgrass (Prokelisia marginata)
accessions, contact history

Long-separated†‡ Never separated§"

A resistance, nymphal development #† (9), $‡ (3), %‡ (3), &‡ (7) ' (2), (§ (2), )§ (2), *§ (2), +§
(1)

B resistance, nymphal emergence ,§ (37) -§ (36)
C resistance, oviposition rate .† (4) '" (4)
D tolerance: plant biomass, shoot length,

shoot number, leaf number, mortality
, (24), $ (24), % (24), & (24) - (24)

D planthopper population growth , (24), $ (24), % (24), & (24) - (24)
E intrapopulation variation, plant bio-

mass and shoot mortality
. (8) ' (9)

E planthopper population growth . (8) ' (9)
E tolerance, plant biomass, and shoot

mortality
. (8) ' (9)

Notes: Greek letters are cordgrass accessions, followed by site, species, plant material, and collection date: . / Willapa
Bay, Washington (USA), Spartina alterniflora, vegetative fragment, August 1998; ' / San Francisco Bay, California (USA),
S. alterniflora, vegetative fragment, August 1998; , / Willapa Bay, S. alterniflora, seed, October 1998; - / Virginia Beach,
Virginia (USA), S. alterniflora, seed, February 1999; # / Willapa Bay, S. alterniflora, vegetative fragment, June 1998; $ /
Victoria, Australia, Spartina anglica, seed, March 1999; % / Tasmania, Australia, S. anglica, seed, March 1999; & / Puget
Sound, Washington (USA), S. anglica, vegetative fragment, October 1998; ( / Sapelo Island, Georgia (USA), S. alterniflora,
vegetative fragment, June 1999; ) / Eastern Shore, Maryland (USA), S. alterniflora, vegetative fragment, June 1999; * /
Providence, Rhode Island (USA), S. alterniflora, vegetative fragment, June 1999; + / Jensen Beach, Florida (USA), S.
alterniflora, vegetative fragment, June 1998. We collected all accessions with the exception of accession 4, which we
purchased from Environmental Concern, St. Michaels, Maryland, USA. For a description of contact histories, see the Intro-
duction.
† Spartina alterniflora was introduced to Willapa Bay ca. 100 years ago without Prokelisia marginata or any other specialist

herbivore.
‡ Spartina anglica is a hybrid species, never in contact with P. marginata. The pollen parent was S. alterniflora, which

had primeval association with P. marginata; the seed parent was S. maritime, with no contact with P. marginata.
§ Native range, always in contact with the planthopper.
" Introduced, always in contact with planthopper.

from the herbivore could affect within-population var-
iance of vulnerability to it. Because the third objective
is novel while the first two attempt to extend and am-
plify previous results (Daehler and Strong 1997, Wu
et al. 1999), we emphasize the third objective in the
Abstract and Discussion.

MATERIALS AND METHODS

We contrasted six populations of Spartina alterni-
flora and S. anglica that have been long-separated from
the specialist herbivore Prokelisia marginata with six
native populations of S. alterniflora that have never
been separated from this herbivore. We examined four
insect traits (oviposition rate, nymphal emergence from
eggs, rate of nymphal development to adults, and plant-
hopper population growth rate) and five plant traits
(biomass, shoot length, shoot number and mortality,
leaf number, and plant mortality). Table 1 gives the
experimental objectives, contact history of cordgrass
accessions, insect and plant traits, plant material (dif-
ferent genets from seed or vegetative fragments), and
sample sizes. The insect and plant material available
for experiments were logistically constrained by a com-
bination of regulations and erroneous administrative
decisions that led to the destruction of some strains of
Spartina spp. that we had in cultivation for this study.

To understand resistance independently of tolerance,
we measured oviposition, nymphal emergence, and
nymphal development to adults at planthopper densi-
ties so low that the herbivore did not degrade the plant
(experiments A, B, and C, Table 1). The most sensitive
indicator of P. marginata damage to Spartina sp. is
distinctive chlorosis of leaf tips, and we determined
from a calibration experiment that the density of insects
used in the resistance experiments was below that caus-
ing this kind of chlorosis. Tolerance was studied rel-
atively, as the plant trait value when grown with P.
marginata divided by the trait value of replicate plants
grown without it (experiments D and E). In nature,
planthopper colonies go through series of generations
during the growing season, and we tested the increase
in planthopper density as a measure of the way cord-
grass and P. marginata interact (experiments D and E).
This allows planthoppers to increase to densities that
can harm cordgrass, which means that it measures a
combination of resistance and tolerance. Planthopper
density was divided by stem length, to adjust for dif-
ferent plant sizes among cordgrass populations.
To study within-population variance (experiment E),

we focused upon a pair of invasive cordgrass popula-
tions with contrasting contact histories, the Willapa
Bay population, which has grown without the herbivore
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for more than 100 years, and the San Francisco Bay
population, which has always lived with the herbivore.
We propose that these comparisons are pertinent to the
effect that planthoppers could have in a biological con-
trol program.

Cordgrass culture
All experiments were conducted in the greenhouse

at the Bodega Marine Laboratory, Bodega Bay. Pro-
kelisia marginata were collected from San Francisco
Bay (Daehler and Strong 1997). Mean greenhouse tem-
perature during March–August was 230C by day and
120C by night. All plants were grown (600C for 24 h)
in a pasteurized mix of 25% Bodega Bay mud and 75%
coarse vermiculite by volume. Seedlings were grown
in 500-mL plastic pots and vegetative propagules in 2-
L pots; both were fertilized every 3 wk with 0.25 g of
Plantex 20–20–20 (Plant Products, Ontario, Canada).
Pots were placed in plastic trays 30 1 45 1 13 cm and
watered regularly with 33% seawater. Species identity
of San Francisco Bay S. alterniflora (experiments A,
C, and E) was verified with random amplified poly-
morphic DNA (RAPD) markers (Ayres et al. 1999).
Five hundred seedlings from each accession were plant-
ed in June 1999 (experiments B, C, and D).
Root masses and attached stems that grew from each

seedling were broken apart, potted separately, and
propagated (February–April 2000) to create four rep-
licates (pots); these were grown with artificial light (16
h:9 h light:dark) supplementing natural light for 10 wk
(May–June 2000), except during the experiment (9
June–21 June 2000; experiments A, B, and C), when
they were grown under natural light alone. For within-
population variation (experiment E), we collected eight
vegetative fragments (genotypes), one each from of a
number of widely separated clumps of Spartina alter-
niflora from Willapa Bay (eight clumps) and San Fran-
cisco Bay (nine clumps) and propagated each genotype
into eight replicates (May–September 1997). We chose
pairs of replicates with the same number of shoots and
of roughly equal size for random assignment to each
of the two planthopper treatment combinations (high
density and very low density).

Suitability of host plants for insects, resistance
To study nymphal development (experiment A), we

began when each plant had three leaves on each of
three shoots (nine leaves total). We placed three second
instar planthopper nymphs into a plastic tube on the
third youngest leaf on each plant, one tube per plant.
We used 12 tubes (plants), three insects per tube. We
recorded mortality and development to adults every
other day. A treatment combination of moist filter paper
only was a no-food control. Planthopper sex ratio was
1:1 at the end of the experiment, when the nymphs had
matured. The dependent variable was the proportion of
insects surviving to adulthood by the end of the 12th
day. Before analysis, we obtained the total number of

insects per genotype (sum of two plants) within each
block and then calculated clonal means and finally cal-
culated means for each population origin. A t test of
the a priori hypothesis contrasted the cordgrasses by
contact history. To study nymphal emergence (exper-
iment B) we counted the number of first instar nymphs
emerging from eggs, 47 d after introduction of gravid
females and males into tubes. To study insect ovipo-
sition rate (experiment C), we counted the number of
eggs laid. These experiments were begun on 24 June
1999, when one male and one gravid female planthop-
per were placed into each tube. Both the tubes and the
adult planthoppers were removed after 2 wk, a time
sufficient for mating and oviposition, as confirmed by
distinctive oviposition scars in the leaves. To account
for mean/variance relationships, we used a t test of log-
transformed number of nymphs (experiment B) and
number of eggs (experiment B) and analysis.

Tolerance of plants to herbivory
We measured the effect of the planthopper on relative

performance of cordgrass as the ratio of the value of
plants grown with the planthopper to that of plants
grown without the planthopper. The experiment began
with all plants at "0.4 g dry mass (estimated from
regression between shoot length and biomass; D.
Garcia-Rossi, unpublished data). Experiment D was
performed February–May 2000 in 12 screen cages, 30
1 45 1 122 cm. Each cage contained two seedlings of
the same size from each cordgrass origin. Prior to ad-
dition of planthoppers, seedlings were trimmed to three
shoots per plant, mean height 7.8 cm, and three fully
extended leaves per shoot. Half of the cages received
two gravid female and two male planthoppers per plant,
the other half received no planthoppers. The planthop-
pers moved freely between plants within a cage. The
cages were randomly paired on a table into six blocks;
each block had two cages, one with and one without
planthoppers, and inside the cage there was a repre-
sentative for each cordgrass population. After two
planthopper generations (21 wk) we measured the plant
traits: shoot length, shoot number, leaf number, and
aboveground biomass (dried). For each block, before
statistical analysis we calculated the ratio of the value
of the plant trait with insects to the value of the plant
trait without insects. The data were analyzed by two-
way ANOVA with block and cordgrass population as
main effects. The comparison of interest to our a priori
hypothesis was that native S. alterniflora from Virginia
should be more tolerant than cordgrass of other origins.
The a priori comparisons were performed using ab-
solute measurements for each variable. Data from ex-
periment E (see below) were also used in tests of tol-
erance.

Intrapopulation variation
We compared the range and CV within populations

between the two contact histories. To create the treat-



1644 DINO GARCIA-ROSSI ET AL. Ecological Applications
Vol. 13, No. 6

FIG. 1. Development of Prokelisia margin-
ata nymphs to adults during a 12-d experimental
period, as a function of contact history. By a
priori contrast, development on the cordgrass
that has never grown apart from the planthopper
(b) was lower than on cordgrasses that had
grown apart from the herbivore for many gen-
erations (a). See Results for statistics. All ex-
periments were conducted in the greenhouse at
the Bodega Marine Laboratory, Bodega Bay,
California, USA.

ments (experiment E), we covered the plant in each pot
with a translucent cylindrical sock (20 cm diameter 1
1 m tall) of spin-bonded polyester (American Agro-
fabrics, 18.6 g/m2; McConkey, Summer, Washington,
USA). At the beginning of the experiment, five male
and five female adult planthoppers ("0.66 planthop-
pers/cm of shoot) were added to each sock (plant, rep-
licate, pot) of the high density treatment; no planthop-
pers were intentionally added to the very low density
treatment. However, during the experiment a few plant-
hoppers (21 insect per week per sock) gained entry
and were removed monthly from the very low density
treatment. The very low density treatment was impor-
tant to test the notion that disease transmitted by the
planthopper was the cause of the previously observed
harm done to the plant by this herbivore (Davis et al.
2002). Treatment combinations were randomized in po-
sition on greenhouse tables. We performed a two-way
ANOVA with main effects of cordgrass population or-
igin and planthopper density and the interaction of
these two main effects. Dependent variables were log
planthopper density (number of insects per centimeter
of shoot) that grew over this 20-wk experiment, shoot
survival, number of living shoots, length of living
shoots, biomass above ground, and plant mortality rate.
For comparison of contact histories (the first and sec-
ond objectives of this study) we tested the interaction
between cordgrass origin and planthopper density; this
tests differences between the provenances in resistance
to and tolerance of the planthopper.

RESULTS
Suitability of host plants for insects

Resistance to Prokelisia marginata was greater in
cordgrass populations that have been consistently ex-

posed to it than in those populations that have been
separated from this herbivore for many generations.
Successful development of second instar nymphs to
adults (experiment A) was higher on plants with a long
history of no contact with the insect (72%) than plants
with a continuous history of contact (50%, test of a
priori hypothesis, t / 8.0, df / 4, P / 0.0013, Fig.
1). Nymphal developmental success on the seven native
populations of S. alterniflora from the Atlantic coast
was 53% and was 46% from San Francisco Bay (not
separated from the planthopper). This was in contrast
to provenances with opposite plant–insect contact his-
tory; development on Willapa Bay S. alterniflora was
71%, on S. anglica from Puget Sound it was 69%,
Tasmania 74%, and Victoria, Australia 74%. Mortality
of the planthoppers did not differ by plant–insect con-
tact history (22% on long-separated provenances,
22.4% on never-separated natives, t / 0.1, df / 4, P
/ 0.92), the distinction was due to developmental rate
rather than survival.
The rate of nymphal emergence (experiment B) was

twice as high on cordgrasses from populations sepa-
rated from the planthopper for many generations than
on the cordgrasses from populations with the opposite
plant–insect contact history. On Willapa Bay S. alter-
niflora, 9.7 nymphs emerged per each founding male–
female pair, significantly higher than the 4.6 nymphs
emerging per male–female pair on cordgrasses from
Virginia (t / 3.7, df / 71, P 2 0.001, based on log-
transformed data). Oviposition rates over 30 d (exper-
iment C) did not differ as a function of contact history;
female planthoppers laid on average 31.2 eggs (t / 1.9,
df / 6, P / 0.11) on plants from Willapa Bay and San
Francisco Bay cordgrass.



December 2003 1645SELF-DEFEATING BIOLOGICAL CONTROL?

FIG. 2. Relative performance of cordgrass measured as a ratio of the value of the trait for plants grown with Prokelisia
marginata over that for plants growing without the planthopper, as a function of contact history. By a priori contrast, native
cordgrass (‘‘b’’ populations) from Virginia suffered less from herbivory in all four plant traits than did cordgrasses that had
been separated from the planthopper for many generations (‘‘a’’ populations). See Results for statistics.

Ability to withstand herbivory
The relative tolerance of Prokelisia marginata was

greater in cordgrass populations of long-standing as-
sociations with the planthopper than in those that have
been long-separated from it. Native Spartina alterni-
flora from Virginia performed better with the herbivore
(relative to without it) than did the Willapa population
of S. alterniflora and those of S. anglica (experiment
D, Fig. 2). The advantage of the Virginia provenance
was greatest for biomass (F4,20 / 4.4; P / 0.01) and
leaf number (F4,20 / 4.9; P / 0.006), but advantage
over long-separated provenances was also substantial
for shoot number (F4,20 / 2.5; P / 0.07) and shoot
length (F4,20 / 2.6; P / 0.07). While the mean effect
on biomass in the Virginia population was statistically
nil, it reduced shoot length 1.2-fold, shoot number 1.6-
fold, and leaf number 1.7-fold in this native population
of cordgrass (Fig. 2). The reductions caused by the
herbivore in all traits were much greater in provenances
with the contrasting contact history, ranging from re-
duction of 2.2-fold for shoot number in Willapa Bay
S. alterniflora to a 7.7-fold reduction in shoot number
and leaf number for S. anglica from Puget Sound.
Mortality due to the planthopper paralleled the re-

sults for the other measures of tolerance. No plants
died in the without-planthopper treatment for any pop-
ulation of either contact history. In the with-planthop-
per treatment, mortality was zero for Virginia S. al-
terniflora; 25% for Willapa Bay S. alterniflora; 43%
for Australia S. anglica, 50% for Puget Sound S. an-
glica, and 50% for Tasmania S. anglica (test of a priori
hypothesis of lower mortality in the long-standing

cordgrass–planthopper associations, Kruskal-Wallis
test, 32 / 7.4, df / 1, P / 0.006).

Planthopper population growth

Planthopper population growth rate is a parameter
that measures the combined effects of resistance and
tolerance. In the experiments, just as in nature, den-
sities grew to levels that caused distinct chlorosis,
curled and dead leaves, and stunting (hopper burn),
which is plant damage with potential to affect popu-
lation growth of the herbivore. We performed two ex-
periments (D and E) with this metric. In both, popu-
lation growth was faster upon plants that came from
populations separated from the planthopper for many
generations than on plants with continuous plant–insect
contact history. Experiment D was begun at 0.5 plant-
hoppers/cm of stem. Densities grew to 1.9 planthop-
pers/cm of stem on the native Virginia S. alterniflora
and to a mean of 4.7 planthoppers/cm of shoot on prov-
enances of the long-separated cordgrasses, over one
generation (10 wk) of the planthopper (t / 2.25, df /
38, P 2 0.03). Breaking down the long-separated prov-
enances, final density was 3.1 planthoppers/cm of stem
on S. alterniflora from Willapa Bay, and on the S. an-
glica, 4.7 planthoppers/cm of stem from Australia, 9.3
planthoppers/cm of stem from Puget Sound, and 2.6
planthoppers/cm of stem from Tasmania.

Intrapopulation variation

The S. alterniflora from Willapa Bay, which has been
separated from the planthopper for "100 years, had
much higher variation among genotypes in population
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FIG. 3. Variation among genotypes in population growth rate of Prokelisia marginata and in shoot death caused by this
herbivore to Spartina alterniflora from Willapa Bay, which has been separated from the planthopper for "100 years, and to
S. alterniflora from San Francisco Bay, which has never been separated from the planthopper (means 4 1 SE). The arrow
indicates the density of 0.66 planthoppers/cm of shoot at the beginning of this 20-wk experiment. The point in the upper
right represents a genotype from Willapa Bay that was virtually unaffected by the third highest planthopper density of the
17 plant genotypes in the experiment; it lacked resistance to the planthopper and simultaneously was quite tolerant of it.

growth rate of the herbivore, and in harm caused by it,
than that from San Francisco Bay (never separated).
The plant genotypes from Willapa Bay supported a
wide range of densities, 1.3–12.8 planthoppers/cm of
stem (mean 11.5); it was "10-fold wider than the range
for genotypes from San Francisco Bay (0.7–1.9 plant-
hoppers/cm of stem, experiment E; abscissa, Fig. 3).
The worst plant genotype for planthoppers from Wil-
lapa Bay was quite close to the mean from San Fran-
cisco Bay. At the same time, most genotypes from Wil-
lapa Bay supported planthopper densities 2–7-fold
greater than any from San Francisco Bay. Seven of
eight Willapa Bay genotypes had mean densities great-
er than the highest planthopper density on San Fran-
cisco Bay genotypes. Mean differences in planthopper
density between cordgrasses of contrasting contact his-
tory were consistent with other results in this study.
During this experiment, the accession mean increased
from "0.7 to 4.6 planthoppers/cm of shoot on Willapa
Bay plants, but from 0.7 to only 1.3 planthoppers on
those from San Francisco Bay (t / 5.1, df / 15, P /
0.0001). Nevertheless, the coefficient of variation of
planthopper density among genotypes was not different
between Willapa Bay (37.0%) and San Francisco Bay
(33.5%, P ! 0.7, by F test; Zar 1984).
The range of relative shoot survival (survival with

the planthopper/survival without it) was much higher
among Willapa Bay genotypes (range / 0.72, from 0.3
to 1.1; overall mean survival / 0.6, SE / 0.09) than

among those from San Francisco Bay (range / 0.6,
from 0.8 to 1.5, overall mean survival / 1.0) of S.
alterniflora (ordinate, Fig. 3). Planthoppers killed more
than half of shoots of three of eight genotypes from
Willapa Bay, while they killed no shoots in one other
from the same population. In contrast, they killed no
more than 20% of shoots of any San Francisco geno-
type. The coefficient of variation in relative shoot sur-
vival among genotypes was greater for Willapa Bay
(44.9%) than for San Francisco Bay (20.8%, P 2 0.05
by F test; Zar 1984). Plant mortality paralleled the
pattern of greater variation among genotypes fromWil-
lapa Bay than from San Francisco Bay. The planthop-
pers killed "35% of plants of some Willapa Bay ge-
notypes and none of others (32 / 14.6, df / 1, P 2
0.0001), while they killed very few plants for any ge-
notype from San Francisco Bay (32 / 4.1, df / 1, P
2 0.5). The interaction term of cordgrass population
origin by planthopper density in the two-way ANOVA
(the first and second objectives of the study) was sta-
tistically significant for shoot survival (F 1,15 / 13.42;
P / 0.001).
Finally, as another test of tolerance, mean differences

in shoot survival between these cordgrasses of con-
trasting contact history were consistent with other re-
sults in this study. All but one Willapa Bay genotype
had lower survival of shoots than any genotype from
San Francisco Bay. The only morphological feature to
differ between cordgrass populations in the low plant-
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hopper density treatment was ‘‘shoots per plant’’
(mean, Willapa Bay 18.2 shoots per plant, San Fran-
cisco Bay 11.4 shoots per plant; F1,15 / 6.05, P /
0.019). It is noteworthy that cordgrasses of both prov-
enances were vigorous in the very low density treat-
ment. Thus, we found no evidence that diseases trans-
mitted by the planthopper, such as phytoplasma, were
the cause of harm to cordgrasses by this insect (Davis
et al. 2002).
A concave pattern of decreasing shoot survival with

increasing planthopper density is apparent in Fig. 3,
with highest survival and lowest planthopper density
described by a tight cluster of genotypes from San
Francisco Bay. Genotypes from Willapa Bay account
for most this relationship. Perhaps the most interesting
genotype of the study was the uppermost point in Fig.
3, which departs conspicuously from the rough nega-
tive correlation between tolerance and the densities of
planthopper colonies that developed during this long
experiment. While other genotypes from Willapa Bay
were harmed by even quite low densities of the plant-
hopper, this unusual genotype was virtually unaffected
by the third highest density (8.5 planthoppers/cm of
stem) of the 17 genotypes in the experiment. Thus, this
Willapa Bay genotype lacked resistance to the plant-
hopper, while being quite tolerant of it.

DISCUSSION
We found that within-population variation in traits

related to tolerance was greater among genotypes of
Spartina alterniflora in a population that had long been
separated from the planthopper than in a population
that had never been separated from it. Both shoot and
plant mortality showed this pattern, as did population
growth of the planthopper. These results are summa-
rized by the relationship between cordgrass shoot sur-
vival and planthopper population growth (Fig. 3).
There was little variation in this relationship among
San Francisco Bay genotypes, none of which suffered
greatly from the low densities of planthopper devel-
oping over the 20-wk experiment, which is consistent
with previous findings (Daehler and Strong 1995). In
contrast, there was huge variation among genotypes of
the estranged population in both shoot survival and
planthopper population growth. All but one Willapa
Bay genotype suffered more than any San Francisco
Bay genotype. Even at fairly low planthopper popu-
lation densities, the harm done to most genotypes of
the estranged cordgrass population was substantial.
Most pertinent to biological control, and inspiring

the title of this paper, was the Willapa Bay genotype
at the other extreme, which was virtually unaffected
by the moderately high densities of the planthopper
developing during the experiment. Thus, this genotype
lacked resistance but was tolerant of the planthopper.
Genotypes with this combination of traits could be in-
sidious to biological control. Initially, such genotypes
could accelerate control by producing many herbivores

to harm the other, vulnerable plant genotypes. However,
the longer-term outcome would be erosion of biological
control, as the frequency of tolerant, nonresistant ge-
notypes increased due to the selection pressure imposed
by the biological control agent.
Extending previous findings (Daehler and Strong

1997, Wu et al. 1999), we also showed that the invasive
cordgrasses Spartina alterniflora and S. anglica, which
have been long-separated from the specialist planthop-
per for many generations, are on average more vul-
nerable to this herbivore than native cordgrasses pop-
ulations never separated from it. Resistance, tolerance,
and herbivore population growth (a combination of re-
sistance and tolerance) all varied in this manner as a
function of cordgrass–planthopper contact history. All
comparisons in all traits investigated (three insect
traits, five plant traits) showed that the six invasive
cordgrass populations that have been estranged from
the insect were more vulnerable than the six native
cordgrass populations. The relative shoot survival of
one genotype from San Francisco was!1, which would
indicate that the planthopper somehow caused an in-
crease in shoot survival of this genotype. We have ob-
served other genotypes of S. alterniflora from Virginia
to have higher biomass when supporting low densities
of moderate densities of P. marginata (Daehler and
Strong 1997; D. Garcia-Rossi, personal observation).
The meaning of this effect is unclear, and more research
is necessary to determine whether low densities of the
planthopper can actually stimulate net growth. One idea
is that the planthopper stimulates transfer of resources
from the root to the shoot and that this effect varies
among genotypes. It is possible that this is a manifes-
tation of ‘‘overcompensation to herbivores’’ (Paige
1994).
Genetic variation in vulnerability to natural enemies

is germane to the practice and science of biological
control. Hundreds of pests have been controlled bio-
logically, some for long periods of time, throughout a
huge range of environmental conditions from the trop-
ics to high latitudes (Waage and Greathead 1988, Julien
1992). The selection imposed by enemies can be sub-
stantial (Gould et al. 1997), and the unusual simplicity
of food webs in biological control (Hawkins et al. 1999)
should magnify selection due to enemies (Holt and
Hochberg 1997). At the same time, while evolved re-
sistance to chemical control is a widespread and serious
practical issue in management of pests (Georghiou
1988), examples of evolutionary erosion of biological
control are very few and almost restricted to insect
pests (Muldrew 1953, Fenner 1983, Young 1986).
While the evolution of weed resistance and tolerance

as a result of selection by herbivore biological control
agents is a fascinating topic in evolutionary ecology
(Holt and Hochberg 1997), it is virtually absent from
the literature on biological control. Our results provide
a clear example of the potential for this scenario, with
the interesting twist of extra-evolutionary dynamics
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caused by high variance in vulnerability of the weed.
Such variance could come about as a result of relaxed
selection in the enemy-free environment in which in-
vasive species find themselves (Colosi and Schaal
1992, Thompson 1998).
In Willapa Bay, S. alterniflora has spread over

"6000 ha of previously open intertidal habitat during
the 20th century, which amounts to"30% of the 19 000
ha of intertidal lands that are suitable for colonization
by this plant. The invasion degrades the habitat of mi-
gratory shorebirds, waterfowl, fish, benthic inverte-
brates, and commercially harvested clams and oysters
(Anonymous 1993, 1997). The Washington Legislature
declared this invasion ‘‘an environmental disaster’’ in
1995 (RCW 17.26.005), and since that time state and
federal agencies have spent approximately $3 million
(US) on this problem. In summer of 2000, P. marginata
from San Francisco Bay was introduced to Willapa Bay
under permit of the Washington Department of Agri-
culture with unanimous approval of The Technical Ad-
visory Group on Biocontrol of Weeds, of the U.S. De-
partment of Agriculture, Animal and Plant Health In-
spection Service (APHIS). The introduction of this in-
sect was made only after extensive host-specificity
testing and disease screening (Davis et al. 2002, Grev-
stad et al. 2003).
Why are our results interesting for the specific case

of biological control of S. alterniflora by P. marginata
in Willapa Bay? In the event that planthopper densities
grow high enough, the first result will be lessened
growth, reduced fertility, and even mortality of the
most abundant cordgrass genotypes (those resembling
the open points on the lower half of Fig. 3). This would
appear to be a success for the biological control of S.
alterniflora in Willapa Bay. However, it is possible that
natural selection favoring genotypes tolerant of the
planthopper would erode the effectiveness of biological
control. In this scenario, other measures such as me-
chanical or chemical control (Patten 2002) would be
necessary to prevent selection for cordgrass genotypes
that are impervious to the agent. One could advocate
the choice of agents with impact so severe that no host
genotypes survive (extremely high virulence), but such
agents are unknown in the specific case under discus-
sion and not very frequent in cases of weed control
(Kennedy et al. 1987, Julien 1992).
One case similar, but not identical, to ours is known

(Burdon et al. 1981). Three forms of rush skeleton-
weed, Chondrilla juncea, were introduced into Aus-
tralia. Two introduced biological control agents, the
fungus Puccinia chondrillina and the eriophorid mite
Aceria chondrillae, attack one of the three forms pref-
erentially to the other forms. In less than a decade after
introduction of the control agents, the geographical dis-
tribution of the attacked form of rush skeletonweed
decreased greatly, while that of the other two forms,
which compete with the attacked form, increased con-
comitantly. While the inheritance of resistance and rel-

ative tolerance of S. alterniflora to P. marginata are
unknown, it is not unreasonable to assume that the
dynamics could proceed in an analogous way to the
Australian case cited above.
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