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16.1 Summary

Exotic plant invasions are threatening biodiversity and altering fundamental
ecosystem properties and processes worldwide. Escape from native insect
herbivores is believed to be one of the primary causes contributing to the suc-
cessful invasion of many introduced plants. With biotic homogenization
increasing globally, studies that examine the effects of herbivores on both
native and introduced species are essential for understanding the influence of
exotic species invasions on community dynamics and ecosystem function.
While collecting field observations and life history characteristics of an exotic
plant can be useful, it is experimental manipulations that will most clearly
reveal the mechanisms responsible for the dominance of an aggressive inva-
sive species. Employing a variety of methodological approaches that both
increase and decrease insect herbivory will best elucidate the population ecol-
ogy and ecosystem impact of an exotic plant invader. There is a pressing need
to develop effective management strategies to lessen the effects of exotic
invaders on a variety of threatened species and imperiled ecosystems. Such
experiments will not only increase basic ecological knowledge, but also pro-
vide useful insights to land managers pressed with addressing a large and
growing problem with tremendous societal, economic and environmental
costs.

16.2 Introduction

Numerous biases and inherent problems are associated with the different
methods of experimentally manipulating herbivore damage (Hendrix 1988;
Baldwin 1990; Osterheld and McNaughton 2000; Hjältén, Chap. 12, this Vol.;
Lehtilä and Boalt, Chap. 13, this Vol.; Schmitz, Chap. 14, this Vol.; Siemann et
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al., Chap. 15, this Vol.). Perhaps the best manner of dealing with these short-
comings is to concurrently perform a variety of experiments that approach
herbivory questions using several of the methodologies described herein and
compare and contrast the findings from these different studies. Together the
results of several approaches should be richer and more reliable than any
method used in isolation. In this chapter, we outline a variety of methodolog-
ical techniques for assessing and comparing the effects of insect herbivory on
exotic invaders and native plants. Specific reference will be made to studies we
have conducted examining the role of herbivores in invasions of Sapium seb-
iferum in North America and Hawaii. In aggregate, these studies will provide
other researchers with examples and a framework for pursuing questions
related to the accumulation dynamics of herbivores on plants, mechanisms of
community assembly and coevolutionary interactions of herbivores and their
hosts.

16.3 The Role of Herbivores in Exotic Plant Invasions

Invasions by exotic plant species are considered to be one of the greatest con-
temporary and future threats to the integrity of ecosystems worldwide
(Coblentz 1990; Soule 1990; Chapin et al. 2000; Pimentel et al. 2000). Despite
the importance of the problem, ecologists are still in the early stages of under-
standing the mechanisms underlying exotic plant invasions. Nevertheless,
because invasive plants typically experience low losses to herbivores in their
introduced range (Elton 1958; Tucker and Richardson 1995; Yela and Lawton
1997; Maron and Vila 2001), the assertion that herbivores are important in
mediating plant competition is nearly ubiquitous in the invasion literature
(Groves 1989; Mooney and Drake 1989; Tucker and Richardson 1995;
Williamson 1996; Keane and Crawley 2002). In general, insect herbivores need
not consume a large amount of plant material to have a large effect on plant
community composition, they need only reverse the outcome of competition
(e.g. Louda et al. 1990; Grover 1994; Leibold 1996; Crawley 1997).

The Enemy Release Hypothesis predicts that when exotic plants are intro-
duced with few or none of the specialist herbivores from their native habitat
and are not a preferred choice of generalist herbivores in their introduced
range they will suffer low rates of attack by enemies and thereby gain a com-
petitive advantage over native plants (Schierenbeck et al. 1994; Williamson
1996; Keane and Crawley 2002; Wolfe 2002; DeWalt et al. 2004). With reduced
damage, resources normally lost to enemies or used for the production of
defences may be allocated to growth and/or reproduction by a plastic pheno-
typic response (Bazzaz et al. 1987; Tilman 1999; Alpert et al. 2000; Stowe et al.
2001; Schlichting and Smith 2002). Since relatively small amounts of leaf her-
bivory can have major detrimental effects on plant growth and survival (Mar-
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quis 1992), this release from enemies can greatly benefit exotic species com-
peting with native plants.

16.4 Focal Plant Species

Chinese tallow tree [Sapium sebiferum (L.) Roxb, Euphorbiaceae] is a major
invader throughout the southeastern United States (Bruce et al. 1997; Grace
1998; Siemann and Rogers 2003a). Originally introduced to North America in
1772, Sapium has become naturalized from the southern Atlantic coast to the
Texas Gulf coast (Bruce et al. 1997). It aggressively displaces native plants and
forms monospecific stands. First established in Texas in the early 1900s, in the
past 50 years much of the coastal prairie, abandoned agricultural fields and
floodplain forests along the Texas Gulf coast have been converted to Sapium-
dominated woodlands (Bruce et al. 1997; Grace 1998). It is monecious, has
insect-pollinated flowers from April to June and fruits ripen from August to
November (Bruce et al. 1997). Seeds are dispersed by many bird species. It is a
deciduous tree that loses its leaves in autumn and has range limits largely
determined by winter temperatures and aridity (Bruce et al. 1997). Rapid
growth, colourful autumn foliage, abundant flowers and seeds rich in oils have
encouraged widespread plantings that readily escape from cultivation.

16.5 Experimental Methods for Assessing Herbivory Effects

Designing an experimental study so that the exotic species of interest is
paired with a similar native species can provide a better understanding of the
mechanisms responsible for invasion (Barrett and Richardson 1986;
Schierenbeck et al. 1994; Mack 1996; Sakai et al. 2001; Keane and Crawley
2002; Daehler 2003). Ideally, the native and exotic species would be congeners,
but many introduced species are taxonomically isolated, making pairing dif-
ficult. In such instances, an ecologically similar native species can be used for
comparisons. In our studies, Sapium sebiferum is the only woody member of
its genus in the region and there are no native Euphorbiaceae trees in Texas.
By using both Sapium and a native tree species that shares multiple morpho-
logical, physiological and phenological characteristics, we can monitor simi-
larities and differences between Sapium and native plants that are unrelated
to their site of origin. This is especially important in grassland invasions
because Sapium is a woody plant competing with herbaceous functional
groups. As such, experiments that incorporate both the exotic tree and a
native tree species will more likely reveal the mechanisms responsible for suc-
cessful invasions and competitive dominance.
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An alternative experimental method is to incorporate seedlings derived
from seeds collected in both the native and introduced ranges. Such studies
can provide valuable insights into genetic change as a potential mechanism
causing invasiveness. Evolutionary change is increasingly being recognized as
an important factor contributing to the success of exotic invaders (Blossey
and Nötzold 1995; Thompson 1998; Mack et al. 2000; Keane and Crawley 2002;
Mooney and Cleland 2001; Sakai et al. 2001; Lee 2002; Stockwell et al. 2003).

16.5.1 Common Garden/Reciprocal Transplant Studies

Reciprocal seedling transplants in common garden and greenhouse pot stud-
ies can be used to assess the effects of genetic change on invasive characteris-
tics relative to the effects of phenotypic and developmental plasticity.
Although the Enemy Release Hypothesis has been widely accepted to explain
the invasive success of many exotic plant species, an alternative hypothesis,
the Evolution of Increased Competitive Ability (EICA; Blossey and Nötzold
1995), proposes that invasive plants evolve reduced allocation to defence and
increased allocation to growth and/or reproduction because they are seldom
attacked by enemies (Thompson 1998; Willis et al. 1999; Willis et al. 2000).
Because allocation to defence may be as costly as herbivore damage (Bazzaz et
al. 1987; Simms 1992; Baldwin 1998; Strauss et al. 2002), plants that escape
their enemies in an introduced range would gain a selective benefit from
decreasing their defensive investment. While the Enemy Release Hypothesis
predicts that both native and invasive genotypes would benefit from low lev-
els of herbivore damage in the introduced range, the EICA hypothesis sug-
gests that invasive genotypes would achieve an additional benefit derived
from reduced allocation to energetically expensive defences. Some studies
confirm differences in growth and competitive ability of invasive and native
genotypes (Blossey and Nötzold 1995; Willis and Blossey 1999; Leger and Rice
2003), while others are inconclusive (Willis et al. 1999, 2000; Thebaud and
Simberloff 2001).

Using long-term common garden and greenhouse experiments, we have
recently shown genetic differences in growth and defence among native and
introduced genotypes of Sapium sebiferum that likely contribute to its inva-
siveness (Siemann and Rogers 2001, 2003b, c). In a long-term common garden
planted in east Texas, invasive genotypes of Sapium from North America had
significantly higher growth rates, earlier and greater seed production but
lower foliar tannin concentrations than native Sapium genotypes from Asia
(Fig. 16.1). All genotypes had uniformly low amounts of leaf area removed by
insect herbivores and damage was independent of genotype (Siemann and
Rogers 2001). This outcome is unlikely to be explained by the Enemy Release
Hypothesis since both native and invasive genotypes should have similarly
displayed a plastic phenotypic reallocation from defence to growth in the

W.E. Rogers and E. Siemann332

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



introduced range where herbivores are absent. Rather, the EICA hypothesis
postulates an evolutionary mechanism for reallocation of resources from
defence to growth in response to low herbivory and is consistent with these
patterns for native and invasive genotypes of Sapium (Blossey and Nötzold
1995). In this scenario, there is little increase in the rate of herbivory on exotic
plants with lower allocation to defence, whereas, for native plants, herbivory is
expected to increase strongly as defences decrease. Reductions in defence
likely lead to greater competitive ability only when the additional costs of her-
bivore damage do not exceed the reduced costs of defence (Coley et al. 1985;
Bazzaz et al. 1987; Simms and Rausher 1987; Maschinski and Whitham 1989;
Louda et al. 1990; Herms and Mattson 1992; Hunter and Price 1992; Mauricio
1998; Agrawal 2000). According to the EICA hypothesis, the discrepancy in
growth rates between native plants and invasive exotics arises from the
unique combination of low herbivory and low defence that native plants are
unable to achieve.

We recently reinforced this interpretation by examining a companion
long-term common garden study established in Hawaii that used Sapium seed
collected from many of the same source trees as the east Texas common gar-
den (Siemann and Rogers 2003 c). In Hawaii, the native Asian genotypes had
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Fig. 16.1. Genotypes of Sapium sebiferum grown in a 14-year common garden in Texas
differed in A growth, B seed production, C leaf chemistry and D defence chemicals
[foliar tannin content measured as tannic acid equivalents (mg) per 100 mg tissue dry
weight]. ASIA Native range; GA Georgia (site of North American introduction); LA
Louisiana; TX Texas (areas colonized later).All trees had low levels of herbivore damage.
Different letters on bars indicate significant statistical differences at P<0.05. (Modified
from Siemann and Rogers 2001)



less leaf damage and grew significantly larger than invasive Texas genotypes
(Fig. 16.2A,B). This was contrary to our findings in the Texas common garden
where invasive genotypes outperformed native genotypes. We believe this
reversal of growth patterns for the different genotypes is due to Asian herbi-
vores, which were inadvertently introduced to Hawaii, feeding more heavily
on poorly defended Texas Sapium genotypes (Fig. 16.2). As a result, Sapium is
currently not invasive on any of the Hawaiian islands despite being present for
several decades.

Combined, these long-term common garden experiments in Texas and
Hawaii with Sapium from its native range and areas where it is invasive sug-
gest that post-introduction evolutionary change has occurred in response to
an absence of herbivores. This may potentially explain Sapium’s current inva-
sive status in Texas where Asian herbivores are non-existent and Sapium’s rel-
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ative scarcity in Hawaii where the herbivore Adoretus sinicus (Chinese rose
beetle) is abundant (Siemann and Rogers 2003 c). In Texas, where Sapium is
invasive, herbivores avoided feeding on all plants in the common garden.With
uniformly low herbivory, fast-growing, poorly defended invasive genotypes
outperformed slower-growing, better defended native genotypes. In Hawaii,
where Sapium is not invasive, A. sinicus caused greater damage to Texas geno-
types, which may be responsible for Asian genotypes being superior.

The reversal of growth patterns for native and invasive genotypes due to
native herbivores being either present or absent emphasizes the importance
of establishing common garden studies in both the introduced range where
the species is invasive and in an area where native herbivores are present,
preferably in the native range that contributed the original introduced source
populations. Because insect herbivory pressures and plant resistance traits
covaried across time and space, our insights into the genetic differences of
invasive and native Sapium would have been greatly reduced without estab-
lished gardens in both Texas and Hawaii.As a result, it is highly recommended
that future common studies be concurrently established in the native and
introduced range and include plant genotypes from both sources. We are cur-
rently pursuing studies that will establish common gardens of multiple
Sapium genotypes at sites across a biogeographical gradient of invasion in
several regions of the southeastern United States, sites in the native range of
China, and sites in Hawaii where it has been introduced but is currently not
invasive.

Another finding from these common garden studies is that Sapium derived
from seed where it has been present longer as an introduced species is more
similar in growth and defence to genotypes from the native Asian range than
in North American areas where it has more recently invaded (Fig. 16.1).
Within 300 years after introduction, invasive plants often support diverse
insect communities similar to those on native plants (Strong et al. 1984).
Sapium from Georgia, the site of original introduction, may more closely
approximate the situation in Hawaii with Asian herbivores than that of Texas
where herbivores are relatively inexperienced with the novel plant. The inter-
mediate position of Georgia genotypes may reflect smaller genetic change
compared to Texas genotypes. Alternatively, Georgia genotypes are poten-
tially being recognized by native herbivores as an edible resource and are
beginning to be selected for increased levels of defence as they accumulate a
higher pest load and suffer greater amounts of damage. Sapium invasions pre-
sent an ideal opportunity to conduct multiple common garden studies and
various herbivore manipulations in order to examine native herbivores and
an invasive plant in different stages of adjustment to a novel environment. The
intriguing possibility that the ecological success of Sapium may be attributed
to rapid post-introduction evolutionary change in competitive ability and
defence against herbivores establishes a model system for investigations into
the role of enemies in the success of other exotic plant species.
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16.5.2 Reducing Herbivory on Target Plants Using Insecticide Sprays

There is a long history of debate in the ecological literature regarding top-
down herbivore regulation of plant population dynamics, community struc-
ture and net primary productivity (e.g. Hairston et al. 1960; Strong et al. 1984;
Crawley 1989; Brown and Gange 1990; Louda et al. 1990; Hunter and Price
1992; Schmitz, Chap. 14, this Vol.). In spite of this controversy, a central pre-
diction of the Enemy Release Hypothesis is that if introduced plants suffer
less damage than the native flora, removing herbivores should result in sig-
nificantly greater damage reductions to natives than to exotic species. If dif-
ferences in pest loads are responsible for the greater growth and lower mor-
tality of introduced plants, removing herbivores should also minimize growth
and survival differences between exotics and natives (Sakai et al. 2001; Keane
and Crawley 2002).

Insect herbivores can be excluded by regular spraying of foliage on target
plants with a variety of readily available insecticides, many of which have
been successfully used for other ecological studies (reviewed by Siemann et
al., Chap. 15, this Vol.). Plants not receiving insecticide should be sprayed with
an equal amount of water. To avoid unintentional treatment of control plants
with insecticide, sprays should be administered only on days when there is no
wind.

Phytotoxic effects could potentially cause methodological artifacts. Com-
panion studies in controlled environments should always be performed to
discount the possibility of plant growth being directly affected by the chemi-
cal spray per se. Further, degree of toxicity to non-target organisms, residence
time on vegetation and in the soil and nutrient levels (many insecticides con-
tain trace amounts of nitrogen and phosphorus) need to be considered when
designing studies involving the application of chemical sprays. While there is
considerable utility in employing insecticides for disrupting insect herbivory
on target plants, if concerns of toxicity or nutrient additions are warranted
the more labour-intensive method of manually removing larger, sessile herbi-
vores is also an effective manipulation (Karban and Strauss 1993; Agrawal
1998).

We have recently completed a 3-year test of the Enemy Release Hypothesis
(Siemann and Rogers 2003a). Using chemical sprays, we suppressed insect
herbivores on transplanted seedlings of Sapium and Celtis laevigata, a native
tree, in forests and prairies in east Texas where Sapium is invading. Although
not taxonomically related, pairing Sapium with the ecologically similar native
tree Celtis established a control for woody establishment and encroachment
in the absence of insect herbivory that is unrelated to the geographical origin
of the species and should better reveal the mechanisms responsible for suc-
cessful invasions.

As predicted by the Enemy Release Hypothesis, results from our study
showed that insect herbivores caused greater damage to unsprayed native
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seedlings than unsprayed Sapium seedlings. However, contrary to predictions
of the Enemy Release Hypothesis, suppression of insect herbivores caused sig-
nificantly greater increases in survivorship and growth of Sapium compared
to native seedlings (Siemann and Rogers 2003a). It was only due to common
garden studies (mentioned above) and additional companion experiments
that manipulated herbivore damage in alternative ways (see sections below)
that we were able to explain these counterintuitive results and repeatedly
obtain results consistent with the EICA hypothesis.We are currently pursuing
studies using common garden plantings and factorial insecticide spray treat-
ments on native plant species and native and invasive Sapium genotypes in a
variety of biogeographical locations to further explore the role of genetic
change in exotic species in response to the presence or absence of a herbivore
load.

16.5.3 Reducing Herbivory on Community Assemblages 
Using Insecticide Sprays

Another method of assessing herbivore effects on native and exotic plants is
to chemically treat the entire plant community in experimental plots. Other
researchers have had dramatic success with this technique in native herba-
ceous communities (Brown et al. 1988; Carson and Root 1999, 2000). Again, if
enemies strongly facilitate exotic plant invasions, removing herbivores from
entire plant communities containing native and exotic species should reduce
damage to native plants significantly more than exotics. The resultant com-
petitive release caused by spraying should also reduce the growth of exotics
relative to the growth of native plants in areas where herbivores are abundant.
We recently completed a 3-year experiment chemically treating 2-m2 prairie
plots containing a mixture of native and invasive woody and herbaceous plant
species. Surprisingly, no significant patterns in plant community composition
or productivity were observed (Siemann and Rogers, unpubl. data). This type
of study is likely most effective when implemented over longer time periods,
particularly in instances where outbreaking insects occur (Carson and Root
1999, 2000).

The effect of belowground herbivores on exotic plant species and native
plant community dynamics can also be manipulated by soaking insecticides
into the soil of experimental plots. Belowground herbivory can have strong
effects on plant community structure and the competitive environment of a
plant often influences its response to belowground herbivory (Anderson
1987; Brown and Gange 1990; Mortimer et al. 1999; Rogers and Hartnett 2001;
Verschoor et al. 2002). Several studies have found the impact of belowground
insect herbivory to be greater when the host plant was competing with other
plant species (e.g. Müller-Schärer 1991; Nötzold et al. 1998). Above- and
belowground herbivores often damage plants simultaneously and complex
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interactions between different types of tissue damage frequently become
manifest in varied growth responses (Seastedt et al. 1988; Moran and
Whitham 1990; Müller-Schärer and Brown 1995; Houle and Simard 1996;
Maron 1998; Masters et al. 2001; Masters, Chap. 5, this Vol.). Other studies have
shown that root herbivory has a greater negative effect on plant growth and
reproduction than foliar herbivory (Reichman and Smith 1991; Strong et al.
1995; Maron 1998; but see Moran and Whitham 1990; Houle and Simard
1996). Several root-feeding insects associated with Sapium have been identi-
fied in its native Asian range (Zhang and Lin 1994), but the effects of root
damage on invasive North American genotypes and its effect on plant compe-
tition have not been previously examined. Despite belowground herbivores
frequently having greater effects on plant community composition and pro-
ductivity than aboveground herbivory, we are not aware of any studies to date
that utilize insecticide manipulations to specifically examine the interactions
between native and exotic plants with respect to root-damaging herbivores.

At the other end of a plant’s life history, chemically removing insect herbi-
vores from adult trees presents multiple logistic difficulties. Chemically fog-
ging tree canopies has been successfully used in assessing insect species
diversity in tropical rainforests (Erwin 1982; Basset 2001) and to control erup-
tive herbivores in European and North American forests (Perry 1994). Herbi-
vore densities and effects on native and exotic adult trees could also be
assessed by experimentally employing similar techniques in both the native
and introduced range.

16.5.4 Factorial Manipulations of Herbivory, Resources and Competition

It is possible that herbivores exert their influence on exotic plant invasions by
mediating resource competition. The negative effects of herbivory can be par-
ticularly pronounced with low nutrient availability and are frequently miti-
gated by an increased supply of limiting resources (Brown and Gange 1990;
Louda et al. 1990; Maschinski and Whitham 1989; Steinger and Müller-
Schärer 1992; Verschoor et al. 2002). Factorial experiments that simultane-
ously manipulate other environmental conditions such as soil resources,
water, light availability and/or intensity of competition while concurrently
manipulating herbivore damage will provide additional insights into the role
of herbivores in facilitating exotic plant invasions. Recent reviews have
emphasized the utility of making comparisons between native and invasive
plants under multiple growing conditions and suggest context dependence
for the invasiveness of many species (Alpert et al. 2000; Sakai et al. 2001; Keane
and Crawley 2002; Daehler 2003). This strategy has been particularly fruitful
in our studies with Sapium (Rogers et al. 2000, 2003; Rogers and Siemann
2002, 2003, 2004; Siemann and Rogers 2003d).
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16.5.5 Simulating Herbivory Via Mechanical Leaf Damage

Realistic simulation of herbivory by mechanical means is problematic
because many aspects of insect chewing cannot be accurately duplicated
(Hendrix 1988; Karban and Baldwin 1997; Agrawal 1998; Hjältén, Chap. 12,
this Vol.; Lehtilä and Boalt, Chap. 13, this Vol.). Artificial defoliation typically
results in tissues being removed indiscriminately, whereas natural herbivory
is frequently more selective. However, simulated damage can suitably repre-
sent the decreased leaf area and mass loss experienced by herbivore-damaged
tree seedlings (Hendrix 1988; Marquis 1992; Stowe 1998; Tiffin and Inouye
2000). The advantages of simulated herbivory over other manipulations of
herbivores include the ability to remove exact amounts of tissue, specify spa-
tial and temporal patterns of removal and randomize controlled damage
treatments with resource manipulations and competitive interactions.

Before initiating a mechanical defoliation study, it is useful to examine nat-
ural types and levels of herbivory. Preliminary examinations of insects on
Sapium in Texas and Louisiana showed that the few herbivores observed on the
foliage are generalists that also feed on a variety of native species in both forests
and prairies (Johnson and Allain 1998; Hartley; Rogers and Siemann, unpubl.
data).Although infrequent, small chewing holes are the most common form of
leaf damage observed on naturally growing Sapium seedlings (Rogers et al.
2000).As a result,we used a steel paper hole punch to simulate the effects of leaf
herbivory on Sapium while growing in various resource and competitive con-
ditions (Rogers et al. 2000; Rogers and Siemann 2002, 2003). In the first study,
seedlings were grown in pots and exposed to factorial combinations of three
light treatments, three soil fertility treatments and three simulated herbivory
treatments (control, moderate and high). Native Celtis laevigata tree seedlings
were also subjected to the treatments for comparison. Hole punches were ran-
domly and independently assigned to leaves twice during the growing season.
New leaves near the top of each seedling were excluded to protect apical meris-
tems and avoid affecting branching dynamics.

Focusing on early life-history stages has a greater capacity for revealing
mechanisms that regulate community dynamics because young seedlings are
frequently more susceptible to environmental stress than older plants (Fen-
ner 1987; Meiners and Handel 2000). Regardless, partial herbivory rarely leads
directly to the mortality of a seedling (Fenner 1987; Hendrix 1988).As a result,
we have also manipulated the temporal patterns of leaf herbivory on Sapium
(Rogers and Siemann 2003). We were able to concurrently assess the effects of
casual herbivore consumption using a low-intensity, chronic defoliation treat-
ment and the effects of an outbreaking insect using a high-intensity, acute
defoliation treatment. Although the same number of leaf holes were punched
for both simulated herbivory treatments in this study, the tempo and potential
effect of the damage differed considerably. Again, the defoliation treatments
were crossed factorially with light and soil fertility manipulations and the
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experiment was performed in both field and greenhouse settings (Rogers and
Siemann 2003).

In another set of paired field and greenhouse studies simulating leaf her-
bivory on Sapium we used scissors to increase the damage severity by remov-
ing the front half of every full leaf blade twice during the growing season
(Rogers et al.2003).The scissors were sterilized with an alcohol wipe after defo-
liating each seedling to prevent the spread of disease or secondary allelochem-
icals. Clipped leaves that remained on seedlings were cut in half a second time
as were all newly added leaves. In this and other studies, damaging the plants a
second time allowed us to magnify the negative effects of artificial defoliation,
particularly if the plants possess inducible defences that were activated by the
initial leaf damage (Karban and Baldwin 1997; Rogers et al. 2003). Inducible
defences can increase plant fitness in the presence of herbivores (Agrawal
1998), but can be costly if it does not deter future herbivore attacks. Unexpect-
edly, all of our studies involving simulated herbivory manipulations on inva-
sive Sapium revealed that seedlings derived from seed collections obtained in
the introduced range of east Texas were capable of rapidly compensating for all
levels and types of tissue damage we imposed.

The success of Sapium as an invader is frequently attributed to an absence
of pests (Bruce et al. 1995; Jubinsky and Anderson 1996) with the connotation
that Sapium is resistant to native herbivores. Our results from these and other
studies suggest that North American Sapium is a herbivory-tolerant plant that
rapidly compensates for mass lost to defoliation. Consistent with the predic-
tions of EICA, Sapium’s success as an invader may be that as a herbivory-tol-
erant species without an appreciable herbivore load, it is experiencing the
benefits of a herbivore-resistant plant without incurring the associated costs
of resistance (e.g. van der Meijden et al. 1988; Simms 1992; Rosenthal and
Kotanen 1994; Strauss and Agrawal 1995; Stowe et al. 2001). In other words,
invasive genotypes of Sapium are not experiencing a trade-off between her-
bivory resistance and tolerance like other native plant species because it has
escaped the ‘to grow or defend’ dilemma of plants in its introduced range by
allocating resources to growth rather than defence (Herms and Mattson
1992).

The predictions of the EICA hypothesis require that simulated herbivory
be more costly to native genotypes of Sapium than to invasive genotypes. We
conducted full-factorial, paired greenhouse and field experiments designed
to assess the effects of soil fertility and simulated leaf herbivory using scissors
on growth and survival of Sapium seedlings derived from seed collections
obtained from the species’ native range in China and introduced range along
the Texas Gulf coast. Artificially defoliating Sapium significantly decreased
the growth of Asian Sapium genotypes whereas Texas Sapium genotypes
compensated for the leaf mass removed (Rogers and Siemann; Fig. 16.3).
The negative effect of removing costly, defended leaves in native genotypes
compared to substantial regrowth potential in poorly defended invasive geno-
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types provides further support for EICA predictions that invasive genotypes
of Sapium have undergone a post-introduction evolutionary change from a
herbivore-resistant species to a fast-growing, herbivore-tolerant species that
rapidly compensates for tissue damage.

16.5.6 Simulating Herbivory Via Mechanical Root Damage

Less common than herbivory manipulations involving mechanical defolia-
tion are studies that simulate belowground root herbivory. While field stud-
ies can be performed (Reichman and Smith 1991; Rogers and Hartnett
2001), severing root tissue in pot experiments is considerably more tractable
given the inaccessibility of the belowground environment (Detling et al.
1980; Schmid et al. 1990; Houle and Simard 1996). We conducted a full-fac-
torial pot experiment designed to assess the effects of simulated root her-
bivory, soil fertility and competition on Sapium seedlings derived from seeds
obtained in the ancestral Chinese range and introduced Texas range. Roots
were severed using a sharp serrated steel blade inserted into a narrow open-
ing cut in the plastic pot. Test pots were used prior to initiating root her-
bivory to ensure the effectiveness of this method. Belowground competition
was achieved by adding annual ryegrass seed (Lolium multiflorum Lam.) to
the pots. The results, again consistent with EICA predictions, reveal that Chi-
nese genotypes were negatively affected by root damage, while Texas geno-
types were able to compensate for root herbivory (Rogers and Siemann,
). Increased soil fertility promoted growth of Chinese genotypes, but
did not reduce the negative effects of root herbivory enough to allow the
seedlings to completely compensate for damage. Grass competition in-
creased the height growth rate of Chinese genotypes, but did not affect shoot
or root mass. In competitive conditions, the shoot and root mass of Chinese
genotypes was lower than undamaged controls in both fertilized and unfer-
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tilized conditions (Fig. 16.4A). By contrast, the shoot and root mass of Texas
genotypes compensated for simulated root herbivory relative to undamaged
plants, particularly in fertilized conditions (Fig. 16.4B). These results provide
additional support for previous studies indicating that invasive Texas
Sapium has undergone a genetic shift away from possessing costly herbi-
vore-defended tissues to producing relatively inexpensive tissues that are
capable of rapidly compensating for damage.

16.5.7 Simulating Herbivory Using Herbicide Sprays

Species removal studies have a long history in ecological experiments (Con-
nell 1961; Paine 1966). Many studies have used herbicides to selectively
remove particular plant species and examine the subsequent community
responses to altered competitive interactions (see reviews by Aarssen and Epp
1990; Goldberg and Barton 1992). These experiments are typically performed
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on small scales in herbaceous ecosystems and involve the removal of domi-
nant native species (McLellan et al. 1997; D’Antonio et al 1998; Smith et al.
1999; Cabin et al. 2002). Simulating insect herbivory via experimental removal
of designated plants provides unique opportunities to investigate the role of a
specific plant population on competitive interactions, community assembly
dynamics and ecosystem function.

In order to assess whether Sapium invasions can be controlled by eliminat-
ing local seed production, we killed all mature Sapium trees in eight 16-ha
plots in an east Texas bottomland floodplain forest. Eight 16-ha control plots
were also established. This study was designed to represent a highly effective
seed predator or devastating insect outbreak that causes tree mortality (Perry
1994). In the removal plots, all Sapium trees with a diameter at breast height
(dbh) greater than 4.5 cm were killed by girdling and basal bark applications
of Garlon herbicide in an oil base. In total, seed recruitment from nearly
14,000 mature Sapium trees was eliminated. Our preliminary findings suggest
that killing seed-producing Sapium trees results in Sapium seedling density
being reduced while seedling density of native trees is increased (Fig. 16.5A).
Although these trends were not statistically significant, 4 years after initiating
the herbicide treatments the ratio of native to Sapium seedling density was
significantly greater in plots where mature Sapium trees had been killed
(Fig. 16.5B). This shift could potentially alter the competitive balance back in
favour of the native species. Mature native tree growth and native sapling
growth also increased with Sapium removal (Siemann and Rogers, unpub-
lished data). Because Sapium forms a short-statured, short-lived forest
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canopy compared to the native floodplain forest trees it displaces, there are
also likely to be important differences in ecosystem processes, such as nutri-
ent cycling and carbon sequestration, of forests dominated by exotic trees.
Long-term monitoring of forest regeneration dynamics will be necessary to
fully assess the effectiveness of this experiment, but these early results suggest
that killing mature Sapium trees and reducing local seed supply, either
through an outbreaking insect or field-worker efforts, would be a worthy
strategy for conserving native forest communities imperiled by Sapium inva-
sions. To our knowledge, other replicated experimental removals of a domi-
nant invasive species have not been previously conducted on these large spa-
tial and temporal scales.

16.5.8 Assessing Herbivore Damage Using Exclosures and Enclosures

Experimental cages are a useful tool for comparing insect herbivore impacts
on exotic plants and native plants. Cages can be constructed to serve as either
exclosures to prevent herbivore access to target plants or they can be used as
enclosures to ensure exposure of target plants to predetermined species and
densities of insect herbivores.

Cages and fences used to prevent herbivore access are most effective at
excluding vertebrate herbivores (Brown and Heske 1990; Jefferies et al. 1994;
McNaughton et al. 1996; Ritchie et al. 1998; Knapp et al. 1999), but could be
used to prevent access of insects to target plants or community plots
(Schmitz, Chap. 14, this Vol.). Because of potentially strong microclimatic
effects of cages on plant growth, control cages that contain large enough holes
to provide access by insects should be also erected. Cages can also be used to
examine trophic interactions by adding or excluding predators that feed on
herbivorous insects (Price et al. 1980; Marquis and Whelan 1996; Schmitz
1998; Schmitz, Chap. 14, this Vol.).

For insect herbivory studies, experimental cages have been most success-
fully used by enclosing stocked herbivores on a single leaf, individual plant or
assemblages of multiple species and individuals both in pots and under field
conditions (Belovsky 1986; Ritchie and Tilman 1992; Schmitz 1993; Agrawal
1998; Lill and Marquis 2001). Cage enclosures are particularly useful in exper-
imental manipulations with potted plants. Cages can easily be erected around
aboveground plant tissues, allowing the investigator to control herbivore
species, herbivore density and time of exposure to herbivory.Additionally, the
pot itself can serve as an effective enclosure for stocking and manipulating
belowground herbivores (Steinger and Müller-Schärer 1992; Blossey 1993;
Nötzold et al. 1998). Other variables like resource availability and plant com-
petition can be simultaneously manipulated in pot experiments with caged
herbivores to examine how top-down and bottom-up interactions are affected
by biotic and abiotic conditions. Pot experiments provide simple access to
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multiple morphological and physiological measures of plant responses to
damage including stem height and diameter, branch and leaf numbers, leaf
area damage, water potential and photosynthesis rates. Potted plants are use-
ful for obtaining data on measures that are frequently difficult to collect in
field conditions such as both above- and belowground productivity at the ter-
mination of the experiment. Herbivore survival and performance are also eas-
ier to measure in controlled enclosure environments. In order to simultane-
ously examine the effects of plant competition, herbivore choice and
community dynamics in controlled environments, larger foraging arenas
using container mesocosms containing more diverse assemblages of plant
species can be erected and stocked with herbivores.

Realism can be increased while only modestly sacrificing precision by
erecting cages over transplants and/or existing vegetation in field settings and
similarly stocked with herbivores. The focus can be a single target plant or a
diverse community assemblage. Likewise, field studies with caged herbivores
can be designed with factorial manipulations of resources and competitive
interactions. Important additional insights regarding herbivory effects can be
gained by conducting these bioassays with both generalist and specialist her-
bivores (Bernays and Chapman 1994; Marcel et al. 2002). Specialist herbivores
are typically absent from exotic plant species because they have unique
behavioural and physiological adaptations to their host species. Using exclo-
sure bioassays to determine and eventually re-establish feeding relationships
between exotic plants and their specialist herbivores is central to biological
control efforts (McFayden 1998; Louda et al. 2003). Generalist herbivores lack
specific adaptations to particular host plants and may avoid exotic plant
species because they possess unusually toxic novel defences to which the her-
bivore is unaccustomed. Alternatively, the exotic plant may be suitable to
native generalist herbivores, but the herbivores might lack behavioural adap-
tations necessary to recognize and utilize a new food source. Dietary experi-
mentation is generally selected against because the risks of selecting a toxic
plant often exceed the benefits of gaining an additional food source (Feeny
1975; Abrahamson and Weis 1997). Insects with many potential hosts are less
efficient in their decisions and therefore suffer increased vulnerability to nat-
ural enemies. Thus, insects have evolved to quickly recognize specific chemi-
cal cues associated with suitable hosts and ignore or avoid plants that lack
these cues (Bernays and Chapman 1994; Bernays 2001).

We have conducted several bioassay experiments using North American
acridid grasshoppers exposed to native vegetation and exotic Sapium
seedlings in both pot and field exclosures. In all of our studies we have found
that, despite negligible herbivory damage on Sapium in natural grassland and
forest conditions, when grasshoppers are placed in enclosures with Sapium
they readily feed on its foliage and show strong preferences for it over native
trees, forbs and grasses (Lankau et al. 2004; Fig. 16.6).We believe this indicates
a behavioural barrier rather than a biochemical deterrent to utilization.
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Sapium is a potentially suitable food choice that is avoided because there is
strong selection against host range expansion when new host plants may be
toxic (Chew and Courtney 1991), temporally or spatially uncommon (Chew
and Courtney 1991; Beccaloni and Symons 2000) or of limited use due to nat-
ural enemy influences (Camara 1997). We have also found that grasshoppers
that were first conditioned on Sapium foliage in small cages fed more on the
exotic tree after being introduced to multiple species mesocosms than
grasshoppers first conditioned on native trees (Lankau et al. 2004). Together,
these results suggest that behavioural constraints, rather than toxic novel
defences, prevent generalist herbivores from more fully utilizing this abun-
dant plant species.

Using grasshopper bioassays with potted Sapium seedlings derived from
native China and invasive Texas seed, we have also shown significant herbi-
vore preferences for invasive Texas foliage when offered a choice between
native and invasive Sapium (Siemann and Rogers 2003b; Fig. 16.7A). The
higher levels of consumption on native foliage caused significant decreases in
the growth of China seedlings compared to the growth of Texas seedlings
(Fig. 16.7B). Conversely, using the same seed sources, Texas Sapium seedlings
grew 40 % faster than Asia Sapium seedlings when grown in unmanipulated
field conditions where herbivores remove less than 1 % leaf area of both geno-
types (Siemann and Rogers 2003b).When grasshoppers were stocked in cages
with potted seedlings from the same continent, herbivory damage and
Sapium growth rates were indistinguishable between the different genotypes
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Fig. 16.6. Grasshopper (Melanaplus angustipennis) herbivory preferences determined
by feeding trials in enclosures containing leaves of native (Liquidambar styracifula, Pla-
tanus occidentalis and Celtis laevigata) and an exotic (Sapium sebiferum) species.
Grasshoppers consumed (estimated as mean percent leaf removal +1 SE) significantly
more Sapium foliage than the native foliage in enclosures, suggesting a behavioural
avoidance of the invasive species under field conditions. Different letters on bars indicate
significant statistical differences at P<0.05. (Modified from Lankau et al. 2004)



(Fig. 16.7). In a companion study, we allowed the Sapium seedlings 8 weeks to
regrow after grasshoppers were removed. Texas genotypes were able to com-
pensate for herbivory damage such that there was no statistical difference
between the growth of damaged and undamaged trees (Rogers and Siemann,
unpubl. data). By contrast, China genotypes exposed to grasshoppers in the
same study had significantly reduced growth compared to undamaged plants
despite 8 weeks of regrowth following herbivory (Rogers and Siemann,
unpublished data).

These findings are further support for predictions of the EICA hypothesis.
If the Enemy Release Hypothesis were correct, grasshoppers should have con-
sumed or avoided seedlings from both regions similarly and growth rates for
the different Sapium genotypes should have been indistinguishable within
the same environmental conditions. In comparison, the EICA hypothesis pre-
dicts that even though herbivores in the introduced range avoid feeding on
invasive plants in field settings, in controlled feeding trials they should over-
come behavioural barriers and prefer fast-growing, less-defended invasive
genotypes over slow-growing, better defended native genotypes.

16.6 Implications and Potential Significance

Invasions by exotic plant species are a large and growing environmental prob-
lem with tremendous societal costs. There is a pressing need to better under-
stand the mechanisms responsible for exotic plant invasions and to develop
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effective management strategies to lessen their effects on a variety of threat-
ened species and imperiled ecosystems. In this chapter we have described a
unique, complementary suite of experimental field and greenhouse studies
examining the manner in which enhancing or reducing insect herbivory
influences the success of an exotic plant species, Sapium sebiferum, which is
aggressively invading a variety of habitats throughout the southeastern
United States. Because invasion is a key step in community assembly, new
studies like these with other problematic invasive species will provide valu-
able insights into the factors influencing successional dynamics, community
structure and ecosystem stability and integrity.

Many of these studies were designed to experimentally test between two
leading hypotheses, the Enemy Release Hypothesis and the Evolution of
Increased Competitive Ability (EICA) hypothesis. The various experimental
designs described above provide suggestions for differentiating between
these hypotheses despite the differences in spatial and temporal scales of
investigation. Experimental tests of the Enemy Release Hypothesis involve
disrupting local patterns of insect herbivory and manipulating amounts of
damage on different plants, whereas direct experimental tests of the EICA
hypothesis involve disrupting geographical patterns of herbivory and manip-
ulating evolutionary selection pressures. Nevertheless, it is important to note
that the central premise of these hypotheses shares a similar origin. Evolution
of invasiveness can only occur if exotic plants first experience an ecological
release from enemies in their introduced range that strongly alters selection
pressures and leads to genetic shifts away from defence allocation and toward
greater growth and reproduction. The EICA hypothesis predicts that while
genotypic changes in introduced species may contribute to their ecological
success, it may also increase their susceptibility to herbivores introduced from
their native range. In fact, it is possible that this phenomenon may explain the
striking success of certain biological control efforts.

Successful biological control may be not only due to a re-establishment of
feeding relationships with native herbivores, but also partially due to a host
plant that has become unusually susceptible to its native herbivores because
of a genetic shift away from chemical deterrents (Sakai et al. 2001). Invasive
plants begin to support diverse insect communities similar to those on native
plants within 300 years after introduction (Strong et al. 1977, 1984). If an inva-
sive plant has evolved a reduction in herbivore deterrents, local herbivores in
the introduced range may more likely begin to recognize and utilize the exotic
species as a viable food alternative.While the introduction of an exotic species
will by itself have profound effects on plant community composition and
ecosystem processes like primary productivity, carbon sequestration and
nutrient cycling, a shift in feeding preferences of native insect herbivores to
the invasive exotic plant species will likely have equally dramatic conse-
quences for community dynamics, trophic interactions and ecosystem func-
tion.
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Although immediate action is required to suppress certain aggressive
invaders (Simberloff 2003), a management strategy that encourages local her-
bivore recognition may be warranted considering the substantial risks associ-
ated with introducing biological control agents (Louda et al. 2003). Our results
supporting the EICA hypothesis also suggest that commonly observed time
lags from introduction to emergence as a problem invasive species may reflect
a genetic adjustment period by the exotic plant and not merely demographic
delays in recruitment and migration. This will greatly complicate the ability of
horticulturists and land managers to identify and predict problem species a
priori because the initial status of an introduced species may be a poor indi-
cator of its future ecological success if the evolution of invasiveness is com-
monplace.

Acknowledgements. Funding for this research was made possible through grants pro-
vided by the United States Department of Agriculture (NRI-35320-13498), National Sci-
ence Foundation (DEB-981654 and DEB-0315796), Environmental Protection Agency
(STAR-R828903), National Park Service, Big Thicket National Preserve and Rice Univer-
sity.

References

Aarssen LW, Epp GA (1990) Neighbor manipulations in natural vegetation: a review. J
Veg Sci 1:13–30

Abrahamson WG,Weis AE (1997) Evolutionary ecology across three trophic levels: gold-
enrods, gallmakers, and natural enemies. Princeton University Press, Princeton, NJ

Agrawal AA (1998) Induced responses to herbivory and increased plant performance.
Science 279:1201–1202

Agrawal AA (2000). Benefits and costs of induced plant defense for Lepidium virginicum
(Brassicaceae). Ecology 81:1804–1813

Alpert P, Bone E, Holzapfel C (2000) Invasiveness, invasibility and the role of environ-
mental stress in the spread of non-native plants. Perspect Plant Ecol Evol Syst 3:52–66

Andersen DC (1987) Below-ground herbivory in natural communities: a review empha-
sizing fossorial animals. Q Rev Biol 62:261–286

Baldwin IT (1990) Herbivory simulations in ecological research. Trends Ecol Evol
5:91–93

Baldwin IT (1998) Jasmonate-induced responses are costly but benefit plants under
attack in native populations. Proc Natl Acad Sci USA 95:8113–8118

Barrett SCH, Richardson BJ (1986) Genetic attributes of invading species. In: Groves RH,
Burdon JJ (eds) Ecology of biological invasions. Cambridge University Press, Mel-
bourne, Australia, pp 21–33

Basset Y (2001) Invertebrates in the canopy of tropical rain forests: how much do we
really know? Plant Ecol 153:87–107

Bazzaz FA, Chiariello NR, Coley PD, Pitelka LF (1987) Allocating resources to reproduc-
tion and defense. BioScience 37:58–67

Beccaloni GW, Symons FB (2000) Variation of butterfly diet breadth in relation to host-
plant predictability: results from two faunas. Oikos 90:50–66

The Role of Insect Herbivores in Exotic Plant Invasions 349

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



Belovsky GE (1986) Optimal foraging and community structure: implications for a guild
of generalist grassland herbivores. Oecologia 70:35–52

Bernays EA (2001) Neural limitations in phytophagous insects: implications for diet
breadth and evolution of host affiliation. Annu Rev Entomol 46:703–727

Bernays EA, Chapman RF (1994) Host-plant selection by phytophagous insects. Chap-
man and Hall, New York

Blossey B (1993) Herbivory below ground and biological weed control: life history of a
root-boring weevil on purple loosestrife. Oecologia 94:380–387

Blossey B, Nötzold R (1995) Evolution of increased competitive ability in invasive non-
indigenous plants: a hypothesis. J Ecol 83:887–889

Brown JH, Heske EJ (1990) Control of a desert grassland transition by a keystone rodent
guild. Science 250:1705–1708

Brown VK, Gange AC (1990) Insect herbivory below ground. Adv Ecol Res 20:1–58
Brown VK, Jepsen M, Gibson CWD (1988) Insect herbivory: effects on early oldfield suc-

cession demonstrated by chemical exclusion methods. Oikos 52:293–302
Bruce KA, Cameron GN, Harcombe PA (1995) Initiation of a new woodland type on the

Texas Coastal Prairie by the Chinese tallow tree (Sapium sebiferum (L.) Roxb.). Bull
Torr Bot Club 122:215–225

Bruce KA, Cameron GN, Harcombe PA, Jubinsky G (1997) Introduction, impact on native
habitats, and management of a woody invader, the Chinese tallow tree, Sapium seb-
iferum (L.). Natl Areas J 17:255–260

Cabin RJ,Weller SG, Lorence DH, Cordell S, Hadway LJ, Montgomery R., Goo D, Urakami
A (2002) Effects of light, alien grass, and native species additions on Hawaiian dry
forest restoration. Ecol Appl 12:1595–1610

Camara MD (1997) A recent host range expansion in Junonia coenia Hubner (Nymphal-
idae): oviposition preference, survival, growth, and chemical defense. Evolution
51:873–884

Carson WP, Root RB (1999) Top-down effects of insect herbivores during early succes-
sion: influence on biomass and plant dominance. Oecologia 121:260–272

Carson WP, Root RB (2000) Herbivory and plant species coexistence: community regu-
lation by an outbreaking phytophagous insect. Ecol Monogr 70:73–99

Chapin FS, Zavaleta ES, Eviner VT, Naylor RL, Vitousek PM, Reynolds HL, Hooper DU,
Lavorel S, Sala OE, Hobbie SE, Mack MC, Diaz S (2000) Consequences of changing
biodiversity. Nature 405:234–242

Chew FS, Courtney SP (1991) Plant apparency and evolutionary escape from insect her-
bivory. Am Nat 138:729–750

Coblentz BE (1990) Exotic organisms: a dilemma for conservation biology. Conserv Biol
4:261–265

Coley PD, Bryant JP, Chapin FS (1985) Resource availability and plant antiherbivore
defense. Science 230:895–899

Connell JH (1961) The influence of interspecific competition and other factors on the
distribution of the barnacle Chthamalus stellatus. Ecology 42:710–723

Crawley MJ (1989) Insect herbivores and plant population dynamics.Annu Rev Entomol
34:531–564

Crawley MJ (1997) Plant–herbivore dynamics. In: Crawley MJ (ed) Plant ecology, 2nd
edn. Blackwell, Oxford, pp 401–474

Daehler CC (2003) Performance comparisons of co-occurring native and alien invasive
plants: implications for conservation and restoration.Annu Rev Ecol Syst 34:183–211

D’Antonio CD, Hughes RF, Mack M, Hitchcock D, Vitousek PM (1998) The response of
native species removal of invasive exotic grasses in a seasonally dry Hawaiian wood-
land. J Veg Sci 9:699–712

W.E. Rogers and E. Siemann350

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



Detling JD, Winn T, Procter-Gregg C, Painter EL (1980) Effects of simulated grazing by
below-ground herbivores on growth, CO2 exchange, and carbon allocation patterns
of Bouteloua gracilis. J Appl Ecol 17:771–778

DeWalt SJ, Denslow JS, Ickes K (2004) Natural enemy release facilitates habitat expansion
of the invasive tropical shrub Clidemia hirta. Ecology 85:13

Elton CS (1958) The ecology of invasion by plants and animals. Chapman and Hall, Lon-
don

Erwin TL (1982) Tropical forests: their richness in Coleoptera and other arthropod
species. Coleopt Bull 36:74–75

Feeny P (1975) Biochemical coevolution between plants and their insect herbivores. In:
Gilbert LE, Raven PH (eds) Coevolution of animals and plants. University of Texas
Press, Austin, Texas, pp 3–19

Fenner M (1987) Seedlings. Can J Bot 106:35–47
Goldberg DE, Barton AM (1992) Patterns and consequences of interspecific competition

in natural communities: a review of field experiments with plants. Am Nat
139:771–801

Grace JB (1998) Can prescribed fire save the endangered coastal prairie ecosystem from
Chinese tallow invasion? Endangered Species Update 15:70–76

Grover JP (1994) Assembly rules for communities of nutrient-limited plants and special-
ist herbivores. Am Nat 143:258–282

Groves RH (1989) Ecological control of invasive terrestrial plants. In: Drake JA, Mooney
HA, di Castri F, Groves RH, Kruger FJ, Rejmanek M, Williamson MW (eds) Biological
invasions. Wiley, New York, pp 437–462

Hairston NG, Smith FE, Slobotkin LB (1960) Community structure, population control
and competition. Am Nat 94:421–425

Hendrix SD (1988) Herbivory and its impact on plant reproduction. In: Lovett-Doust J,
Lovett-Doust L (eds) Plant reproductive ecology: patterns and strategies. Oxford
University Press, New York, pp 246–263

Herms DA, Mattson WJ (1992) The dilemma of plants: to grow or to defend. Q Rev Biol
67:283–335

Houle G, Simard G (1996) Additive effects of genotype, nutrient availability and type of
tissue damage on the compensatory response of Salix planifolia ssp. planifolia to
simulated herbivory. Oecologia 107:373–378

Hunter MD, Price PW (1992) Playing chutes and ladders: heterogeneity and the relative
roles of bottom-up and top-down forces in natural communities. Ecology 73:724–732

Jefferies RL, Klein DR, Shaver GR (1994) Vertebrate herbivores and northern plant-com-
munities: reciprocal influences and responses. Oikos 71:193–206

Johnson SR, Allain LK (1998) Observations on insect use of Chinese tallow (Sapium seb-
iferum (L.) Roxb) in Louisiana and Texas. Castanea 63:188–189

Jubinsky G, Anderson LC (1996) The invasive potential of Chinese tallow-tree (Sapium
sebiferum Roxb.) in the southeast. Castanea 61:226–231

Karban R, Baldwin IT (1997) Induced responses to herbivory. University of Chicago
Press, Chicago, Illinois

Karban R, Strauss SY (1993) Effects of herbivores on growth and reproduction of their
perennial host, Erigeron glaucus. Ecology 74:39–46

Keane RM, Crawley MJ (2002) Exotic plant invasions and the enemy release hypothesis.
Trends Ecol Evol 17:164–170

Knapp AK, Blair JB, Briggs JM, Collins SC, Hartnett DC, Johnson L, Towne G (1999) The
keystone role of bison in North American tallgrass prairie. BioScience 49:39–50

Lankau RA, Siemann E, Rogers WE (2004) Constraints on the utilisation of invasive Chi-
nese tallow tree (Sapium sebiferum) by generalist native herbivores in coastal
prairies. Ecol Entomol 29:10

The Role of Insect Herbivores in Exotic Plant Invasions 351

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



Lee CE (2002) Evolutionary genetics of invasive species. Trends Ecol Evol 17:386–391
Leger EA, Rice K (2003) Invasive California poppies (Eschscholzia californica Cham.)

grow larger than native individuals under reduced competition. Ecol Lett 6:257–264
Leibold MA (1996) A graphical model of keystone predators in food webs: trophic regu-

lation of abundance, incidence, and diversity patterns in communities. Am Nat
147:784–812

Lill JT, Marquis RJ (2001) The effects of leaf quality on herbivore performance and attack
from natural enemies. Oecologia 126:418–428

Louda SM, Keeler KH, Holt RD (1990) Herbivore influence on plant performance and
competitive interactions. In: Grace JB, Tilman D (eds) Perspectives on plant competi-
tion. Academic Press, New York, pp 413–444

Louda SM, Arnett AE, Rand A, Russell FL (2003) Invasiveness of some biological control
insects and adequacy of their ecological risk assessment and regulation. Conserv Biol
17:73–82

Mack RN (1996) Predicting the identity and fate of plant invaders: emergent and emerg-
ing approaches. Biol Conserv 78:107–121

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA (2000) Biotic inva-
sions: causes, epidemiology, global consequences, and control. Ecol Appl 10:689–710

Marcel M, Klinkhamer PGL, Vrieling K, van der Meijden E (2002) Diversity of
pyrrolizidine alkaloids in Senecio species does not affect the specialist herbivore
Tyria jacobaeae. Oecologia 133:541–550

Maron JL (1998) Insect herbivory above- and belowground: individual and joint effects
on plant fitness. Ecology 79:1281–1293

Maron JL,Vila M (2001) When do herbivores affect plant invasion? Evidence for the nat-
ural enemies and biotic resistance hypotheses. Oikos 95:361–373

Marquis RJ (1992) The selective impact of herbivores. In: Fritz RS, Simms EL (eds) Plant
resistance to herbivores and pathogens: ecology, evolution, and genetics. University
of Chicago Press, Chicago, pp 301–325

Marquis RJ, Whelan C (1996) Plant morphology and recruitment of the third trophic
level: subtle and little-recognized defenses? Oikos 75:330–334

Maschinski J, Whitham T (1989) The continuum of plant responses to herbivory: the
influence of plant association, nutrient availability and timing. Am Nat 134:1–19

Masters GJ, Jones TH, Rogers M (2001) Host-plant mediated effects of root herbivory on
insect seed predators and their parasitoids. Oecologia 127:246–250

Mauricio R (1998) Costs of resistance to natural enemies in field populations of the
annual plant Arabidopsis thaliana. Am Nat 151:20–28

McFayden RE (1998) Biological control of weeds. Annu Rev Entomol 43:369–393
McLellan AJ, Law R, Fitter AH (1997) Response of calcareous grassland plant species to

diffuse competition: results from a removal experiment. J Ecol 85:479–490
McNaughton SJ, Milchunas DG, Frank DA,Williams KJ (1996) How can net primary pro-

ductivity be measured in grazing ecosystems? Ecology 77:974–977
Meiners SJ, Handel SN (2000) Additive and nonadditive effects of herbivory and compe-

tition on tree seedling mortality, growth, and allocation. Am J Bot 87:1821–1826
Mooney HA, Cleland EE (2001) The evolutionary impact of invasive species. Proc Natl

Acad Sci USA 98:5446–5451
Mooney HA, Drake JA (1989) Biological invasions: a SCOPE program overview. In:

Drake JA, Mooney HA, di Castri F, Groves RH, Kruger F, Rejmanek M, Williamson
MW (eds) Biological invasions. Wiley, New York, pp 491–508

Moran NA, Whitham TG (1990) Interspecific competition between root-feeding and
leaf-galling aphids mediated by host-plant resistance. Ecology 71:1050–1058

Mortimer SR, van der Putten WH, Brown VK (1999) Insect and nematode herbivory
below ground: interactions and role in vegetation succession. In: Olff H, Brown V

W.E. Rogers and E. Siemann352

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



Drent R (eds) Herbivores: between plants and predators. Blackwell, Cambridge,
pp 205–238

Müller-Schärer H (1991) The impact of root herbivory as a function of plant density and
competition: survival, growth and fecundity of Centaurea maculosa in field plots. J
Appl Ecol 28:759–776

Müller-Schärer H, Brown VK (1995) Direct and indirect effects of above- and below-
ground insect herbivory on plant density and performance of Tripleurospermum per-
foratum during early plant succession. Oikos 72:36–41

Nötzold R, Blossey B, Newton E (1998) The influence of below ground herbivory and
plant competition on growth and biomass allocation of purple loosestrife. Oecologia
113:82–93

Osterheld M, McNaughton SJ (2000) Herbivory in terrestrial ecosystems. In: Sala OE,
Jackson RB, Mooney HA, Howarth RW (eds) Methods in ecosystem science. Springer,
Berlin Heidelberg New York, pp 151–158

Paine RT (1966) Food web complexity and species diversity. Am Nat 100:65–75
Perry DA (1994) Forest ecosystems. John Hopkins University Press, Baltimore
Pimentel D, Lach L, Zuniga R, Morrison D (2000) Environmental and economic costs of

nonindigenous species in the United States. BioScience 50:53–65
Price PW, Bouton CE, Gross P, McPheron BA, Thompson JN, Weis AE (1980) Interactions

among three trophic levels: influence of plants on interactions between insect herbi-
vores and natural enemies. Annu Rev Ecol Syst 11:41–65

Reichman OJ, Smith CC (1991) Responses to simulated leaf and root herbivory by a bien-
nial, Tragopogon dubius. Ecology 72:116–124

Ritchie ME, Tilman D (1992) Interspecific competition among grasshoppers and their
effect on plant abundance in experimental field environments. Oecologia 89:524–532

Ritchie ME, Tilman D, Knops JMH (1998) Herbivore effects on plant and nitrogen
dynamics in oak savanna. Ecology 79:165–177

Rogers WE, Hartnett DC (2001) Vegetation responses to different spatial patterns of soil
disturbance in burned and unburned tallgrass prairie. Plant Ecol 155:99–109

Rogers WE, Siemann E (2002) Effects of simulated herbivory and resource availability on
native and invasive exotic tree seedlings. Basic Appl Ecol 4:297–307

Rogers WE, Siemann E (2003) Effects of simulated herbivory and resources on Chinese
tallow tree (Sapium sebiferum, Euphorbiaceae) invasion of native coastal prairie. Am
J Bot 90:241–247

Rogers WE, Siemann E (2004) Responses of native and invasive ecotypes of Chinese tal-
low tree Sapium sebiferum to root damage, fertilization and competition. J Appl Ecol
41

Rogers WE, Nijjer S, Smith C, Siemann E (2000) Effects of resources and herbivory on
leaf morphology and physiology of Chinese tallow (Sapium sebiferum) tree seed-
lings. Texas J Sci 52S:43–56

Rogers WE, Siemann E, Lankau RA (2003) Damage induced production of extrafloral
nectaries in native and introduced seedlings of Chinese tallow tree (Sapium seb-
iferum). Am Midl Nat 149:413–417

Rosenthal JP, Kotanen PM (1994) Terrestrial plant tolerance to herbivory. Trends Ecol
Evol 9:145–148

Sakai AK,Allendorf FW, Holt JS, Lodge DM, Molofsky J,With KA, Baughman S, Cabin RJ,
Cohen JE, Ellstrand NC, McCauley DE, O’Neil P, Parker IM, Thompson JN, Weller SG
(2001) The population biology of invasive species. Annu Rev Ecol Syst 32:305–332

Schierenbeck KA, Mack RN, Sharitz RR (1994) Effects of herbivory on growth and bio-
mass allocation in native and introduced species of Lonicera. Ecology 75:1661–1672

Schlichting CD, Smith H (2002) Phenotypic plasticity: linking molecular mechanisms
with evolutionary outcomes. Evol Ecol 16:189–211

The Role of Insect Herbivores in Exotic Plant Invasions 353

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



Schmid B, Miao SL, Bazazz FA (1990) Effects of simulated root herbivory and fertilizer
application on growth and biomass allocation in the clonal perennial Solidago
canadensis. Oecologia 84:9–15

Schmitz OJ (1993) Trophic exploitation in grassland food chains: simple models and a
field experiment. Oecologia 93:327–335

Schmitz OJ (1998) Direct and indirect effects of predation and predation risk in old-field
interaction webs. Am Nat 151:327–342

Seastedt TR, Ramundo R, Hayes D (1988) Maximization of densities of soil animals by
foliage herbivory: empirical evidence, graphical and conceptual models. Oikos
51:243–248

Siemann E, Rogers WE (2001) Genetic differences in growth of an invasive tree species.
Ecol Lett 4:514–518

Siemann E, Rogers WE (2003a) Herbivory, disease, recruitment limitation and the suc-
cess of an alien tree species. Ecology 84:1489–1505

Siemann E, Rogers WE (2003b) Reduced resistance of invasive varieties of the alien tree
Sapium sebiferum to a generalist herbivore. Oecologia 135:451–457

Siemann E, Rogers WE (2003 c) Increased competitive ability of an invasive tree may be
limited by an invasive beetle. Ecol Appl 13:1503–1507

Siemann E, Rogers WE (2003d) Changes in light and nitrogen availability under pioneer
trees may indirectly facilitate tree invasions of grasslands. J Ecol 91:923–931

Simberloff D (2003) How much information on population biology is needed to manage
introduced species? Conserv Biol 17:83–92

Simms EL (1992) Costs of plant resistance to herbivory. In: Fritz RS, Simms EL (eds)
Plant resistance to herbivores and pathogens. University of Chicago Press, Chicago,
pp 392–425

Simms EL, Rausher M (1987) Costs and benefits of plant resistance to herbivory.Am Nat
130:570–581

Smith MD, Hartnett DC, Wilson GW (1999) Interacting influence of mycorrhizal sym-
biosis and competition on plant diversity in tallgrass prairie. Oecologia 121:574–582

Soule ME (1990) The onslaught of alien species, and other challenges in the coming
decades. Conserv Biol 4:233–239

Steinger T, Müller-Schärer H (1992) Physiological and growth responses of Centaurea
maculosa (Asteraceae) to root herbivory under varying levels of interspecific plant
competition and soil nitrogen availability. Oecologia 91:141–149

Stockwell CA, Hendry AP, Kinnison MT (2003) Contemporary evolution meets conser-
vation biology. Trends Ecol Evol 18:94–101

Stowe KA (1998) Experimental evolution of resistance in Brassica rapa: correlated
response of tolerance in lines selected for glucosinolate content. Evolution
52:703–712

Stowe KA, Marquis RJ, Hochwender CG, Simms EL (2001) The evolutionary ecology of
tolerance to consumer damage. Annu Rev Ecol Syst 31:565–595

Strauss SY,Agrawal AA (1995) The ecology and evolution of plant tolerance to herbivory.
Trends Ecol Evol 14:179–185

Strauss SY, Rudgers JA, Lau JA, Irwin RE (2002) Direct and ecological costs of resistance
to herbivory. Trends Ecol Evol 17:278–285

Strong DR, McCoy ED, Rey JR (1977) Time and the number of herbivore species: the
pests of sugarcane. Ecology 58:167–175

Strong DR, Lawton JH, Southwood TRE (1984) Insects on plants. Harvard University
Press, Cambridge

Strong DR, Maron JL, Connors PG,Whipple A, Harrison S, Jefferies RL (1995) High mor-
tality, fluctuation in numbers, and heavy subterranean insect herbivory in bush
lupine, Lupinus arboreus. Oecologia 104:85–92

W.E. Rogers and E. Siemann354

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg



Thebaud C, Simberloff D (2001) Are plants really larger in their introduced ranges? Am
Nat 157:231–236

Thompson JN (1998) Rapid evolution as an ecological process. Trends Ecol Evol
13:329–332

Tiffin P, Inouye BD (2000) Measuring tolerance to herbivory: accuracy and precision of
estimates made using natural versus imposed damage. Evolution 54:1024–1029

Tilman D (1999) The ecological consequences of changes in biodiversity: a search for
general principles. Ecology 80:1455–1474

Tucker KC, Richardson DM (1995) An expert system for screening potentially invasive
alien plants in South African fynbos. J Environ Manage 44:309–338

van der Meijden E, Wijn M, Verkaar HJ (1988) Defense and regrowth, alternative strate-
gies in the struggle against herbivores. Oikos 51:355–363

Verschoor BC, Pronk TE, de Goede RGM, Brussaard L (2002) Could plant-feeding nema-
todes affect the competition between grass species during succession in grasslands
under restoration management? J Ecol 90:753–761

Williamson M (1996) Biological invasions. Chapman and Hall, London
Willis AJ, Blossey B (1999) Benign environments do not explain the increased vigour of

non-indigenous plants: a cross-continental transplant experiment. Biocontrol Sci
Tech 9:567–577

Willis AJ, Thomas M, Lawton JH (1999) Is the increased vigour of invasive weeds
explained by a trade-off between growth and herbivore resistance? Oecologia
120:632–640

Willis AJ, Memmott J, Forrester RI (2000) Is there evidence for the post-invasion evolu-
tion of increased size among invasive plant species? Ecol Lett 3:275–283

Wolfe LM (2002) Why alien invaders succeed: support for the escape from enemy
hypothesis. Am Nat 160:705–711

Yela JL, Lawton JH (1997) Insect herbivore loads on native and introduced plants; a pre-
liminary study. Entomol Exp Appl 85:275–279

Zhang K, Lin Y (1994) Chinese tallow. China Forestry Press, Beijing

The Role of Insect Herbivores in Exotic Plant Invasions 355

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg

Ecological Studies Vol 173 – page proofs as of 06/10/2004/ Kröner, Heidelberg


