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Abstract

The Evolution of Increased Competitive Ability (EICA) hypothesis proposes that exotic plants may
become superior competitors in their introduced ranges because they have evolved reduced defense allocation
and increased growth in response to low herbivory. Long-term common garden studies with Chinese tallow
tree (Sapium sebiferum), a problematic invader in the southeastern United States, support EICA predictions
of invasive ecotypes displaying rapid growth with poorly defended leaves, whereas native ecotypes are
slower growing and have nitrogen rich, highly defended leaves. We conducted two full-factorial experi-
ments designed to assess the effects of leaf herbivory and soil fertility on growth of Sapium seedlings derived
from seeds obtained in the species’ native Chinese range and introduced range along the Texas Gulf Coast.
The first was a field study employing simulated defoliation to examine herbivory tolerance, while the second
was a pot study using grasshopper bioassays to measure the compensatory regrowth of native and intro-
duced Sapium ecotypes. In accordance with EICA predictions, introduced Texas ecotypes compensated for
mechanical and natural defoliation regardless of resource conditions while growth of native Chinese eco-
types was significantly reduced as a result of both simulated and natural herbivory damage. These results
demonstrate that invasive Sapium ecotypes have a greater capacity to compensate for herbivory damage
than native Sapium ecotypes. The differences between Sapium ecotypes are consistent with the mechanisms
of EICA and other findings demonstrating that invasive ecotypes have become herbivory tolerant due to
post-introduction changes in tissue quality.

Introduction

Relatively small amounts of leaf herbivory can have
major detrimental effects on plant growth, survival
and competitive interactions (Hendrix 1988; Mas-
chinski and Whitham 1989; Marquis 1992). The
competitive advantage displayed by introduced
plants over native plants is frequently attributed to
differences in herbivore damage (Elton 1958;
Crawley 1989; Tilman 1999). When non-native

plants are introduced without specialist herbivores
from their indigenous habitat they may gain a sig-
nificant competitive advantage over native plants
which often have greater numbers of herbivores
(Strong et al. 1984; Schierenbeck et al. 1994; Yela
and Lawton 1997). Phenotypic plasticity is also
generally recognized as a key characteristic pro-
moting the invasiveness of many exotic plants
(Baker 1974; Alpert and Simms 2002; Sexton et al.
2002; Callaway et al. 2003; Parker et al. 2003). The
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Enemy Release hypothesis proposes that exotic
plants gain a competitive advantage over native
plants by plastically allocating resources normally
lost to enemies or construction of defenses toward
growth or reproduction (Maron and Vila 2001;
Keane andCrawley 2002;Mitchell and Power 2003;
DeWalt et al. 2004).

An alternative to the Enemy Release hypothesis
proposes that exotic plants evolve reduced alloca-
tion to defense and increased allocation to growth
and reproduction due to an absence of herbivore
selective pressures. The Evolution of Increased
Competitive Ability (EICA) hypothesis (Blossey
and Nötzold 1995), predicts that ecotypes from a
plant’s introduced range (‘invasive ecotypes’) will
grow faster and/or produce more seeds, but be less
well defended against enemies than ecotypes from
its native range (‘native ecotypes’). Because alloca-
tion to defensemaybe as costly as herbivore damage
(Coley et al. 1985; Bazzaz et al. 1987; Simms 1992;
Baldwin 1998), plants that escape their enemies in
an introduced range should gain a selective benefit
from decreasing their defensive investment. Con-
versely, the Enemy Release hypothesis holds that
ecotype origin should not have a discernable effect
on growth and vigor because plants plastically
respond to their current ecological conditions.

To date, few manipulative studies have been
performed to differentiate the EICA hypothesis
from the Enemy Release hypothesis. An exception
are field experiments that have revealed the Enemy
Release hypothesis does not fully explain Chinese
Tallow Tree (Sapium sebiferum) invasions in east
Texas since the suppression of insect herbivores
using chemical sprays caused significantly greater
increases in the growth and survivorship of Sapium
compared to native tree seedlings (Siemann and
Rogers 2003a). Rather, common garden studies
suggest that genetic differences in the growth and
defense of invasive and native Sapium ecotypes are
consistent with predictions of the EICA hypothesis
(Siemann and Rogers 2001, 2003b, c; Rogers and
Siemann 2004). Invasive ecotypes of Sapium from
North America have significantly higher growth
rates, earlier and greater seed production but
lower foliar tannin concentrations than native
Sapium ecotypes. Both ecotypes had uniformly
low amounts of leaf area removed by insect her-
bivores in the introduced range (Siemann and
Rogers 2001, 2003b). This outcome is not likely
explained by a release from herbivory since both

native and invasive ecotypes should have displayed
a similar plastic phenotypic reallocation from de-
fense to growth in the introduced range where
enemies are absent (Maron and Vila 2001; Keane
and Crawley 2002). Results from another long-
term common garden study established in Hawaii
reinforces this interpretation. In Hawaii, native
Sapium ecotypes had less leaf damage and grew
significantly larger than invasive Texas ecotypes,
opposite our findings in the Texas common gar-
den. This reversal of growth for the different eco-
types appears to be a result of introduced Asian
herbivores in Hawaii feeding more heavily on
poorly defended Texas ecotypes (Siemann and
Rogers 2003c).

In order to gain new insights into ways that
growth vs. defense allocation trade-offs may con-
tribute to successful exotic plant species invasions
we initiated a pair of experiments designed to assess
herbivory tolerance and compensatory capacity of
native and introduced Sapium ecotypes. The first
study was a field experiment that manipulated soil
fertility and leaf herbivory via mechanical defolia-
tion on Sapium seedlings derived from seeds
obtained in the species’ native range in China and
introduced range along the Texas Gulf Coast.
Because simulated leaf damage does not discrimi-
nate between tissue chemistry in the samemanner as
natural herbivore choice, mechanical defoliation
allowed us to measure herbivory tolerance and
compensatory capacity of Sapium ecotypes inde-
pendent of plant defenses. The EICA hypothesis
predicts that native Chinese Sapium ecotypes invest
significantly more resources in energetically expen-
sive defenses than invasive Texas Sapium ecotypes
that allocate resources to regrowth rather than
ecologically costly secondary metabolites. Con-
versely, the Enemy Release hypothesis predicts that
introduced plants become invasive by plastically
responding to an absence of herbivores in their new
range. As a result, the EICA hypothesis will be
supported if Texas Sapium ecotypes exhibit mark-
edly greater herbivory tolerance than Chinese
Sapium ecotypes when damaged by simulated leaf
herbivory. If the Enemy Release hypothesis is cor-
rect, both native and invasive Sapium should
respond similarly to defoliation damage because
there are no genetic differences between ecotype
tissue quality. Fertilizer additions should increase
the growth of both ecotypes, particularly fast
growing Texas ecotypes, and should also lessen the
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negative effects of mechanical damage by stimulat-
ing the ability of both ecotypes to compensate for
tissue losses.

In the second study, we further examined the
compensatory regrowth ability of native and inva-
sive Sapium seedlings by conducting herbivore
bioassays using acridid grasshoppers in cage
enclosures. Grasshoppers were caged with Sapium
seedlings for 2 weeks and then the plants were
allowed to regrow in the absence of herbivory for an
additional 7 weeks in fertilized and unfertilized
conditions. While the Enemy Release hypothesis
predicts that both Sapium ecotypes will respond
similarly to grasshopper herbivory, the EICA
hypothesis predicts that the better defendedChinese
Sapium ecotypes will experience less herbivory
damage, but exhibit significantly reduced compen-
satory regrowth responses compared to Texas
Sapium ecotypes after the herbivores are removed
because their tissues are more costly to reconstruct.
Because invasive Texas Sapium ecotypes allocate
more resources to growth than defense if the EICA
hypothesis is correct, they should be highly sus-
ceptible to grasshopper defoliation, but rapidly
regrow lost tissue following herbivore removal.
Again, fertilizer addition should increase seedling
growth and improve the ability of both ecotypes to
compensate for tissues lost to herbivory damage.

Materials and methods

Focal species

Chinese tallow tree (Sapium sebiferum (L.) Roxb.,
Euphorbiaceae) was originally introduced to the
United States in 1772, but has only recently become a
major woody invader in the southeastern United
States (for detailed description see Siemann and
Rogers 2003a). Sapium has been extensively planted
throughout the southeastern United States for eco-
nomic and aesthetic purposes (Scheld and Cowles
1981). It readily escapes cultivation and aggressively
displaces native plants eventually converting a native
ecosystem intoamonotypicwoodland (Jubinskyand
Anderson 1996; Bruce et al. 1997).

Field experiment

This experiment was conducted in a coastal tall-
grass prairie at the University of Houston Coastal

Center (UHCC) where the semitropical climate
has at least a 250 day growing season, receives
1200 mm average annual rainfall, and soils are 40–
60% clay. Mowed coastal prairie areas consist of
perennial grasses and a diverse assemblage of
other graminoids, perennial forbs and shrubs, but
unmowed areas are rapidly invaded and have been
primarily converted to Sapium woodlands (Bruce
et al. 1997; Siemann and Rogers 2003a).

Seeds of both native Chinese and invasive Texas
Sapium trees were germinated in a greenhouse on
the Rice University campus during April–May
2001. Seeds were obtained from numerous trees at
the South China Botanical Garden in Guangzhou,
China (‘Chinese ecotype’ and ‘native Sapium eco-
type’ henceforth) and collected from naturalized
Sapium trees in Galveston County, Texas (‘Texas
ecotype’ and ‘invasive Sapium ecotype’ henceforth)
in autumn 2000. We germinated the seeds in sin-
gle-celled, 100 ml containers (Stuewe and Sons,
Inc., Corvallis, OR) filled with field soil collected
from a UHCC grassland near the study site. Once
the seedlings had primary leaves, they were placed
beneath a 50% shade cloth outdoors for 4 weeks.
On 25 May 2001, we selected 32 native China
ecotype Sapium seedlings and 32 invasive Texas
ecotype Sapium seedlings and individually trans-
planted them in randomly assigned 1 m2 plots in a
recently mowed prairie. Earlier germination of
China seedlings resulted in their starting size being
larger than Texas seedlings. We transplanted each
Sapium seedling in the center of alternating plots
so that all seedlings were a minimum of 2 m apart.
The plots were periodically watered using ground
soaking hoses to minimize transplant mortality
and drought stress. We sprayed Esfenvalerate
(tradename: Asana XL, DuPont Agricultural
Products, Wilmington, DE) on the vegetation and
Sapium seedlings monthly to prevent uncontrolled
background herbivory. Previous studies confirm
this pesticide is not toxic to Sapium or Schizachy-
rium, the dominant prairie grass at this site (Sie-
mann and Rogers 2003a). Eighteen seedlings (4
China, 14 Texas) died and were replaced during
the first month after transplanting. The later ger-
mination and subsequent smaller starting size of
Texas seedlings likely made them more susceptible
to transplanting stress.

We initiated the 15-week experiment on 5 July
2001 (time 0) at which time we recorded initial
Sapium stem heights, basal diameters and leaf
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numbers. We measured stem height of each seed-
ling from the soil surface to the apical meristem to
the nearest millimeter and measured stem diameter
at the soil surface with a digital caliper to the
nearest 0.1 mm. We also collected visual estimates
of prairie plant cover in the plots. A full-factorial
experimental design was employed by randomly
assigning simulated leaf herbivory and fertilizer
addition treatments to plots with transplanted
seedlings from each Sapium ecotype. Each treat-
ment combination was replicated eight times.

Herbivore defoliation was simulated by remov-
ing the distal half of every full leaf blade with
scissors during weeks 5 and 9. The scissors were
sterilized with an alcohol wipe after defoliating
each seedling to prevent the spread of disease or
secondary chemicals. Clipped leaves that remained
on seedlings until week 9 were cut in half a second
time as were all newly added leaves. The single
uppermost leaf of each seedling was excluded
during each simulated herbivory event to protect
the apical meristem and avoid affecting branch
dynamics (Marquis 1992). This type of simulated
leaf herbivory can adequately represent decreased
leaf area and mass loss experienced by herbivore
damaged tree seedlings despite well established
limitations (Hendrix 1988; Marquis 1992; Stowe
et al. 2000; Tiffin and Inouye 2000) and in some
instances can provide greater accuracy and preci-
sion than experiments using natural damage (e.g.,
Lehtila 2003). Leaf clippings from each seedling
were dried and weighed.

Supplemental nutrients were 3 g nitrogen, 1 g
phosphorus, and 2 g potassium per m2 per appli-
cation added as dry 15-5-10 NPK fertilizer pellets
during weeks 1, 7, and 12. Thus, a total of 9 g
nitrogen, 3 g phosphorus and 6 g potassium per
m2 were added in the fertilized treatments.

On 16 October, the end of 15 weeks, we mea-
sured final Sapium stem heights, basal diameters,
and the number of leaves on each seedling. We
visually estimated final prairie vegetation cover in
each plot. Sapium stems were clipped at the soil
base and leaves were clipped from stems. Roots
were not harvested because we have been unsuc-
cessful in obtaining accurate belowground mass
measures when extracting root tissues from these
heavy clay soils. A 0.1 m2 frame was used to clip
aboveground prairie vegetation in each plot
and was sorted into graminoid, forb and woody
functional groups. Sapium leaves and stems and

clipped prairie plants were dried at 60 �C for at
least 72 h and weighed separately.

Grasshopper bioassay experiment

We performed an additional experiment to exam-
ine the ability of native and invasive Sapium eco-
types to compensate for natural insect herbivory
with different levels of fertility. The use of real
herbivores can also provide a means of evaluating
the effectiveness and realism of simulated herbiv-
ory studies. The final design created a full-factorial
combination of ecotype, herbivory and fertiliza-
tion treatments.

Seeds of native Chinese and invasive Texas
Sapium trees that germinated in the greenhouse
during June 2002 were maintained throughout the
summer in topsoil filled containers beneath an
outdoor shade cloth in the courtyard of the Rice
University greenhouse. On 26 August, 48 Sapium
seedlings (24 of each ecotype) were transplanted
into 7.65 l pots filled with commercially available
topsoil and returned to a single bench in the
greenhouse. We measured the stem height of each
transplanted seedling. Pots were watered daily and
rotated among positions in the greenhouse weekly.

On 10 September, we sowed pots with 50 g/m2

(1.5 g per pot) of annual ryegrass seed (Lolium
multiflorum Lam.). Ryegrass seeds were covered
with 5 mm of topsoil and germinated within
3 days of sowing. The ryegrass was added to
increase the competitive environment experienced
by the Sapium seedlings and provided generalist
grasshoppers an alternative food to Sapium foli-
age.

On 24 September, aluminum mesh cages were
erected around each seedling. Cages were cylinders
of aluminum window screening (75 cm high,
300 cm2, 1.6 mmmesh size aluminum) joined at the
base to aluminum flashing that was fitted 1 cm into
the soil in the pot. We have used these cages suc-
cessfully in other grasshopper bioassay studies
(Siemann and Rogers 2003b; Lankau et al. 2004).
Chinese and TexasSapium seedlings were randomly
assigned grasshopper herbivory treatments. Two
grasshoppers (Melanoplus angustipennis Dodge)
were added to the open top of each cage before
folding the mesh and fastening it closed with metal
binder clips. Control pots did not receive grass-
hoppers, but still had cages erected around the
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seedlings to avoid differences in light availability
and microclimate.

Melanopline (Orthoptera: Acrididae: Melano-
plinae) grasshoppers are generalist feeders that
typically consume a mixed diet of forbs, woody
plants and grasses (Ueckert and Hansen 1971).
The most abundant species in this subfamily in
east Texas coastal tallgrass prairie is the Narrow-
winged Sand Grasshopper, M. angustipennis
(Lankau et al. 2004). They have been documented
to consume over 35 species of plants, with a
greater proportion of their diet being forbs and
woody plants than grasses (Ueckert and Hansen
1971). The grasshoppers used in this study were
captured by sweep netting at the coastal prairie
research station described for the field experiment.
All grasshoppers were maintained for 2 days in
temporary laboratory terrariums with clipped
prairie vegetation prior to stocking them in bio-
assay cages. Grasshoppers were left in the cages
for two weeks and removed on 7 October. The
cages were also removed from both herbivory and
control pots at this time. We visually estimated the
average percent area damaged per leaf. This
method has been shown to be a good estimation of
leaf removal when compared to digital leaf scans
(Siemann and Rogers 2001, 2003a; Lankau et al.
2004).

On 9 October, we added fertilizer as 6 g nitro-
gen, 2 g phosphorus, 3 g potassium per m2 to half
of the pots. Seedlings receiving fertilizer that were
not exposed to herbivores were randomly
assigned, whereas pots that contained herbivores
were paired with respect to the amount of damage
the seedling experienced (highest to lowest). For
instance, two Texas Sapium seedlings were 100%
defoliated by grasshoppers, one was randomly
assigned to receive a fertilizer amendment while
the other was maintained as a control. Similarly,
the two Texas Sapium seedlings that received the
least amount of damage when exposed to herbi-
vores (30% defoliation each) were paired and one
was randomly assigned to receive a fertilizer
amendment while the other was maintained as a
control. The same procedure was followed for
defoliated Chinese Sapium seedlings.

On 25 November, 13 weeks from the start of the
experiment and 7 weeks after grasshoppers were
removed, we measured final stem height and the
number of leaves on each seedling. Sapium and
Lolium shoots were clipped at the soil surface and

bagged separately. Roots were gently washed from
the soil. None of the tree seedlings appeared to be
growth-limited by rooting space. Sapium and Lo-
lium roots were easily distinguished and carefully
separated except for very fine roots. Lolium roots
were not retained. Harvested plant tissues were
dried at 60 �C and weighed separately.

Data analyses

Logistic regression was used to assess treatment
effects on Sapium survival. Seedlings that died
were excluded from growth rate and mass analy-
ses. Sapium growth rates, ln(final measurement/
initial measurement), were calculated for stem
height in both studies and for basal stem diameter
in the field experiment. This calculation also
transformed the data to meet statistical assump-
tions of analysis of variance (ANOVA). We used
ANOVA to compare Sapium growth rates and
plant mass among leaf damage treatments, fertil-
izer addition and their interaction (SAS Institute,
Cary, NC, USA). When necessary, starting stem
diameter was used as a covariate for the field
experiment and starting stem height was used as a
covariate for the grasshopper bioassay experiment
in mass analyses to control for differences in initial
seedling size. Percent of leaf area removed per
seedling in the grasshopper bioassay experiment
(percentage leaf area damage * number of dam-
aged leaves/total number of leaves) was calculated
for seedlings exposed to herbivores and arcsine
transformed to satisfy ANOVA assumptions.
Mass data were square-root transformed to meet
statistical assumptions of ANOVA. Because of size
differences between ecotypes we analyzed each
Sapium ecotype with separate three-way factorial
analyses (sensu Shaver and Chapin 1980; Mitchell
et al. 1992). Mass data were back-transformed and
presented as means (+1 SE).

Results

Field experiment

After 15 weeks, five of the 64 transplanted Sapium
seedlings lost their leaves and were considered
dead. There were no statistically significant effects
of ecotype, nutrients or simulated leaf herbivory
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on survival as determined by logistic regression
(r2 = 0.442, p>0.05). Sapium has a notable ability
to sprout new leaves from a seemingly dead stem
throughout many years of growth (William Rog-
ers, personal observation; Siemann and Rogers
2003a). Consequently, seedlings designated ‘dead’
could potentially have resprouted after a longer
time.

Stem height of Chinese Sapium ecotypes was
significantly greater than stem height of Texas
Sapium ecotypes at the initiation of the study
(F1,62 = 14.52, p = 0.0003), presumably due to the
earlier germination time.As a result,mean leafmass
clipped from Chinese ecotype seedlings was mod-
estly greater than mass clipped from Texas ecotype
seedlings in the first simulated herbivory trial
(F1,27 = 4.66, p = 0.04). There was no difference
between mean leaf mass clipped from the different
ecotypes in the second simulated herbivory trial
(F1,27 = 2.23, p = 0.15). Fertilizer had no signifi-
cant effect on the amount of leaf mass clipped in
either the first (F1,27 = 0.08, p = 0.78) or second
simulated herbivory trials (F1,27 = 0.17, p = 0.68).

Additional nutrients significantly increased height
growth rate of both Texas (F1,23 = 10.72,
p = 0.003) and Chinese (F1,28 = 11.10, p = 0.002)
seedlings (Table 1). Height growth rates of Texas
(F1,23 = 0.93, p = 0.345) and Chinese (F1,28 =

0.29, p = 0.594) ecotypes were not affected by sim-
ulated leaf herbivory (Table 1). Therewas a trend for
simulated leaf herbivory to increase the basal stem
diameter growth rate of Texas ecotypes
(F1,23 = 4.17, p = 0.053) and a significant interac-
tion between additional nutrients and mechanical
defoliation (F1,23 = 4.92, p = 0.037) stimulating an
increase of basal stem diameter growth rate of Texas
Sapium ecotypes (Table 1A). Basal diameter growth
rate of Chinese ecotypeswas unaffected by simulated
herbivory (F1,28 = 0.66, p = 0.425) or fertilizer
(F1,28 = 0.01, p = 0.923) treatments (Table 1B).
Additional nutrients significantly increased the leaf
mass of Texas ecotypes (F1,22 = 10.11, p = 0.004,
Figure 1). There was no effect of nutrients on leaf
mass (F1,25 = 0.51, p = 0.480) or stem mass
(F1,25 = 0.07, p = 0.796) of Chinese ecotypes (Ta-
ble 2B, Figure 1).

Although simulated leaf herbivory had no effect
on the leaf mass (F1,22 = 0.05, p = 0.829) or stem
mass (F1,22 = 0.38, p = 0.542) of Texas ecotypes
(Figure 1), simulated leaf herbivory significantly
decreased both leaf (F1,25 = 5.91, p = 0.022) and
stem mass (F1,25 = 11.03, p = 0.003) of Chinese
ecotype seedlings (Table 1, Figure 1). Experi-
mental treatments had no significant effects on
prairie vegetation cover or plant mass (data not
shown).

Table 1. Means (+1 SE) and analysis of (co)variance (ANOVA) for growth parameters of (A) invasive and (B) native Sapium

seedlings planted in east Texas coastal tallgrass prairie in a full-factorial experimental design with NPK fertilizer addition and

simulated leaf herbivory treatments.

No added fertilizer NPK added ANOVA

No damage (n = 8) Herbivory (n = 8) No damage (n = 6) Herbivory (n = 5) NPK (N) Herb (H) N · H

(A) Texas ecotype

Height growth rate 0.374 + 0.09 0.488 + 0.06 0.672 + 0.10 0.713 + 0.05 ** ns ns

Diameter growth rate 0.355 + 0.06 0.345 + 0.03 0.286 + 0.08 0.525 + 0.05 – ns *

Leaf dry mass (g) 0.053 + 0.02 0.056 + 0.03 0.148 + 0.07 0.193 + 0.11 ** ns ns

Stem dry mass (g) 0.154 + 0.07 0.212 + 0.11 0.235 + 0.11 0.299 + 0.20 ns ns ns

No added fertilizer NPK added ANOVA

No damage (n = 8) Herbivory (n = 8) No damage (n = 8) Herbivory (n = 8) NPK (N) Herb (H) N · H

(B) Chinese ecotype

Height growth rate 0.456 + 0.05 0.319 + 0.07 0.577 + 0.08 0.642 + 0.05 ** ns ns

Diameter growth rate 0.376 + 0.05 0.254 + 0.05 0.301+ 0.06 0.339 + 0.05 ns ns ns

Leaf dry mass (g) 0.295 + 0.11 0.102 + 0.04 0.220 + 0.09 0.251 + 0.08 ns ** ns

Stem dry mass (g) 0.567 + 0.19 0.367 + 0.11 0.415 + 0.19 0.452 + 0.11 ns ** ns

Data are presented as growth rates, ln(final mm/initial mm), and back-transformed mass.

p-value: ns – not significant; £ 0.1; * £ 0.05; ** £ 0.01; *** £ 0.001; **** £ 0.0001.
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Grasshopper bioassay experiment

All 48 Sapium seedlings survived the 13 week
grasshopper bioassay experiment. Four seedlings
(3 Texas ecotypes and 1 Chinese ecotype) were
completely defoliated (>99%) and considerable
apical meristem damage was observed on several
seedlings. Nevertheless, all damaged seedlings
sprouted new leaves from existing stems shortly
after herbivores were removed. Mean percent leaf
area removed by grasshoppers was higher for

Texas than Chinese Sapium ecotypes
(53.1 + 22.1% and 38.0 + 10.6%, respectively),
but was not statistically different (F1,22 = 0.67,
p = 0.42). While we have removed similar
amounts of leaf area in simulated herbivory
experiments (Rogers and Siemann 2002, 2003), the
estimated removal in this grasshopper bioassay
is likely conservative due to grasshoppers
continually consuming growing tissues compared
to a single defoliation event like mechanical leaf
damage.
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Figure 1. Percentage of Sapium leaf and stem (means +1 SE) mass of Texas and Chinese ecotype seedlings grown in coastal tallgrass

prairie while exposed to mechanical defoliation and fertilizer amendment (NPK) treatments relative to undamaged, unfertilized control

seedlings (100%).

Table 2. Means (+1 SE) and analysis of (co)variance (ANOVA) for growth parameters of (A) invasive Texas and (B) native Chinese

Sapium seedlings planted in pots in a full-factorial experimental design with NPK fertilizer addition and grasshopper herbivory

treatments.

No added fertilizer NPK added ANOVA

No damage

(n = 6)

Herbivory

(n = 6)

No damage

(n = 6)

Herbivory

(n = 6)

NPK (N) Herb (H) N · H

(A) Texas ecotype

Height growth rate 0.202 + 0.06 �0.025 + 0.08 0.149 + 0.03 0.025 + 0.04 ns ** ns

Shoot mass (g) 1.563 + 0.31 1.409 + 0.39 1.772 + 0.27 1.503 + 0.54 ns ns ns

Root mass (g) 1.904 + 0.17 1.445 + 0.31 2.053 + 0.33 1.598 + 0.45 ns ns ns

(B) Chinese ecotype

Height growth rate 0.259 + 0.04 0.077 + 0.04 0.264 + 0.04 0.049 + 0.02 ns **** ns

Shoot mass (g) 2.43 + 0.34 2.005 + 0.59 2.621 + 0.36 2.176 + 0.67 ns * ns

Root mass (g) 2.512 + 0.26 1.598 + 0.38 2.280 + 0.35 1.662 + 0.48 ns ** ns

Mean percentage leaf area removed (+1 SE) by grasshoppers was 53.1 + 22.1% for Texas Sapium ecotypes and 38.0 + 10.6% for

Chinese Sapium ecotypes. Data are presented as height growth rate, ln(final mm/initial mm), and back-transformed mass.

p-value: ns – not significant; * £ 0.05; ** £ 0.01; *** £ 0.001; **** £ 0.0001.
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Starting seedling stem height did not statistically
differ between Texas and Chinese ecotypes
(F1,40 = 0.879, p = 0.354), likely because germina-
tion times for the two ecotypes more closely corre-
sponded in spring 2002 (Evan Siemann, personal
observation). However, starting stem height was
significantly larger for seedlings that were to be ex-
posed to grasshopper herbivores (F1,40 = 6.569,
p = 0.014). Height growth rate of both Texas eco-
types (F1,20 = 9.00, p = 0.007) and Chinese eco-
types (F1,20 = 27.44, p<0.0001) was significantly
reduced by grasshopper consumption, but fertiliza-
tion did not affect the growth rate for either Texas
(F1,20 = 0.00, p = 0.982) or Chinese (F1,20 = 0.09,
p = 0.764) Sapium seedlings (Table 2). Grasshop-
per herbivory did not affect shoot (F1,19 = 0.42,
p = 0.525) or root mass (F1,19 = 1.84, p = 0.191)
of Texas ecotypes (Table 2A), whereas herbivory
significantly reduced shoot mass (F1,19 = 6.50,
p = 0.020) and rootmass (F1,19 = 9.27, p = 0.007)
of Chinese ecotypes (Table 2B). Fertilization did not
affect the shoot mass or root mass of Texas
(F1,19 = 0.05, p = 0.830; F1,19 = 0.16, p = 0.690,
respectively) or Chinese (F1,19 = 0.07, p = 0.801;
F1,19 = 0.44, p = 0.517, respectively) ecotypes
(Table 2).

Discussion

Invasive Texas Sapium ecotypes compensated for
high levels of mechanical leaf damage in the field
study and also compensated for tissue lost to
grasshopper herbivory in bioassay trials. Con-
versely, defoliated native Chinese Sapium ecotypes
exhibited decreased growth and reduced mass rel-
ative to undamaged control seedlings in both
experiments. These results provide better support
for the Evolution of Increased Competitive Ability
hypothesis than the Enemy Release hypothesis.
The Enemy Release hypothesis predicts that native
and introduced ecotypes of an exotic plant species
will display considerable phenotypic plasticity and
respond similarly when grown in a common envi-
ronment. With reduced damage, resources nor-
mally lost to enemies may be plastically allocated
to growth and/or reproduction, whereas with in-
creased damage the ecotypes may display a range
of responses depending on whether the species is
herbivory tolerant or herbivory resistant.
Regardless, the Enemy Release hypothesis predicts

that native and introduced ecotypes should
respond similar to each other because they share
the same genetic characteristics for tissue quality.
Our results do not support this, but rather are
consistent with EICA predictions that invasive
Texas Sapium ecotypes display herbivory tolerant
characteristics and allocate resources to regrowth
while Chinese Sapium ecotypes exhibit herbivory
resistant traits and are less able to compensate for
herbivore damage.

A trade-off between herbivory resistance and
herbivory tolerance mechanisms is well established
in ecological theory (van der Meijden et al. 1988;
Herms and Mattson 1992; Simms 1992; Pilson
2000). Herbivory tolerant plants typically possess
low quality tissues that are rapidly replaced fol-
lowing defoliation (Haukioja and Koricheva 2000;
Stowe et al. 2000). Weis et al. (2000) define toler-
ance as the ability of a plant ecotype to maintain
growth and fitness despite tissue damage. Com-
pensatory capacity, the ability of a damaged plant
to regrow relative to an undamaged control plant,
is a commonly used measure of assessing herbiv-
ory tolerance. Herbivory resistant plants invest
resources and energy that would otherwise be used
for growth or reproduction into herbivore deter-
rents (Fineblum and Rausher 1995; Mauricio
2000; Strauss et al. 2002). However, because de-
fenses are costly to produce and maintain,
mechanical leaf damage that does not discriminate
between tissue chemistry is likely to have a greater
negative effect on herbivory resistant than her-
bivory tolerant plants. Results from this study
suggest that native Chinese Sapium ecotypes are
herbivory resistant while invasive Texas Sapium
ecotypes are herbivory tolerant.

Other researchers have suggested that an iso-
lated population of introduced plants may lose
resistance to herbivory over time (Blossey and
Nötzold 1995; Daehler and Strong 1997; Willis
et al. 1999; Mack et al. 2000; Mooney and Cleland
2001). Nonetheless, reductions in defense will lead
to greater competitive ability only when the addi-
tional costs of herbivore damage do not exceed the
reduced costs of defense (Coley et al. 1985; Bazzaz
et al. 1987; Maschinski and Whitham 1989;
Mauricio 1998; Agrawal 2000). This phenomenon
may be particularly relevant to exotic plant species
that have escaped their native specialist herbivores
and are unrecognized as a suitable food source by
local generalist herbivores in their new habitat
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(Lankau et al. 2004). Introduced Sapium ecotypes
lack high concentrations of energetically expensive
chemical deterrents found in native ecotypes, yet
do not suffer appreciable herbivore damage in
their introduced range (Siemann and Rogers
2001). This novel combination of low herbivory
despite low investment in defense has increased the
competitive ability of Texas Sapium and poten-
tially contributes to its invasiveness.

Our results showing the compensatory capacity
of Texas Sapium ecotypes to mechanical defolia-
tion are likely to be conservative estimates of its
ability to tolerate damage. A criticism of simulated
herbivory studies is that they often remove more
biomass than herbivores in natural conditions and,
thus, greatly exaggerate the severity of damage
(Hendrix 1988; Tiffin and Inouye 2000). We have
conducted several other studies examining her-
bivory tolerance of Texas Sapium when exposed to
different modes and intensities of defoliation in a
variety of environmental conditions (Rogers et al.
2000; Rogers and Siemann 2002, 2003). In all in-
stances, invasive Texas Sapium ecotypes exhibited
a marked short-term tolerance of simulated her-
bivory damage. Moreover, since compensatory
responses of many long-lived woody plants to
herbivore damage are likely to become manifest
and extend for several years beyond the time of
defoliation (Hendrix 1988; Obeso 1993; Sacchi and
Conner 1999; Haukioja and Koricheva 2000),
rapid compensation observed for invasive Texas
Sapium ecotypes further demonstrates its ability to
survive and regrow after experiencing considerable
levels of tissue loss.

To our knowledge, this is the first comparative
study showing differences in the ability of native
and invasive ecotypes to tolerate foliar herbivory
damage. Van Kleunen and Schmid (2003) recently
conducted a similar simulated herbivory study
with Solidago canadensis, but did not find any
significant demographic differences in the herbiv-
ory tolerance of native and invasive ecotypes.
Bossdorf et al. (2004) demonstrated that Alliaria
petiolata ecotypes from the introduced range were
less defended than native ecotypes, but there were
no significant differences in herbivory tolerance
between the native and introduced populations.
While it is possible that over time Chinese ecotypes
in our current study would compensate for the
mechanical and grasshopper herbivory damage
imposed, the rapid compensation exhibited by

Texas ecotypes emphasizes differences in herbivore
tolerance and growth between native and invasive
Sapium. Moreover, while both Sapium ecotypes
displayed increased growth rates and damaged
plants appeared to increase plant mass in response
to nutrient amendments, damaged Texas ecotypes
exhibited a strong overcompensating response in
diameter growth rate when fertilizer was added.
The ability to readily exploit available nutrients
and convert them into plant mass following dam-
age is characteristic of rapidly growing plant spe-
cies and further evidence of Texas ecotypes fast
growing, herbivory tolerant life history.

An alternative explanation for our results is that
negative effects of damage were observed for
Chinese ecotype seedlings because they were larger
than Texas ecotype seedlings and had more leaf
mass removed in one of the simulated herbivory
trials. We do not believe this accurately accounts
for our findings. A similar argument could claim
that if Texas ecotypes were larger than Chinese
ecotypes, the larger seedlings have greater root
reserves and are better able to compensate for leaf
losses to herbivory. Rather, several lines of re-
search suggest that woody tree seedlings are most
vulnerable when they are small during early life
history stages (Fenner 1987; Meiners and Handel
2000). The results presented here demonstrate
compensation in Texas Sapium ecotypes and neg-
ative effects of damage on the growth of Chinese
Sapium ecotypes. We have also recently reported
that Texas Sapium ecotypes tolerate simulated
root herbivory more effectively than Chinese Sa-
pium ecotypes (Rogers and Siemann 2004). These
patterns of herbivory tolerance are also consistent
with other short-term studies examining herbivory
resistance (Siemann and Rogers 2003b) and long-
term common garden studies comparing native
and invasive Sapium ecotypes (Siemann and
Rogers 2001, 2003c). Repeatedly, we have found
results supporting that invasive Texas Sapium ec-
otypes have undergone a shift away from pos-
sessing well-defended tissues found in native
Sapium ecotypes to producing relatively inexpen-
sive tissues that grow rapidly.

In a separate study, Siemann and Rogers
(2003b) used grasshopper bioassays with paired
potted Sapium seedlings derived from native Chi-
nese and invasive Texas ecotypes to show signifi-
cant herbivore preferences for the foliage of
invasive Texas Sapium seedlings when offered a
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choice, thereby suggesting that native Sapium
ecotypes were more resistant to herbivores because
they contain greater amounts of defense chemicals.
In the companion study reported here, grasshop-
pers were stocked with a single Sapium ecotype
and the seedlings were allowed 7 weeks to regrow
after grasshoppers were removed. Although the
height growth rate was significantly reduced by
grasshopper herbivory, presumably due to the
considerable amount of meristem damage that
occurred, Texas Sapium ecotypes were able to
compensate for herbivory damage such that there
was no statistical difference between the final mass
of damaged and undamaged seedlings. Since
height growth rate is calculated using stem length
measurements from the soil surface to the tallest
meristem, plants that lost their apical dominance
due to grasshopper consumption would expectedly
have reduced growth rates. Comparatively, after
7 weeks of regrowth, height growth rate, above-
and belowground plant mass of Chinese Sapium
ecotypes defoliated by grasshoppers were all sig-
nificantly reduced compared to undamaged plants.
Despite higher amounts of grasshopper herbivory
damage, Texas Sapium ecotypes displayed greater
compensatory regrowth than Chinese Sapium
ecotypes.

It is important to recognize that the two leading
hypotheses for the success of exotic species, Enemy
Release and EICA, share a central premise. Evolu-
tion of invasiveness can only occur if exotic plants
first experience an ecological release fromenemies in
their introduced range that strongly alters selection
pressures and leads to genetic shifts away from
defense allocation and toward greater growth and
reproduction. The Enemy Release hypothesis pre-
dicts that plants become invasive because they have
escaped the specialist pest and pathogens from their
native range. Reestablishing these feeding rela-
tionships by introducing specialist enemies into the
invasive range is the central premise of effective
biological control strategies. The EICA hypothesis
predicts that while genetic changes in introduced
species may contribute to their ecological success, it
may also increase their susceptibility to herbivores
introduced from their native range. It is possible
that this explains the dramatic success of certain
biological control efforts. Effective biological
control may not only result from a reestablishment
of feeding relationships with native specialist
herbivores, but also be attributable to a genetic shift

away from chemical deterrents in the host plant,
thereby increasing susceptibility to native herbi-
vores.

The compensatory capacity of Texas Sapium
ecotypes observed in the studies reported here
likely would not be sustainable in situations where
herbivores were continuously feeding over multi-
ple growing seasons. However, Lankau et al.
(2004) have shown that despite being susceptible to
a dominant herbivore in areas it invades, Texas
Sapium ecotypes are largely avoided due to
behavioral barriers. As a result, these invasive
Sapium ecotypes are not likely to sustain heavy
amounts of continuous damage in the short term.
Nonetheless, the insights reported here into the
herbivory tolerance of invasive Texas ecotype
seedlings compared to the decreased growth of
defoliated native Chinese ecotype seedlings pro-
vides further evidence of differences between
native and invasive Sapium ecotypes that is con-
sistent with the EICA hypothesis and will prove
useful for land managers attempting to devise
control strategies for this and other problematic
invasive species.
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