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EFFECTS OF SIMULATED HERBIVORY AND RESOURCES
ON CHINESE TALLOW TREE (SAPIUM SEBIFERUM,
EUPHORBIACEAE) INVASION OF NATIVE
COASTAL PRAIRIE?
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Trade-offs associated with maintaining herbivory resistance and herbivory tolerance are frequently inferred in plant life histories.
Invasive success for many non-native plants is often attributed to novel resistance that repels native herbivores. Chinese tallow tree
(Sapium sebiferum, Euphorbiaceae) is a non-native invader that threatens ecosystems throughout the southeastern United States, in-
cluding imperiled coastal prairie regions. Low herbivore loads due to costly resistance are generally assumed to give Sapium a
competitive advantage over native plants. We predicted that if Sapium experienced higher damage levels it would show significant
decreases in growth and reduced ability to compete with native prairie vegetation. We conducted full-factorial, paired greenhouse and
field experiments designed to assess the effects of simulated leaf herbivory on Sapium growth in the presence of prairie vegetation at
different levels of light and nitrogen. Contrary to our expectations, neither low-intensity, chronic defoliation nor high-intensity, acute
defoliation negatively affected Sapium seedlings in any resource combination in either experiment. These studies reveal that Sapium
possesses considerable phenotypic plasticity, and herbivory tolerance is a newly appreciated trait that likely contributes to its invasive

potential.
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Non-native species introductions are a threat to the biolog-
ical integrity of ecosystems worldwide (Cronk and Fuller,
1995; Mack et a., 2000; Pimentel et al., 2000). Although de-
liberately introduced perennial woody species are among the
least common invasive plants (Baker, 1974; Reichard and
Hamilton, 1997), they are frequently the most aggressive in-
vaders of natural habitats (Vitousek and Walker, 1989; Schi-
erenbeck, Mack, and Sharitz, 1994; Fleischmann, 1997; Rich-
ardson, 1998). Sapium sebiferum [(L.) Roxb., Euphorbiaceae,
Chinese tallow tree] is a major woody invader in the south-
eastern United States (Bruce, Cameron, and Harcombe, 1995;
Jubinsky and Anderson, 1996). Once established, it aggres-
sively displaces native plants and forms monotypic woodland
thickets (Bruce et a., 1997; Grace, 1998).

Phenotypic plasticity and differences in resource acquisition
abilities have been identified as fundamental traits contributing
to the invasiveness of introduced plants (Bazzaz, 1986; Dukes
and Mooney, 1999; Alpert, Bone, and Holzapfel, 2000; Davis,
Grime, and Thompson, 2000). The rapid decomposition of
Sapium litter makes available nitrogen concentrations under
Sapium trees nearly double those beneath native prairie veg-
etation (Cameron and Spencer, 1989), which creates nutrient
feedbacks that potentially contribute to the invasion of coastal
grasslands. Also, the ability to grow efficiently in awide range
of light conditions may partially explain Sapium’'s successful
invasion of a variety of different habitats (Jones and McL eod,
1989; Rogers and Siemann, 2002). Sapium seedlings are ca-
pable of rapid growth in full sunlight and sustained, moderate
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growth under low light levels, where their growth rates are
frequently higher than many native, shade-tolerant tree species
(Jones and McLeod, 1989, 1990).

Different resource availabilities also affect herbivore selec-
tivity and the ability of plantsto respond to herbivores (Bazzaz
et al., 1987; Trumble, Kolodny-Hirsch, and Ting, 1993; Stowe
et al., 2000; Lill and Marquis, 2001). Sapium’s success as an
invader is frequently attributed to a lack of pests and patho-
gens (Scheld and Cowles, 1981; Harcombe, Cameron, and
Glumac, 1993; Jubinsky and Anderson, 1996; Bruce et al.,
1997), and its leaves purportedly contain secondary metabo-
lites that maintain resistance to both native vertebrate and in-
vertebrate herbivores (Russell, Schwartz, and Dollahite, 1969,;
Cameron and Spencer, 1989; Jubinsky and Anderson, 1996).
Repeated observations confirm that Sapium experiences very
low levels of herbivory in its introduced range (Scheld and
Cowles, 1981; Siemann and Rogers, 2001). Ecological theory
holds that a trade-off exists between herbivory resistance (i.e.,
mechanisms that reduce the probability of defoliation) and her-
bivory tolerance (i.e., mechanisms that facilitate regrowth fol-
lowing defoliation) (van der Meijden, Wijn, and Verkaar,
1988; Herms and Mattson, 1992; Simms, 1992; Fineblum and
Rausher, 1995). Thus, herbivory-resistant plants invest re-
sources and energy that would otherwise be used for growth
or reproduction into producing and maintaining chemical or
physical herbivore deterrents, while herbivory-tolerant plants
rapidly regrow following defoliation and compensate for mass
lost to herbivore damage via high growth rates.

Because Sapium leaves are believed to possess costly anti-
herbivore defenses we expected artificially damaged seedlings
to show significant decreases in growth while competing for
resources with native vegetation. We also proposed that de-
creased Sapium growth due to leaf damage could be partially
compensated for by increasing light and soil nutrients because
fertile conditions are known to reduce the negative effects of
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TaBLE 1. Treatments in greenhouse experiments and in field studies conducted at the University of Houston Coastal Center, Texas, USA.

Greenhouse experiment

Field experiment

Shade

SO = high light (ambient greenhouse)

S1 = low light (87% reduction with cloth)
Nitrogen

NO = no nitrogen fertilization

N1 = 14 g N/m? added as NH;NO,
Simulated herbivory

CNT = control, no simulated herbivory
LCD = low-intensity, chronic defoliation
HAD = high-intensity, acute defoliation

SO = high light (58.6% increase with tiebacks)
S1 = low light (ambient prairie understory)

NO = no nitrogen fertilization
N1 = 14 g N/m? added as NH;NO,

CNT = control, no simulated herbivory
LCD = low-intensity, chronic defoliation
HAD = high-intensity, acute defoliation

herbivores (Coley, Bryant, and Chapin, 1985; Mashinski and
Whitham, 1989; Louda, Keeler, and Holt, 1990; Hunter and
Price, 1992). To test these predictions, we conducted paired
greenhouse and field experiments designed to assess the effects
of different types of defoliation at different levels of light and
nitrogen on Sapium seedlings grown in the presence of native
coastal prairie.

MATERIALS AND METHODS

Study species—Sapium sebiferum was originaly introduced to the United
States in 1772, but has only recently become an invader of many habitats
throughout the southeastern United States (Bruce, Cameron, and Harcombe,
1995; Jubinsky and Anderson, 1996). It is monecious and has insect-pollinated
flowers from April through June (Bruce et a., 1997). Fruits ripen from August
to November, and seeds are dispersed by many bird species (Barrow et a.,
2000; Renne, Gauthreaux, and Gresham, 2000). 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, colorful fall fo-
liage, abundant flowers, and seeds rich in oils have encouraged extensive
planting of Sapium for ornamental purposes, biomass production, industrial
oils, and a nectar crop (Scheld and Cowles, 1981). It readily escapes culti-
vation throughout the southeastern United States, and Sapium invasions se-
riously threaten many native ecosystems, including endangered coastal prai-
ries (Bruce, Cameron, and Harcombe, 1995; Grace, 1998; Barrileaux and
Grace, 2000). Once established, it is capable of aggressively displacing native
plants and transforming diverse habitats into biotically depauperate woodland
thickets (Bruce et a., 1997; Grace, 1998).

Greenhouse experiment—In December 1999, 48 clona bunches of Schi-
zachyrium scoparium were excavated from the University of Houston Coastal
Center, a research area located approximately 50 km southeast of Houston,
Texas, USA (see below for site description). The excavated bunches were
reduced to fit into 9-L pots (24-cm diameter) and transferred to an unheated
greenhouse at Rice University. After the grasses senesced in January 2000
(typical for Texas Gulf Coast graminoids), we clipped the vegetation 2.5 cm
above the soil surface. This material was dried and weighed. In the same
greenhouse, we germinated Sapium seeds collected from trees at the Coastal
Center in November and December 1999. Following 1 mo of Schizachyrium
regrowth, we planted a single newly sprouted Sapium seed into the middle of
each clonal bunch on 18 February 2000. Sapium seedlings al had true leaves
after less than 1 mo of growth in the pots. Focusing on early life-history
stages has a greater capacity for revealing mechanisms that regulate com-
munity dynamics because young seedlings are frequently more susceptible to
environmental stress than older plants (Fenner, 1987; Meiners and Handel,
2000).

We initiated the 15-wk experiment on 15 March 2000 and recorded initial
Sapium stem heights, diameters, and leaf numbers. We measured stem height
of each seedling from the soil surface to the tip of the apical meristem and
measured stem diameter at the soil surface with a digital caliper. Each pot

was randomly assigned a full-factorial treatment combination involving shade,
nitrogen fertilization, and simulated leaf herbivory on the Sapium seedlings
(Table 1). Plants in the shade treatment were placed under a black polypro-
pylene shade cloth that intercepted approximately 87% photosynthetically ac-
tive radiation present in the greenhouse as measured by weekly readings with
a Decagon Accupar Linear Ceptometer (Decagon Devices, Pullman, Wash-
ington, USA). Unshaded plants received ambient greenhouse light that was
reduced to 75% outdoor sunlight due to attenuation by glass panes. We rotated
plants within each shade treatment frequently. Plants in nitrogen fertilization
treatments received 14 g/n?? of nitrogen added as ammonium nitrate in weeks
1, 3,5, 7,9 11, and 13 (2 g N/m? per addition).

Although infrequently observed, small holes presumably created by chew-
ing insects are the most common form of leaf damage observed on naturally
growing Sapium seedlings (W. E. Rogers, persona observation). Thus, we
simulated leaf herbivory with a steel paper hole punch (6.3 mm diameter).
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). However, this type of
simulated leaf herbivory can provide an adequate representation of the de-
creased |eaf area and mass loss experienced by herbivore-damaged tree seed-
lings (Hendrix, 1988; Marquis, 1992; Stowe, 1998; Tiffin and Inouye, 2000).

Hole punches were randomly and independently assigned to leaves. If pos-
sible, we did not punch midveins to prevent unintended magnification of the
damage, and new leaves near the top of each seedling were excluded to protect
apical meristems and avoid affecting branching dynamics (Marquis, 1992).
Because partia herbivory rarely leads directly to the mortality of a seedling
(Fenner, 1987), two types of simulated leaf herbivory treatments were used
to defoliate Sapium seedlings to assess which caused the greatest reduction
in competitive ability (Hendrix, 1988). The first treatment was a low-intensity,
chronic defoliation (LCD; Table 1). We punched six leaf holes per seedling
during weeks 4, 6, 8, 10, and 12 for a cumulative total of 30 leaf punches.
Approximately 20% leaf area was removed initially, but as the seedlings grew
larger, subsequent defoliations removed less area. The second simulated her-
bivory treatment was a high-intensity, acute defoliation (HAD) designed to
simulate an outbreaking insect (Table 1). For the HAD treatment we punched
30 leaf holes in the Sapium seedlings during week 8. This constituted a mean
of >60% estimated leaf area removed. Although the same number of leaf
holes were punched for LCD and HAD treatments, the tempo and potential
effect of the damage differed considerably.

Throughout the experiment, non-Schizachyrium plants (mostly forbs and
sedges) that germinated in the pots were removed. In order to prevent un-
controlled background herbivory, we periodicaly sprayed esfenvalerate (tra-
dename Asana XL, DuPont Agricultural Products, Wilmington, Delaware,
USA) on the plants. We have conducted separate phytotoxicity tests and found
no negative effects of this insecticide on Sapium or Schizachyrium plant mass
(E. Siemann, unpublished data). All pots were watered daily or as needed.

At the end of 15 wk (105 d) we measured find Sapium stem heights,
diameters, leaf numbers, and leaf area. Leaf area was estimated from the
length and width of three leaves systematically selected near the top, middle,
and bottom of each seedling. This measure strongly correlates with comput-
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erized leaf scans due to the obovate shape of Sapium leaves (W. E. Rogers,
unpublished data). Sapium stems and Schizachyrium shoots were clipped at
the soil base, Sapium leaves were removed from the stems, and roots were
gently washed from the soil. Sapium and Schizachyrium roots were visually
distinguishable and carefully separated. Sapium root growth did not reach the
bottom of any pot; thus, none of the tree seedlings appeared to be growth-
limited by rooting space. Leaves, stems, and roots of Sapium and shoots and
roots of Schizachyrium were dried at 60°C for at least 72 h and weighed

separately.

Field experiment—A companion field study was designed to complement
the greenhouse study. This experiment was conducted in a Schizachyrium-
dominated coastal prairie at the University of Houston Coastal Center that
was last mowed in May 1999. The regional climate is semitropical with 1200-
mm mean rainfall and a 250-d growing season (Scheld and Cowles, 1981;
Harcombe, Cameron, and Glumac, 1993). Soils are Lake Charles clay (fine,
montmorillonitic, thermic Typic Pelludert) containing a 40-60% clay content
(Anonymous, 1988). The annually mowed coastal grassland areas primarily
consist of perennial grasses (75% of mass) with vegetation cover dominated
by Schizachyrium scoparium (34%), Paspalum plicatum (10%), and Tripsa-
cum dactyloides (6%) (Harcombe, Cameron, and Glumac, 1993). A diverse
assemblage of graminoids, perennial forbs, and shrubs comprise the remaining
plant cover except unmowed or unburned areas are predominantly monospe-
cific Sapium woodlands (Harcombe, Cameron, and Glumac, 1993; Bruce,
Cameron, and Harcombe, 1995).

Sapium seeds were individually germinated in an unheated greenhouse in
single-celled, 100-mL conetainers (Stuewe and Sons, Corvallis, Oregon, USA)
containing surface soil collected from the Coastal Center. After growing in
the greenhouse for approximately 1 mo, the seedlings were transferred out-
doors, placed beneath a 50% shade cloth for 2 wk, and watered daily.

We established a grid of 1-m? plotsin the prairie and transplanted a Sapium
seedling in the center of alternating plots so that all seedlings were aminimum
of 2 m apart. A total of 48 Sapium seedlings were transplanted. The plots
were watered periodically to minimize transplant mortality. One seedling died
and was replaced the first week after transplanting. We initiated the 15-wk
experiment on 17 May 2000, 2 wk after transplanting Sapium seedlings into
the field, and recorded initial Sapium stem heights, diameters, and leaf num-
bers. Experimental treatments were analogous to the greenhouse experiment,
but field contingencies required some changes in the manipulations (Table 1).
In particular, rather than erecting shade cloths over plots in the field we ma-
nipulated light by pulling back the herbaceous prairie vegetation using wire
tomato cages (S0). This increased light to the Sapium seedling by approxi-
mately 58.6% compared with the shaded conditions beneath the undisturbed
prairie canopy (S1). Nitrogen additions were similar to the greenhouse ex-
periment, except the ammonium nitrate was dissolved in approximately 8 L
of water and applied equally to the entire 1-m? plot. Control plots received
equal amounts of water. Simulated herbivory treatments were administered in
the same way as in the greenhouse experiment.

In order to minimize the effects of a prolonged drought in East Texas and
improve comparisons with the daily watered greenhouse experiment, we erect-
ed sprinklers on site and watered the plots once weekly. Again, we periodi-
cally sprayed esfenvalerate on the vegetation to prevent uncontrolled back-
ground herbivory.

At the end of 15 wk (105 d) we measured finad Sapium stem heights,
diameters, leaf numbers, and leaf area. Sapium stems were clipped at the soil
base, and leaves were clipped from stems. A 0.1-m? frame was used to clip
aboveground prairie vegetation in each plot. Leaves and stems of Sapium and
clipped prairie mass were dried at 60°C for 72 h and weighed separately.

Data analyses—For both experiments, Sapium growth rates [In(final mea-
surement/initial measurement)] were calculated for stem height and stem di-
ameter. New Sapium leaves added were calculated by subtracting final |eaf
numbers from initial leaf numbers. We examined the data for normality and
used analysis of variance to compare among experimental treatments
(StatView 5.0, SAS Institute, Cary, North Carolina, USA). Sapium seedlings
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that died in the greenhouse experiment were included as zeros for mass but
excluded from growth rate analyses.

RESULTS

Greenhouse experiment—All newly germinated Sapium
seeds placed in the Schizachyrium pots became established and
grew vigorously for 4 wk prior to initiating shade, nitrogen,
and herbivory treatments. While we expected some Sapium
seedlings receiving the high-intensity, acute defoliation treat-
ment (HAD) would suffer mortality due to the negative effects
of ssimulated herbivory, none of the seedlings in this treatment
died, but rather regrew vigorously and quickly replaced lost
leaves. Unexpectedly, several control seedlings died late in the
experiment. None of the seedlings that died looked unhealthy
prior to their rapid wilting and desath. This phenomenon has
also been observed for both transplanted and naturally estab-
lished Sapium seedlingsin field conditions (W. E. Rogers, per-
sonal observation).

At the end of 15 wk, Sapium height growth rate was sig-
nificantly increased by nitrogen additions (F,;, = 5.56; P =
0.025), but not affected by shade, smulated leaf herbivory, or
any interactions among experimental variables (Fig. 1A). Sap-
ium diameter growth rate was not significantly affected by any
experimental variables (not shown). Only shade significantly
increased the number of new Sapium leaves added (F, 5 =
6.11; P = 0.019; Fig. 2A) and mean leaf area (F,5 = 22.09;
P < 0.0001; Fig. 2B). Sapium shoot (leaves + stem) mass
was not significantly affected by any experimental variables
as main effects or in interaction, although there was a trend
for additional nitrogen to increase shoot mass (F, 5 = 3.10; P
= 0.087; Fig. 3A). Shade significantly decreased both Sapium
root mass (F,, = 5.48; P = 0.025; Fig. 3B) and Sapium
root : shoot mass ratio (F,;, = 53.4; P < 0.0001). A signifi-
cant nitrogen by herbivory interaction also reveaed that sim-
ulated herbivory increased Sapium root : shoot mass without
nitrogen, but simulated herbivory decreased root : shoot mass
with additional nitrogen (F, = 5.78; P = 0.007). Shade sig-
nificantly decreased Schizachyrium shoot mass (F,;, = 11.38;
P = 0.002; Fig. 3C), root mass (F,, = 11.66; P = 0.002;
Fig. 3D), and root : shoot massratio (F, 5 = 9.41; P = 0.004).
The ratio of Sapium mass: total plant mass (Sapium + Schi-
zachyrium), a measure of post-invasion success, was signifi-
cantly increased by nitrogen additions (Table 2).

Field experiment—All Sapium seedlings survived the 15-
wk field experiment. Seedlings that did not receive simulated
herbivory sustained less than 3% natural leaf damage by the
end of the study. As in the greenhouse experiment, Sapium
height growth rate was significantly increased by nitrogen
(F13 = 6.32; P = 0.017), but shade, simulated leaf herbivory,
and interactions among experimental variables had no signif-
icant effects (Fig. 1B). Again, Sapium diameter growth rate
was not significantly affected by any experimental treatments
(not shown). Nitrogen significantly decreased the number of
new Sapium leaves added (F, 5 = 4.77; P = 0.036; Fig. 2C)
while significantly increasing mean leaf area (F, ., = 15.85; P
= 0.0003; Fig. 2D). Nitrogen significantly increased both Sap-
ium shoot mass (F,;, = 6.59; P = 0.015; Fig. 4) and above-
ground Sapium mass : aboveground total plant mass (Table 2).

DISCUSSION

Our results support claims that the invasive potential of Sap-
ium sebiferum is due to both a lack of herbivore regulation
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Fig. 1. Mean stem height growth rate (+1 SE) for (A) greenhouse-experiment (N = 43) and (B) field-experiment (N = 48) Sapium seedlings grown in

full-factorial combinations of shade, nitrogen, and simulated leaf herbivory.

Figure abbreviations: CNT, control, no simulated herbivory; HAD, high-intensity, acute defoliation; LCD, low-intensity, chronic defoliation; NO, no nitrogen

fertilizer; N1, 14 g N/n? added; SO, high light; S1, low light.

and an ability to thrive in a variety of resource conditions
(Scheld and Cowles, 1981; Jubinsky and Anderson, 1996;
Bruce et al., 1997; Siemann and Rogers, 2001). However,
while previous assertions regarding the lack of herbivore reg-
ulation imply that herbivores are deterred by costly herbivory
resistance (Russell, Schwartz, and Dollahite, 1969; Cameron
and Spencer, 1989; Jubinsky and Anderson, 1996), our current
studies suggest that herbivory tolerance, expressed as pheno-
typic plasticity and rapid compensatory regrowth, is an addi-
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tional explanation for Sapium'’s success. Phenotypic plasticity
has been identified as a fundamental trait contributing to the
invasiveness of many non-native plants (Bazzaz, 1986; Alpert,
Bone, and Holzapfel, 2000), hence Sapium's resilience is like-
ly a key factor in its success.

There was marked similarity between results for the green-
house and field experiments. Although there were some sta-
tistical differences, the majority of measured variables in both
studies observed commensurate responses to experimental
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treatments. For instance, Sapium seedlings grew quite well
without supplemental nutrients, but nitrogen fertilization sig-
nificantly increased height growth rate in both greenhouse and
field studies. Similarly, additional nitrogen significantly in-
creased Sapium shoot mass in the field experiment and tended
to increase shoot mass in the greenhouse study. Nitrogen did
not affect the number of Sapium leaves or mean leaf surface
area in the greenhouse study. However, in the field experiment
nitrogen fertilization significantly decreased the number of
Sapium leaves while significantly increasing mean leaf surface
area possibly suggesting an allocation trade-off. Our study also
revealed that elevated nitrogen levels in both experiments sig-
nificantly increased Sapium mass relative to grassland vege-
tation, thereby suggesting coastal prairie sites are more sus-
ceptible to Sapium invasion with increased fertility. Davis,
Grime, and Thompson (2000) provide an alternative expla-
nation for the increased severity of invasion caused by addi-
tional nitrogen. Their theory suggests an invader need not be
a better competitor for resources, but rather an increase in
resource availability causes a temporary reduction in compet-
itive interactions and provides opportunities for new species
to become established (Davis, Grime, and Thompson, 2000;
Davis and Pelsor, 2001). Additional studies are underway to

TABLE 2.

determine the role resource fluctuations play in Sapium inva-
sions.

Experimental light manipulations in the field experiment did
not significantly affect any aspect of Sapium growth. Sapium
seedlings grew equally well beneath the undisturbed prairie
vegetation and with canopy tiebacks that increased light avail-
ability. Other research has shown that Sapium grows vigor-
oudly in a variety of light environments (Jones and McL eod,
1989, 1990; Rogers and Siemann, 2002). However, markedly
lower light levels beneath the greenhouse shade cloth signifi-
cantly affected both Sapium and Schizachyrium growth. Shade
significantly increased both number and mean surface area of
Sapium leaves in the greenhouse study. Accordingly, increased
shade decreased Sapium root mass and root : shoot mass. In-
creased shade also decreased Schizachyrium shoot mass, root
mass, and root : shoot mass.

While Sapium’s various responses to different resource con-
ditions provide interesting new insights into its competitive
ability, the most striking result from these combined studiesis
the absence of any appreciable effects of either defoliation
treatment on Sapium growth. Despite the removal of consid-
erable leaf area and mass, neither low-intensity, chronic de-
foliation nor high-intensity, acute defoliation had any statisti-

Mean (=1 SE) effect and analysis of variance for the role of supplemental nitrogen in post-invasion success of Sapium as measured by

total Sapium mass/(total Sapium + total Schizachyrium mass) in the greenhouse experiment (N = 48) and aboveground Sapium mass/(above-
ground Sapium + aboveground prairie mass) in the field experiment (N = 48).

No nitrogen 14 g N/m?
Experiment added (NO) added (N1) ANOVA
Greenhouse 0.003 = 0.001 0.006 * 0.001 Fiss = 4.36; P = 0.044
Field 0.004 = 0.001 0.006 = 0.001 Fi3 = 4.27; P = 0.046
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Fig. 4. Mean Sapium shoot mass (+1 SE) for field-experiment seedlings
(N = 48) grown in full-factorial combinations of shade, nitrogen, and simu-
lated leaf herbivory.

cally significant effects on Sapium height or diameter growth
rates, new leaves added, average leaf surface area, or any mea-
sure of shoot or root mass. Sapium fully compensated for both
types of simulated leaf herbivory in all conditions.

Previous studies have shown Sapium is able to tolerate dif-
ferent levels of chronic leaf herbivory when grown without
competition for resources (Rogers et al., 2000; Rogers and
Siemann, 2002). However, we predicted that Sapium would
not be able to fully compensate for lost leaf tissue while con-
currently competing with native vegetation for limited resourc-
es, particularly if defoliation was severe (e.g., Coley, Bryant,
and Chapin, 1985; Maschinski and Whitham, 1989; Louda,
Keeler, and Holt, 1990). This was not the case. Rather, these
experiments revealed that Sapium is remarkably tolerant of
intense defoliation levels and able to fully compensate for lost
leaf mass under a variety of resource levels in competitive
conditions. The morphological plasticity of Sapium is exhib-
ited in the greenhouse study, where root : shoot mass was sig-
nificantly affected by a nitrogen and herbivory interaction. In
these conditions, Sapium invested more mass in roots in the
absence of herbivory, but defoliation shifted allocation toward
rebuilding lost leaf mass with added soil nitrogen. Regardless
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tively impact Sapium growth in any resource condition.
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strated that the increased competitive ability and invasive suc-
cess of introduced Sapiumis likely due to a genetically deter-
mined reallocation away from costly anti-herbivore defenses
toward increased rapid growth and reproduction. In other
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remains consistent with our current results and suggests that

BAKER, H. 1974. The evolution of weeds. Annual Review of Ecology and
Systematics 5: 1-24.

BARRILLEAUX, T. C., AND J. B. GRACE. 2000. Growth and invasive potential
of Sapium sebiferum (Euphorbiaceae) within the coastal prairie region:
the effects of soil and moisture regime. American Journal of Botany 87:
1099-1106.

Barrow, W. C., R. B. HAMILTON, M. A. PoweLL, AND K. OucHLEY. 2000.
Contribution of landbird migration to the biological diversity of the
Northwest Gulf Coastal Plain. Texas Journal of Science 52S: 151-172.

Bazzaz, FE A. 1986. Life history of colonizing plants: some demographic,
genetic and physiological features. In H. Mooney and J. Drake [eds],
Ecology of biologica invasions of North America and Hawaii, 96-110.
Springer-Verlag, New York, New York, USA.

Bazzaz, E A., N. R. CHIARIELLO, P. D. CoLEY, AND L. FE PITELKA. 1987.
Allocating resources to reproduction and defense. BioScience 37: 58-67.

BLossey, B., AND R. NoTzOoLD. 1995. Evolution of increased competitive
ability in invasive nonindigenous plants: a hypothesis. Journal of Ecol-
ogy 83: 887-889.

BRuUcE, K. A., G. N. CAMERON, AND P A. HARCOMBE. 1995. Initiation of a
new woodland type on the Texas coastal prairie by the Chinese tallow
tree (Sapium sebiferum (L.) Roxb.). Bulletin of the Torrey Botanical Club
122: 215-225.

Brucek, K. A., G. N. CAMERON, P A. HARCOMBE, AND G. JUBINSKY. 1997.
Introduction, impact on native habitats, and management of a woody
invader, the Chinese tallow tree, Sapium sebiferum (L.) Roxb. Natural
Areas Area 17: 255-260.

CAMERON, G. N., AND S. R. SPENCER. 1989. Rapid leaf decay and nutrient
release in a Chinese tallow forest. Oecologia 80: 222—228.

CoLEY, P D., J. P BRYANT, AND F S. CHAPIN. 1985. Resource availability
and plant antiherbivore defense. Science 230: 895-899.

CRONK, Q. C. B., AND J. FULLER. 1995. Plant invaders. Chapman and Hall,
London, UK.

DAEHLER, C. C., AND D. R. STRONG. 1997. Reduced herbivore resistance in
introduced smooth cordgrass (Spartina alterniflora) after a century of
herbivore-free growth. Oecologia 110: 99-108.

Davis, M. A., J. R GRIME, AND K. THOMPSON. 2000. Fluctuating resources
in plant communities: a general theory of invasibility. Journal of Ecology
88: 528-534.

Davis, M. A., AND M. PELSOR. 2001. Experimental support for a resource-
based mechanistic model of invasibility. Ecology Letters 4: 421-428.

DuKEs, J. S., AND H. A. MooNEY. 1999. Does global change increase the
success of biological invaders? Trends in Ecology and Evolution 14:
135-139.

FENNER, M. 1987. Seedlings. Canadian Journal of Botany 106: 35-47.

FiNeBLUM, W. L., AND M. D. RAUSHER. 1995. Tradeoff between resistance
and tolerance to herbivore damage in a morning glory. Nature 377: 517—
520.

FLEIscHMANN, K. 1997. Invasion of aien woody plants on the islands of
Mahé and Silhouette, Seychelles. Journal of Vegetation Science 8: 5-12.

GRACE, J. B. 1998. Can prescribed fire save the endangered coastal prairie
ecosystem from Chinese tallow invasion? Endangered Species Update
15: 70-76.

HARrcomBE, P A., G. N. CAMERON, AND E. G. GLumMAC. 1993. Aboveground
net primary productivity in adjacent grassland and woodland on the
coastal prairie of Texas. Journal of Vegetation Science 4: 521-530.

HeNDRIX, S. D. 1988. Herbivory and its impact on plant reproduction. In J.



February 2003]

Lovett-Doust and L. Lovett-Doust [eds.], Plant reproductive ecology: pat-
terns and strategies, 246-263. Oxford University Press, New York, New
York, USA.

Herwms, D. A., AND W. J. MATTSON. 1992. The dilemma of plants: to grow
or to defend. Quarterly Review of Biology 67: 283-335.

HUNTER, M. D., AND P W. PriCE. 1992. Playing chutes and ladders: hetero-
geneity and the relative roles of bottom-up and top-down forces in nat-
ural communities. Ecology 73: 724—732.

JonEs, R. H., AND K. W. McLeop. 1989. Shade tolerance in seedlings of
Chinese tallow tree, American sycamore, and cherrybark oak. Bulletin
of the Torrey Botanical Club 116: 371-377.

JoNEs, R. H., AND K. W. McLEeop. 1990. Growth and photosynthetic re-
sponses to a range of light environments in Chinese tallow tree and
Carolina ash seedlings. Forest Science 36: 851-862.

JuBINSKY, G., AND L. C. ANDERSON. 1996. The invasive potential of Chinese
tallow tree (Sapium sebiferum Roxb.) in the southeast. Castanea 61: 226—
231.

KARrBAN, R., AND |. T. BALbwiIN. 1997. Induced responses to herbivory.
University of Chicago Press, Chicago, Illinois, USA.

LiLt, J. T., AND R. J. MARQuIs. 2001. The effects of leaf quality on herbivore
performance and attack from natural enemies. Oecologia 126: 418-428.

Loupa, S. M., K. H. KEELER, AND R. D. HoLT. 1990. Herbivore influence
on plant performance and competitive interactions. In J. Grace and D.
Tilman [eds.], Perspectives on plant competition, 413-444. Academic
Press, New York, New York, USA.

Mack, R. N., D. SMBERLOFF, W. M. LONSDALE, H. EvANS, M. CLOUT, AND
F A. Bazzaz. 2000. Biotic invasions: causes, epidemiology, global con-
sequences, and control. Ecological Applications 10: 689—710.

MARQuis, R. J. 1992. The selective impact of herbivores. In R. S. Fritz and
E. L. Simms [eds], Plant resistance to herbivores and pathogens: ecol-
ogy, evolution, and genetics, 301-325. University of Chicago Press, Chi-
cago, Illinois, USA.

MASCHINSKI, J., AND T. WHITHAM. 1989. The continuum of plant responses
to herbivory: the influence of plant association, nutrient availability and
timing. American Naturalist 134: 1-19.

MEINERS, S. J.,, AND S. N. HANDEL. 2000. Additive and nonadditive effects
of herbivory and competition on tree seedling mortality, growth, and
alocation. American Journal of Botany 87: 1821-1826.

MooNEY, H. A., AND E. E. CLELAND. 2001. The evolutionary impact of
invasive species. Proceedings of the National Academy of Science, USA
98: 5446-5451.

PIMENTEL, D., L. LACH, R. ZuNiGA, AND D. MORRISON. 2000. Environmental
and economic costs of nonindigenous species in the United States. Bio-
science 50: 53-65.

REICHARD, S. H., AND C. W. HAMILTON. 1997. Predicting invasions of woody

ROGERS AND SIEMANN—EXOTIC TREE INVASION OF COASTAL PRAIRIE 249

plants introduced into North America. Conservation Biology 11: 193—
203.

RENNE, I. J., S. A. GAUTHREAUX, AND C. A. GRESHAM. 2000. Seed dispersal
of the Chinese tallow tree (Sapium sebiferum (L.) Roxb.) by birds in
coastal South Carolina. American Midland Naturalist 144: 202-215.

RICHARDSON, D. M. 1998. Forestry trees as invasive aliens. Conservation
Biology 12: 18-26.

RoGERSs, W. E., S. NIJER, C. L. SMITH, AND E. SIEMANN. 2000. Effects of
resources and herbivory on leaf morphology and physiology of Chinese
tallow (Sapium sebiferum) tree seedlings. Texas Journal of Science 52S:
43-56.

RoGERs, W. E., AND E. SIEMANN. 2002. Effects of simulated herbivory and
resource availability on native and invasive exotic tree seedlings. Basic
and Applied Ecology 4: 297-307.

RusseLL, L., W. ScHWARTZ, AND J. DOLLAHITE. 1969. Toxicity of Chinese
tallow tree (Sapium sebiferum) for ruminants. American Journal of Vet-
erinary Research 30: 1233-1238.

ScHELD, H. W., AND J. R. CowLEs. 1981. Woody biomass potential of the
Chinese tallow tree. Economic Botany 35: 391-397.

ScHIERENBECK, K. A., R. N. MAckK, AND R. R. SHARITZz. 1994. Effects of
herbivory on growth and biomass alocation in native and introduced
species of Lonicera. Ecology 75: 1661-1672.

SIEMANN, E., AND W. E. RoGERs. 2001. Genetic differences in growth of an
invasive tree species. Ecology Letters 4: 514-518.

Simms, E. L. 1992. Costs of plant resistance to herbivory. In R. S. Fritz and
E. L. Simms [eds], Plant resistance to herbivores and pathogens: ecol-
ogy, evolution, and genetics, 392—425. University of Chicago Press, Chi-
cago, Illinois, USA.

Stowe, K. A. 1998. Experimental evolution of resistance in Brassica rapa:
correlated response of tolerance in lines selected for glucosinolate con-
tent. Evolution 52: 703-712.

Stowk, K. A., R. J. MARQuIs, C. G. HOCHWENDER, AND E. L. Simms. 2000.
The evolutionary ecology of tolerance to consumer damage. Annual Re-
view of Ecology and Systematics 31: 565-595.

TiFFIN, P, AND B. INouYE. 2000. Measuring tolerance to herbivory: accuracy
and precision of estimates made using natural versus imposed damage.
Evolution 54: 1024-1029.

TRUMBLE, J., D. KoLobNy-HIRscH, AND I. TING. 1993. Plant compensation
for arthropod herbivory. Annual Review of Entomology 38: 93-119.
VAN DER MEIJDEN, E., M. WIIN, AND H. J. VERKAAR. 1988. Defence and
regrowth, alternative strategies in the struggle against herbivores. Oikos

51: 355-363.

ViTousek, P, AND L. WALKER. 1989. Biological invasion by Myrica faya in
Hawaii: plant demography, nitrogen fixation, ecosystem effects. Ecolog-
ical Monographs 59: 247-265.

WiLLis, A., J. MEMMOTT, AND R. FORRESTER. 2000. |s there evidence for
post-invasion evolution of increased size among invasive plant species.
Ecology Letters 3: 275-283.



