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Abstract

Many native plant communities are replaced by exotic monocultures that may be successional stages or
persistent community types. We surveyed a stand of Sapium sebiferum (Chinese Tallow Tree) that
replaced tallgrass prairie in Texas and performed experiments with seeds and seedlings to determine the
contributions of recruitment limitation and natural enemy release to allowing such a forest type to per-
sist or to allowing native species to reduce Sapium dominance. The stand was dominated by Sapium,
especially for mature trees (>99%) and annual seed input (97%) but less so for saplings (80%). Field
sown Sapium seeds had lower germination and survival rates than Celtis seeds. Together with the
extreme dominance of Sapium in seed rain this suggests that native species are currently recruitment lim-
ited in this stand by seed supply but not by germination, early growth or survival. To investigate
whether Sapium may benefit from low herbivory or diseases, we transplanted Sapium and Celtis seed-
lings into the forest and manipulated foliar fungal diseases and insect herbivores with sprays. As
predicted, insect herbivores caused greater damage to Celtis seedlings than to Sapium seedlings. How-
ever, suppression of insect herbivores caused significantly greater increases in survivorship of Sapium
seedlings compared to Celtis seedlings. This suggests that herbivores in the understory of this Sapium
forest may significantly reduce Sapium seedling success. Such a pattern of strong herbivore impact on
seedlings growing near adult conspecifics was unexpected for this invasive species. However, even with
insects and fungi suppressed, Sapium seedling performance was poor in this forest. Our results point
towards Sapium as a successional species in a forest that will eventually be dominated by native trees
that are currently recruitment limited but outperform Sapium in the understory.

Introduction

Exotic plants may form monocultures in benign
environments that historically supported a
diverse assemblage of native species (Mack
et al. 2000). In contrast, persistent native com-
munities that are heavily dominated by a single
species typically occur in stressful conditions
such as extreme temperature, salinity or hydrol-
ogy (Waide et al. 1999). In such cases, the
dominance of a single species is thought to

reflect unusual adaptations that allow survival
in the harsh abiotic conditions. In benign envi-
ronments, biotic interactions are more likely to
influence the occurrence and abundance of spe-
cies since many species likely could endure the
physical conditions. Because exotic species may
have unusual interactions with other organisms,
such as herbivores (Maron and Vila 2001) or
microbes (Callaway et al. 2004), they may be
competitively superior to native plants in their
introduced environment and be able to
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dominate benign environments for long time
periods.

Native communities dominated by a single
species do occur in benign environments as tem-
porary stage in succession. For instance, Prunus
pensylvanica L. [Pin Cherry] dominates early sec-
ondary succession in deciduous forests in the
northeastern US (Marks 1974). In this case, an
unusually persistent seed bank allows this species
to become extremely abundant following distur-
bance. More generally, forest succession is often
thought to progress from species that are good
colonizers to those with low light compensation
points (Walters and Reich 1996) or low mortality
in low light conditions (Kitajima 1994). Exotic
monocultures may be similar to temporarily
abundant native species in that the high abun-
dance of the exotic species reflects its superior
performance during some potentially narrow
window of time in the past and not any superior-
ity in the current conditions (Davis et al. 2000;
Davis and Pelsor 2001; Lugo 2004). However, if
the exotic species has an advantage in a broad
range of conditions, the exotic monoculture may
be a new community type that is stable over eco-
logical time periods (Klötzli and Grootjans 2001;
Rosenzweig 2001).

Recruitment limitation hypothesis

The abundance of a plant species in a local com-
munity reflects both the magnitude of seed input
and its success within the local conditions
(Nathan and Muller-Landau 2000; Turnbull
et al. 2000; Hubbell 2001; Rouget and Richard-
son 2003). At the simplest level, a plant must
contribute seeds to a local site to have a chance
of being present. In fact, recent empirical work
in forests (Clark et al. 1998; Hubbell et al. 1999;
Le Page et al. 2000) and grasslands (Tilman
1997; Foster 2001; Smith and Knapp 2001;
Foster and Tilman 2003; Seabloom et al. 2003a,
b) suggests that recruitment limitation may be
more important than local competitive differences
in determining the diversity and composition of a
given local patch. In all of these studies, low seed
input was the mechanism of recruitment limita-
tion. However, recruitment limitation could take
the form of poor germination, possibly due to a
lack of suitable microsites (for instance disturbed

soil patches; Grubb 1977) or poor survival at the
earliest stages (Rogers and Hartnett 2001;
Gardescu and Marks 2004). Observations that an
exotic species is locally abundant as a sapling
may not mean that it is competitively superior to
native species in that location. Rather, it may
reflect relatively high seed input for the exotic
species such as when there is a high local abun-
dance of seed producing trees because of an
advantage in some earlier stage of succession
(Davis and Pelsor 2001). In this case, dominance
may lessen over time as competitively superior
native species increase their local seed produc-
tion.

Natural Enemies Hypothesis

The Natural Enemies Hypothesis assumes exotic
plants are usually introduced with few or none of
the specialist herbivores and diseases from their
native habitat and are not a preferred choice of
generalist herbivores in their new habitat
(Lankau et al. 2004). This is widely believed to
give exotic plants a competitive advantage over
native plants because phenotypic plasticity allows
them to allocate additional resources to growth
and reproduction (e.g. Elton 1958; Levine and
D’Antonio 1999; Maron and Vila 2001). Several
lines of evidence support the Natural Enemies
Hypothesis. First, exotic plants are often taller
and more vigorous in their introduced ranges
(e.g. Crawley 1987; Bazzaz 1996; but see,
Thebaud and Simberloff 2001). Second, herbivore
loads are often lower on exotic plants compared
to natives (e.g. Schierenbeck et al. 1994; Yela
and Lawton 1997). Third, some plants suffer
lower losses to herbivores in their introduced
ranges than in their native ranges (Memmott
et al. 2000; Wolfe 2002). Finally, biological
control agents are sometimes dramatically suc-
cessful in controlling exotic plant species
(Williamson 1996; McFayden 1998).

Focal species

The exotic Chinese Tallow Tree (Sapium sebiferum
(L.) Roxb., Euphorbiaceae, ‘Sapium’ hereafter,
synonym Triadica sebifera (L.) Small) is a major
invader in the southeastern US (Bruce et al.
1997). It has been widely planted because it
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grows rapidly and has seeds rich in oils and col-
orful fall foliage. Sapium has become naturalized
throughout the southeastern US where it aggres-
sively displaces native plants. In Coastal Texas,
much of the coastal prairie has been converted to
Sapium dominated forests. We surveyed such a
forest and performed experiments with seeds and
seedlings to determine the contributions of
recruitment limitation and natural enemy release
to allowing such a forest type to persist or to
allowing native species to reduce Sapium domi-
nance.

Methods

Research site

The University of Houston Coastal Center
(UHCC) is located �50 km south east of Hous-
ton. Historically, it was primarily tallgrass prai-
rie. Some areas have been allowed to be invaded
by Sapium while others have been protected by
annual mowing. The forest that was the focus of
this study appeared as grassland in a 1958 aerial
photograph. Personnel at the research site indi-
cated the most likely date of the last mowing was
1968. In a 1983 aerial photograph, the forest can-
opy was nearly closed. At the time we began this
study in 1999, we estimated that the oldest trees
in the stand were approximately 30 years old.

Survey of existing stand

We surveyed trees in a 25 m · 48 m area of the
Sapium dominated forest. We identified and
counted all the tree saplings that were between
50 and 140 cm in height (‘saplings’ hereafter).
We identified and measured the diameter at
breast height (140 cm) for all trees at least
140 cm in height. For the purpose of this study,
we considered trees to be woody plants tall
enough at maturity to potentially recruit into the
canopy. Woody species of shorter stature present
in the stand that were excluded by this criteria
were Ilex vomitoria Soland. in Ait. [Yaupon
Holly], Ligustrum sinense L. [Chinese Privet], and
Myrica cerifera L. [Southern Wax-Myrtle].
Juniperus virginiana L. [Red Cedar], which we
would have considered a tree species, was present

in the stand but all were less than 50 cm tall.
The herbaceous understory was extremely sparse.

Estimation of annual seed rain

We placed six catch buckets (each 2800 cm2

catch area, 30 cm deep) within the 25 m · 48 m
stand survey area. Each was anchored to the
ground. Their tops were covered with 2.5 cm
plastic mesh to exclude larger animals. This mesh
was large enough to allow the seeds of each of
the tree species in the stand to pass through. The
bottoms of the catches had a drain hole covered
by 1.6 mm mesh. This mesh was small enough to
retain the seeds of every tree species in the stand
except for Ulmus americana L. [American Elm].
Catches were placed in the forest in mid-June
2000 and removed in mid-June 2001. We periodi-
cally checked the seed catches during the year.
No seeds germinated in the catches. We identified
and counted all the tree seeds, regardless of their
condition, when the catch buckets were brought
in.

Recruitment limitation experiment

We added seeds of Sapium and the ecologically
similar native tree species Celtis laevigata Willd.
(Hackberry, Ulmaceae, ‘Celtis’ hereafter) with or
without soil disturbance in a Sapium forest
monoculture to test the following predictions of
the Recruitment Limitation Hypothesis: (1) If
low seed input is limiting the local abundance of
native trees, experimentally added Celtis seeds
will readily germinate, grow and survive, thereby
increasing Celtis seedling abundance more than
adding Sapium seeds increases Sapium seedling
abundance. (2) If a lack of suitable microsites is
limiting invasion, then seeds added on artificial
soil disturbances should readily grow and sur-
vive, increasing seedling abundance.

We used a complete factorial design with 12
seed addition plots for each of two species
(Sapium or Celtis). We used Celtis for this study
and the Natural Enemies experiment (see below)
since it was the most common native tree species
in the stand and it exhibits ecological similarities
to Sapium (Siemann and Rogers 2003a). Plots
were randomly assigned three experimental treat-
ments: species, time of seed addition (February
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or December) and artificial soil disturbance (yes
or no). There were three replicates for each treat-
ment and a total of 24 plots. The seed addition
plots were in two rows immediately adjacent to
the survey area. We did not put them in the sur-
vey area to help minimize interference from the
seed catches.

In November and December 1998, we collected
seed from Sapium and Celtis trees at UHCC. In
February 1999, we constructed twelve 0.5 m
diameter (0.2 m2 area), 60 cm high 2 hardware
cloth exclosures (1 cm mesh). They had tops that
were kept in place until seeds were no longer visi-
ble on the soil surface in order to limit seed pre-
dation. Disturbance plots received a 20 cm
diameter, 10 cm high pile of dirt excavated near
the experiment. These disturbances are similar to
those created by crayfish which are common in
this stand. We put 50 Sapium seeds or 50 Celtis
seeds into each exclosure. Keeping the species
separate allowed us to estimate background num-
bers of emerging seedlings. In case seeds lacked
the proper cues to germinate in the 1999 growing
season, we established an identical set of 12 plots
at each site in December 1999. No plots had any
Celtis or Sapium seedlings when they were ini-
tially established. We measured germination and
mortality bimonthly until October 2002. Celtis
and Sapium seeds from the same batches planted
into germination flats in an unheated greenhouse
had 2 year germination rates of 51.5% and
21.1%, respectively, with no differences among
seeds planted at different times of the year
(Siemann and Rogers 2003a).

We used ANOVA to test the dependence of
the number of Celtis seedlings alive at the end
of the experiment on species of seed added, time
of seed addition and soil disturbance. In per-
forming the analysis this way, we used the Sapi-
um addition plots as de facto controls for
background Celtis seedling emergence. We per-
formed another ANOVA using the number of
Sapium seedlings alive at the end of the experi-
ment as the dependent variable.

We used ANOVA to test whether the emer-
gence rate of Celtis seeds in plots where they
were added depended on time of addition or soil
disturbance. In this analysis, we subtracted the
average number of Celtis seedlings in plots that
did not receive Celtis seeds from the number of

Celtis seedlings in plots that did receive Celtis
seeds. We performed an analogous analysis to
examine Sapium emergence rates in Sapium seed
addition plots.

We used ANOVA to test whether the survival
of Celtis seedlings until the end of the growing
season in which they germinated depended on
time of addition or soil disturbance in plots that
received Celtis seeds. Some Celtis seedlings in
these plots were likely from naturally occurring
seeds since there were a small number of Celtis
seedlings that grew in plots where no Celtis seeds
were added. We performed another ANOVA for
Sapium survival until the end of the growing sea-
son in which they germinated.

Natural enemies experiment

We planted seedlings of Sapium and Celtis and
reduced aboveground insect herbivores and foliar
fungi with chemical sprays to test the following
predictions of the Natural Enemies Hypothesis:
(1) In the absence of insecticide or fungicide
sprays, seedlings of the native Celtis will experi-
ence greater insect herbivory and fungal damage,
respectively, than seedlings of the exotic Sapium.
(2) Excluding insect herbivores and fungal patho-
gens will cause larger increases in survival and
growth for Celtis seedlings than for Sapium seed-
lings.

We used a complete factorial design with 60
seedlings of each species (Sapium or Celtis) ran-
domly assigned to two experimental treatments:
insecticide (yes or no) and fungicide (yes or no)
with 15 replicates for each treatment combina-
tion. We have used these methods before in natu-
ral areas where Sapium is in the early stages of
invasion to elucidate the mechanisms of invasion
(Siemann and Rogers 2003a).

In January 1999, Sapium and Celtis seeds were
planted into flats in an unheated greenhouse with
open vent flaps (Nijjer et al. 2002). Seeds began
to germinate in March, which is approximately
the time the first seedlings appeared in the field.
As soon as a seed germinated, it was transferred
to a Container (Stuewe and Sons, Oregon, USA)
filled with 1 cm of peat moss and 12 cm of com-
mercially available topsoil. We used topsoil so
seedlings would be uniform in size and condition
when they were transplanted to the field.
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Seedlings were grown in the greenhouse until
they had secondary leaves then grown outside
under a 50% shade cloth so they could ‘harden
off’. Seedlings were transplanted into the field on
April 20, 1999. Seedlings were planted along five
parallel transects (24 seedlings per transect) with
2 m between seedlings along a transect and
6.25 m between transects. The transects delin-
eated the 25 · 48 m surveyed stand. The experi-
ment ran for 903 days.

Insect herbivores were excluded by spraying
seedlings with esfenvalerate (trade name: Asana XL,
Du Pont Agricultural Products, Wilmington,
DE), a broad spectrum synthetic pyrethroid
insecticide, at approximately 3 week intervals
during the growing season. Plants not receiving
insecticide were sprayed with an equivalent
amount of water. Although it kills phytophagous
insects quickly, it has comparatively low toxicity
to predators and parasites. The amount of nitro-
gen added by spraying this chemical was several
orders of magnitude lower than background rates
of nitrification (Cameron and Spencer 1989).

Fungal pathogens were excluded from seed-
lings by sprayings of mancozeb (trade name: Di-
thane, Du Pont Agricultural Products, Wilm
ington, DE) at approximately three week inter-
vals during the growing season. Non-fungicide
plants received an equal amount of water.
Mancozeb is effective at controlling a broad spec-
trum of foliar fungal diseases but quickly breaks
down in the soil, surface water and ground water
and so does not control soil fungi (Edwards et al.
1991). The amount of nitrogen added by this
spray treatment was also negligible. Neither es-
fenvalerate nor mancozeb is toxic to Sapium or
Celtis seedlings even at twice the rate we applied
it in the field either alone or in combination
(Siemann and Rogers 2003a; Siemann et al.
2004).

We measured the height and number of leaves
on each seedling before transplanting. No seed-
lings had any significant pest damage at the time
of transplant. We collected the following seedling
data approximately monthly in the first growing
season and bimonthly in the second and third
growing seasons, which lasted from mid-March
to mid-October: survival (simply whether the
seedling was alive or dead) and average insect or
fungal damage per leaf. Leaf damage (herbivore

or fungal) was assessed as the average percent of
area damaged per leaf. We surveyed leaves for
chewing, gall, miner and borer damage. We visu-
ally surveyed seedlings for the presence of insect
herbivores. All seedlings were visited the same
number of times and were handled similar
amounts. After 903 days, we measured seedling
heights, clipped seedlings at ground level, dried
them and weighed them.

We used repeated-measures ANOVAs with a
three level time variable to test whether insect
chewing damage depended on our treatments
(Statview 5.0, SAS Institute Inc. for all ANO-
VAs). We used the average of all the readings
during a growing season to give one data point
per seedling per growing season. For seedlings
that died during the season, we used the average
amount of damage before death for that season’s
value. There were missing values for seedlings
that were dead before the second and/or third
growing seasons began. This caused unbalanced
numbers of data points for the time term and
some time by treatment interaction terms in the
models. In this and all other ANOVAs we used a
full interaction model. In these and all other
ANOVAs we checked whether the data met the
assumptions of ANOVA, such as normality and
constant variance. All types of damage data
other than chewing were absent (galling and min-
ing) or too sparse (foliar fungi – five seedlings)
for statistical analysis. We used ANOVA to test
whether the number of times we observed insect
herbivores on a plant depended on our treat-
ments.

We used survival analysis to examine the
dependence of survival time on our treatments.
We fit survival time data with an exponential
model in a parametric survival analysis (Statview
5.0, SAS Inc.). We handled our experimental
treatments as categorical covariates and used
likelihood-ratio tests to determine whether
survival time depended on our experimental
treatments alone and in combination. We per-
formed a second set of survival analyses using
the Kaplan–Meier model in a non-parametric
survival analysis and used Mantel–Cox tests to
examine whether survival time depended on our
experimental treatments (main effects only). We
obtained the same results using the parametric
and non-parametric methods of survival analysis.
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We used ANOVA to test whether the final
aboveground mass of seedlings depended on our
treatments. Since no Sapium seedlings survived to
the end of the experiment, this analysis was for
Celtis seedlings only with insecticide and fungi-
cide as predictors. Masses were log transformed
to meet the assumption of normality. Seedlings
that did not survive to the end of the experiment
were treated as missing values in order to get an
estimate of insecticide and fungicide effects on
growth separately from those on survival.

For Sapium seedlings, we used an alternative
analysis to examine the effects of insecticide and
fungicide on seedling growth. We used ANOVA
to test whether the first year instantaneous
growth rate (g ¼ ln[starting height/end of first
growing season height]/182 days) depended on
our spray treatments. Seedlings that did not sur-
vive to the end of the first growing season were
treated as missing values in order to examine
effects on growth separately of those on survival.

We used hemispherical canopy photographs to
estimate growing season light availability. Photos
were taken above seedling locations in the middle
of the third growing season at a height of 50 cm
at dusk using a Nikon Coolpix 900 digital cam-
era with an FC-E8 fisheye lens (Nikon, Tokyo,
Japan). We used Gap Light Analyzer 2.0 (http://
www.ecostudies.org/gla/) to calculate Global Site
Factor (overall percent of total light that reached
the seedling over the growing season). We used
single species regressions to examine whether sur-
vival time, height growth rate (first growing sea-
son) or final mass (Celtis only) depended on
global site factor.

Results

Survey of existing stand

In total there were 70 tree saplings of five species
(Sapium sebiferum, Celtis laevigata, Cornus
foemina Mill.[English Dogwood], Ulmus americana,
and Quercus nigra L. [Water 10 Oak]) in the sur-
vey area (Figure 1, left of dotted line). There
were 756 trees of five species (same species as
saplings) that were at least 140 cm tall (Figure 1,
right of dotted line). Total stand basal area was
29.41 m2/ha. Sapium represented 83% of the sap-

lings, 95% of the trees, and 98% of the stand
basal area. There were 473 seeds of two tree spe-
cies in the six seed traps (Sapium ¼ 457, Cel-
tis ¼ 16).

Recruitment limitation experiment

Adding Celtis seeds increased the number of
Celtis seedlings in a plot after four growing sea-
sons (F1,16 ¼ 204.2, P < 0.0001; Figure 2). The
number of Celtis seedlings was higher for plots
with seeds added in February (F1,16 ¼ 14.0,
P < 0.0001) but was independent of soil distur-
bance (P ¼ 0.87) and interaction terms. Celtis
emergence rates were higher for plots with seeds
added in February (47%) than for those with
seeds added in December (21%; F1,8 ¼ 27.3,
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P < 0.001). Soil disturbance did not affect emer-
gence alone (P ¼ 0.20) or in interaction with time
of addition (P ¼ 0.29). Celtis single growing sea-
son survival rates were independent of all treat-
ments (mean 53%; timing P ¼ 0.76; disturbance
P ¼ 0.97; interaction P ¼ 0. 54).

Adding Sapium seeds did not increase the
number of Sapium seedlings present after four
growing seasons (F1,16 ¼ 1.1, P = 0.31; Figure 2).
The number of Sapium seedlings was independent
of time of seed addition (P ¼ 0.61), soil distur-
bance (P ¼ 0.61) and interaction terms. Sapium
emergence and single growing season survival
rates were independent of all treatments (emer-
gence: average 4.3%, timing P ¼ 0.61, distur-
bance P ¼ 0.61, interaction P ¼ 0.28; survival:
average 19%, timing P ¼ 0.68, disturbance P ¼
0.43, interaction P ¼ 0.83).

Natural enemies experiment

Chewing damage was higher on Celtis seedlings
than on Sapium seedlings (F1,55 ¼ 4.1, P < 0.05;
Figure 3). The amount of damage on seedlings
decreased each year (F2,110 ¼ 18.0, P < 0.0001).
Damage was lower on insecticide treated seed-
lings (F1,55 ¼ 17.6, P < 0.0001) with the reduc-
tion being larger in earlier years of the

experiment when damage was higher on control
seedlings (F2,110 ¼ 6.1, P < 0.01). Chewing dam-
age was independent of fungicide sprays
(P ¼ 0.57) and there were no significant interac-
tions among any treatment terms. Other than
insecticide, no factor’s effect depended on grow-
ing season. The number of times we observed
insect herbivores on a seedling was higher for
Celtis than for Sapium (Celtis 0.28 times per
seedling, Sapium 0.017 times per seedling,
F1,112 ¼ 19.1, P < 0.0001) but independent of
insecticide (P ¼ 0.31) and fungicide (P ¼ 0.31)
treatments. The majority of herbivore observa-
tions (90% of occurrences) were wooly aphids on
Celtis seedlings in the final month of the experi-
ment.

Survival was higher for Celtis than for Sapium
(v2(1df) ¼ 32.5, P < 0.0001; Figure 4) but did not
depend on insecticide (v2 (1df) ¼ 1.0, P ¼ 0.32) or
fungicide sprays (v2 (1df) ¼ 1.3, P ¼ 0.34). Sur-
vival depended on species*insecticide
(v2 (1df) ¼ 31.7, P < 0.0001), species*fungicide
(v2 (2df) ¼ 31.8, P < 0.0001), and species* insecti-
cide*fungicide (v2 (3df) ¼ 32.3, P < 0.0001), but
not insecticide*fungicide (P ¼ 0.31). These signifi-
cant higher-order terms, together with no signifi-
cant main effects of sprays, indicate sprays only
influenced the survival of a single species. Visual
inspection of survival curves and examination of
estimated half-lives suggest that Sapium was the
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species more responsive to each spray alone and in
combination (Figure 3). Excluding values for Cel-
tis seedlings still alive at the end of the experiment
(i.e. right censored datapoints) did not change the
significance of any terms.

Insecticide treated Celtis seedlings were larger
(147.9 ± 1.62 g) than those that were not treated
with insecticide (85.1 ± 1.9 g; F1,26 ¼ 6.4, P <
0.05). Celtis seedling mass was independent of
fungicide treatment (P ¼ 0.51) and the interac-
tion of sprays (P ¼ 0.48).

Insecticide treated Sapium seedlings grew
faster in the first growing season (15.38 · 10)4/
day) than those that were not treated with insec-
ticide (5.77 · 10)4/day; F1,50 ¼ 6.9, P ¼ 0.01).
First year growth rate was independent of fungi-
cide treatment (P ¼ 0.63) and the interaction of
sprays (P ¼ 0.53).

Global site factor (GSF) was independent of
all treatments (average 19.2 ± 2.5). GSF did not
affect survival time of either species (Celtis
P ¼ 0.40; Sapium P ¼ 0.36), first year height
growth rate for Celtis (P ¼ 0.35) or final mass
for Celtis (P ¼ 0.43). GSF did not predict any of
these variables when spray treatments were
included as covariates in multiple regressions (as
dummy variables with values of 0 and 1) or when
Celtis survival time data were censored to
exclude seedlings alive at the end of the experi-
ment. First year height growth rate for Sapium
increased with GSF (g ¼ )8.42 · 10–4 + 1.04 ·
10–4 * GSF, P£0.05, r ¼ 0.28). Overall Sapium’s
first growing season growth (average 12.1 x 10–4/
day) was twenty times as high as Celtis’ growth
(average 0.6 · 10–4/day). Growth rates through

the end of the second growing season were simi-
lar to those in the first year (Sapium 11.0 · 10–4/
day; Celtis 0.5 · 10–4/day).

Discussion

The current numerical dominance of Sapium in
every life stage of the forest (Figure 1) implies
that Sapium is likely to be a major component of
the next canopy of this forest but not because of
superior performance as a seed (Figure 2) or
seedling (Figure 4) but because of massive seed
input (Figure 1). Indeed, the abundance of Sapium
in the understory appears to reflect its extreme
dominance in the canopy (Figure 1). However,
this dominance is apparently a consequence of
Sapium’s superiority in invading tallgrass prairie
(Rogers and Siemann 2003; Siemann and Rogers
2003a, b) that was the original habitat at this
location and is not indicative of its current regen-
erative ability in this forest (Davis and Pelsor
2001). Such a pattern of early woody invaders of
grasslands being replaced by other trees in suc-
cession is typical of native trees though it has
also been shown for some exotic trees (Lugo
2004). Others, notably Melaleuca quinquenervia
(Cav.) Blake [Bottle brush tree] have been
described as persistent monocultures (Lugo 2004)
but a number of native woody species do occur
in the understory of older Melaleuca stands (Van
et al. 2000). On the whole, it seems possible that
the cases of apparently persistent exotic monocul-
tures may be similar to Sapium in that native
species are able to invade but some factors cause
this invasion to be slower than for stands of
pioneer native woody plants.

Insights from the stand survey

Sapium’s numerical advantage over native tree
species was more pronounced in larger size clas-
ses than in smaller ones (Figure 1). This suggests
that a near-monoculture Sapium forest, such as
this first growth forest that replaced a coastal
tallgrass prairie, is not a stable community type
that will persist over multiple generations. The
shapes of the size-frequency distributions for
Sapium (unimodal) versus native trees (high
frequencies in smaller size classes) also suggest

0 200 400 600 800

S
ur

vi
va

l (
%

)

0

20

40

60

80

100

0 200 400 600 800

Time (days after planting)

Control [929 days]
Fungicide [923]
Insecticide [1062]
Both Sprays [1452]

Treatment [half-life]

Control [118 days]
Fungicide [142]
Insecticide [156]
Both Sprays [248]

(b) Sapium(a) Celtis

Figure 4. Seedling survival. Percent of seedlings surviving dur-

ing the course of the experiment within each treatment for

each species. Symbols represent a date on which survival was

checked. Time is the number of days after planting (April 20,

1999).

986



that Sapium dominance may be declining (Fig-
ure 1). However, Sapium is currently so abun-
dant in the understory, it may be an abundant, if
not the most abundant, species in the next can-
opy. In order for any of the relatively rare native
tree species in the understory to dominate the
next canopy of the forest individually or collec-
tively, they would need to have a disproportion-
ately large chance of capturing gaps compared to
their current density (Denslow 1987).

This could happen if the current dominance of
Sapium in the understory (Figure 1) is transient
and natives become more common before gaps
occur. Relatively high mortality for Sapium cur-
rently present in the understory prior to gap
creation could shift the understory composition
towards native species in a process analogous to
shifts among different native tree species in other
forests (Montgomery and Chazdon 2002). Alter-
natively, native tree saplings may remain rare in
the understory until a gap occurs but have a
higher probability of capturing a gap than
Sapium saplings once one occurs (Denslow 1987).
However, long-term observational data (Lin
et al. 2004) and experimental data (Jones and
McCleod 1990; Rogers and Siemann 2002;
Siemann and Rogers 2003a, b) show that Sapium
has a higher growth rate than native species,
especially at high light levels. Together these
studies suggest that Sapium present at the time of
gap formation will have a greater chance of cap-
turing gaps in which they occur than native
saplings will.

Recruitment limitation

The large changes in seedling species composition
in response to native tree seed addition (Figure 2)
support the hypothesis that Sapium is abundant
as a sapling not because it has a high per seed or
per seedling success rate but rather because
native tree species are recruitment limited under
the current Sapium dominated overstory. Such a
finding of strong recruitment limitation in this
forest is perhaps not surprising since the majority
of seeds in the soil would likely be those of grass-
land species and native forests were historically
restricted to riparian areas in this area. It agrees
with the growing evidence in the literature that
recruitment limitation plays an important role in

determining community diversity and community
structure (e.g. Clark et al. 1998; Foster 2001;
Smith and Knapp 2001). The large spatial extent
of Sapium invasion and the apparent paucity of
native tree seeds in the soil of this site may
increase the importance of recruitment limitation
as it does for California grasslands invaded by
exotic grasses (Seabloom et al. 2003a, b). Lugo
(2004) also found that recruitment limitation
appears to slow the replacement of exotic domi-
nated primary forests by native trees. Since exotic
plants that are successful invaders are often from
previously absent functional groups, such as trees
invading grasslands (Mack 2003), this example of
Sapium may provide insights into the mecha-
nisms that contribute to the persistence of a
number of novel exotic dominated assemblages.

Negative feedback in Sapium forest

In this Sapium dominated forest, Sapium seedling
survival was very low. This was certainly true in
an absolute sense since none of our planted
Sapium seedlings survived for three growing sea-
sons and their 1 year survival was only 7% in con-
trol treatments that did not receive insecticide or
fungicide sprays (Figure 4b). Survival of Sapium
seedlings was also low compared to that of seed-
lings of the native Celtis we planted in this forest
(47% for three growing seasons, 80% for 1 year,
Figure 4a). Furthermore, Sapium survival was low
compared to the survival of Sapium seedlings
planted at the same time with the same protocol in
other habitats (>50%, Siemann and Rogers
2003a). Finally, the difference between Sapium
and Celtis seedling survival in these habitats was
smaller than the dozen-fold difference in their
1 year survival in the Sapium dominated forest
investigated here. What mechanisms cause the
poor survival of Sapium seedlings in Sapium domi-
nated forest?

The large positive effect of insecticide and fungi-
cide sprays on Sapium seedling survival suggests
an unexpectedly strong role for insect herbivores
and pathogenic foliar fungi in determining the sur-
prisingly poor performance of Sapium seedlings in
this Sapium dominated forest (Figure 4b). Insecti-
cide increased the growth rate of Sapium seedlings
more than two-fold in their first year. This increase
in growth rate was larger for Sapium seedlings in
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this forest (+166%) than for Celtis seedlings
(+114%) and was far larger than that observed
with insect suppression for Sapium in other east
Texas ecosystems in which increases in growth
were less than 25% (Siemann and Rogers 2003a).
Furthermore, both sprays increased survival of
Sapium seedlings with their additive effects (Fig-
ure 4b). This indicates that foliar fungi also signifi-
cantly affect Sapium seedling survival in this
habitat. This is the only east Texas ecosystem in
which suppression of foliar fungi on Sapium seed-
lings has had any effect on Sapium seedling sur-
vival (Siemann and Rogers 2003a). Taken
together, these results suggest that pests (i.e. herbi-
vores and pathogens) in the understory of this
Sapium forest significantly reduce seedling success.
Such a pattern of strong top-down impact on seed-
lings growing near adult conspecifics is typical of
native trees but was unexpected for this invasive
species.

Comparisons to Sapium in other ecosystems

It is unlikely that low light levels were the cause of
the Sapium seedlings’ slow growth or low survival
in this forest compared to native dominated forest
types that are invaded by Sapium (Siemann and
Rogers 2003a). Light levels were higher, on aver-
age, in this Sapium dominated forest than in flood-
plain or mesic forest where Sapium readily invades
(Siemann and Rogers 2003a). Light levels in
coastal prairie, however, were much higher than in
any of the forest sites (Siemann and Rogers 2003a,
b) even in the first growing season before Sapium
seedlings began to overtop the herbaceous vegeta-
tion. Therefore, differences in growth and survival
between prairie and Sapium forest, especially in
later years, may be due to differences in light avail-
ability.

Low soil nutrient levels in the Sapium forest do
not seem to explain the low survival and growth of
Sapium seedlings either. The coastal prairie and
Sapium forest sites are immediately adjacent to
each other and compared to coastal prairie at this
site, Sapium forest has higher soil concentrations
of phosphorus, pottasium, nitrogen, zinc, manga-
nese and iron (Cameron and Spencer 1989). The
floodplain forest site has soil nitrate levels (Hall
1993) that are comparable to those in the Sapium
dominated forest (Cameron and Spencer 1989)

and lower soil phosphorus (Hall 1993) than the
Sapium forest (Cameron and Spencer 1989). Bio-
assays using Liquidambar styraciflua L. [sweetgum]
and Acer rubrum L. [red maple] seedling growth in
soil collected from the floodplain forest site and
the mesic forest site showed both species grew
slower in the mesic forest soil (Knox et al. 1995).
Serial nutrient additions indicated that the mesic
forest soil had lower nitrogen and phosphorus
availability compared to the floodplain forest soil
(Knox et al. 1995). In short, the Sapium forest
seems to have soil fertility comparable to or higher
than each of the native ecosystems. Low levels of
soil resources are not a likely explanation for the
poor performance of Sapium seedlings in the Sapi-
um dominated forest.

There are other explanations for the poor per-
formance of Sapium seedlings in the Sapium domi-
nated forest even with insect herbivores and foliar
pathogens suppressed but there is little evidence to
evaluate most of these. For instance, allelochemi-
cals could be responsible for the poor performance
of Sapium seedlings but there is no evidence in the
literature of an allelopathic effect of Sapium on its
own seedlings (Conway et al. 2002). Alternatively,
it is possible that the poor performance of Sapium
seedlings in the understory of the Sapium domi-
nated forest represents a negative feedback via the
soil biota (Reynolds et al. 2003). This would be
unprecedented for an introduced plant since feed-
backs via soil biota tend to be negative for native
plants and have only been shown to be positive for
introduced plants (Klironomos 2002; Reinhart
et al. 2003; Callaway et al. 2004; Packer and Clay
2004). Further investigations that show the cause
of negative relationship between adult Sapium
density and Sapium recruitment success have the
potential to give insights into the factors that
accelerate or constrain invasions. Indeed, there is
a positive relationship between the presence of pio-
neer Sapium trees and Sapium seedling recruitment
success in the early stages of invasion in prairie
which is mediated through changes in resource
availability (Siemann and Rogers 2003b).

Conclusions

Our experiments suggest that recruitment limita-
tion and natural enemies interact to determine the
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persistence of a Sapium dominated forest. The
apparent strong impact of natural enemies on
Sapium seedlings creates an opportunity for
native tree seedlings in the understory of this for-
est. However, the current low seed input by native
tree species limits their ability to increase their
abundances despite this advantage in seedling
performance. If native trees increase their seed
input in this stand, however, the strong effect of
natural enemies on Sapium seedlings may become
more important in determining the abundance of
Sapium. Understanding the conditions under
which there is a positive or negative feedback
between current invasion extent and future inva-
sion intensity is critical for management of inva-
sive plant species now and in the future.
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