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Abstract The success of exotic plants may be due to

lower herbivore loads than those on native plants (Enemies

Release Hypothesis). Predictions of this hypothesis include

lower herbivore abundances, diversity, and damage on

introduced plant species compared to native ones. Greater

density or diversity of predators and parasitoids on exotic

versus native plants may also reduce regulation of exotic

plants by herbivores. To test these predictions, we measured

arthropod abundance, arthropod diversity, and foliar dam-

age on invasive Chinese tallow tree (Triadica sebifera) and

three native tree species: silver maple (Acer saccharinum),

sycamore (Platanus occidentalis), and sweetgum (Liquid-

ambar styraciflua). Arthropod samples were collected with

canopy sweep nets from six 20 year old monoculture plots

of each species at a southeast Texas site. A total of 2,700

individuals and 285 species of arthropods were caught.

Overall, the species richness and abundance of arthropods

on tallow tree were similar to the natives. But, ordination

(NMS) showed community composition differed on tallow

tree compared to all three native trees. It supported an

arthropod community that had relatively lower herbivore

abundance but relatively more predator species compared to

the native species examined. Leaves were collected to

determine damage. Tallow tree experienced less mining

damage than native trees. The results of this study supported

the Enemies Release Hypothesis predictions that tallow tree

would have low herbivore loads which may contribute to its

invasive success. Moreover, a shift in the arthropod com-

munity to fewer herbivores without a reduction in predators

may further limit regulation of this exotic species by her-

bivores in its introduced range.

Keywords Arthropod diversity � Community structure �
ERH � Herbivory � Invasions � Trophic structure

Introduction

The introduction of invasive species is an increasing

problem in many habitats (Mack et al. 2000). Invasive

species have been recognized as a major cause of biodi-

versity loss (Vitousek et al. 1996) and a number of

hypotheses have been proposed to explain their success

(e.g. Blossey and Nötzold 1995; Keane and Crawley 2002;

Shea and Chesson 2002). One hypothesis is the Enemies

Release Hypothesis (ERH) that proposes alien species are

introduced without their specialist herbivores or diseases

from their native range which might give them a compet-

itive advantage over native species (e.g. Colautti et al.

2004; Liu and Stiling 2006).

The Enemies Release Hypothesis has been the subject of

numerous studies and there have been a number of reviews

(e.g. Maron and Vila 2001; Sakai et al. 2001; Keane and

Crawley 2002; Shea and Chesson 2002; Colautti et al.

2004; Liu and Stiling 2006). One insight from these syn-

theses is that there are a variety of mechanisms gathered
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under this one named hypothesis (Mitchell et al. 2006).

First, lower enemy loads (herbivores and diseases) in the

introduced range versus native range may cause perfor-

mance of exotic plants to be superior in the introduced

range (Liu and Stiling 2006). Second, such differences in

enemies may cause evolutionary reductions in plant

defenses such that herbivore resistance is lower for popu-

lations in the introduced range versus those in the native

range of exotic plants (Blossey and Nötzold 1995; Bossdorf

et al. 2005). Finally, the traditional formulation of this

hypothesis which dates to Elton (1958) predicts lower

herbivore loads on exotic plants versus native plants.

In reviewing this traditional version of the ERH, Cola-

utti et al. (2004) found that a slight majority of studies

supported the ERH predictions of lower herbivore abun-

dance or diversity on exotic plants compared to native

plants. However, the literature was dominated by single

species studies, correlative studies, and short-term com-

munity (multiple species) studies in old fields. Since that

review, there have been additional tests (e.g. Proches et al.

2008) but none have included multiple-species, been long-

term, or been replicated experiments.

The structure of arthropod communities of exotic and

native plants may differ in ways other than in herbivore

abundance and diversity. For instance, the diversity of

higher trophic levels may be lower on exotic plants than on

native plants because of the positive dependence of pred-

ator and parasitoid species richness on herbivore species

richness (Siemann et al. 1998). Moreover, a lower abun-

dance of herbivores may cause a lower abundance of

higher trophic levels or a greater abundance of detritivores.

The only test of this to date by Proches et al. (2008),

found that exotic plants had lower herbivore abundance

and diversity than native plants within congeneric pairs but

that the diversity and abundance of other trophic groups

(predators, parasitoids, detritivores) were comparable.

They suggested that this was due to predators and parasites

responding to physical structure which tends to be rela-

tively similar for exotic versus native plants in a genus but

a need for a plant to be a suitable food source for herbi-

vores. Moreover, they suggested that detritivores were

similar to extremely general herbivores and so would be

relatively insensitive to differences in host plants compared

to more specialized herbivores.

We sampled arthropods from replicated, long-term

monoculture plantings of the invasive Chinese Tallow Tree

and three native tree species in order to test the following

predictions: (1) arthropod community composition (trophic

structure, abundance and species richness) on tallow tree

will be different than the arthropod communities found on

the three native tree species; (2) tallow tree will have fewer

herbivores, lower diversity of herbivores, and lower levels

of damage than the three native trees.

Materials and methods

Focal species

Chinese Tallow Tree [Triadica sebifera (L.) Small, Eu-

phorbiaceae, synonyms include Sapium sebiferum], is an

aggressive invader of coastal prairie, forests, and disturbed

areas in the southern United States (Bruce et al. 1997).

Originally from Asia, it was introduced to Georgia in the

late 18th century and to Texas in the early 20th century.

Tallow tree’s potential uses such as biomass crop and its

status as a popular ornamental have further encouraged its

spread (Bruce et al. 1997). It is a dominant invasive species

that has the ability to form monospecific stands that may

further exclude native flora and fauna. It experiences low

levels of herbivory as seedlings in Texas (Siemann and

Rogers 2003a, b).

This study was conducted in a mature, established

plantation with silver maple (Acer saccharinum L. Acera-

ceae), American sycamore (Platanus occidentalis L. Pla-

tanaceae), and sweetgum (Liquidambar styraciflua L.

Hamamelidaceae). These three species are native to the

United States. Sweetgum is distributed throughout the east

and southeast portions of the United States. American

sycamore is widespread in the eastern United States. Silver

maple is distributed throughout most of the eastern United

States. Although silver maple is not considered native to

the state of Texas it commonly co-occurs in the introduced

range of tallow tree in Louisiana, Mississippi, Alabama and

Florida (Burns and Honkala 1990). For information on

specific insects known to attack the native tree species refer

to Burns and Honkala (1990).

Study design

The study was conducted at the University of Houston

Coastal Center, a 374 ha research area, located 50 km

south east of Houston, Texas. Approximately 75% of the

research area consists of tallow tree stands in areas that

originally would have been tallgrass prairie. This study was

conducted in established plantations of monospecific

stands. One plantation was established in the 1970s to

study the potential of each species as a biomass crop. The

plantation is divided into 30 eight by six meter plots.

Corridors of 4 m exist between the plots and have sparse

undergrowth. Each plot consists of one species either: sil-

ver maple (8 plots total), sycamore (8), sweetgum (7),

tallow tree (5), or juniper (Juniperus virginiana L.–2).

Although there were tallow tree and juniper plots in the

plantation, they were in poor sampling condition, being

patchy and with dense undergrowth. Therefore, tallow tree

was sampled from plots in an immediately adjacent plan-

tation planted in the same year (separated by a 3 m mowed
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alley). This was not an ideal design since it potentially

confounds species and location.

In total, six plots of each focal species were chosen.

Plots were selected for minimal undergrowth. Within each

plot, two-eight meter transect lines were established and

treated as one sample. Each plot (transect measuring 16 m)

was sampled four times during the season. Plots were

sampled in rotation eight at a time (a pair of plots for each

species) to allow time for recolonization by arthropods. For

instance, maple plots 16 and 27 were sampled on June 21

(2nd sampling), July 12 (5th), July 31 (8th), and September

27 (11th) and maple plots 4 and 15 were sampled on June

29 (3rd), July 17 (6th), August 10 (9th), and October 10

(12th). Using a machete, undergrowth within plots was

removed from plots 6 weeks prior to the first sampling and

between subsequent sampling events.

Arthropod sampling

Twelve sample sets were collected between June 8th and

October 10th during the 2001 growing season. The sam-

pling frequency was established to collect short lived taxa.

Each plot was sampled for arthropods using a sweep net

(38 cm diameter) reaching 5.8 m into the canopy, at

approximately the same time of day (afternoon), and sim-

ilar weather conditions (sunny, warm and low wind) by

MKH. It is estimated that the height of the trees was around

18 m. After 30 sweeps per plot, the contents from the

sweep net were emptied into a plastic bag. The bag was

then tied and frozen. Although sweep sampling does not

capture all arthropods in the community, we found it to be

the most efficient method when collecting arthropods from

the canopy of these densely planted plantations. Sweep net

sampling provides a good measure of relative abundance

and relative species richness in grasslands and agricultural

systems (Evans et al. 1983). Prior to this study, we tested

the use of insecticide fogging, static traps (such as sticky

traps), and beating trays, and we found that the sweep net

sampling was the most effective at capturing a large

diverse arthropod sample.

Arthropod identification

Specimens were sorted and identified to species or mor-

phospecies within family or genus under magnification.

Individuals from the order Araneida (spiders) were often

not identified beyond order due to their taxonomic com-

plexity and lack of a local reference collection. Morpho-

species have been shown to correlate with arthropod taxa

identified by entomologists and this technique is often

effectively utilized in the characterization of communities

(Oliver and Beattie 1996).

Determination of trophic level

For each species or morphospecies, a trophic group was

determined for the developmental stage at which the

individual was caught by referring to relevant literature

(Arnett 1960, 1993; Borror and White 1970; McAlpine

et al. 1981, 1987). The functional groups were the fol-

lowing: herbivore, detritivore, predator, parasitoid, omni-

vore, non-feeding, xylophage and unknown. Herbivores

included any arthropod feeding primarily on living plant

material. Detritivores were defined as arthropods feeding

on dead material. Predators were defined as arthropods that

fed by killing and consuming prey. Paraistoids were

defined as arthropods that spend part of their life cycle as a

parasite but emerge killing their host. Xylophages were

defined as arthropods that consume wood. Omnivores were

defined as individuals feeding commonly on plants and

animals. There are some arthropods that only feed in their

larval stage; therefore, a non-feeding group was included.

The group ‘unknown’ was assigned for those whose trophic

grouping could not be determined through lack of available

knowledge or insufficient taxonomic determination. Little

is known about feeding habits for some taxa, especially

those without agricultural or medical importance.

Damage

To measure foliar insect damage, two trees were randomly

selected within each plot (a total of 12 trees selected per

species) and marked. Twenty leaves were then removed

from each marked tree using a branch cutter that reached

5.8 m into the canopy on September 1st of 2004. The

leaves were placed into plastic bags that were put into a

cooler. Leaves were scanned using a flat bed scanner, and

area analyses were undertaken using imaging software

Scion Image (Meyer Instruments, Inc.) to determine the

total area and area removed or damaged for each leaf.

When damage was on the edge of a leaf, the leaf edge was

drawn based upon the symmetry of the leaf shape. The

percent of damage was calculated for each leaf and the

average damage per tree was used in analyses.

Data analyses

Repeated measures analysis of variance (ANOVA) was

used to test whether arthropod communities differed across

tree species during the growing season. For the analyses of

arthropods, the twelve sampling events were grouped into 4

periods since the plots were sampled in rotation (1, 2, 3; 4,

5, 6; 7, 8, 9; 10, 11 12). Repeated measures ANOVAs were

performed for the response variables: total arthropod

species richness and abundance, and the abundance and

species richness of trophic groups. ANOVAs were
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performed to determine whether estimated damage types

differed significantly between the four tree species exam-

ined. Estimated damage data was square root transformed

prior to analysis. Partial difference adjusted means post-

hoc tests were performed for tree species for repeated

measures ANOVAs and Fishers PLSD post hoc tests were

performed for damage ANOVAs (Proc Mixed, SAS 9.1,

SAS Institute Inc., Cary, NC, USA.).

To assess differences in the tallow tree arthropod com-

munity from those of the native trees, non-metric multidi-

mensional scaling (NMS) ordinations were conducted for

herbivores, predators, parasites, and detritivores (4 ordina-

tions). NMS is a non-parametric, iterative technique based

on ranked distances among sites (McCune and Grace 2002;

dos Santos et al. 2007). The number of dimensions was

determined by a minimal stress (departure from monoto-

nicity). The distance matrix of species used for ordination

was 1-Ds, in which Ds is Sørensen’s similarity index.

A MANOVA was performed with the relative abundances

of trophic groups (responses) to test whether the community

structure depended on tree species (treatment).

Results

A total of 2,700 individuals and 285 species of arthropods

within 15 orders and 72 families were caught (Appendix).

The dominant orders caught were the Araneida (spiders),

Homoptera (leaf hoppers), Diptera (flies) and Acari (mites)

consisting of 22, 20, 16 and 15%, respectively, of the local

arthropod community. Species richness was highest in the

Diptera, Coleoptera (beetles), Hymenoptera (wasps and

ants), and Homoptera (28, 14, 13 and 12%, respectively).

Overall, 18% of taxa were identified to species and 56%

were identified to morphospecies within a genus. Both the

abundance and species richness of arthropods varied

significantly with tree species but tallow was not distin-

guishable from all native species for either (Table 1;

Fig. 1). The abundance and species richness of arthropods

varied during the growing season but there were no inter-

actions with tree species (Table 1).

Table 1 The dependence of overall arthropod abundance, overall arthropod species richness, and the relative abundance of different trophic

groups of arthropods on the tree species sampled, sampling period, and their interaction in repeated measures ANOVAs

Species (F3,30) Time (F3,60) Species*Time (F9,60)

Total abundance 7.34*** 5.53** 1.35 (0.23)

Total species richness 11.06*** 5.06** 1.16 (0.34)

Herbivore abundance 5.28** 3.45* 0.74 (0.67)

Herbivore species richness 13.82**** 3.50* 0.61 (0.78)

Detritivore abundance 2.83 (0.06) 3.14* 1.77 (0.09)

Detritivore species richness 6.16** 4.89** 1.66 (0.12)

Predator abundance 2.63 (0.08) 4.32* 1.17 (0.33)

Predator species richness 10.43*** 0.09 (0.97) 0.74 (0.68)

Parasitoid abundance 6.84** 1.45 (0.24) 1.33 (0.24)

Parasitoid species richness 5.06** 1.82 (0.15) 1.27 (0.27)

**** P \ 0.0001, *** P \ 0.001, ** P \ 0.01, * P \ 0.05. For non-significant results, the P-value is shown in parentheses
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Fig. 1 Arthropod abundance (a) and species richness (b) from the

four focal tree species sampled. Abundance and species richness are

the average numbers of arthropods and arthropod species that were

collected per plot per sampling event (four samples per plot over the

growing season). Different letters denote means that are statistically

different (P \ 0.05). Adjusted means from repeated measures

ANOVA ? SE
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Trophic group responses

Herbivores and parasitoids but not other trophic groups,

varied in their abundances with tree species (Table 1).

Tallow trees had fewer herbivores than any of the native

trees (Fig. 2a). Parasitoids were more abundant on maple

and sweetgum than on sycamore and tallow (Fig. 2c). The

MANOVA indicated that the trophic composition of

arthropod communities on tree species varied significantly

(Wilk’s lambda [21,213.04 df] = 1.96, P \ 0.01; Roy’

Greatest Root [7,76 df] = 4.59, P \ 0.01). The species

richness of each trophic group depended on tree species

(Table 1) with the highest number of herbivore, predator,

and parasitoid species found on sweetgum, tallow, and

maple or sweetgum, respectively (Fig. 2b, d, f).

Ordination

The arthropod herbivore community on tallow tree was

distinctly different from the communities found on native

species with no overlap of tallow with any native species in

the NMS ordination (Fig. 3). Similar ordinations for pre-

dators, parasitoids, and detritivores all yielded overlapping

sets of points for tallow and native species (not shown).
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Fig. 2 Abundance and species richness of arthropod trophic groups

from the four focal tree species. Abundance and species richness are

the average numbers of arthropods and arthropod species that were

collected per plot per sampling event (four samples per plot over the

growing season). Different letters denote means that are statistically

different (P \ 0.05). Adjusted means from repeated measures

ANOVA ? SE
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Estimated damage

Foliar damage was evident on all the tree species sampled.

Both estimated damage types depended significantly on

host tree species (Fig. 4, mining: F3,44 = 203.1;

P \ 0.0001, chewing: F3,44 = 35.3; P \ 0.0001). Sweet-

gum had the highest amount of mining damage and tallow

tree had the least (Fig. 4a). Chewing damage was highest

on sycamore (Fig. 4b).

Discussion

Our study indicated that the arthropod assemblage on tal-

low tree differed from those on all three native tree species,

both in terms of the abundances and species richness of

trophic groups. In particular, tallow tree had very low

abundances of herbivores (Fig. 2a). Consistent with this

was the low amount of herbivore damage on tallow tree

compared to the three native tree species (Fig. 4). Such a

paucity of herbivores and herbivore damage on tallow tree

is consistent with predictions from the Enemies Release

Hypothesis (Keane and Crawley 2002). However, there

was not a corresponding low diversity or abundance for

higher trophic levels as predator and parasitoid abundances

were comparable to the numbers found on native trees.

Furthermore, the species richness of predators was higher

on tallow than on any of the native trees (Fig. 2d). This is

very similar to the results of Proches et al. (2008) who

found that only herbivores were less abundant on exotics

compared to natives.

A number of explanations have been proposed that might

explain the fewer herbivores and less damage on tallow

tree: species area relationships, time since introduction, and

taxonomic isolation (Strong et al. 1984). The range of tal-

low tree covers a large extent of the southern United States

and the tree is locally abundant so there is no strong reason

to consider the contemporary range of tallow tree to be a

contributing factor to low herbivore abundances (South-

wood 1961; Lawton 1978; Strong 1979). However, tallow

tree has only been present in Texas for about 100 years

which would be a period in which herbivores are likely still

rapidly accumulating (Thomas et al. 1987; Auerbach and

Simberloff 1988; Andow and Imura 1994). So, the recent

introduction of tallow tree could be a contributing factor in

its low herbivore loads and the low diversity of herbivores

we found associated with it. Indeed, tallow tree has higher

herbivore loads in Georgia compared to native tree seed-

lings where it has been present longer (*230 years) than in

Texas (*100 years; Siemann et al. 2006). Finally, tallow
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tree is taxonomically isolated in that there are confamilial

species in its North American range but no congeners and

there are no other trees in the Euphorbiaceae in tallow tree’s

North American range. The combination of functional

group or growth form together with taxonomy may interact

to influence tallow tree’s herbivore assemblage since

greater novelty is associated with greater invasiveness

(Strauss et al. 2006).

The typical abundance of predators, but low number of

herbivores on tallow tree led to very different ratios of

predators to herbivores on tallow tree (2.8:1) compared to

all three native trees (from 0.6:1 up to 1.4:1). This suggests

that tallow tree does not represent enemy free space for

herbivores (Gratton and Welter 1999; Denno et al. 1990;

Berdegue et al. 1996) but rather that predation levels might

be quite high. If these predators feed on herbivores present

in tallow tree stands, this may further reduce the strength of

top down regulation by herbivores.

There was substantial variation in arthropod diversity

and abundance among the native species with sweetgum

supporting the highest species richness and abundance of

arthropods and sycamore supporting the lowest (Fig. 4).

The large range of variation among the native trees indi-

cates that comparisons of exotic plants to a single native

plant could give widely different results depending on the

choice of native species. In this study, tallow tree was at the

low end of the range for arthropod diversity and abundance

such that pairwise comparisons could have indicated that

tallow tree had low or typical numbers of arthropods or

arthropod species present.

It appeared that of the tree species tested, each native tree

was susceptible to at least one type of damage while tallow

tree experienced only low levels of both. Interestingly, leaf

miners (immature Coleoptera, Diptera, Lepidoptera and

Hymenoptera) are considered particularly specialized

(Gaston et al. 1992), and the least mining damage was

encountered on tallow tree (Fig. 4b). This is in contrast to

the results of Auerbach and Simberloff (1988) in which two

introduced tree species in the Fagaceae accumulated a

diverse leaf miner fauna within 20 years of introduction.

This difference may reflect the presence of native congeners

in their study. In addition a study by Lankau et al. (2004),

examining generalist chewing herbivores (Acrididae:

Orthoptera) feeding on tallow tree and Celtis laevigata

(Hackberry) found low levels of feeding on tallow tree in

field settings but high rates of consumption in laboratory

feeding trials which suggests that the low levels of her-

bivory we encountered on tallow tree may be due to

behavioural avoidance rather than chemical defences.

In an earlier study we found that tallow tree monocul-

tures supported arthropod assemblages that had a lower

relative diversity of herbivores compared to arthropod

assemblages on diverse, native plant dominated habitats in

Texas (Hartley et al. 2004). Our results here indicate that

this result may be at least partly due to a low number of

herbivore species on tallow tree on a per species basis

compared to some native species. Such an effect might

work in combination with the positive relationship between

plant diversity and herbivore diversity (Siemann et al.

1998) to cause large losses of arthropod diversity when

exotic monocultures replace native communities.

Conclusions

Community composition and trophic structure differed on

tallow tree in comparison to the native tree species

examined. Tallow tree had low herbivore abundance and

experienced less damage, but supported typical numbers of

detritivores and predators in contrast to the native species.

Surprisingly, arthropod species richness and abundance

were not lower on tallow tree than on the native tree spe-

cies sampled. The Enemies Release Hypothesis was sup-

ported by our study in that tallow tree has experienced low

herbivore abundances that may contribute to its invasive

success. Further studies of the animal communities that

characterize communities of native and exotic plants may

increase our understanding of both the mechanisms

underlying plant invasions and the impacts they have on

the communities they invade.
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Appendix

See Table 2.

Table 2 The abundance and species richness of all arthropod orders

encountered

Order Family Abundance Species

richness

Acari 412 28

Oripodidae 181 6

Araneae 593 –

Coleoptera (15) 201 39

Chrysomelidae 125 8

Collembola (2) 11 5

Dictyoptera (2) 2 2
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