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Native leaf-tying caterpillars influence host plant use by the invasive
Asiatic oak weevil through ecosystem engineering
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Abstract. We tested the effect of leaf-tying caterpillars, native ecosystem engineers, on the
abundance and host feeding of an invasive insect, the Asiatic oak weevil, Cyrtepistomus
castaneus (Roelofs). Leaf quality was previously thought to be the sole factor determining host
use by C. castaneus, but adult weevils congregate in leaf ties made by lepidopteran larvae
(caterpillars). Adult weevil abundance was naturally higher on Quercus alba and Q. velutina
compared to four other tree species tested (Acer rubrum, Carya ovata, Cornus florida, and
Sassafras albidum). These differences were associated with more natural leaf ties on the two
Quercus species. In the laboratory, weevils fed on all six species but again preferred Q. alba
and Q. velutina. When artificial ties were added to all six tree species, controlling for
differences in leaf-tie density, adult weevil density increased on all six tree species, damage
increased on all species but A. rubrum, and host ranking changed based on both abundance
and damage. We conclude that leaf ties increase the local abundance of C. castaneus adults
and their feeding. Thus, these native leaf-tying caterpillars engender the success of an invasive
species via structural modification of potential host plants, the first described example of this
phenomenon.

Key words: Cyrtepistomus castaneus; deciduous tree host species; ecosystem engineering; invasive
species; leaf-tying caterpillars; Ozark Plateau, Missouri, USA; Quercus.

INTRODUCTION

The contingencies that determine the success of

species in their invaded habitat are many (Pysek and

Richardson 2010). Both positive (e.g., mutualism;

Richardson et al. 2000) and negative (e.g., predator–

prey [Parker et al. 2006]) interactions between native and

invasive species are well documented. In contrast,

whether ecosystem engineering positively or negatively

affects the success of invasive species is largely unex-

plored (Bulleri et al. 2008). On the one hand, invading

ecosystem engineers frequently foster their own success

through habitat modification (Jordan et al. 2008, Tsai et

al. 2010). On the other hand, native ecosystem engineers

can facilitate the invasion and spread of invasive species

through their engineering activities (Maron and Con-

nors 1996, Altieri et al. 2010). Understanding these

positive effects of ecosystem engineers may help mitigate

the spread and resultant impacts of invasive species

(Bulleri et al. 2008, Pearse and Altermatt 2013). Despite

the prevalence of insects, there are only two published

studies of native insect species (both ants) influencing

the abundance of nonnative species (both nonnative

plants) through ecosystem engineering (Farji-Brener et

al. 2010, Berg-Binder and Suarez 2012).

The leaf- and root-feeding invasive species the Asiatic

oak weevil, Cyrtepistomus castaneus (Roelofs) (Curcu-

lionidae: Coleoptera), is one of the most abundant leaf-

chewing insect species on oaks in Missouri, USA

(Forkner et al. 2006), and in much of eastern North

America (Frederick and Gering 2006). Larval and adult

C. castaneus feed on numerous deciduous tree species,

both oak and non-oak species (Frederick and Gering

2006), with larvae on roots and adults on leaves. Our

initial investigation has shown that leaf ties are major

congregation sites for adult C. castaneus on Quercus

alba. Leaf ties are leaves tied together with silk to form

flat, overlapping surfaces (Wang et al. 2012). In making

ties that are then used by C. castaneus and other

arthropod species (Lill and Marquis 2003, Wang et al.

2012), the leaf-tying caterpillars act as ecosystem

engineers (Jones et al. 1997). Adult C. castaneus feed

in leaf ties and apparently use them as shelter from

predators and the abiotic environment, often inhabiting

the ties with the original tie-makers (Lill and Marquis

2003). Cyrtepistomus castaneus abundance on Q. alba at

the whole-plant level is positively affected by the number

of leaf ties made by caterpillars (Lill and Marquis 2003).

Multiple factors could determine host plant use by

adult C. castaneus. First, emerging adults from the

ground could simply colonize the nearest tree, i.e., their

larval host tree. In that case, interspecific patterns of

host use by feeding adults would match those of adults

emerging from the ground. Second, host use by feeding

adults could be determined by leaf quality differences
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among available tree species, as hypothesized by

Ferguson et al. (1991, 1992) and Frederick and Gering
(2006). Finally, given that this weevil is found preferen-

tially in leaf ties on Q. alba relative to single leaves
within the same tree (Lill and Marquis 2003), C.

castaneus may choose among host plant species based
on leaf-tie abundance on those trees. In this way, the
engineering effects of leaf-tying caterpillars may con-

tribute to host plant choice by this invasive species, its
overall abundance, and thus its success as an invader.

This study was designed to disentangle the effects of
larval host plant, and leaf quality and leaf ties on the

distribution of C. castaneus adults on six common tree
species. We asked four questions: (1) How are abun-

dances of emerging adults related to the identity of the
tree species under which they first appear? (2) What are

the feeding preferences of adults in the laboratory?
Feeding trials in the laboratory measured host use by

adults in the absence of leaf ties. (3) What is the natural
abundance of adults on the six tree species, both in

natural ties and on single leaves? (4) How do artificial
leaf ties influence adult abundance on the six plant

species? To answer this last question, we manipulated
tree architecture to create equal numbers of artificial leaf

ties on the six tree species. If leaf quality alone
determines host use by adult weevils, then the experi-
mental addition of leaf ties would not change the

distribution and feeding of weevils across the six species.
In contrast, if leaf ties affect host use in addition to leaf

quality, then adding leaf ties in equal abundances to all
six tree species should increase the local abundance of,

and feeding by, weevils.

METHODS

Study site and study species

The study was conducted in the North Woods

Conservation Area of Cuivre River State Park, located
near Troy, Missouri, USA, during the summer of 2009.

The area is a northern extension of the Ozark Plateau
and supports a secondary oak–hickory forest. In
addition to these two major tree taxa, the canopy

includes stands of maples. The understory is primarily
composed of dogwood, sassafras, ironwood, and canopy

saplings. We used six of the most common species at the
study site as study species: white oak (Quercus alba) and

black oak (Q. velutina) (both Fagaceae), red maple (Acer
rubrum, Sapindaceae), flowering dogwood (Cornus

florida, Cornaceae), sassafras (Sassafras albidum, Laur-
aceae), and shagbark hickory (Carya ovata, Juglanda-

ceae). All five genera have representatives in China
(eFloras 2008), part of the weevil’s natural range. The

specific area where the sampling and experiments were
conducted is ;4 ha in area, and exemplifies upland

forest in the park and the northern Missouri Ozark
deciduous forest.

The Asiatic oak weevil Cyrtepistomus castaneus
(Coleoptera: Curculionidae) (Appendix: Fig. A1A) is

native to Japan, China, and Korea, where it feeds on

Quercus serrata and Q. acutissima (Morimoto et al.

2006). Apparently nothing else is known of its biology in

its native range (T. Ohgushi, personal communication)

except that it is parthenogenetic (Morimoto et al. 2006).

First introduced to the United States in 1933 in New

Jersey (Frederick and Gering 2006), it now occurs

throughout the eastern United States and adjacent

Canada. Because it is abundant and consumes large

quantities of root hairs as a larva (Roling 1979) and up

to 20% of the understory oak foliage as an adult (Gass

and Phillips 1979), it has the potential to influence forest

composition. In the forests of eastern Missouri, adults

appear in mid-June to early July, with abundances

dropping off dramatically by late August (Roling 1979).

Adults are frequently gregarious (Roling 1979), and are

of equal or greater abundance in the understory than in

the canopy (Le Corff and Marquis 1999).

Abundance of emerging adults

Emergence traps were used in the field to determine

emerging adult abundance so that we could relate it to

the distribution of feeding adults among the six tree

species. Two traps each were placed under 60 trees (10

trees per tree species) within 2 m of the trunk of the focal

tree. Traps (Appendix: Fig. A1B) were constructed as in

Roling (1979), and were erected 17–30 June 2009. Adult

C. castaneus were collected every 7–14 days until fewer

than 10 individuals across all traps were encountered.

Emerging adults were dried and weighed.

Adult feeding preference: laboratory feeding trials

Feeding trials in the laboratory were conducted to

determine host use of adult weevils in the absence of leaf

ties. Two trials were conducted to determine if host

preferences were consistent across time. On the first day

of each trial (Trial 1, 10 July; Trial 2, 20 July), adult C.

castaneus were collected from non-study Quercus alba

saplings. Sprigs of leaves from each tree species were

collected and maintained in water. In the laboratory,

sprigs of each species were placed together in a 32 ounce

[0.338 fluid ounce ¼ 0.01 L] clear plastic delicatessen

container with 10 live C. castaneus and covered. After 5–

7 days leaf damage was measured. Damage by C.

castaneus consists of distinctive linear channels emanat-

ing from leaf margins or previous damage (Appendix:

Fig. A1C). Damage was visually estimated at the whole-

leaf level using 10 approximately equal categories of

percentage area damaged from 0% to 100%. More leaf

area remained than that eaten for all containers and all

species (P , 0.0052).

Natural tie density and adult abundance

Natural abundances of leaf ties and weevils were

measured on five unmanipulated individuals (2–5 m tall)

of each of the study tree species, selected within the same

area as the trees used for the emergence traps. We

counted the number of leaves on each tree to estimate

tree size. Approximately 300 leaves on each tree were
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selected on 1–2 neighboring branches and censused for

weevil (29–30 July and 9 September) and leaf-tie

abundance (9 September).

Effect of ecosystem engineering on adult abundance

and leaf damage

We created equal numbers of artificial leaf ties on

another 10 individuals of each tree species (2–5 m tall,

again in the same area as the emergence traps) (Wang et

al. 2012). On 7–8 July we clipped together 20 pairs of

leaves with metal hair clips (Sally’s Beauty Supplies,

Denton, Texas, USA) to simulate leaf ties, while placing

clips on 40 single leaves to control for the effect of

placing clips on leaves. Clipped and control leaves were

scattered throughout the canopy, with leaves chosen

showing little or no damage by herbivores. We removed

all natural leaf ties and leaf-tying caterpillars found on

the trees. We censused weevil abundance on 27–29 July

and 26 August–16 September. We collected all clipped

leaves after the second census and visually assessed them

for damage by leaf-tying caterpillars (skeletonization,

with the upper or lower epidermis remaining), C.

castaneus (damage as described above), and unascribed

sources.

Statistical analysis

All analyses were conducted with SAS 9.3 for

Windows (SAS 2002–2010). Abundances of emerging

adults in traps were tested using repeated measures

against a negative binomial distribution (PROC GLIM-

MIX) for the effect of tree species, with tree as the

repeated factor, and the slice option for testing

differences among means. We assumed that an adult’s

larval host tree was the tree under which it emerged, as a

tree’s roots are concentrated under its crown (Yanai et

al. 2006). The effect of census and host species on the

dry body mass of emerging adults was tested with an

ANOVA of ranked data (PROC GLM) because

residuals from the ANOVA of the original data were

not normally distributed, and data could not be

transformed to conform to a parametric distribution.

We treated each weevil as an independent estimate of the

effect of host tree and census on body mass as we did not

track from which specific trap each emerged. A post hoc

Tukey test was conducted to test for differences in mass

by tree species.

In the feeding trials, effects of tree species, container

(random blocking factor), and trial (also random) on

leaf area eaten per day were tested with ANOVA after

calculating the area lost, and log10-transforming the

data to equalize variances among host species (PROC

MIXED). Percentage-of-area-damaged categories were

converted to the midpoint percentage of each category

and were then multiplied by the mean leaf size for the

respective tree species to estimate the leaf area eaten

from each leaf in a trial. We calculated mean leaf areas

by scanning 100 undamaged leaves per species, using

SigmaScan Pro 5.0 (SPSS 1999) to estimate their areas.

We tested whether and leaf-tie density (leaf ties/leaves

censused) and C. castaneus density (weevils/leaf area
censused) varied significantly by tree species on the five

unmanipulated trees (July census only as the August
census individuals were likely a subset of those counted

in July because there is a single generation each year and
emergence had all but stopped by late August;
Appendix: Fig. A2). This also allowed us to determine

whether C. castaneus was more likely to occur in natural
ties than on single leaves, all using ANOVA. Weevil

density was tested using a split-plot design against a
Poisson distribution, with tree species as the whole-plot

factor and leaf type (tied or not) as the subplot factor
(PROC GLIMMIX). Trees with no natural ties were

omitted from the analysis.
We also used a generalized linear mixed model

(PROC GLIMMIX) based on a Poisson distribution
to test the effect of artificial ties on C. castaneus

abundance by comparing their number on control leaves
and in artificial leaf ties. We analyzed the design as a

split plot, with tree species as the whole-plot factor and
leaf type as the subplot factor. Neither total leaf

number, as an estimate of total leaf area, nor the cube
root of leaf number, as a measure of tree volume, was

correlated with C. castaneus abundance on a tree, so we
excluded these two variables as covariates in the model.
Finally, to estimate the effects of clip type and tree

species on leaf area eaten from manipulated trees, we
used PROC MIXED, again considering the design to be

a split plot, with tree species as the whole factor and leaf
position and type (top leaf vs. bottom leaf of an artificial

tie and control leaf ) as the subplot factor. Initial
estimates have shown the damage caused by leaf-tying

caterpillars varies between the top and bottom leaf of a
leaf tie, so we maintained this distinction for estimating

C. castaneus damage.

RESULTS

Emerging adult abundance and performance

The species identity of the tree overhead significantly
affected Cyrtepistomus castaneus abundance in emer-

gence traps. Emergence was highest under Quercus
velutina, Acer rubrum, and Q. alba, followed by Cornus

florida, Carya ovata, and Sassafras albidum (F5,36¼ 4.40,
P , 0.0031) (Fig. 1A; Appendix: Fig. A2). Mass of

emerging adults was also affected by tree species (F5, 577

¼ 6.59, P , 0.0001) (Appendix: Fig. A3), census (F5, 577

¼ 8.54, P , 0.0001), and the census3 species interaction
(F23, 577 ¼ 2.47, P ¼ 0.0002).

Adult preference: laboratory feeding trials

In feeding trials, in the absence of leaf ties, adult C.
castaneus ate leaves from all six tree species, the amount

eaten significantly affected by tree species (F5,70¼9.61, P
, 0.0001) (Fig. 1B). On average, weevils ate most from
Q. alba and Q. velutina, followed by S. albidum, C.

ovata, A. rubrum, and C. florida. The trial effect was not
significant (P ¼ 0.8948).
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Natural tie density and adult abundance

Natural tie density varied significantly by species, and

this difference was associated with differences in weevil

abundance by tree species. Quercus alba and Q. velutina

had 10 times as many natural ties as C. ovata, S.

albidum, and A. rubrum (F5,52¼ 22.25, P , 0.0001). We

found no natural ties on the five C. florida trees

(Appendix: Fig. A4).

Natural weevil density varied marginally with tree

species and the species 3 tie status interaction (F4,13 ¼
3.06, P ¼ 0.0558, and F4,13 ¼ 3.17, P ¼ 0.0505,

respectively; tie status, P ¼ 0.091). Differences in

abundance between tied and single leaves were found

for Q. alba (P¼0.0022) and Q. velutina (P¼0.0024), but

not for the other species (P . 0.594) (Fig. 1C). On

average on a leaf-area basis there were four times as

many weevils in natural ties as on single leaves (8.4 6 2.8

3 10�4 weevils/cm2 vs. 2.0 6 0.5 3 10�4 weevils/cm2,

respectively).

Natural weevil density was correlated with tie density

at both the tree level (r ¼ 0.387, P ¼ 0.0027) (Fig. 2A)

and the species level (r¼ 0.875, P¼ 0.0225) (Appendix:

Fig. A5). Furthermore, weevil density in natural ties was

correlated with the density of those ties (r ¼ 0.622, P ¼
0.0003, n¼ 28), while weevil density on single leaves was

not (r¼�0.068, P¼0.7255) (Fig. 2B). These correlations

suggest that weevils colonize trees with more ties, and

then enter those ties.

Effect of ecosystem engineering on adult abundance

and leaf damage

Creating leaf ties changed rankings of host species

use, whether based on abundance or feeding. Across all

tree species, there were 3.5 times as many C. castaneus

found in artificial leaf ties as on single leaves (effect of

leaf type on weevil abundance: 5.2 6 0.6 vs. 1.8 6 0.4

FIG. 1. (A) The number (mean þ SE) of Cyrtepistomus
castaneus (Asiatic oak weevil) adults captured per trap day
under the canopy of the six study tree species. (B) The amount
of leaf area (mean þ SE) eaten by 10 C. castaneus adults per
feeding chamber when provided with excess leaf material from
the six study tree species. (C) C. castaneus adult density on
unmanipulated trees. Lines and letters above the bars indicate
groups of statistically similar tree species (P , 0.05).

FIG. 2. (A) Relationship between C. castaneus adult density
and leaf-tie density on unmanipulated trees. (B) Relationships
between C. castaneus adult density (in leaf ties and on single
leaves) and leaf-tie density on unmanipulated trees. The dotted
line is the regression for weevil density in leaf ties on density of
leaf ties. Circles represent individual trees in both panels.
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individuals/40 leaves; F1,3524 ¼ 141.01, P , 0.0001).

Quercus velutina and Q. alba had the most weevils,

followed by C. ovata, with C. florida, A. rubrum, and S.

albidum having the least (species effect: F5,55 ¼ 11.49, P

, 0.0001) (Fig. 3A). The extent to which ties increased

weevil abundance varied by tree species (clip type 3

species interaction: F5,3524¼3.1, P¼0.0085). As a result,

the relative rankings of host use based on abundance

changed. Abundance on Q. alba became equal to that of

Q. velutina, while C. florida and A. rubrum switched

ranks (Fig. 3A).

Cyrtepistomus castaneus damage differed significantly

with leaf type (top vs. bottom leaf in artificial tie vs.

control leaf ) (leaf area missing ¼ 2.4 6 0.2 cm2, 1.9 6

0.1 cm2, and 1.5 6 0.1 cm2, respectively; F2,4600¼ 26.06,

P , 0.0001). In addition, there was a significant species

effect (F5,55¼41.58, P , 0.0001), with Q. velutina having

significantly more damage than all other species (Fig.

3B). Ties increased damage over single leaves in all

species (P , 0.043) but A. rubrum (P . 0.08). As a

result, rankings of host use based on damage also

changed. Quercus velutina was still the most preferred,

but C. ovata and S. albidum were no longer equally

preferred, and C. florida and Q. alba were equally

preferred but more so than A. rubrum (Fig. 3B).

DISCUSSION

Our results demonstrate that native insect ecosystem

engineers can increase the local abundance of an

invasive insect species and change host rankings,

measured by both abundance and damage. First,

differences between numbers of emerging adults (Fig.

1A) and adults on trees (Fig. 1C) demonstrate that

aboveground abundance is not simply a result of adults

occupying their larval host trees. Furthermore, we show

that weevil abundance is greater in natural leaf ties than

on single leaves for two tree species (Fig. 1C), and

greater in artificial ties than on single leaves for all six

tree species (Fig. 3A). Finally, damage to artificial leaf

ties was greater than to single leaves in all but Acer

rubrum (Fig. 3B). Because the weevil is established in our

region, we cannot verify that leaf-tying caterpillars

facilitated the invasion of Cyrtepistomus castaneus. We

can conclude, however, that leaf ties increase local

weevil abundance.

Almost invariably, host plant choice is considered to

be a consequence of the combined effects of host tissue

quality and enemy-free space (Mooney et al. 2012). For

the generalist C. castaneus, host breadth is influenced

not just by leaf quality, as previously concluded

(Frederick and Gering 2006), but by a third factor, the

presence of leaf ties. For C. castaneus, and possibly

other generalists, such engineered shelters can alter the

distribution of insect abundance or feeding among

multiple host species. Cyrtepistomus castaneus abun-

dance was significantly greater in artificial leaf ties than

in single, control leaves for all six tree species (Fig. 3A),

and there was a significant between-tree correlation (Fig.

2A) and a significant between-species correlation be-

tween leaf-tie density and weevil density (Fig. A5).

These results suggest that leaf ties can increase weevil

abundance on single plants and across species. In a

previous experiment, Lill and Marquis (2003) showed

that removal of leaf ties from entire trees of Quercus alba

reduced C. castaneus abundance. Similar experiments

are needed for the other five species studied here to

establish whether effects at the branch level could be

extrapolated to the whole plant. However, the fact that

we did not find a significant negative correlation

between the number of leaf ties and the number of

weevils on single leaves suggests that leaf ties are not

simply causing a redistribution of weevils within trees,

but drawing them in from the surrounding environment.

The natural abundance of weevils in leaf ties was

correlated with tie abundance, but abundance on single

leaves was not. These results suggest that weevils are

FIG. 3. The effect of adding artificial leaf clips (two adjacent
leaves clipped together with a hair clip) to each of the six study
tree species on (A) the mean abundance of C. castaneus adults
per 40 leaves, and (B) C. castaneus damage (leaf area missing
[cm2]). Single leaves had a hair clip attached to each as a control
for the presence of the clip itself. Thin vertical lines indicate
significantly different means within each treatment (P , 0.05).
Significant differences among leaf types are described in
Results: Effects of ecosystem engineering on adult abundance
and leaf damage.
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attracted to trees with more leaf ties, and once they

arrive on a tree, they go into those ties. Leaf quality is

also likely important, as adult weevils preferentially fed

on Q. alba and Q. velutina, both in the laboratory and in

the field experiment. The presence of leaf ties changed

the relative ranking of species, but the two oak species

were always the most preferred species (Fig. 3).

We have not yet determined the benefit weevils gain

from congregating in leaf ties, although protection from

predation and the abiotic environment are both

possibilities. A change in leaf quality may not be

important, as leaves were already mature at the

beginning of the experiment. No parasitism of C.

castaneus has been observed by us or reported in the

literature, although protection against parasitism is

often a function of leaf shelters (e.g., LoPresti and

Morse 2013). Ants facilitate the abundance of nonnative

plant species by providing establishment sites of reduced

competition (Farji-Brener et al. 2010, Berg-Binder and

Suarez 2012), but just the opposite may be the case in

our system if multiple species use the same shelters,

increasing competition (Sliwinski and Sigmon 2013) or

parasitism (Lill et al. 2007).

Leaf quality, in addition to directly affecting weevil

abundance, is also likely to indirectly influence C.

castaneus through its effects on leaf-tie abundance. For

example, the abundance of the leaf-tying caterpillar

Pseudotelphusa quercinigracella on white oak saplings is

positively correlated with tannin concentration (R. J.

Marquis, personal observation). Similarly, plant archi-

tecture may affect leaf tie and C. castaneus abundance.

Plants of Q. alba with more touching leaves are more

heavily attacked by leaf-tying caterpillars (Marquis et al.

2002), while we found no natural ties on Cornus florida,

which has small, opposite, and rarely touching leaves.

Previous research has shown that native insects can

interact positively with invasive insect species (Lach

2007, Brightwell and Silverman 2010, Styrksy and

Eubanks 2010,), but ours is the first to show that local

abundance of invasive insect species is influenced by the

engineering effects of a native insect species. These

findings demonstrate that native insect ecosystem

engineers can play an important role in the success of

invasive insects, in this case by potentially increasing the

invasibility of the forest habitat. Not only would tree

species composition be important in the yet-to-be

invaded forest, as some tree species are preferred over

others based on the nutritive quality of the plant tissue,

but— as this study shows—the presence of shelter-

building insects would also be a contributing factor.

Because shelters built by insects (including leaf struc-

tures, cavities produced by stem-boring beetles, web

nests built by Lepidoptera, and galls) are common, and

are commonly used by non-shelter-building arthropods

(Fukui 2001), the positive effects of ecosystem-engineer-

ing insects on invasive species are likely underestimated.

In our case, the relevant construct is built not by a single

species but by a local guild of species, meaning that

multiple engineering species contribute to the positive

effect on the invader, and that the effects on the invader

are likely buffered against the loss of any one

engineering species. An important question that remains

is the degree to which native engineers in this and other

systems might actually facilitate the initial invasion of

exotic species. For invasive arthropods that use engi-

neered plant parts, invasibility is likely a consequence of

the interplay of host preference and host abundance for

herbivorous arthropods, natural enemy attack, and the

modifying effects of engineered constructs.
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SUPPLEMENTAL MATERIAL

Appendix

Leaf ties and the invasive Asiatic oak weevil: photodocumentation. (Fig. A1, adult weevil, weevil emergence trap, and weevil
damage) and figures showing seasonal emergence and mass of adults, density of leaf ties by tree species, and correlation of leaf-tie
abundance and weevil abundance by tree species (Ecological Archives E095-130-A1).
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