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ABSTRACT Gall wasps (Hymenoptera: Cynipidae) hijack the physiology of their host plant to
produce galls that house wasps throughout their immature stages. The gall-makerÐhost plant inter-
action is highly evolved, and galls represent an extended phenotype of the gall wasp. We evaluated
two-way interactions between stem galls produced byDryocosmus kuriphilus Yasumatsu on Castanea
spp. (Fagales: Fagaceae) and foliage directly attached to galls (gall leaves) using gall leaf excision
experiments and herbivore bioassays. Early season gall leaf excision decreased the dry weight per
chamber (nutritive index) and thickness of the protective schlerenchyma layer and increased the
number of empty chambers and the occurrence and size of exterior fungal lesions. Leaf excision also
caused a modestly signiÞcant (� � 0.1) increase in the incidence of feeding chamber fungi and
herbivory by Curculio sayi Gyllenhal (Coleoptera: Curculionidae), and a modest decrease in para-
sitoids. This study shows that gall leaves are important for stem gall development, quality, and defenses,
adding support for the nutrient and enemy hypotheses. We also evaluated the effects of stem galls on
the suitability of gall leaves to Lymantria dispar L. (Lepidoptera: Lymantriidae) herbivory to assess
the extent of gall defenses in important source leaves. Relative growth rate of L. dispar larvae was
greater on gall leaves compared with normal leaves, indicating that, despite their importance, gall
leaves may be more suitable to generalist insect herbivores, suggesting limitations to the extended
phenotype of the gall wasp. Our results improve our knowledge of hostÐcynipid interactions, gall
sourceÐsink relations, and D. kuriphilus community interactions.
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Gall-inducing insects, including wasps (Hymenop-
tera) in the family Cynipidae, alter the physiological
development of their host plants to produce abnormal
plant structures (galls) (Kinsey 1920, Felt 1940) that
house the gall-former throughout larval and pupal
development. Galls are formed entirely from plant
tissues, but the formation and maintenance of galls are
controlled by the gall wasp, thus representing an ex-
tended phenotype (Stone and Schonrogge 2003). Two
important hypotheses evoked to explain the beneÞcial
role of gall formation include the nutrient hypothesis
and the enemy hypothesis (Price et al. 1987). The
nutrient hypothesis focuses on the role of galls in
providing the gall-former with a constant and optimal
food source (Price et al. 1987) by intercepting the
normal ßow of nutrients and/or actively manipulating
the transport of nutrients from other plant tissues
(McCrea and Abrahamson 1985, Larson and Whitham
1991, Hartley and Lawton 1992, Hartley 1998, Allison
and Schultz 2005). The enemy hypothesis asserts that
galls offer refuge from natural enemies by providing a

physical and chemical barrier from predators, parasi-
toids, and pathogens, and incidental mortality from
herbivores (Janzen 1979, Cornell 1983, Price et al.
1987, Taper and Case 1987, Abrahamson et al. 1991,
Hartley and Lawton 1992, Schultz 1992). Substantial
data support both hypotheses, which are not mutually
exclusive. The nutrient hypothesis may best explain
the adaptive value of galling over other forms of her-
bivory and the selective pressures leading to gall for-
mation (Stone and Schonrogge 2003). The enemy
hypothesis may best explain the widespread inter- and
intraspeciÞcvariation ingallmorphologyanddefenses
(Stone and Schonrogge 2003).

Our goal was to evaluate the relationships between
stem galls and surrounding foliage in the context of
speciÞc aspects of the nutrient and enemy hypotheses.
Other studies that have investigated gall/foliage rela-
tionships have concentrated primarily on leaf galls
(but see Foss and Rieske 2004 and Kellogg 2004) and
support both the nutrient and enemy hypotheses (Fay
and Hartnett 1991, Larson and Whitham 1991, Fay et
al. 1993, Paquette et al. 1993, Bagatto et al. 1996).
Because stem galls are formed from different plant
tissues, they may interact differently with surrounding
foliage than leaf galls (Larson and Whitham 1991). For
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example, stem galls produced by Eurosta solidaginis
Fitch (Diptera: Tephritidae) intercept the normal
ßow of nutrients (nonmobilizing sink) but do not
actively transport resources from upstream portions of
the plant (mobilizing sink) (McCrea et al. 1985). Po-
tential interactions between leaves and galls could
have consequences for both tissue types. For example,
removal of leaf material through herbivory could re-
duce thenutrient source to thegall-maker, thushaving
negative consequences on gall development and qual-
ity. Additionally, nutrient interception or active nu-
tritive and defensive manipulation could render gall
leaves (leaves attached directly to galls) less suscep-
tible to herbivory (Foss and Rieske 2004), and gall
wasps may beneÞt from this decreased susceptibility
by decreasing the chances of incidental grazing by
foliar herbivores and/or removal of source leaves, thus
extending the potential extended phenotype of the
gall maker. We evaluated these gallÐfoliage relation-
ships on stem galls formed by the Asian chestnut gall
wasp (Dryocosmus kuriphilusYasumatsu) on chestnut
(Castanea spp., Fagales: Fagaceae).
Dryocosmus kuriphilus infests all chestnut species

and is considered a serious global pest (Aebi et al.
2006, Abe et al. 2007). Spherical galls consisting of
approximately one to Þve larval chambers develop in
early spring concurrent with bud break. Wasps pupate
within the galls and adults emerge in late June or July.
The parthenogenetic adults are active for �1 mo and
oviposit in dormant buds. Eggs eclose soon after ovi-
position and neonate larvae overwinter inconspicu-
ously within dormant buds. There is a single asexual
generation per year, with two types of galls formed
based on gall morphology and location. Leaf galls form
along the leaf mid-vein and do not directly affect shoot
development. Stem galls form on the stem or petiole
base in place of normal shoot growth and have ap-
proximately two to six leaves directly attached to the
gall (gall leaves). Stem galls prevent ßowering and
terminate shoot growth and are the focus of this study.
Furthermore, morphological features including size
and the number of chambers vary considerably in D.
kuriphilus stem galls, making them an ideal system to
investigate interactions between gall traits and gall
associates.
Dryocosmus kuriphilus galls are exploited primarily

by two parasitoids in North America: the introduced
Torymus sinensis Kamijo (Hymenoptera: Torymidae)
and the native Ormyrus labotus Walker (Hymenop-
tera; Ormyridae) (Cooper and Rieske 2007). The ex-
terior of galls are subjected to colonization by an
unidentiÞed fungus or fungal complex that forms
black lesions and are also damaged by herbivory from
the native lesser chestnut weevil, Curculio sayi Gyl-
lenhal (Coleoptera: Curculionidae) (Cooper and
Rieske 2007). The described North American com-
munity structure associated with D. kuriphilus pro-
vides the opportunity to investigate the ecological
interactions evolving between a suite of introduced
and native species.Torymus sinensis is a common para-
sitoid of D. kuriphilus on Chinese chestnut (C. mol-
lissimaBlume) in their native habitat in Asia, but both

wasps are recent associates of American chestnut (C.
dentata Marshall) in North America. Likewise, O.
labotus and C. sayi are both native to North America
and are recent associates of D. kuriphilus. We Þrst
studied the relationship between the galls and adja-
cent foliage by examining the effects of gall leaf ex-
cision on speciÞc stem gall parameters and a suite of
introduced and native gall associates. We also com-
pared herbivore suitability of gall leaves (leaves di-
rectly attached to galls) to normal leaves not associ-
ated with stem galls to assess the extent of the gall
formerÕs extended phenotype in surrounding source
leaves.

Materials and Methods

Plant Material. Heavily galled American chestnut
and F1 American � Chinese chestnut hybrids located
on the American Chestnut Foundation Research Farm
(Meadowview, VA) were used for this study. Trees at
this site germinated as greenhouse seedlings and were
planted in rows of even-aged blocks in 1991 for the
chestnut blight resistance breeding program con-
ducted by the American Chestnut Foundation.
Leaf Excision. On 25 May 2005, after gall develop-

ment, stem galls (N � 32) were selected from Þve
American chestnut trees for a leaf excision study.
Leaves were excised from one half the galls (test
galls), and galls with leaves remaining were used as
controls. One week after leaf excision, galls (N� 22)
were collected in plastic bags and stored at �4�C for
measurements of gall characteristics. At the time of
leaf excision and collection, galls were fully grown,
and most gall associates were established. The remain-
ing galls (N � 10) and associated leaves were col-
lected, ßash frozen in liquid nitrogen, and stored at
�80�C for chemical analysis.

In 2006, leaf excision was performed at the onset of
the rapid growth stage of gall formation. At this time,
parasitoids were emerging from overwintering loca-
tions for oviposition, and C. sayi damage had not yet
occurred. On 18 April, galls (N � 110) were selected
from six American � Chinese chestnut hybrid trees,
and one half were selected for leaf excision. After leaf
excision, some galls were lost, and nearly all leaves
were damaged because of a heavy hail storm between
20 and 24 April 2006. Test galls (those with leaves
excised), control galls and associated leaves, and nor-
mal foliage not directly attached to galls but from the
same branch were collected and frozen on 18 May,
after complete development of galls. At the time of our
collections, D. kuriphilus and parasitoids were late-
instar larvae, lesions had formed on the exterior of the
galls, and lesser chestnut weevils had emerged from
overwintering locations and damaged galls by feeding.
All plant material collected in 2006 was stored at
�80�C until further analysis.
Gall Characteristics. The size (mm3) of individual

galls was measured after removing associated stem and
leaf tissue (N � 22 in 2005; N � 95 in 2006). Gall
volume was calculated using the equation for an el-
lipse volume, ⎩(4/3) � � �radius1 � radius2 �
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radius3 ⎭, where radii 1Ð3 were measured on three
different planes across the gall (length and two right-
angle measurements for width) using calipers (Fig.
1A). In 2006, weevil herbivory (number of feeding
scars per gall) and the incidence and size (area) of the
external lesions were recorded. Each gall was carefully
dissected under a �160 dissecting scope (Fig. 1B), and
the number of chambers, the number of gall wasp
larvae, parasitoids, chambers with white fungal my-
celia (chamber fungi), and chambers without wasp
larvae (empty) were counted. Gall chambers were
cross-sectioned, and the diameter of the schleren-
chyma layer surrounding the larval chamber was mea-
sured using an ocular micrometer. After dissection in
2006, a subsample of galls and associated leaves were
refrozen and stored at �80�C for chemical analyses.
The remaining galls were oven dried for 5 d to calcu-
late gall dry weights, and the dry weight per gall
chamber was used as an index for gall nutritive value,
which has been shown to correlate positively with
adult fecundity (Kato and Hijii 1993).

Proportional data (gall wasp larvae, parasitoids,
chamber fungi, or empty chambers divided by the
number of gall chambers) were arcsine-square root
transformed (Zar 1996). Values for schlerenchyma
layer and fungal lesion size were log transformed to
stabilizevariancesbeforeanalysis.Analysisof variance
(ANOVA) was used to analyze the number of cham-
bers per gall between galls with leaves removed and
control galls. Multivariate ANOVA was used to ana-
lyze gall characteristics and inhabitants using dry
weight per chamber, gall volume, the proportion of
chambers containing gall wasp larvae, parasitoids,
chamber fungi, empty galls, and schlerenchyma thick-
ness (mm) as dependent variables, gall treatment (fo-
liage removed versus foliage intact) as the indepen-
dent variable, and the number of chambers per gall as
a covariate. The Wilks lambda test statistic was used to
determine signiÞcance of the multivariate model, fol-
lowed by a univariate analysis of each dependent vari-
able. Correlations between parameters were com-
pared using canonical correlations produced from the
multivariate analysis. Because chamber fungi were not
present in 2005, they were excluded from the 2005
analysis. The probability of fungal lesion presence was
analyzed between test galls and control galls using
logit modeling (�2 test of likelihood) (Floyd 2001).
Weevil herbivory was analyzed by ANOVA with gall

treatment as the independent variable. Because treat-
ments were applied to single galls, and galls are a
phenotypic extension of the gall formers, individual
galls were considered experimental units. For all sta-
tistical analyses, values were considered signiÞcantly
different at � � 0.05. To prevent type II error, values
were considered marginally different at the � � 0.1
interval. All data were analyzed using SAS 9.01 (SAS
Institute, Cary, NC).
Herbivore Susceptibility. We assessed foliar sus-

ceptibility to a generalist herbivore, the gypsy moth,
Lymantria dispar L. (Hymenoptera: Lymantriidae),
on gall leaves and leaves along the same branch not
associated with galls (normal foliage) using a two-
choice preference assay and a performance assay.
Gypsy moth larvae (USDAÐAPHIS, Otis Air Force
Base, MA) were laboratory reared on wheat germÐ
based artiÞcial diet and were starved for 24 h before
each assay. Assays were kept in growth chambers
(Percival ScientiÞc, Perry, IA) with a L 15: D 9 pho-
toperiod at 23�C within an invasive insect quarantine
facility (USDAÐPPQ permit 13568) and coincided
temporally with active feeding of natural populations
(3Ð28 June 2006).
Herbivore Preference.For the two-choice assay for

caterpillar preference, whole excised leaves were
weighed, measured for leaf area using an electronic
leaf area meter (LI-3100; LiCor, Lincoln, NE), and
placed individually in 2-ml water picks. On 3 June, one
leaf from both treatments (gall leaf versus ungalled
leaf) was placed in 17 by 12-cm clear plastic rearing
boxes (N � 30). Three third-instar caterpillars were
placed in each box and allowed to feed on chestnut
foliage for 56 h, after which larvae were removed and
leaf weight and leaf area were remeasured. Leaves
were oven dried for 5 d at 60�C and reweighed, and the
leaf area and dry weight consumed were calculated.
Caterpillar preference was measured as difference in
leaf area (cm2) and dry weight (mg) consumed be-
tween leaf types (gall leaves versus normal leaves) and
analyzed using a paired t-test (t-test procedure; SAS
9.01).
Herbivore Performance. To assess herbivore suit-

ability, we measured gypsy moth relative growth and
consumption rates and development time on each leaf
type. On 17 June, gall leaves (N � 26) and normal
leaves (N � 27) were excised, weighed, and placed
individually in ßoristsÕ water picks in 21 by 7-cm clear

Fig. 1. (A) Dryocosmus kuriphilus stem gall on Chinese chestnut. (B) Cross-section of a single chambered D. kuriphilus
gall showing the schlerenchyma layer surrounding the larval chamber. A U.S. penny is provided for size reference.
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rearing boxes. Adjacent leaves were collected con-
currently for phytochemical analyses. Newly molted
fourth-instar larvae were weighed and placed individ-
ually in rearing boxes. Assays (N � 53) were moni-
tored at 4-h intervals during daylight hours, and leaves
were replaced as necessary with foliage from the same
branch. Immediately after molting, caterpillars were
weighed and frozen, and the assays were terminated.
Cadavers and remaining leaf material were dried for
5 d at 60�C and reweighed. Relative growth rate
{RGR � [Þnal larval weight (mg) � initial larval
weight (mg)]/initial larval weight (mg)/time (d)},
relative consumption rate [RCR � leaf dry weight
consumed (mg)/initial larval weight (mg)/time (d)]
(Scriber and Slansky 1981), and length of stadium (d)
were assessed to determine performance and foliar
suitability. Multivariate ANOVA was used to analyze
gypsy moth performance on gall versus normal leaves
using RGR, RCR, and development time as dependent
variables and initial larval weight as a covariate. The
Wilks lambda test statistic was used to determine sig-
niÞcance of the multivariate model, followed by a
univariate analysis of each dependent variable.
PhytochemicalAnalysis.Gall and leaf material were

crushed in the presence of liquid nitrogen using a
mortar and pestle and freeze dried for 96 h (VirTis
Benchtop K series; VirTis, Gardiner, NY). Total tan-
nins were measured in test galls (gall leaves excised),
control galls, and gall leaves (N � 5 per treatment in
2005, N � 30 per treatment in 2006) and in bioassay
foliar treatments (galls leaves and normal leaves; N�
25 per treatment). Tannins were estimated using a
protein precipitation radial diffusion assay using tan-
nicacidas a standard(lot 107H1165; Sigma-Aldrich, St.
Louis, MO) and bovine serum albumin as protein
template (Hagerman 1987). Dried plant material used
for carbon/nitrogen analysis was crushed through a
60-mesh screen using a pestle. Total nitrogen and
carbon were measured between test galls, control
galls, and gall leaves in 2005 (N � 5 per treatment)
using a Costech Instruments 4010-Elemental Combus-
tion System (Costech Analytical Technologies, Valen-
cia, CA) and Thermo Finnigan DELTAplusXP stable
isotope mass spectrophotometer (Thermo Finnigan
ScientiÞc Instruments, San Jose, CA) located at the
University of KentuckyÕs Environmental Research and
Training Laboratory. In 2006, carbon and nitrogen

were measured between bioassay gall leaves and nor-
mal leaves (N � 13 per treatment) on a CHN-2000
Leco Elemental Analyzer (LECO, St. Joseph, MI).
Because of limited material, carbon and nitrogen were
not measured between galls with leaves excised and
control galls in 2006. Data were analyzed between
treatment groups within each year using a univariate
ANOVA and paired t-tests with Bonferroni adjust-
ments.

Results

Gall Characteristics. Multivariate analysis of gall
characteristics in 2005, when gall leaves were excised
after gall development, indicated no overall signiÞcant
effects between treatments (Table 1), but the univar-
iate analyses showed a marginal difference (P� 0.07)
in schlerenchyma layer thickness between test and
control galls (Table 1). In 2005, there were no signif-
icant differences in the number of chambers per gall,
dry weight per chamber, or the proportion of cham-
bers that were empty or that contained gall wasp
larvae and parasitoids (Table 1).

In contrast, multivariate analysis of gall character-
istics in 2006, when gall leaves were excised before gall
development, indicated signiÞcant treatment effects
(Table 1). Test galls had signiÞcantly lower dry weight
per chamber and thinner schlerenchyma and signiÞ-
cantly more empty chambers compared with control
galls (Table 1). The incidence of parasitism was mar-
ginally lower (P� 0.06), and the incidence of chamber
fungal growth was marginally higher (P� 0.07) in galls
with leaves excised (Table 1). Gall volume and cham-
bers with gall wasp larvae did not differ signiÞcantly
between test galls and control galls (Table 1). Fungal
lesions were larger and more numerous on galls with
leaves excised, and there was a marginal (P � 0.08)
increase in weevil herbivory relative to control galls
(Table 2).

Canonical correlation analysis indicated signiÞcant
correlations between speciÞc gall parameters. Gall
volume was weakly (r � 0.24) but signiÞcantly cor-
related with the thickness of the schlerenchyma. As
expected, gall wasps were strongly and signiÞcantly
negatively associated with parasitism (r � �0.90),
empty chambers (r� �0.90), and chamber fungi (r�

Table 1. Effects of leaf excision on D. kuriphilus gall characteristics and gall inhabitants (proportion per chamber) after complete
gall development on American chestnut (2005) and before complete gall development on hybrid chestnut (2006)

Parameter

2005
(F6,14 � 1.20; P� 0.36)

2006
(F7,86 � 2.76; P� 0.012)

Leaves
excised

Control ANOVA
Leaves
excised

Control ANOVA

No. chambers 2.4 � 0.3 2.1 � 0.3 F1,20 � 0.47; P� 0.50 2.4 � 0.1 2.3 � 0.1 F1,108 � 0.03; P� 0.87
Dry weight/chamber (mg) 34.1 � 4.8 43.0 � 4.1 F1,19 � 1.69; P� 0.21 34.3 � 2.0 41.9 � 2.1 F1,92 � 8.70; P	 0.01
Gall vol (mm3) 292 � 40 337 � 51 F1,19 � 2.41; P� 0.14 273 � 27 281 � 25 F1,92 � 0.18; P� 0.67
D. kuriphilus larvae 0.74 � 0.12 0.47 � 0.12 F1,19 � 1.47; P� 0.20 0.03 � 0.01 0.02 � 0.01 F1,92 � 0.06; P� 0.81
Parasitoids 0.21 � 0.12 0.49 � 0.13 F1,19 � 1.54; P� 0.23 0.82 � 0.04 0.88 � 0.03 F1,92 � 3.62; P� 0.06
Interior fungi 0 0 Ñ 0.08 � 0.03 0.03 � 0.02 F1,92 � 3.34; P� 0.07
Empty chambers 0.05 � 0.05 0.05 � 0.05 F1,19 � 0; P� 0.95 0.17 � 0.05 0.08 � 0.03 F1,92 � 4.42; P� 0.04
Schlerenchyma (mm) 4.25 � 0.40 5.25 � 0.26 F1,19 � 3.71; P� 0.07 7.4 � 0.30 8.2 � 0.39 F1,92 � 6.49; P� 0.01
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�0.62). The incidence of chamber fungi was positively
correlated (r � 0.67) with empty chambers.

There were no signiÞcant differences in nitrogen
content between test galls, control galls, and foliage
associated with control galls (Table 3). There were no
differences in carbon content between galls regardless
of the presence of foliage (t12 � 1.28; P � 0.22) or
between test galls (leaves removed) and gall leaves
(t12 � 1.36; P� 0.20), but control galls (leaves intact)
contained signiÞcantly less carbon than gall foliage
(t12 � 2.64; P � 0.022; Table 3). Tannins were not
affected by leaf excision in 2005 (t12 � 0.62; P� 0.55)
but were marginally affected in 2006 (t12 � 1.82; P �
0.07). Tannins were signiÞcantly greater in leaf tis-
sue compared with gall tissue in 2005 (t12 � 6.31; P	
0.0001 for galls with leaves excised; t12 � 6.93; P 	
0.0001 for control galls) and in 2006 (t12 � 12.94;
P 	 0.0001 for galls with leaves excised; t12 � 13.99;
P 	 0.0001 for control galls; Table 3).
Herbivore Susceptibility. The two-choice prefer-

ence assay showed no signiÞcant differences in leaf
area or dry weight consumed when fed gall leaves or
normal leaves (Table 4). However, multivariate anal-
ysis of gypsy moth performance (no choice perfor-
mance assays) indicated signiÞcant increases in larval
performance (F3,43 � 3.17; P � 0.03) when fed galls
leaves compared with normal leaves (Table 4). Gypsy
moth RGR was signiÞcantly greater on gall leaves
compared with normal foliage, but there were no
differences in RCR or stadium length (Table 4). Car-
bon content was signiÞcantly lower in gall leaves rel-
ative to normal leaves (Table 4), but there were no
differences in total tannins or nitrogen content be-
tween gall leaves and normal leaves.

Discussion

We actively manipulated cynipid stem galls on their
woody plant host. Manipulative studies, rather than

comparative, can help elucidate the costs and beneÞts
of gall formation and determine the extent to which
the gall-former affects its host plant (Hartley 1998).
However, manipulative studies are problematic be-
cause of the nature of the cynipidÐhost relationship,
where the gall-maker commandeers the host plant and
controls the gallsÕ physiology, thus representing an
extended phenotype of the gall wasp. The aim of our
study was to evaluate the source-sink relationship by
examining the interactions between stem galls formed
by the Asian chestnut gall wasp,D. kuriphilus, and gall
foliage directly attached to galls using manipulative
experiments and insect bioassays.

Gall leaves were excised from stem galls before
(2006) and after (2005) gall development to examine
the role of upstream source leaves in stem gall growth
and development. Removal of associated foliage in-
creased mortality rates of gall inhabitants (empty
chambers), but the exact cause of this mortality is
unknown. Leaf removal had a modest impact on the
proportion of chambers containing parasitoids but did
not affect the proportion of chambers containing D.
kuriphilus, suggesting the increase in empty chambers
is associated with acts of parasitism. Alternatively, the
presence of surviving gall wasp larvae may have been
too low in 2006 to detect signiÞcant differences (Table
1). Torymus sinensis andO. labotus, the primary para-
sitoids ofD. kuriphilus in North America (Cooper and
Rieske 2007), share the larval chamber with the gall-
former until the gall is developed, after which they
consume the gall-former and Þnish their development
within the parasitized gall. The decrease in parasitoids
and increase in empty chambers associated with leaf
removal may be caused by early mortality of the gall
wasp and parasitoid caused by overcrowding or lim-
ited resources (Otake 1989). An alternative explana-
tion for empty chambers is gall wasp death caused by
adult parasitoid feeding (Kato and Hijii 1999) or ex-
ploratory ovipositional probing. This would suggest
leaf removal causes a change in parasitoid preference
and is consistent with decreased parasitism observed
in this study.

Our study evokes several potential causes for gall
inhabitant mortality and/or antixenotic effects on
parasitoid behavior. Leaf excision decreased dry
weightpergall chamber,which ispositivelycorrelated
with adult fecundity and used as an indicator of gall
nutrition (Kato and Hijii 1993). This suggests that gall
foliage may be an important nutrient source for de-
velopment and maintenance of the gall, which is com-

Table 2. Incidence of fungal infection, fungal lesion area, and
weevil herbivory on galls with leaves excised and control galls

Gall treatment
Fungal

infection (%)
Lesion size

(mm2)a
Weevil

herbivory (%)a

Leaves excised 21.6 � 5.8 19.4 � 13.18 0.6 � 0.3
Control 6.8 � 3.3 1.26 � 0.8 0

�2
1,1 � 9.84;
P	 0.01

F1,50 � 6.89;
P� 0.01

F1,108 � 3.12;
P� 0.08

aData log transformed.

Table 3. Phytochemical analysis of galls with leaves excised, galls with leaves intact (control), and foliage associated with control galls
(gall foliage)

Year Parameter
Galls with

leaves excised
Galls with leaves intact

(control galls)
Gall foliage ANOVA

2005 Nitrogen(%) 2.19 � 0.29a 2.25 � 0.21a 2.40 � 0.36a F2,12 � 0.73; P� 0.50
Carbon (%) 39.95 � 1.82ab 37.63 � 1.57b 42.40 � 2.78a F2,12 � 3.66; P� 0.06
Tanninsa 0.055 � 0.010b 0.035 � 0.006b 0.16 � 0.045a F2,12 � 26.87; P	 0.01

2006 Tanninsa 0.051 � 0.003b 0.041 � 0.003b 0.16 � 0.013a F2,73 � 109.8; P	 0.01

Values within rows with different letters denote a signiÞcant difference at � � 0.05.
a Tannic acid equivalent per milligram dry plant tissue.
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promisedby the lossofgall leaves.Thenegativeeffects
of decreased gall nutrition may be compounded when
gall chambers are simultaneously inhabited by a gall
wasp and parasitoid, thus explaining the modest de-
crease in parasitoids. Surprisingly, leaf removal did not
affect nitrogen or carbon levels within galls, but the
nutritive layer that the gall-former feeds on is a rela-
tively small portion of the entire gall and subtle
changes within this layer may be difÞcult to detect.

Removal of gall foliage also decreased the thickness
of the schlerenchyma layer. This may have been
caused by gall desiccation or a decrease in schleren-
chyma development and may have inßuenced the
increase in empty chambers detected in galls with
leaves excised. The gall schlerenchyma layer likely
provides the gall wasp larvae protection from mortal-
ity inßicted by parasitoid adults or from rapidly ex-
panding gall tissues early in gall development (Harper
et al. 2004). In fact, gall toughness is a protective
strategyguardingagainstparasitoidoviposition(Stone
et al. 2002), and the schlerenchyma layers surrounding
the chambers are the toughest tissues inD. kuriphilus
galls (W.R.C., unpublished data). Furthermore, de-
creased schlerenchyma layer and nutritive index in
this study may be related, i.e., schlerenchyma tissues
may be involved in the importation of gall nutrients.

The incidence of interior fungi modestly increased
with leaf excision, which was positively correlated
with empty chambers and negatively correlated with
gall wasp larvae. This fungus may be saprophytic and
feeding on larval cadavers or pathogenic and causing
larval death (Williams 1994). If saprophytic, fungal
occurrence corroborates our Þndings that leaf exci-
sion increases wasp mortality. In contrast, if the fungus
is pathogenic its increased occurrence suggests that
leaf excision decreases gall defenses or increases in-
fection rates through the leaf excision site. The iden-
tity and cause of this internal fungal growth within gall
chambers warrants further study.

The exterior of D. kuriphilus galls are colonized by
another unidentiÞed fungus that forms black lesions
(Cooper and Rieske 2007). It is unknown whether the
exterior lesions and chamber fungus are related. These
lesions may be formed by foliar endophyte fungi
(Cooper and Rieske 2007), which are known to form
black lesions on oak galls and indirectly kill the gall-
former (Taper and Case 1987, Butin 1992, Wilson

1995). In 2006, leaf excision increased the gallÕs sus-
ceptibility to exterior fungal lesions despite a modest
increase in total tannins, which have antifungal activ-
ity and are thought to prevent the growth of lesions on
oak galls (Taper and Case 1987). Chestnut galls are
also damaged by lesser chestnut weevil feeding (Coo-
per and Rieske 2007), and gall leaf removal marginally
increased the gallÕs susceptibility to weevil feeding.
This suggests that gall leaves may play an important
role in the chemical defenses of galls, and removal of
these leaves can compromise these defenses. Many
weevils are also known to use visual cues to locate food
sources (Smart et al. 1997, Hausmann et al. 2004,
Bjorklund et al. 2005), and removal of gall leaves may
make galls less cryptic, leading to slightly increased
weevil herbivory.

Collectively, the results from this leaf excision study
indicate that gall leaves are important for the devel-
opment of healthy galls and gall defenses, and their
removal may compromise survival of gall inhabitants.
Studies on leaf galls have shown that surrounding leaf
tissue is similarly important for gall quality. For ex-
ample, decreasing the number of Cynips divisa leaf
galls per leaf on Quercus (Fagales: Fagaceae) in-
creased the gall size and nitrogen content of the re-
maining galls, indicating that the surrounding leaf tis-
sue is an importantnutrient sourceandgall-formerson
the same leaf compete for this resource (Hartley
1998). The number ofC. divisaHartig (Hymenoptera:
Cynipidae) galls onQuercus leaves has a strong effect
on gall size and potential fecundity, suggesting com-
petition for resources between galls (Sitch et al. 1988).
Wounding by a generalist herbivore decreased the
source strength measured by speciÞc invertase activ-
ity in the nutritive layers of cynipid leaf galls formed
byAndricus petiolicolusBasse (Hymenoptera: Cynipi-
dae) (Allison and Schultz 2005). These studies further
support the hypothesis that the extended phenotype
of the gall-former can be manipulated by altering
nutrient sources of the gall.

Although chestnut species comparisons between
years should be interpreted cautiously because of dif-
ferences in plot locations, tree size/health, and annual
climatic differences, several noteworthy trends in gall
inhabitant populations are apparent. D. kuriphilus
numbers were much greater (50Ð70% of chambers)
and parasitism less (20Ð50% of chambers) on Amer-

Table 4. Consumption and growth of gypsy moth larvae on chestnut foliage directly attached to chestnut galls (gall foliage) and normal
foliage (not associated with galls) and phytochemical properties of each leaf type

Parameter Gall foliage Normal foliage ANOVA

Area consumed (mm2) 4.99 � 0.74 9.03 � 1.75 t29 � 1.67; P� 0.10
Dry weight consumed (mg) 0.045 � 0.012 0.061 � 0.010 t29 � 0.84; P� 0.41
RGRa 0.314 � 0.016 0.272 � 0.015 F1,45 � 8.9; P� 0.001
RCRb 0.797 � 0.068 0.836 � 0.114 F1,45 � 0.39; P� 0.53
Stadium length (d) 6.84 � 0.14 7.04 � 0.15 F1,45 � 1.11; P� 0.30
Nitrogen (%) 2.46 � 0.14 2.31 � 0.09 F1,25 � 0.61; P� 0.44
Carbon (%) 47.33 � 0.34 48.30 � 0.12 F1,25 � 9.6; P	 0.01
Total tanninsc 0.149 � 0.007 0.149 � 0.015 F1,45 � 0.08; P� 0.78

a Relative growth rate � 
Þnal larval weight (mg) � initial larval weight (mg)�/initial larval weight (mg)/time (d).
b Relative consumption rate � leaf dry weight consumed (mg)/initial larval weight (mg)/time (d).
c Tannic acid equivalent per milligram dry plant tissue.

422 ENVIRONMENTAL ENTOMOLOGY Vol. 38, no. 2



ican chestnut compared with American � Chinese
chestnut hybrids (2Ð3% of chambers with D. kuriphi-
lus, 80Ð90% of chambers with parasitoids). The pri-
mary parasitoid ofD. kuriphilus in North America is T.
sinensis (Cooper and Rieske 2007), which was intro-
duced from Asia, where it naturally parasitizes D.
kuriphilus on Chinese chestnut. Potentially, Chinese
chestnut and American � Chinese chestnut hybrids
are more suitable or attractive to the introduced T.
sinensis. These observations warrant further study.

We also evaluated the suitability of gall leaves and
normal leaves to generalist herbivory to explore the
extent of the gall formers extended phenotype in up-
stream foliage. We hypothesized that nutrient inter-
ception and active transport of photosynthates from
the gall leaf would render the leaves less susceptible
to generalist herbivory. Previous studies compared
temporally segregated interactions between specialist
cynipids and generalist herbivores (Foss and Rieske
2004, Kellogg 2004). No clear pattern of preference or
performance was detected in studies of three polyph-
ages on D. kuriphilus galled American or Chinese
chestnut (Kellogg 2004). Gypsy moth caterpillars pre-
ferred foliage from pin oak,Quercus palustrisMuench-
hausen (Fagales: Fagaceae), that was free of galling
caused by the cynipid horned oak gall, Callirhytis
cornigera Osten Sacken (Hymenoptera: Cynipidae),
over foliage from galled trees (Foss and Rieske 2004),
but despite gall-induced differences in foliar charac-
teristics, no measureable difference in gypsy moth
performance was detected. Our study differs from
these previous studies by comparing gall leaves and
normal foliage on the same branch. In this study, there
were no differences in nitrogen and tannins between
gall leaves and normal foliage, and carbon was signif-
icantly lower in gall foliage. Contrary to our hypoth-
esis, gypsy moth relative growth rate was greater on
gall leaves compared with normal leaves, suggesting
that gall leaves are better suited for growth by this
generalist herbivore.

This study showed that early removal of gall source
leaves can inßuence gall phenotypes, the survival of
gall inhabitants (particularly when associated with
parasitoids), and community interactions. Our work
corroborates previous studies supporting the nutrient
hypothesis by suggesting that surrounding or attached
foliage is important for gall maintenance and quality,
but differs from these studies by showing the impor-
tance of gall leaves for stem gall growth and mainte-
nance, rather than focusing on leaf galls. This study
also supports aspects of the enemy hypothesis by
showing that removal of gall leaves, which are an
important resource for gall development, decreased
gall resistance to fungal colonization and marginally
decreased weevil herbivory and parasitism. However,
despite their importance in reducing the incidence of
fungal and weevil attack, gall leaves were more suit-
able for gypsy moth growth, which may increase the
gallÕs susceptibility to grazing by subsequent herbi-
vores. This suggests that the waspÕs beneÞcial ex-
tended phenotype inßuencing gall defenses may be
restricted to gall tissues and is limited in attached

source leaves. Thus, gall source leaves may be more
susceptible to caterpillar herbivory, and removal of
source leaves from herbivory negatively affects gall
quality. Our Þndings also indicate that gall physiology
and morphology can be altered by source manipula-
tions and adds to a growing body of knowledge con-
cerning indirect effects of trophic interactions
(Ohgushi 2005). Our study further contributes to an
understanding of cynipid/host interactions and cy-
nipid community ecology by enhancing our under-
standing of the interactions between stem galls and
gall leaves and the effects of these interactions on a
cynipid community.
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