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ABSTRACT In the northeastern United States, forest stands on xeric sites, such as ridge-
tops and steep upper slopes, generally experience more gypsy moth, Lymantria dispar
(L.), defoliation than those on mesic lowland sites. To address whether foliage quality from
a site could contribute to forest stand susceptibility, we reared gypsy moth larvae on
chestnut oak, Quercus prinus (L.), and northern red oak, Quercus rubra (L.), foliage
collected from two xeric and two mesic forest sites. Food quality of foliage was measured
as protein and phenolics (hydrolyzable and condensed tannins, total phenolics and protein
binding capacity) and was related to measures of gypsy moth success. Chestnut oak foliage
had greater measures of phenolics than red oak and produced heavier male and female
pupae and more fecund females. Foliage from xeric sites was likely to have greater
measures of phenolics, but only male pupal weights were greater for larvae reared on xeric
site foliage. Larval development times (days to pupation) were shorter on chestnut oak
foliage than on red oak foliage for females and shorter on foliage from mesic sites than from
xeric sites for males. Female pupal weights and fecundities were negatively correlated
with measures of red oak hydrolyzable tannins, but there was no relationship between
chestnut oak phenolics and gypsy moth success. The greater frequency of gypsy moth
outbreaks on xeric sites may be more a function of tree species composition than site
induced differences in foliage quality.
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OUTBREAKSOF DEFOLIATING insects are often
associated with forest stands growing on well
drained, poor quality soils (Bess et al. 1947,
Shepherd 1959, McLeod 1970, Mason & Tigner
1972, Mattson & Addy 1975, Mattson & Haack
1987). Site quality can have an underlying role in
promoting insect outbreaks in forest stands by
affecting tree species composition (McCleod
1970, Mason & Tigner 1972), niche space for
predators (Jackson 1979, Smith 1985), structural
refuges for prey (Graham & Baumhofer 1927,
Bess et al. 1947), and foliage quality (White 1974,
Rhoades 1983, Mattson & Haack 1987). This
study examines the relationship among site qual-
ity, forest stand composition, foliage quality, and
host b'ee suitability as factors contributing to
gypsy moth, Lymantria dis par (L.), outbreaks in
the northeastern United States.

Defoliation caused by outbreaks of gypsy moth
is more likely to occur on poor quality, disturbed
or xeric sites (Clement & Munro 1917, Bess et al.
1947, Houston & Valentine 1977, Houston 1981).

1 Current address: Department of Entomology, University of
Wisconsin, Madison, WI 53706.

2 Northeastern Forest Experiment Station, USDA-Forest
Service, Hamden, CT 06514.

In the Ridge and Valley province of the Appala-
chian Mountains (Fenneman 1938), xeric sites
are typified by ridgetops and steep upper slopes
where the soil is well drained with a high rock
fragment content (Ciolkosz et al. 1990). These
xeric sites typically have low moisture availabil-
ity, reduced tree growth, and low vegetational
diversity (Trimble & Weitzman 1956, Bowersox
& Ward 1972, Blackman & Ware 1982). Chestnut
oak, Quercus prinus (L.), and northern red oak,
Quercus rubra (L.), are the two dominant tree
species on such sites (McIntyre & Schnur 1936,
Skaller 1985, Kleiner et al. 1989, Nowacki &
Abrams 1992).

Forest stands that are defoliated less fre-
quently are typically found in the adjacent mesic
lowlands where chestnut oak is less abundant.
Typically, these areas have a high site index for
red oak (Trimble & Weitzman 1956), which is
often dominant or codominant with a diverse
mixture of vigorously growing preferred and un-
preferred host species.

Two lines of reasoning have evolved to explain
the basis of forest stand susceptibility to gypsy
moth defoliation. One emphasizes tree species
composition and suggests that defoliation can be
reduced by removing the abundance of preferred
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host species (Clement & Munro 1917, Baker &
Cline 1936, Behre 1939, Behre & Reineke 1943).
It has been suggested that forest stand composi-
tion may influence levels of the gypsy moth be-
cause larval growth and female fecundity are in-
fluenced by the tree species on which they feed
(Barbosa & Capinera 1977, Capinera & Barbosa
1977, Barbosa & Greenblatt 1979, Hough & Pi-
mentel 1978, Barbosa et al. 1983). In particular,
chestnut oak has been associated with more fre-
quent and severe gypsy moth defoliation (Kegg
1973, Campbell & Sloan 1977a, Ganser & Her-
rick 1985), and higher egg mass densities
(Skaller 1985). The other viewpoint states that
stressful growing conditions influence stand sus-
ceptibility. This alternative line of reasoning
proposes that trees growing under stressful con-
ditions produce structural defects that provide
gypsy moth larvae and pupae with above ground
resting niches that can reduce predation by
ground dwelling mammals (Bess et al. 1947,
Campbell et al. 1975, Campbell & Sloan 1977b).
The characteristics of forest stands with a history
of frequent or infrequent defoliation have been
identified and used to classify stands as suscep-
tible or resistant to gypsy moth defoliation (Bess
et al. 1947, Houston & Valentine 1977). Largely
overlooked however, is that stressful conditions
may also influence the nutritional quality of the
foliage for the gypsy moth. The increased sus-
ceptibility of trees growing under stressful con-
ditions has been attributed to the improved nu-
tritional quality of the foliage as food as a result
of an increase in the ratio of nutrients to second-
ary or defensive compounds (White 1974,
Chapin 1980, Cates et al. 1983, Rhoades 1983).

In this study, gypsy moth larvae were reared
on chestnut oak and northern red oak foliage
collected from mesic and xeric forest sites. We
hypothesized that larval success would be
greater on foliage of both oak species from xeric
sites than from mesic sites. Our alternative hy-
pothesis predicted that larval success would be
greater on chestnut oak, regardless of site. Addi-
tionally, we analyzed foliage samples from both
oak species from xeric and mesic sites for protein
and phenolic concentrations (hydrolyzable and
condensed tannins, total phenolics and protein
binding capacity) and related these measures to
those of gypsy moth success.

Materials and Methods

Site Selection. Based on the descriptions of
Bess et al. (1947) and Houston & Valentine
(1977), a xeric ridgetop site and a mesic lowland
site were selected at each of two locations in
central Pennsylvania. The locations represent
blocks in the experimental design. Location 1
was situated in the Bald Eagle State Forest on
and near Winklebleck Mountain (Centre County:
41° 55'N, 77° 17' 30" W). Location 2 was located

=72 km southwest of lcation 1 on and near Pe-
ter's Mountain on State Game Land No. 211
(Dauphin County: 40° 26' 30' N, 76° 46'W). For-
est stands on the ridgetop (xeric) sites occurred
on stony, well drained, shallow Hazelton-
Dekalb and Dekalb soils (both Inceptisols),
which are characterized by low pH (4.0-4.7) and
clay content and low moisture holding availabil-
ity (Nowacki & Abrams 1992). Stands on the val-
ley bottom (mesic) sites occurred on moderately
to well drained Lehew (Inceptisol) and Laidig
(Ultisol) soils. These soils typically have a mod-
erate moisture availability and a lower stone con-
tent and deeper profiles than soils found on
ridgetops (Kunkle et al. 1972, Braker 1981, Ciol-
kosz et al. 1990, Nowacki & Abrams 1992).

Defoliation records of the Pennsylvania Bu-
reau of Forestry indicated that no observable de-
foliation occurred in either the xeric or mesic
stand at location 1 from 1980-1987. At location 2,
defoliation was observed at the xeric site in 1981
(>60%), 1982 (30-60%), and 1983 (30-60%). No
defoliation was recorded at the mesic site at Lo-
cation 2. Defoliation maps of this area were not
made by the Bureau before 1980.

Stands at all four sites were classified using a
discriminant function for the identification of
mixed-oak stand susceptibility to gypsy moth de-
foliation, using variables reflecting above ground
gypsy moth habitat (Valentine & Houston 1984).
Stands with high positive scores are considered
more resistant than stands with lower scores.
Those with negative scores would be catego-
rized as susceptible, those with positive scores as
resistant. In addition, two measures of stand den-
sity were obtained at each site (the number of
trees per hectare and the basal area per hectare).
Data were collected in 10 O.Ol-ha circular plots
per stand. The plot centers were located 40 m
apart along a transect through a representative
portion of the stand. Only trees with a diameter
at breast height (dbh) of >5 em (1.4 m above
ground) were recorded.

Foliage Sampling. In 1987, at each xeric and
mesic site in each location, 10 northern red oaks
and 10 chestnut oaks of mature, canopy height
were paired based on similarity in size (within
7.5 cm dbh). All trees were more than 50 m from
the nearest paved road. Trees on xeric sites were
located on the ridgetop or within 30 m on the
south face. At location 1, foliage collection for
larval rearing began =10 d after the last sample
tree broke bud. Foliage collection at location 2
for larval rearing began =1-2 d after the last
sample tree broke bud. Budbreak was 1-2 w ear-
lier at location 2 than at location 1. Under field
conditions, the duration of gypsy moth egg hatch
can span 10-20 d under normal spring tempera-
tures (Maksimovic 1962, Leonard 1981, Mont-
gomery 1991).

Leaf samples were obtained from the upper
canopy of each sample tree twice a week at both
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locations by shooting small branches with a 20-
gauge shotgun with no. 3-4 size shot. It is pos-
sible to obtain samples with little or no damage
to leaves using this method. Because within tree
variation in foliage quality is less than between
tree variation (Kleiner et a!. 1989), each tree was
represented by a composite sample of two to
three leaf clusters. Shoots were clipped under-
water, transported to the lab in 19-1iter buckets
and stored at 5°C until the following day. Foliage
for all tests was disinfected with a 0.53% sodium
hypochlorite solution and several washes of wa-
ter to eliminate pathogens that can cause larval
mortality. Leaves were cut from shoots underwa-
ter to prevent air embolisms in the xylem, which
can restrict water uptake and cause the leaves to
wilt. Only undamaged leaves were inserted into
florist's Aquapics (Syndicate Sales, Kokomo, IN)
for larval rearing. Foliar protein and phenolic
concentrations remain stable for up to 48-72 h in
excised leaves inserted in Aquapics (Kleiner
1991).

The phenolic measures of oak foliage vary
temporally, some increase while others decrease
through the period of larval feeding (Rossiter et
a!. 1988, Kleiner et a!. 1989); therefore, foliage
for chemical analyses was collected during the
3rd and 7th wk after the last sample tree broke
bud at each location to represent early and late
season foliage characteristics, respectively. The
length of each sample leaf was recorded and the
samples were frozen and transported to the lab in
liquid nitrogen and stored at -34°C.

To compare differences in leaf phenology, a
measure of relative leaf length (RLL) at week 3
for each tree was calculated as the midrange
(Sokal & Rohlf 1981, p. 58) leaf length at week 3
divided by the midrange leaf length at week 7.
An angular transformation (arcsine sqare root) of
RLL decreased the Shapiro-Wilk statistic (Proc
Univariate, SAS Institute 1985) and did not im-
prove the normal probability plots. Original val-
ues of RLL were used in a two-way fixed factor
(Neter et a!. 1985) general linear model (PROC
GLM; SAS Institute 1985) to determine species
and site differences.

Larval Rearing. Fifteen neonate larvae were
reared on foliage from each of 10 trees of each
species from each site (a total of 150 larvae for
each species x site combination). Neonates from
each egg mass were distributed evenly between
chestnut oak and red oak trees from xeric and
mesic sites. Foliage was changed twice weekly
with freshly collected leaves. Larvae were
reared to pupation in clear plastic, enclosures (31
by 17 by 9 em) at 24°C with a photoperiod of
14:10 (L:D) h. Pupae were collected daily,
weighed, and the days to pupation (larval devel-
opment time) and survivorship to adult eclosion
were recorded. Females were mated and the
number of eggs per egg mass was estimated vol-
umetrically (Saufley 1972) as a measure of fecun-

dity. Eggs were dissected from females that did
not successfully mate. Females that oviposit con-
tain few remaining eggs (Capinera & Barbosa
1977).

Male and female larval development times,
male and female pupal weights and female fe-
cundity were analyzed as weighted means for
each tree. The weighting factor used in all the
weighted analyses was the number of individu-
als of a given sex used to derive the tree mean. A
split-plot design (Steel & Torrie 1980) was used
to examine species and site differences in larval
performance, with location as the blocking vari-
able (random) and species and site as fixed factor
effects (PROC GLM; SAS Institute 1985). Male
and female pupal weights, female fecundity and
days to pupation for males met the assumptions
for analysis of variance. The inverse transforma-
tion was used on female larval development
times before analysis. Correlations between pu-
pal weights and development times for each sex
and female pupal weights and fecundity, were
obtained using the weighted mean of each tree
(PROC CORR, SAS Institute 1985).

Chemical Analyses of Foliage. Frozen leaf
samples were freeze-dried and thoroughly
ground in a UDY Cyclone Sample Mill (UDY,
Fort Collins, CO). Samples of 20 ± 4 mg were
extracted in O.IN NaOH to minimize phenolic
interference (Jones et a!. 1989) and analyzed for
protein concentration using a modification of the
micro method of Bradford (1976) (0.04 ml of
extract was diluted with 0.76 ml of deionized
water, then mixed with 0.02 ml of Coomassie
Brilliant Blue G-250; Bio-Rad Laboratories,
Richmond, CA). Protein concentration is re-
ported as percentage of dry weight bovine serum
albumin equivalents. For phenolic assays, sam-
ples of 400 + 20 mg were extracted in diethyl
ether for 30 min, then 70% aqueous acetone for
3 h before being reduced to an aqueous extract
under reduced pressure. Samples were analyzed
for proanthocyanidins, which are the precursors
and hydrolysis products of the most common
class of oak condensed tannins (vanillin assay of
Swain & Hillis 1959) as modified by Schultz &
Baldwin (1982). Hydrolyzable tannins were esti-
mated as galloyl ester hydrolYSiS products using
the potassium iodate reagent (Bate-Smith 1977)
as modified by Schultz & Baldwin (1982). This
reagent interacts variably with hydrolyzable tan-
nins of different structures, such as gallotannins
and ellagitannins, but measures made within an
oak species have been shown to be excellent
predictors of gypsy moth growth (Rossiter et a!.
1988), and susceptibility to virus on oak diets
(Keating et al. 1988, Schultz et al. 1990). Total
phenolics were estimated as Folin-Denis active
phenolics (Swain & Hillis 1959) as modified by
Schultz & Baldwin (1982) and protein binding
capacity was measured using hemoglobin as a
substrate (Schultz et al. 1981). Polyphenolics
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Table 1. Description, susceptibility classification by discriminant analysis, and species composition of mesic and
xeric forest slands at two locations in Pennsylvania

Winkleb]eck Mt. Peter's Mt.
Soil type Mesic Xeric Mesic Xeric

Elevation, meters 463 610 2]3 396
Discriminant score 8.59 0.88 7.78 1.89

M2.• Nb M2 N M2 N M2 N

All trees 23.08 640 ]9.19 750 41.07 630 22.74 670
All oaks 18.63 250 18.47 470 14.21 120 20.65 440
Chestnut oak 0.77 20 13.39 310 6.85 60 11.65 320
Red oak 9.95 110 5.08 160 5.70 40 8.25 120
White oak 7.20 no 0 0 0.90 10 0 0
Black oak 0.73 10 0 0 0.75 10 0 0
Basswood 0 0 0 0 1.72 30 0 0
Red maple 2.92 360 1.52 280 14.86 270 1.40 140
Black birch 0 0 0 0 3.94 100 0.33 30
Sour gum 0.93 10 0 0 2.79 60 0.3 40
Other 0.24 20 0 0 3.54 50 0.06 10

• M2, basal area in meters.
b N, number of trees per hectare >5 cm in diameter at breast height.

constitute a structurally diverse class of com-
pounds, particularly among the oaks (Li & Hsiao
1974, 1975; Knops & Jensen 1980). Because the
complete and accurate characterization and iso-
lation of such tannin complexes may not be fea-
sible, commercially available standards were
used as suggested by Hagerman & Butler (1989).
Folin-Denis active phenolics and hydrolyzable
tannins are reported as percentage of dry weight
tannin acid equivalents (Sigma Lot # llF-0559;
Sigma, St. Louis, MO), and proanthocyanidins as
percentage of dry weight wattle tannin equiva-
lents (Acacia sp. from Leon Monnier, Peabody,
MA), derived from standard curves.

A split-plot design (Steel & Torrie 1980; Gen-
eral Linear Model, SAS Institute 1985) was used
to determine species and site differences in mea-
sures of foliar phenolics and protein content for
samples collected at weeks 3 and 7. To account
for differences in leaf phenology between spe-
cies, sites and locations, a measure of relative
leaf length (RLL) at week 3 was included as a
covariate in the models. The inclusion of RLL as
a covariate can account for a significant amount
of the variation in oak leaf phenolics (Kleiner
1989). Simple weighted regressions (PROC
REG, SAS Institute 1985) ofthe mean measure of
larval success (days to pupation, pupal weight,
and female fecundity) per tree on each of the five
measures of leaf quality (week 3 and week 7)
were used to characterize the insect response on
each species. Because some significant regres-
sions could occur by association (i.e., site differ-
ences in foliage quality and larval performance
may both occur, but not be related to one anoth-
er), partial correlation coefficients (Pimentel
1979; PROC MAN OVA, SAS Institute 1986) be-
tween larval performance and foliage traits with
the effects of RLL, site and location held con-
stant were obtained to corroborate the relation-
ships obtained by simple regression.

Results

Susceptibility Classification and Species Com-
position. Species composition differed between
stands on mesic and xeric sites at both locations
(Table 1). Preferred food species of the gypsy
moth, red oak, white oak, Quercus alba (L.),
black oak, Quercus velutina (Lamarek), chestnut
oak and American basswood, Tilia americana
(L.), accounted for less than 25% of the trees in
mesic stands. Red oak and chestnut oak were the
only preferred food species in the xeric stands
and comprised up to 66% of the trees at these
sites. Although less preferred food species were
numerous, they were small in diameter and lo-
cated primarily in the understory.

The discriminant scores for the two mesic
stands were positive (Table 1), indicating that
these stands were unlikely to be defoliated by
gypsy moth. The discriminant scores for the two
xeric sites were also positive, but near zero, in-
dicating that these stands were more likely to be
defoliated than the mesic stands (Valentine &
Houston 1984).

Gypsy Moth Survivorship, Growth and Devel-
opment. At location 1, survivorship of larvae to
the adult stage was greater on chestnut oak foli-
age (mesic, 71.4%; xeric, 88.2%) than on red oak
foliage (mesic, 60.0%; xeric, 74.5%). Survivor-
ship of larvae reared on foliage from location 2
was also greater on chestnut oak (mesic, 98.8%;
xeric, 98.1%) than on red oak (mesic, 92.9%;
xeric, 92.3%).

Location as a blocking variable accounted for a
significant amount of the variation in all five
measures of gypsy moth success (male and fe-
male pupal weights, development times and fe-
male fecundity; P < 0.001 for each measure).

Larval development times were longer for
male (P < 0.004) and female (P < 0.03) larvae
reared on foliage from the xeric sites than from
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Table 2. Mean squares from weighled splil-plol ANOVA of male pupal weighls (MPW), male developmenllimes (MDT),
female pupal weighls (FPW), female developmenl lime (FDT), and female fecundity (FEC) for larvae reared on cheslnul
oak or red oak foliage from a xeric or mesic foresl sile al lwo Pennsylvania localions

Factor
Gypsy moth performance parameter

df MPW MDT FPW FDT FEC

Location I 0.824' 139.872' 49.394' 0.000158" 18,811,602.90'
Site I 0.144' 50.849' 0.394 0.0000638' 0.38
Species I 0.098' 4.938 7.365' 0.0000772' 3,183,596.89'
Species x site 1 0.018 9.305 0.010 0.0000135 176,227.72
Error 70 0.0129 5.787 0.401 0.0000124 129,342.43

", Indicates Significant F value by ANOVA at P < 0.05.

P < 0.0001). There were no species by site inter-
actions on either male or female pupal weights
(Table 2). Larval development times of both
sexes were inversely correlated with pupal
weights for males and females reared on red oak
(r = -0.46, P < 0.005 and r = -0.59, P < 0.0001,
respectively), but not on chestnut oak (males,
r = -0.13, P = 0.42 and females, r = -0.18,
P = 0.24).

xeric mesic xeric mesic
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the mesic sites (Table 2; Fig 1), but the differ-
ence between sites was only 0.6 d for males and
0.9 d for females.

Larval development times for females were
shorter on chestnut oak foliage than red oak fo-
liage (an average of 1.5 d; P < 0.03), but there
was no species difference for male larvae (an
average of 0.5 d; P = 0.35) (Fig. 1). There was no
effect of a species by site interaction on male or
female development times (Table 2).

Male pupal weights were greater for larvae
reared on foliage from xeric sites than from mesic
sites (P < 0.002) (Table 2; Fig. 2), but there was
no difference in female pupal weights (P = 0.32).
Both male and female pupal weights were
greater for larvae reared on chestnut oak foliage
than red oak foliage (males, P < 0.008; females,
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Fig. 2. Male and female pupal weights and female
fecundity of gypsy moths reared on red oak or chestnut
oak foliage from mesic and xeric sites at two locations
in central Pennsylvania. Each bar represents the mean
and 1 standard error of gypsy moth performance for
trees of same species for each site.

Fig. 1. Larval development time (days to pupation
from eclosion) for male and female gypsy moths reared
on red oak or chestnut oak foliage from mesic or xeric
sites at two locations in central Pennsylvania. Values
for females are back transformed. Each bar represents
the mean and 1 standard error of gypsy moth perfor-
mance for trees of same species for each site.

Location 1 Location 2
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Fig. 3. Measures of foliar protein and phenolics from red oak and chestnut oak from mesic and xeric sites at

two locations in central Pennsylvania 3 and 7 w after budbreak. Each bar represents the mean and 1 standard error
for trees of the same species for each site. BSAE, percentage of dry weight bovine serum albumin equivalents;
TAE, percentage of dry weight tannic acid equivalents; %WTE, percentage of dry weight wattle tannin equivalents.

Female fecundity was greater for larvae reared
on chestnut oak than red oak (P < 0.0001), but
there was no difference in fecundity between
mesic and xeric sites (P = 0.99) (Fig. 2). Fecun-
dity was positively correlated with female pupal
weights from each tree species (chestnut oak,
r = 0.97; red oak, r = 0.98, P < 0.0001 for each
correlation).

Leaf Phenology. Relative leaf length (RLL) at
week 3 was greater for red oak than chestnut oak
at Winklebleck Mountain (RLL = 0.81 red oak
versus 0.73 chestnut oak, P = 0.03), but not at
Peter's Mountain (RLL = 0.82 red oak versus
0.79 chestnut oak, P = 0.27). RLL did not differ
between xeric and mesic sites at either Winkle-
bleck Mountain (RLL = 0.77 mesic versus 0.77
xeric, P = 0.85) or Peter's Mountain (RLL = 0.83
mesic versus 0.78 xeric, P = 0.13).

Leaf Chemistry Traits. With RLL as a covari-
ate, the examination of the type III sums of
squares for weeks 3 and 7 indicated that species

differences accounted for the most variation in
the phenolic measures. Chestnut oak had greater
measures of hydrolyzable tannins, total pheno-
lics and protein binding capacity than red oak
(Fig. 3; Table 3; P < 0.0001 for all comparisons).

Measures of condensed tannins were greater
in red oak than chestnut oak at week 3 (P <
0.0001) but not at week 7. There were no species
differences in protein content.

The blocking variable Location was the next
largest source of variation in measures of leaf
traits (Table 3). Only condensed tannin measures
did not differ between the two locations.

Measures of phenolics were generally greater
at xeric sites than mesic sites, but only four site
comparisons could be declared statistically dif-
ferent (Table 3). Protein concentration at week 7
was greater in mesic site foliage, whereas hydro-
lyzable tannins and total phenolics (week 3) and
protein binding capacity (week 7) were greater
in xeric site foliage.
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Table 3. Mean squares from split.plot ANOVA of five measures of leaf quality from chestnut and red oak foliage
sampled 3 wk aod 7 wk after budbreak from a xeric and mesic forest site at two Pennsylvania locations

Fador
Foliage quality measure"

df Protein 3 Protein 7 HT3 HT7 CT3 CT7 TP3 TP7 PB 3 PB 7

RLU' 1 65.25* 2.93 1.69 21.32 16.11 1.11 2.54 0.06 1.96 0.60
Location 1 1,667.79* 909.95* 197.87* 254.65· 12.08 3.25 12.19· 5.49* 17.36* 8.49*
Species 1 45.79 00.20 16,617.81· 4,410.07* 758.92· 11.47 79.02* 105.64* 256.92* 42.01·
Site 1 49.41 65.25* 223.15* 1.63 2.94 25.24 17.04· 00.25 9.47 7.39*
Species x site 1 27.21 2.52 57.09 1.79 2.28 0.12 1.28 1.65 0.02 0.08
Error 16.28 7.11 27.12 16.39 12.39 34.14 1.52 1.38 3.30 1.86
Error (dO 72 73 73 73 73 73 73 73 73 73

" fiT, hydrolyzable tannins; CT, condensed tannins; TP, total phenolics; PB, protein binding.
I> RLL, relative leaf length.
* Indicates significant F value by ANOVA at P < 0.05.

Gypsy Moth Success and Leaf Traits. Larval
Development Time and Leaf Traits. Regression
and multivariate analysis revealed that measures
of phenolics were positively correlated with both
male and female larval development times on
red oak, but only with male development times
on chestnut oak (Table 4). Measures ofhydrolyz-
able tannins and total phenolics were positively
correlated with days to pupation for females
reared on red oak. Male development times on
red oak were positively correlated with protein
concentrations and measures of hydrolyzable
tannins at week 7. Development times for males
reared on chestnut oak were positively corre-
lated with condensed tannins at week 3.

Pupal Weights, Fecundities, and Leaf Traits.
Both simple regression and partial correlation

coefficients from multivariate anaylsis indicated
that female pupal weights and female fecundi-
ties were negatively correlated with measures of
hydrolyzable tannins in red oak, but there were
no significant relationships between larval suc-
cess and chestnut oak phenolics (Fig. 4; Table 5).
The slopes of the lines relating either female
pupal weight or fecundity with hydrolyzable tan-
nins did not differ between chestnut and red oak
at week 3 (pupal weight, F = 2.72; df = 1,74; P =
0.1038; fecundity, F = 1.93; df ::; 1, 74;
P = 0.1687), but were different at week 7 (pupal
weight, F = 15.85; df = 1, 74; P < 0.0002; fecun-
dity, F = 13.57; df = 1,74; P < 0.0004). Measures
of protein and condensed tannins in red oak at
week 7 were positively correlated with male pu-
pal weights.

Table 4. Correlation coefficients (and partial correlation coefficients) from weighted simple regressions of larval
development times on early (week 3) and late (week 7) season measures of foliar protein and phenolics

Week r P Partial r P

Red Oak
Males
Protein 3 -0.4517 0.0057 +0.1926 0.2751
Protein 7 +0.2754 0.1051 +0.3819 0.0258··
Hydrolyzable tannins 3 +0.3318 0.0481 +0.2849 0.1023
Hydrolyzable tannins 7 +0.6550 0.0001 +0.4798 0.0041*
Total phenolics 7 +0.3613 0.0303 +0.2690 0.1239

Females
Protein 3 -0.5064 0.0016 -0.0308 0.8624
Protein 7 +0.4047 0.0144 -0.0006 0.9972
Hydrolyzable tannins 3 +0.4471 0.0063 +0.3588 0.0371 *
Hydrolyzable tannins 7 +0.5159 0.0013 +0.2375 0.1763
Protein binding 3 +0.4316 0.0086 +0.1927 0.2749
Total phenolics 3 +0.5514 0.0005 +0.4118 0.0155·
Total phenolics 7 +0.4615 0.0046 +0.3131 0.0714

Chestnut Oak
Males
Protein 3 -0.3249 0.0466 -0.0161 0.9257
Condensed tannins 3 +0.4608 0.0031 +0.3244 0.0501*
Condensed tannins 7 -0.1913 0.2434 -0.3426 0.0379*·
Protein bindinK 7 -0.3036 0.0602 -0.2786 0.0950

Females
Total phenolics 3 -0.3348 0.0372 -0.2646 0.1135

*, Indicates relationships significant using simple regression and multivariate analysis.
**, Indicates relationships significant only with multivariate analysis.
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Table 5. Correlation coefficients (and corresponding partial correlation coefficients) from weighted simple regres-
sions of mean pupal mass or fecundity per tree on early (week 3) or late (week 7) season measures of protein or phenolics

Week r P Partial r P

Red Oak
Males
Protein 3 +0.5489 0.0005 +0.1926 0.2751
Protein 7 -0.3604 0.0308 +0.3819 0.258*
Hydrolyzable tannins 3 -0.2121 0.2144 -0.3708 0.0308**
Hydrolyzable tannins 7 -0.5741 0.0003 -0.1684 0.3409
Condensed tannins 3 +0.4007 0.0154 +0.3337 0.0537
Condensed tannins 7 +0.4016 0.0152 +0.4546 0.0069*
Females
Protein 3 +0.6656 0.0001 +0.2879 0.0987
Protein 7 -0.5505 0.0005 +0.2354 0.1802
Hydrolyzable tannins 3 -0.3509 0.0358 -0.4575 0.0065*
Hydrolyzable tannins 7 -0.7433 0.0001 -0.4603 0.0062*
Condensed tannins 3 +0.3438 0.0401 +0.3106 0.0738
Protein binding 3 -0.3330 0.0472 -0.0668 0.7073
Fecundity
Protein 3 +0.7043 0.0001 +0.3191 0.0658
Protein 7 -0.5836 0.0002 +0.1885 0.2855
Hydrolyzable tannins 3 -0.3336 0.0468 -0.3787 0.0272*
Hydrolyzable tannins 7 -0.7557 0.0001 -0.4862 0.0035*
Protein binding 3 -0.3698 0.0264 -0.0852 0.6317

Chestnut Oak
Males
Protein 3 +0.3842 0.0173 -0.0161 0.9257
Protein 7 -0.5360 0.0004 +0.1502 0.3816
Protein binding 7 +0.3731 0.0193 +0.2231 0.1843

Females
Protein 3 +0.5118 0.001 -0.1927 0.2600
Protein 7 -0.6331 0.0001 +0.1547 0.3636

Fecundity
Protein 3 +0.5388 0.0005 -0.2001 0.2418
Protein 7 -0.6541 0.0001 +0.0810 0.6385

*, Indicates relationships significant using simple and multivariate analysis.
**, Indicates relationships significant only with multivariate analysis.

Discussion
Female pupal weights and fecundities did not

differ among larvae reared on foliage from xeric
sites and mesic sites. This does not support the
hypothesis that trees growing under the stressful
growing conditons of xeric ridgetops (Bess et al.
1947, Bowersox & Ward 1972, Meiners et al.
1984) are more susceptible because of better fo-
liage suitability (White 1974, Mattson & Addy
1975, Rhoades 1983). Moreover, when differ-
ences in foliar traits were detected, measures of
phenolics were greater in xeric site foliage and
protein concentrations were lower.

Our results show that chestnut oak foliage is
more suitable for gypsy moth larvae than red oak
foliage, as indicated by shorter larval develop-
ment times and greater pupal weights and fecun-
dities. Female pupal weights and fecundities
were 12-30% and 21-60% greater, respectively,
for larvae reared on chestnut oak rather than on
red oak. These results contrast those of Rossiter
(1987), who found no difference in female pupal
weights for larvae reared on red and chestnut oak
foliage, but are in agreement with the results of
Montgomery (1986). The pupal weights we ob-
tained were within values reported by others for

larvae reared on the foliage of red and chestnut
oak (Hough & Pimentel 1978, Montogomery
1986, Rossiter et al. 1988, Gross et al. 1990).

Although species differences were the most
Significant source of variation in gypsy moth suc-
cess, site quality may playa role in stand suscep-
tibility by decreasing vegetational diversity and
increasing the abundance of preferred hosts.
Root (1973) postulated that insect populations
will increase where their hosts are most abun-
dant. Mason & Tigner (1972) observed that out-
breaks of the lodgepole needle miner, Coleo-
technites sp., were confined to sites with deep,
well drained pumice soils where lodgepole pine,
Pinus contorta (Douglas ex Loudon), was the
topo-edaphic climax species. McLeod (1970)
noted that sites with poor sandy soils which sup-
ported pure, dense stands of jack pine, Pinus
banksiana (Lambert), had greater infestations of
Swaine jack pine sawfly, Neodiprion swainei
(Middleton), than did areas where other tree spe-
cies were common associates. Mauffete (1982)
observed that gypsy moth defoliation of a host
tree increases with the abundance of that species
at a site, particularly tree species that are highly
preferred. The dominance of the highly pre-
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ferred chestnut oak and red oak on xeric ridges
would explain the pattern of defoliation along
the ridges of the Appalachians in eastern and
central Pennsylvania (PennsyJvania Bureau of
Forestry defoliation records). The greater larval
performance of gypsy moth on chestnut oak high-
lights one possible contributing factor to this pat-
tern.

The dominance of xeric sites by chestnut oak
could contribute to stand susceptibility in other
ways. The survival and abundance of gypsy moth
larvae is related to both the number of bark flaps
and the number of oaks on which those flaps
occur (Campbell et al. 1975). The deeply fissured
bark of chestnut oak provides suitable above
ground structural features to the thigmotaxic lar-
vae which may decrease larval mortality by pred-
ators (Campbell et al. 1977, Smith 1985). More-
over, the low density of vegetation and uniform
canopy height on ridgetops decreases the niche
space and subsequently, the density and diver-
sity of bird and small mammal species which
prey on young gypsy moth larvae (Smith 1985).

The contribution of chestnut oak to stand sus-
ceptibility in the Ridge and Valley province may
be as much a function of its foliage quality as its
deep bark fissures. Valentine & Houston (1984)
developed a discriminant function to identifY the
likelihood that a stand would be defoliated in a
new range of the gypsy moth. This model was
developed from the characteristics (species com-
position and above ground resting sites) and de-
foliation histories of stands in New England. The
same weight is given to all preferred food spe-
cies and all oak species are weighted equally.
The superior performance of gypsy moth larvae
on chestnut oak compared with red oak shows
that these two oaks are not equal in the nutri-
tional quality of their foliage. More weight is
given to preferred food species that possess
above ground resting habitat for the gypsy moth,
which would include chestnut oak. But because
deep bark fissures are an inherent feature of
chestnut oak, it is not possible to conclude
whether deep bark fissures, foliage quality, or
both conb"ibute to the association of chestnut oak
with stand susceptibility.

Female pupal weights were lower and larval
development times were longer for larvae reared
on foliage from Winklebleck Mountain versus
Peter's Mountain. These differences were likely
the result of the phenologically older foliage
from Winklebleck Mountain. rather than an ef-
fect of geographic location. Gross et al. (1990)
also observed noticeable differences in larval
performance when the phenological age of the
foliage differed between locations. Studies de-
signed specifically to examine the influence of
foliage age found that larval development times
are prolonged, mortality increases and pupal
weights and female fecundity are reduced when
neonates are fed phenologically older foliage

(Hough & Pimentel 1978, Raupp et al. 1988,
Hunter & Lechowicz 1992), which is likely to be
tougher (Hough & Pimentel 1988, Hunter &
Lechowicw 1992) and have greater phenolic con-
centrations (Kleiner et al. 1989) and lower pro-
tein content.

In this study, our measure of leaf phenology
(RLL) did not differ between mesic and xeric
sites. Moreover, in a previous study in which leaf
phenology was compared among four pairs of
mesic and xeric sites (including two from this
study), no site differences were detected in RLL
when examined 1-2 d after the last sample tree at
a site broke bud (Kleiner 1989). Although not
statistically different, leaf phenology is delayed
on xeric ridgetops relative to mesic valleys, and
this may have conferred a slight advantage to the
larvae feeding in this study since foliage for both
sites was collected at once. However, we find
that species differences in leaf phenology are
greater than site differences, so that within a site,
chestnut oak foliage is phenologically younger
than red oak foliage.

SpeCies differences were a greater source of
variation than site differences in the four mea-
sures of foliar phenolics. Measures of hydrolyz-
able tannins, protein binding capacity, and total
phenolics were greater in chestnut oak than red
oak foliage and this concurs with previous work
by Kleiner et al. (1989). The minimal site differ-
ences in leaf chemistry observed in this study
concurs with previous site comparisons in 1985
for Winklebleck Mountain (Kleiner et al. 1989)
and in 1986 for four site comparisons (including
the locations in this study) (Kleiner 1989).

Previous reports have indicated that phenolics
in the foliage or artificial diet of lepidopteran
larvae can have a null or negative effect on
growth (Lawson et al. 1984, Puttick 1986,
Karowe 1989, Meyer & Montgomery 1987,
Rossiter et al. 1988, Schultz 1990, Bourchier &
Nealis 1993). The negative correlations of male
and female pupal weights and fecundities with
measures of hydrolyzable tannins in red oak fo-

'liage are consistent with this generalization and
the results of Rossiter et al. (1988). Greater mea-
sures of hydrolyzable tannins in red oak were
correlated with increased development times for
both male and female larvae and increased de-
velopment times resulted in lower pupal
weights. These results are consistent with the
tannin-supplemented diet study of Bourchier &
Nealis (1993).

In contrast, there was no relationship between
measures of chestnut oak phenolics and male
and female pupal weights or fecundity. More-
over, although measures of phenolics were
greater in chestnut oak foliage, so was gypsy
moth success. These results suggest that there
may be qualitative differences betwecn the phe-
nolics ofthesc two oak species. Two dimensional
chromatograph profiles of phenolic constihlents
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in oak foliage have been shown to differ between
species (Li & Hsiao 1974, 1975; Knops & Jensen
1980). Differences in some of the same leaf traits
reported here for red oak, black oak, and white
oak have been associated with differential activ-
ity against gyspy moth nuclear polyhedrosis vi-
ms (LdNPV; Keating et al. 1988, 1990). How-
ever, the qualitative differences between the
species in phenolic composition are not likely to
he distinguished in the chemical assays used in
this study, which only identify general classes of
compounds. For example, the measures of hy-
drolyzable tannins in chestnut oak foliage aver-
aged 3.5 times greater than for red oak foliage,
but the protein binding capacity of chestnut oak
was barely 1.5 times as great, suggesting a bio-
logically active difference, and hence, qualita-
tive difference in the tannins between the two
species.

Condensed tannins in red oak were positively
related to male and female (partial r = 0.31, P =
0.073) pupal weights. Rossiter et al. (1988) found
no relationship between gypsy moth growth and
measures of condensed tannins in red oak, but
did find that fecundity was positively related.
The biological activity of condensed tannins is
regarded as being weaker than that of hydrolyz-
able tannins (Zucker 1983), and therefore, their
impact on gypsy moth growth would be obscured
by that of hydrolyzable tannins.

In this study and in previous studies (Kleiner
1989, Kleiner et al. 1989), we have found that
tree species differences account for more of the
variation in the measures of leaf phenology, leaf
chemistry, and larval performance than site dif-
ferences. Gross et al. (1990) emphaSized the
need for replications of individuals within a spe-
cies over site replication. Although our results
may be representative of the Ridge and Valley
province of central Pennsylvania, they may not
apply to other physiographic regions where the
soils may vary.

The susceptibility of a forest stand to defolia-
tion by the gypsy moth is frequently associated
with the abundance of oaks, and in particular, the
abundance of chestnut oak. Our results indicate
that the foliage of chestnut oak is more nutritious
than red oak and that the differences in foliage
quality may be related in part, to qualitative dif-
ferences in tannin composition. Because chest-
nut oak is the dominant overstory tree species on
xeric sites, forest site quality can have an under-
lying role in contributing to forest stand suscep-
tibility through effects on tree species composi-
tion (McIntyre & Schnur 1936, Kleiner et al.
1992). The susceptibility of xeric sites to defoli-
ation by the gypsy moth seems to be more a
function of host species composition on a site
than a function of site effects on foliage quality.
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