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Abstract. Although wound-induced responses in plants 
are widespread, neither the ecological nor the evolution- 
ary significance of phytochemical induction is clear. 
Several studies have shown, for example, that induced 
responses can act against both plant pathogens and her- 
bivores simultaneously. We present the first evidence that 
phytochemical induction can inhibit a pathogen of the 
herbivore responsible for the defoliation. In 1990, we 
generated leaf damage by enclosing gypsy moth larvae on 
branches of red oak trees. We then inoculated a second 
cohort of larvae with a nuclear polyhedrosis virus 
(LdNPV) on foliage from the damaged branches. Larvae 
were less susceptible to virus consumed on foliage from 
branches with increasing levels of defoliation, and with 
higher concentrations of gallotannin. Defoliation itself 
was not related to any of our chemistry measures. Field 
sampling supported the results of our experiments: death 
from virus among feral larvae collected from un- 
manipulated trees was also negatively correlated with 
defoliation. In 1991, defoliation and gallotannin were 
again found to inhibit the virus. In addition, gallotannin 
concentrations were found to be positively correlated 
with defoliation the previous year. Compared with 
previous results that demonstrated a deleterious effect of 
induction on gypsy moth pupal weight and fecundity, the 
inhibition of the virus should confer an advantage to the 
gypsy moth. Since leaf damage levels increase as gypsy 
moth density increases, and since leaf damage inhibits the 
gypsy moth virus, there is the potential for positive feed- 
back in the system. If phytochemical induction in red oak 
can inhibit an animal pathogen such as LdNPV, it sug- 
gests to us that induction in red oak is a generalized 
response to tissue damage rather than an adaptive de- 
fense against herbivores. 
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Wound-induced responses in plants have been the sub- 
ject of much research over the past twenty years (Green 
and Ryan 1972; Haukioja and Niemela 1977, 1979; Ed- 
wards and Wratten 1982, 1983; Schultz and Baldwin 
1982; Raupp and Denno 1984; Bergelson et al. 1986; 
Hartley and Lawton 1987; Rossiter et al. 1988; Hartley 
and Firn 1989; Renaud et al. 1990) and, despite a number 
of recent reviews (e.g. Karban and Myers; and papers in 
Tallamy and Raupp 1991), there seems to be littie con- 
sensus as to the ecological and evolutionary implications 
of phytochemical induction (Edwards and Wratten 1983, 
1985, 1987; Baldwin and Schultz 1983; Fowler and Law- 
ton 1985; Bergelson et al. 1986; Bergelson and Law- 
ton 1988; Hartley and Lawton 1990). Simply put, there 
is no general agreement as to whether wound-induced 
responses are good for plants, good for herbivores, or 
linked evolutionarily in any way (Tallamy and Raupp 
1991). 

One approach to determining the ecological signifi- 
cance of induction is to view the consequences of induc- 
tion as a balance between positive and negative forces 
(Faeth 1985, 1991 ; Hunter 1987, 1992a). The strength of 
this approach is that it reconciles studies which demon- 
strate deleterious effects of defoliation on herbivores with 
those that suggest that previous herbivory can be advan- 
tageous. Both may be occurring simultaneously, the final 
outcome may depend upon the specifics of the system 
involved, and "who wins" may not be constant over time 
or space. Moreover, an emphasis on balance has led to 
the incorporation of a third trophic level, the natural 
enemies of herbivores, into the investigation of induction 
(Price et al. 1980; Faeth 1987, 1991; Raupp and Sadof 
1991). 

Despite a well developed literature (e.g. Bell 1981; 
Kuc 1981, 1987; Agrios 1988), the impact of plant patho- 
gens on phytochemical induction is often ignored in the 
debate on the ecological significance of wound-induced 
responses (see Karban et al. 1987; Karban and Myers 
1989; and papers in Tallamy and Raupp 1991 for notable 
exceptions). Yet several studies have shown that the 
effects of phytochemical induction on herbivores and 
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pathogens are not mutually exclusive (McIntyre et al. 
1981 ; Hare 1983; Bell 1986; Karban  1991 ; Karban  et al. 
1987; Ha mm ond  and Hardy 1988; Benedict and Chang 
1991). Indeed, Hartley and Lawton (1990) have suggest- 
ed that phenolic induction by herbivorous insects on 
birch may be directed primarily at invading plant path- 
ogens, rather than the herbivores responsible for the 
defoliation (Edwards and Wratten 1983, 1985, 1987; 
Edwards et al. 1991 ; Wratten et al. 1990). 

That  wound-induced responses can influence both 
herbivores and plant pathogens simultaneously led us to 
predict that induction could act directly against the 
pathogens of  herbivores. If  induction in some plant spe- 
cies is a general response to invasion, and therefore not 
pathogen-specific, herbivores may benefit from induction 
by the inhibition of  their own pathogenic organisms. The 
result would be a balance between positive and negative 
effects of  induction (Faeth 1985; Hunter  1987), direct 
deleterious forces acting on the herbivore and indirect 
beneficial forces acting through inhibition of  the her- 
bivore's pathogens. 

This paper describes a two year field and laboratory 
study in which we measured the effects of  wound-induced 
changes in leaf quality, generated by an insect herbivore, 
on a naturally occurring pathogen of  that herbivore. Our 
results suggest that induction can have a much greater 
impact on herbivore pathogens than it does on the her- 
bivore itself. 

Although the gypsy moth is univoltine, infection by 
LdNPV is a twice-yearly event (Woods and Elkinton 
1987). Some neonate larvae are infected as they eclose in 
spring, consuming the resting stage of  the virus (poly- 
hedral inclusion body, hereafter, PIB) from the egg mass 
surface where it has overwintered. When infected larvae 
die in the tree canopy, they release PIBs onto foliage 
which are then consumed by the same generation of  
larvae. Consumption of  PIBs on foliage occurs at ap- 
proximately the third larval instar (Woods and Elkinton 
1987) and it is during this period alone that variation in 
foliage quality can influence the efficacy of  the virus 
(Keating and Yendol 1987). Neither food quality before 
nor after infection influences mortality, and only the 
quality of  foliage entering the gut in concert with the 
virus influences infection (Schultz et al. 1992). Larvae 
infected in the third instar die before pupation, releasing 
PIBs into the environment. Successful overwintering of  
the virus appears to be dependent upon its association 
with egg masses (Murray and Elkinton 1989; Woods et 
al. 1989) which may protect the PIBs from ultra-violet 
radiation and other environmental degradation, 

Methods 

Bioassay of viral efficacy on foliage damaged in the 
current year 

The system 

We chose to investigate the effects of  induction on an 
herbivore pathogen with the gypsy moth, Lymantria dis- 
par (Lepidoptera: Lymantriidae), one of  its major  host 
plant species, red oak, Quercus rubra, and the gypsy moth 
nuclear polyhedrosis virus (LdNPV). This system is suit- 
able for a number of reasons. First, the gypsy moth is 
known to induce chemical changes in the foliage of red 
oak (Schultz and Baldwin 1982) which can decrease 
gypsy moth larval growth rate and adult fecundity (Ros- 
siter et al. 1988). Second, the species-specific LdNPV is 
considered one of  the most important  of  many forces 
influencing population dynamics of  the gypsy moth,  and 
is associated with populat ion collapse (Doane 1970; 
Wallner and McManus 1981). As such, LdNPV is a 
major ecological force, and its inhibition could have 
significant effects on gypsy moth dynamics and evolu- 
tion. Finally, previous work has shown that the efficacy 
of  LdNPV varies with the host plant species (Keating and 
Yendol 1987; Keating et al. 1989, 1990) and host plant 
individual (Schultz et al. 1990) on which the virus par- 
ticles are consumed. The pathogenicity of  the virus is 
therefore susceptible to inter- and intra-specific variation 
in leaf quality. The gypsy moth-oak-LdNPV system, 
regarded as having dynamics typical of  many forest defo- 
liators (Anderson and May 1980; Turchin 1990) has, 
therefore, many of  the ecological characteristics required 
for an investigation of  a more general question: what is 
the potential impact of  induction on herbivore patho- 
gens? 

In the spring of 1990, we generated a range of defoliation levels on 
17 red oak trees by bagging varying numbers of gypsy moth larvae 
on branches. Trees were between 2 and 4 m in height, growing in 
a west-facing mixed hardwood stand on Berks shaley silt loam 
(Braker 1981). The phenolic chemistry of trees of this age falls 
within the range for mature red oaks (Kleiner et al. 1989; Schultz 
et al. 1990; results below) and responds to defoliation by induction 
(Rossiter et al. 1988). Thirty-one trees were chosen in all, 17 for this 
experiment and 14 for the unmanipulated field trial described be- 
low. The thirty-one trees were not a random sample - we selected 
every tree in the stand with sufficient canopy volume on which to 
place a bag for gypsy moth, and on which the remaining canopy was 
accessible from the ground for accurate "outside bag" defoliation 
estimates. Trees were assigned to either the bioassay or the field trial 
alternately (as near as possible) within the stand. 

Bags of plastic window screen, 60 cm x 30 cm, were placed on 
the largest branch at breast height on each of the 17 trees just prior 
to natural gypsy moth larval eclosion. Second instar larvae were 
introduced into bags when the natural field population was also in 
2nd instar. Each tree (bag) was assigned a different density of larvae, 
ranging from 0.25 to 0.90 larvae per leaf (leaf counts were made 
prior to the introduction of larvae). We used a broad range of larval 
densities rather than replicated categories (an ANOVA approach) 
in order to associate both defoliation and larval mortality with the 
various chemical analyses of foliage using multiple regression analy- 
sis (see analysis and chemical methods below). Previous ob- 
servations had suggested that the densities chosen would generate 
realistic defoliation levels by the third instar. Densities were as- 
signed to trees by random lottery. 

Introduced larvae were used solely to generate leaf damage, and 
were not used subsequently in any experiment. To ensure that we 
had approximated the realistic range of defoliation at the time 
larvae would normally ingest LdNPV with foliage (i.e. the 3rd 
instar, Woods and Elkinton 1987), we removed all bags as feral 
larvae entered 3rd instar, and made defoliation estimates from 
bagged branches and throughout the rest of the canopy on each 
tree. The methods for the defoliation estimate have been published 



Table 1. The mean mortality of gypsy moth larvae inoculated with 
virus on red oak foliage in the 1990 and 1991 bioassays. Percent 
mortalities were arcsine square-root transformed prior to analysis, 
and back-transformed data are presented here. Means in columns 

197 

with the same letter are not significantly different (Tukey's test after 
ANOVA, Sas Inst.). Dose is measured in PIBs per larva, N = num- 
ber of trees 

1990 

Dose N Mortality (SD) Min Max 

1991 

Dose N Mortality (SD) Min Max 

20,000 5 23.42" (8.90) 8.57 37.50 
40,000 4 34.13 a (3.84) 30.00 43.59 
65,000 5 26.48 a (8.80) 12.49 50.00 

20,000 l0 15.32" (6.49) 2.78 29.66 
50,000 10 34.62 b (6.78) 20.61 55.92 
80,000 10 36.57 b (6.89) 18.94 53.31 

previously (Hunter 1987). Briefly, leaves were assigned to one of 
seven damage classes, representing per cent leaf area missing. Dam- 
age level was then calculated by multiplying the number of leaves 
in each class by the mid point of that class, and dividing by the total 
number of leaves in the sample. Damage estimates for bags were 
made by examining every leaf (N varied between 35 and 52), and 
canopy-wide estimates were made by examining 30-40 leaves 
haphazardly on each of the three largest remaining branches and 
pooling the results (e.g. Hunter 1992b). 

The distribution of damage generated inside bags approximated 
the natural distribution of damage on the same population of trees 
(varying between 18% and 72% leaf area removed outside, and 
between 14% and 55% leaf area removed inside) from which we 
concluded that our treatments had generated a fairly realistic range 
of gypsy moth defoliation at 3rd instar. Since there was also a 
significant correlation between the densities of larvae we had in- 
troduced into bags and the defoliation levels that resulted 
(.o=0.017, d.f. = 1,15, r-sqd=0.33, Fig. 1) we concluded that defo- 
liation inside bags was, at least in part, due to our treatments. 

We selected a sub-sample of 5 trees from the 17 for laboratory 
bioassays with virus. The five trees chosen represented a gradient 
from moderately high to low natural damage (47%-24%), but 
avoided the extremes of the distribution. Chemistry samples (see 
methods below) were taken from inside and outside bags on all 
17 trees. 

The methods to bioassay the effect of variation in foliage quality 
on viral efficacy have been published previously (Keating and Yen- 
dol 1987; Keating et al. 1989). Briefly, leaves from inside bags on 
the 5 bioassay trees were placed in water piks in the field and 
returned to the laboratory on ice for use the same day. The poly- 
phenolic chemistry of red oak foliage in water piks is known to 
remain stable for at least 48 h (Kleiner 1991). The foliage was 
surface-sterilized (10% sodium hypochlorite solution for 10 rains 
and three 1 min rinses with distilled water), and 8 mm diameter discs 
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Fig. 1. Levels of defoliation generated within bags on red oak trees 
by the introduction of varying densities of gypsy moth larvae 

were punched from the leaves and presented to gypsy moth larvae 
on agar blocks in individual cells. Each disc was dosed with 20,000, 
40,000 or 65,000 PIBs, or distilled water as a control. The LdNPV 
(Hamden isolate) was prepared according to the methods of Mag- 
noler (1974), and the doses chosen were known to bracket the LD50 
(dose required to kill 50% of larvae) on red oak (Keating and 
Yendol 1987). 

Larvae for the bioassay were obtained from APHIS, USDA, 
Otis, Mass. Egg masses were sterilized in 10 % formalin before hatch 
and larvae were reared on a wheatgerm based diet (BioServ, French- 
town, N J) through the end of second instar. Immediately before 
moult to 3rd instar (based on head capsule slippage), larvae were 
removed from diet and starved for 24 h to moult and to void their 
guts. This ensured that larval guts were empty so that no remaining 
diet components could influence viral efficacy. 

Forty larvae were treated per dose per tree. Each tree (defolia- 
tion level) therefore had 4 sets of 40 larvae (3 dosed with virus and 
1 with water, a total of 20 groups of larvae). One set of 40 larvae 
was mishandled after dosing, leaving 14 treatment groups and 5 
control groups remaining. Larvae were given 24 h to consume the 
entire leaf disc and therefore the entire dose of virus. Larvae failing 
to consume the whole disc were discarded. The remainder were 
transferred individually to artificial diet for 17 days at 25 ° C, 16:8 
light:day. All larvae infected at 3rd instar died by day 17 under 
these conditions (Keating and Yendol 1987). Subsets of dead larvae 
were stained and checked for PIBs. This experiment was repeated 
in 1991 as part of the comparison of within- and between-year 
induction (below). 

Analysis. Mortality in control groups (distilled water) was less than 
3% and not associated with LdNPV. These data were not used in 
any further analysis. Dose was not a significant predictor of mortal- 
ity from virus (analysis of variance in mortality, dose within tree, 
F = 1.91, d.f. --2,7, p = 0.22, Table 1). Despite previous work which 
suggested that our doses were appropriate (Keating and Yendol 
1987), we failed to bracket the LD50 viral dose and gypsy moth 
mortalities varied from 8% to 50% across treatments. Moreover, it 
appears that variation in leaf quality masked the effect of viral dose 
(note the large variation in mortality within a dose in Table 1, and 
see Results, below). Consequently, we have used mean mortality 
(N = 3 doses) weighted by the reciprocal of the variance in stepwise 
multiple regression analyses (Proc Stepwise, SAS Inst. 1985) relat- 
ing mortality to measures of defoliation and chemistry among trees. 
Associations between chemistry and defoliation on the 17 treatment 
trees were investigated with general linear models (SAS Inst. 1985). 
Transformations were dose (log,), mortality (arcsin square-root) 
and per cent defoliation (arcsin square-root) for this and all follow- 
ing experiments. 

Bioassay of  viral efficacy on foliage damaoed in the 
previous year 

To compare the magnitude of wound-induced inhibition of virus by 
defoliation in the previous and current year, we repeated the lab- 
oratory bioassay in 1991 on a subset of the 17 trees used in 1990. 
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Across-year phytochemical induction has been observed in other 
systems (Haukioja and Neuvonen 1985; Haukioja et al. 1988). The 
trees chosen in 1991 were not a random sample of the 1990 trees. 
We chose the ten largest trees because they had had the smallest 
proportion of their canopies protected by bags from natural gypsy 
moth defoliation in 1990 and were therefore, we assumed, the most 
likely to exhibit across-year induction. Our research agenda was 
serendipitous: 1990 was the peak year of a moderate gypsy moth 
outbreak at our study site, and natural defoliation levels were much 
lower in 1989 (pre-experimental survey) and in 1991 (defoliation 
measured directly). 

The ten trees were bagged with a similar range of larval densities 
as in 1990 to generate variation in defoliation, and the foliage was 
treated identically to that in 1990. Viral doses were changed, how- 
ever, since the results from 1990 suggested that wound-induced 
variation in leaf quality (below) was high enough to mask the effects 
of viral dose. In 1991, doses were 20,000, 50,000 and 80,000 PIBs 
per larva (with distilled water control). The design was therefore 40 
larvae per dose per tree (30 treatment groups and 10 control 
groups). Defoliation and chemistry measures (below) were taken as 
before, but in 1991, we could relate larval mortality to defoliation 
measured the previous year as well as current year defoliation. All 
other aspects of experimental design were as before. 

Analysis. Again, mortality in the control groups (distilled water) 
was insignificant and was not used further in analysis. By broaden- 
ing the range of viral dose in 1991 (above), we found a significant 
relationship between dose and gypsy moth mortality (analysis of 
variance in mortality, dose within tree, F=18.90, d.f.=2, 18, 
p < 0.001, Table 1). We therefore generated LD50s (the dose of virus 
estimated to kill 50% of larvae) using Probit analysis (Sas Inst. 
1985). The single measure of LD50 for each tree was then associated 
with defoliation (1990 and 1991 ) and tree chemistry (1991) in multi- 
ple regression analysis (Proc Stepwise, Sas Inst. 1985). 

Field evaluation of wound-induced inhibition of LdNPV 

To see whether natural mortality of feral gypsy moth larvae from 
virus was related to natural defoliation levels within a year (a field 
test of the 1990 bioassay), we carried out field sampling in 1990 on 
14 additional trees (see methods for experiment 1) at the same site. 
Thirty to 50 larvae were collected haphazardly from each tree while 
in the 4th instar. By this age, larvae would have been exposed to any 
naturally-occurring virus on foliage (Woods and Elkinton 1987). 
Larvae were returned to the laboratory and fed individually on 
artificial diet (25 ° C, 16:8 light:day) to death or pupation. Subsets 
of dead larvae were stained and examined for PIBs as before. Since 
peak natural infection occurs in the 3rd instar, and since larval 
movement between trees is restricted primarily to neonate larvae or 
those in the 5th instar and beyond (Wallner and McManus 1981), 
we have assumed that larvae dying from virus from these 14 trees 
consumed their PIBs on those trees. Natural defoliation estimates 
were made as before. In addition, between thirty and forty leaves 
were removed haphazardly from each of the three largest branches 
for chemical analysis (below). 

We attempted to replicate the field test of defoliation-induced 
inhibition of LdNPV in 1991, but natural gypsy moth populations 
at the site collapsed (above), and sample sizes of 4th instar larvae 
per tree were simply too low to relate them to measurements of 
defoliation or chemistry. As a result, we could not repeat the field 
test of viral inhibition, nor can we compare within- and between- 
year induction effects on feral larvae. 

Analysis. All associations between larval mortality from virus, defo- 
liation, and chemistry measures on the 14 sample trees were assessed 
by stepwise multiple regression (Sas Inst. 1985). Mortalities were 
weighted by the number of larvae sampled per tree (per cent mor- 
talities calculated from trees with lower larval densities may have 
higher error). 

Analysis of foliage chemistry 

Although our primary objective was to determine whether defolia- 
tion per se could influence viral efficacy, we were interested in 
linking the induction effect to a particular measure of foliage che- 
mistry. Since the gypsy moth prefers host plants in which the 
allelochemicals are almost exclusively phenolics (Barbosa and Kris- 
chik 1988) and since previous studies of red oak induction have 
focussed on polyphenolic compounds (Rossiter et al. 1988), which 
have also been linked to pathogen inhibition (Keating et al. 1988, 
1990), we limited our analyses to general measures of oak tannin 
chemistry. We stress, however, that our results are purely cor- 
relative, and should be interpreted cautiously. 

Leaf samples were collected from bags and trees as described 
above. Ten to 15 leaves from each bag (those remaining after 
sampling for bioassays) and 20-40 leaves from outside bags (col- 
lected haphazardly from the three largest branches) were flash-fro- 
zen in liquid nitrogen in the field, stored at - 4 0  ° C, lyophilized 
and ground to a fine powder. Extracts were prepared by prewashing 
200 mg of powder in diethyl ether and extracting at 45 ° C for 3 h 
in 10 ml of 70% acetone. Acetone was removed by evaporation 
under reduced pressure, and distilled water added to the aqueous 
extracts to a constant 10 ml volume. Proanthocyanidins, total 
phenolics and protein were assayed using methods described in 
Rossiter et al. (1988). Ability of phenolic extracts to bind protein 
was measured using the radial diffusion assay with BSA as standard 
protein (Hagerman 1987). 

Potassium iodate-reactive phenolics were assayed to estimate 
gallotannins (hydrolyzable tannins) using a method developed by 
Bate-Smith (1977) and modified by Schultz and Baldwin (1982). 
The potassium iodate reagent is sensitive to terminal galloyl re- 
sidues, which provide the hydroxyls capable of interacting with 
proteins and other biologically-significant molecules (Bate-Smith 
1977). In contrast, the alternative rhodanine assay for polymerized 
gallyol esters (Inoue and Hagerman 1988) estimates all galloyl 
residues present, including those incapable of participating in com- 
plexing. Moreover, ellagic acid, which is present in oak extracts, 
interferes with the rhodanine assay (Inoue and Hagerman 1988; 
Schultz and Schofield, unpub, observations). When tannic acid or 
gallic acid are used as standards, the potassium iodate and rhoda- 
nine assays give comparable estimates of relative gallotannin con- 
tents at the concentrations typical of red oak (Schultz and Schofield, 
unpub, observations); potassium iodate becomes less useful at very 
low gallic acid concentrations. 

We recognize that there are limitations in these chemical analy- 
ses, but since we were interested in comparing red oak induction 
with previous studies using older methods, and since we were look- 
ing for general correlative trends rather than specific active com- 
pounds, we consider our methods a reasonable compromise. Per- 
haps most important, we focussed on analyses that have been highly 
predictive of viral inhibition in previous studies, have been shown 
to reflect biological activity of oak leaves (Keating et al. 1988; 
Schultz et al. 1990), and are known to change during damage by the 
gypsy moth (Schultz and Baldwin 1982; Rossiter et al. 1988). 

Results 

Bioassay of viral efficacy on foliage damaged in the 
current year 

Defol ia t ion  inside bags a nd  foliage hydrolysable  t a n n i n  
concen t ra t ions  were the only significant predictors  of  
gypsy m o t h  mor ta l i ty  f rom virus in our  1990 bioassay.  
Defol ia t ion  was the first var iable  selected by stepwise 
mul t ip le  regression, and  as defol ia t ion levels generated 
inside bags increased on  the 5 bioassay trees, mor ta l i ty  
f rom virus decreased (r-sqd = 0.76, d.f. = 1,3, p < 0.05, 



> 
13_ 
z 

0 
rY  
h 

--1 

O 

_ J  

n.- 

5 

50 

40 

30 

20 

10 

0 
20 

I I I I I I I I I I I I 

25 30 35 40 45 50 
DEFOLIATION GENERATED INSIDE BAG (Z L.A.R,) 

Fig. 2. Viral-induced mortality of gypsy moth in 1990 and the 
defoliation level of the associated foliage. Points are the means of 
three doses, each point representing an individual tree (see text for 
details) and bars are standard deviations. Data were transformed 
before analysis (see methods). The curve was fitted by least means 
square analysis (Axum Graphics, TriMetrix) 

1 0 B  - 

Z 
-r" 

S 
2~ 2 

03 
a_ 105 >.- 

la_ 
o 
o 3 
it') 

9 2 
104 

0.5 

0 0 

. . _ . . _ _ _ - e . - . -  

o o 
0 

0 

• ' • ' - ' • ' i I I I i I 

0.7 0.9 1.1 1.3 1.5 1.7 1.9 
GALLOTANNIN CONCENTRATION (Z T.A.E.) 

Fig. 3. The LD50 of gypsy moth virus in 1991 and the gallotannin 
content of the associated foliage. Gallotannin concentration is re- 
ported as per cent tannic acid equivalents per mg leaf disc. Each 
point represents an individual tree. Data were transformed before 
analysis (see methods) 

Fig. 2). Hydrolysable  tannin concentrat ion of  foliage was 
the second (and last) variable selected by the stepwise 
procedure, and was marginally significant (p = 0.08). The 
combined regression suggests that  the combinat ion of  
high defoliation levels and high hydrolysable tannin con- 
centrations are related to viral inhibition ( r - sqd= 0.96, 
d.f. -- 2,2, p = 0.038). The equation of  the line is: 

Mortal i ty  = 98.16 - (0.95*Defoliation) - (2.29*Tannin) 

Neither canopy-wide defoliation level outside bags 
nor  any of  the other chemistry measures were correlated 
with mortal i ty  f rom virus. A summary  of  foliage charac- 
teristics is given in Table 2. 

Despite the inhibition of  the virus by leaf damage in 
bags on the 5 bioassay trees (Fig. 2), defoliation levels 
inside bags were not correlated with any of  our measures 
of  chemistry f rom the group of  17 t reatment  trees. In 
other words, there were no measurable increases in the 
phenolic compounds  generally associated with induction 
in oaks. Measurements  of  phenolic and protein chemis- 
try for all 17 trees are summarized in Table 3. 
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Table 2. Foliage characteristics (chemistry and defoliation) from 
5 trees used in laboratory bioassays with gyspy moth and NPV. 
KIO3=gallotannins (% tannic acid equivalents); Folin-Denis= 
total phenolics (% tannic acid equivalents); Radial/BSA=protein 
binding assay ( c r u Z ) ;  PCs = proanthocyanidins (% quebracho tan- 
nin equivalents); Protein=mg%BSA equivalents; Canopy De- 
fol. = defoliation estimated outside bags (%); Bag Defol. = defolia- 
tion estimate inside bags (%). N= sample size and SD= standard 
deviation. Defoliation estimates were arsine square-root trans- 
formed before analysis. N= 5 for all means 

Measurement Mean S D 

Chemistry 
KIO3 14.11 0.59 
Folin-Denis 9.31 1.47 
Radial/BSA 4.79 0.11 
PCs 5.04 1.74 
Protein 6.64 0.27 

Defolation 
Bag Defol. 36.64 2.59 
Canopy Defol. 26.58 0.44 

Table 3. Measurements of foliage chemistry from red oak trees. 
Leaves were sampled from inside (in) and outside (out) bags on each 
tree during May 1990 and 1991. KIO3 = gallotannins (% tannic acid 
equivalents); Folin-Denis=total phenolics (% tannic acid equiv- 
alents); Radial/BSA = protein binding assay (cm2); PCs = proantho- 
cyanidins (% quebracho tannin equivalents); Protein = mg%BSA 
equivalents. N= sample size and SD = standard deviation. N= 17 
for 1990 and N = 10 for 1991 for all chemical analyses 

Measurement Position 1990 1991 

Mean (SD) Mean (SD) 

KIO3 (in) 14.74 (6.82) 14.32 (3.04) 
KIO3 (out) 14.88 (8.63) 14.76 (4.04) 

Folin-Denis (in) 9.57 (4.07) 8.33 (1.64) 
Folin-Denis (out) 9.99 (4.62) 8.95 (1.83) 

Radial/BSA (in) 5.32 (2.78) 2.42 (0.87) 
Radial/BSA (out) 4.99 (2.64) 2.22 (0.78) 

PCs (in) 6.46 (3.39) 11.11 (6.81) 
PCs (out) 9.41 (6.66) 16.81 (9.99) 

Protein (in) 7.12 (0.69) 8.25 (0.64) 
Protein (out) 7.47 (1.13) 7.86 (1.13) 

Bioassay of viral efficacy on foliage damaged in the 
previous year 

Gypsy  moth  mortal i ty  f rom virus in the second year was 
correlated with both foliage hydrolysable tannin con- 
centrations, and concurrent  year defoliation generated 
inside bags. Hydrolysable  tannin concentrat ion was the 
first variable selected by stepwise multiple regression, 
with increasing tannin concentrations related to higher 
LD50s, and therefore greater inhibition of  the virus 
( r -sqd=0.54,  d . f . = l , 8 ,  p=0 .015 ,  Fig. 3). Defoliation 
generated inside bags was the second (and last) variable 
selected by multiple regression, with higher defoliation 
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Fig. 4A-C. The relationships between unmanipulated canopy-wide 
defoliation (per cent leaf area removed) of 10 red oak trees in 1990 
and A gallotannin content, B total phenolic content and C astrin- 
gency of the foliage from the same trees in 1991. Tannin concentra- 
tions are reported as tannic acid equivalents, and astringency as cm 
binding of BSA protein. Data were transformed before analysis (see 
methods) 

resulting in higher LD50s (p= 0.017). The combined re- 
gression suggests that, as in 1990, high foliar hydrolys- 
able tannin concentrations and higher defoliation 
levels are related to increasing inhibition of LdNPV 
(r-sqd = 0.81, d.f. = 2,7, p = 0.003). The equation of the 
line is: 

LD50 = 3.80 + (1.16*tannin) + (0.14*defoliation) 

A summary of 1991 oak foliage characteristics is given 
in Table 3. No other chemistry measures were correlated 
with gypsy moth mortality in the laboratory bioassay in 
1991, and neither was current year defoliation outside 
bags. As in 1990, the defoliation generated within bags 
in 1991 was not correlated with any measures of chemis- 
try taken in 1991. 

There is some evidence, however, that the phenolic 
chemistry of the oak foliage of the 10 bioassay trees in 
1991 may have been determined, in part, by defoliation 
levels in 1990. Trees which suffered high levels of canopy- 
wide defoliation in 1990 had the highest levels of three 
of our measures of phenolic chemistry in 1991 : potas- 
sium iodate-reactive phenolics, total phenolics, and the 
radial diffusion protein binding assay (r-sqd=0.60, 
d.f. =9, p<0.01); r-sqd=0.72, d.f.=9, p<0.01; 
r-sqd=0.48, d.f.=9, p<0.03 respectively, Fig. 4). Al- 
though all three relationships are strengthened by the 
presence of two high-defoliation trees, and are cor- 
relative rather than experimental, they provide the first 
evidence of across-year phenolic induction in red oak. 
Moreover, since potassium iodate-reactive phenolics 
were negatively correlated with gypsy moth mortality 
from virus in 1991 (Fig. 3), canopy-wide defoliation in 
1990 may have inhibited infection by virus in 1991. 

However, potassium iodate-reactive phenolics were 
not higher overall in the population of oaks sampled in 
1991 (Table 3). Gypsy moth defoliation in 1990 did not, 
therefore, induce general, population-wide increases in 
oak gallotannins in our study plot. Nonetheless, the 
tannin content of individual trees in 1991 was positively 
correlated with the previous year's defoliation (Fig. 4). 

Field evaluation of wound-induced inhibition of LdNPV 

The mortality of feral gypsy moth larvae infected under 
field conditions in 1990 was correlated with the natural 
defoliation levels on 14 sample trees in the same year. 
Fewer larvae died from viral infection as defoliation 
levels on trees increased (weighted r-sqd = 0.35, 
d.f.= 1,13, p=0.026, Fig. 5). No other variables were 
selected by the stepwise multiple regression analysis. The 
relative weakness of the field relationship between defo- 
liation and viral inhibition, compared with the labora- 
tory trials, probably reflects the unknown (un- 
manipulated) variation in virus inoculum among trees. 
The subset of dead larvae stained and examined for PIBs 
all showed evidence of viral infection although, since the 
field sampling lacks a zero-infection control, we cannot 
exclude the possibility that other sources of mortality 
were involved. None of our chemistry measures was 
associated with natural larval mortality of feral gypsy 
moth on the 14 sample trees in 1990, nor with the defolia- 
tion estimates. A summary of the foliage characteristics 
of the 14 sample trees is given in Table 4. 

Discussion 

We present the first evidence that wound-induced re- 
sponses in plants can influence the pathogens of insect 
herbivores. Induction is known to have deleterious ef- 
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Fig. 5. Viral-induced mortality of feral gypsy moth larvae in 1990 
and the Concurrent year's defoliation from the 14 trees from which 
the larvae were collected. Data were transformed before analysis 
(see methods) 

Table 4. Foliage characteristics (chemistry and defoliation) from 
14 unmanipulated red oak trees in 1990. KIO3=gallotannins 
(% tannic acid equivalents); Folin-Denis= total phenolics (% tan- 
nic acid equivalents); Radial/BSA= protein binding assay (cm2); 
PCs=proanthocyanidins (% quebracho tannin equivalents); Pro- 
tein = mg % B SA equivalents; Canopy Defol. = defoliation estimated 
from the oak canopy. N= sample size and SD = standard deviation. 
N= 14 for all means 

Measurement Mean SD 

KIO3 13.60 7.47 
Folin-Denis 8.17 5.15 
Radial/BSA 4.94 3.65 
PCs 10.88 8.54 
Protein 7.68 4.47 
Canopy Defol. 29.78 7.48 

fects on some herbivores (Karban and Myers 1989) and 
plant pathogens (Bell 1981; Kuc 1981, 1987; Agrios 
1988). Our data suggest, however, that the gypsy moth 
can alter the leaf quality of a major host, and gain 
protection from its own nuclear polyhedrosis virus. This 
result contrasts with previous studies demonstrating de- 
leterious effects of oak induction for gypsy moths 
(Schultz and Baldwin 1982; Rossiter et al. 1988). 

In three separate experiments, current year defoliation 
was related to inhibition of LdNPV. Since defoliation 
levels on oak are related to larval density (Fig. 1), there 
is the potential for positive feedback in the system - 
higher larval densities result in higher leaf damage levels 
which may protect gypsy moth larvae from virus. 

We could find no chemical mechanism to explain the 
impact of defoliation on LdNPV. None of our measures 
of phenolic chemistry was related to leaf damage levels 
within a year, contrary to the results of Rossiter et al. 
(1988) in which gypsy moth defoliation caused increases 
in red oak phenolics. However, our measurements of 
phenolic chemistry were made during the third larval 
instar, when larvae naturally consume virus on foliage 
(Woods and Elkinton 1987), and therefore when leaf 
quality might influence infection. The within-year indue- 

tion described by Rossiter et al. (1988) was measured 
over the entire larval feeding period (approximately 8 
weeks) and measurable increases in polyphenolic com- 
pounds may require this extended period to develop. 

Nonetheless, we did find a possible role for foliar 
gallotannin concentration in the inhibition of LdNPV. In 
two laboratory bioassays, gallotannin concentrations 
were negatively correlated with larval mortality from 
virus. The effect was weak in 1990, but stronger than that 
of current year defoliation in 1991 (Fig. 3). Why the 
putative effect of gallotannin should vary among years 
is unclear. One possibility is that gallotannin concentra- 
tions may be related to defoliation levels in the previous 
year, and there is some evidence for that in our study. 
Three related measurements of foliar tannins in 1991, 
including gallotannin concentration, were correlated 
with canopy-wide defoliation levels in 1990 (Fig. 4). A 
moderate gypsy moth outbreak peaked in 1990 at our 
field site, and across-year induction may have had an 
influence on gallotannin concentrations in 1991. 

We stress, however, that the suggested role of gal- 
lotannins, and across-year induction, in the inhibition of 
LdNPV are the results of correlation analyses and (un- 
like our defoliation treatments for laboratory bioassays) 
not the result of manipulation. Gallotannins may be 
correlated with some other factor that influences the 
pathogenicity of the virus. Moreover, since the canopy- 
wide defoliation in 1990 was unmanipulated, the correla- 
tion between it and tannin chemistry the following year 
may be related to larval choice among foliage varying in 
quality rather than to across-year systemic induction. 
Nonetheless, across-year phytochemical induction has 
been demonstrated in other systems (Baltensweiler et al. 
1977; Bryant et al. 1983; Haukioja and Neuvonen 1985), 
and may influence the variation in foliar tannin con- 
centrations in red oak. 

Phenolics are likely candidates for the induced viral 
inhibitor in oak since constitutive variation in phenolic- 
based allelochemicals can influence infection by insect 
pathogens (David and Taylor 1977; Felton and Dahl- 
man 1984; Felton et al. 1987; Keating and Yendol 1987; 
Felton and Duffy 1990). Both experimental manipula- 
tion of diet (Felton et al. 1987; Keating et al. 1989) and 
correlations with leaf chemical components (Keating and 
Yendol 1987; Keating et al. 1990) implicate phenolics 
and polyphenolics as major pathogen inhibitors. 

Whether induction is ultimately beneficial or de- 
leterious for the gypsy moth will depend upon a balance 
between positive and negative forces. Wound-induced 
increases in gallotannins in oak reduce the pupal weight 
and fecundity of the gypsy moth (Rossiter et al. 1988), 
and declining food quality during outbreaks (Bess et al. 
1947; Wallner and Walton 1979; Campbell 1981) may 
influence herbivore population dynamics more than in- 
hibition of the virus. However, a modified Anderson and 
May (t980) epizootiology model, with both gypsy moth 
fecundity and susceptibility to virus related to foliar 
gallotannin concentrations, predicts that population 
dynamics are much more sensitive to viral inhibition than 
phenolic-induced changes in fecundity (Foster et al. 
1992). Variation in phenolics can influence mortality by 



202 

50-fold, but  fecundity by only 30% (Schultz et al. 1990). 
Only when tannin concentrations approach  50% T.A.E. 
(over twice that  recorded in the present study) will re- 
duced fecundity overwhelm the positive influence of  re- 
duced viral infection (Foster et al. 1992). 

Negative impacts of  phytochemical  induction on her- 
bivore pathogens could be com m on  since induction is 
considered a general phenomenon  in plants (Schultz 
1988; K a r b a n  and Myers 1989; Tal lamy and Raupp  
1991) often involving increases in phenolic compounds.  
Moreover ,  the medical and plant  pathology literatures 
describe the antimicrobial properties of  phenolics, active 
against pathogens as diverse as HIV,  herpes virus, plant 
mosaic viruses and plant  bacteria and fungi (e.g. Cadman  
1960; Friend 1979; Harborne  1988; reviewed in Schultz 
et al. 1992). I f  compounds  induced by defoliation in red 
oak can inhibit the virus of  a nonnative herbivore such 
as the gypsy moth,  it suggests that  responses of  plants to 
damage may  represent generalized wound repair or anti- 
microbial  activity (Hartley and Lawton  1990), rather 
than adaptive defenses against herbivores. We suggest 
adding insect pathogens to the list o f  natural  enemies of  
herbivores influenced by induction (Price et al. 1980; 
Faeth  1987, 1991; Raupp  and Sadof  1991), and that  
many  of  the supposed direct effects of  induction on 
herbivores may  be indirect effects, mediated by patho-  
genic organisms. 

Acknowledgements. We thank J.S. Elkinton, S.S. Duffey, W.G. 
Yendol, M.C. Rossiter, K. Kleiner, H.M. Appel, N.E. Stamp and 
three anonymous reviewers for comments on previous drafts of this 
manuscript. Field and laboratory assistance were provided by J.A. 
Schofield, C.M. Gourlie, J. Hailer, L.M. Hamil, S. Heckman, C. 
LaCross, R.E. Kleeman, J.G. Adkins, K.M. Woller and P. Lasko. 
This research was supported by NATO/SERC Fellowship B/RFO/ 
8482 to MDH and NSF Grant BSR-89-18083 to JCS and MDH. 
Wind Ridge Farm provided research facilities. 

References 

Agrios GN (1988) Plant pathology. Academic Press, New York 
Anderson RM, May RM (1980) Infectious diseases and population 

cycles of forest insects. Science 210:658-661 
Baldwin IT, Schultz JC (1983) Rapid changes in tree leaf chemistry 

induced by damage: evidence for communication between 
plants. Science 221 : 277-279 

Baltenswelier W, Benz G, Bovey P, Delucchi P (1977) Dynamics of 
larch bud moth populations. Annu Rev Entomol 22:79-100 

Barbosa P, Krischik VA (1988) Influence of alkaloids on feeding 
preference of eastern deciduous forest trees by the gypsy moth, 
Lymantria dispar. Am Nat 130:53-69 

Bate-Smith EC (1977) Astringent tannins of Acer species. Phytoche- 
mistry 16:1421-1426 

Bell AA (1981) Biochemical mechanism of disease resistance. Annu 
Rev of Plant Physiol 32:21-81 

Bell AA (1986) Physiology of secondary compounds in cotton. In: 
Mauney JR, Stewart J McD (eds) Cotton physiology. The Cot- 
ton Foundation, Memphis, TN, pp 597-621 

Benedict JH, Chang JF (1991) Bacterially induced changes in the 
cotton plant-boll weevil paradigm. In: Tallamy DW, Raupp MJ 
(eds) Phytochemical induction by herbivores. John Wiley and 
Sons, Inc., New York, pp 379-401 

Bergelson JM, Lawton JH (1988) Does foliage damage influence 
predation on the insect herbivores of birch? Ecology 
69 : 434-445 

Bergelson JM, Fowler SV, Hartley SE (1986) The effects of foliage 
damage on casebearing moth larvae, Coleophora serratella, feed- 
ing on birch. Ecol Entomol 11 : 241-250 

Bess HA, Spur SH, Littlefield EW (1947) Forest site conditions and 
the gypsy moth. Harvard Forest Bulletin, vol 22 

Braker WL (1981) Soil survey of Centre County, PA. United States 
Department of Agriculture, Washington, DC 

Bryant JP, Chapin FS, Klein DR (1983) Carbon/nutrient balance 
of boreal plants in relation to vertebrate herbivory. Oikos 
40: 357-368 

Cadman CH (1960) Inhibition of plant virus infection by tannins. 
In: Pridham JB (ed) Plants in health and disease. Pergamon 
Press, London, pp 101-105 

David WAL, Taylor CE (1977) The effect of sucrose content of diets 
on susceptibility to granulosis virus disease in Pieris brassicae. 
J Invert Pathol 30:117-118 

Doane CC (1970) Primary pathogens and their role in the develop- 
ment of an epizootic in the gypsy moth. J Invert Pathol 
15:21-33 

Edwards PJ, Wratten SD (1982) Wound-induced changes in 
palatibility in birch (Betula pubescens Ehrh. spp. pubescens). Am 
Nat 120:816-818 

Edwards P J, Wratten SD (1983) Wound-induced defenses in plants 
and their consequences for patterns in insect grazing Oecologia 
59 : 88-93 

Edwards PJ, Wratten SD (1985) Induced plant defenses against 
insect grazing: Fact or artefact? Oikos 44:70-74 

Edwards PJ, Wratten SD (1987) Ecological significance of wound- 
induced changes in plant chemistry. In: Labeyrie V, Fabres G, 
Lachalse D (eds) Insects-Plants. W. Junk, Dordrecht, pp 
213-215 

Edwards PJ, Wratten SD, Gibberd RM (1991) The impact of 
inducible phytochemicals on food selection by insect herbivores 
and its consequences for the distribution of grazing damage. In: 
Tallamy DW, Raupp MJ (eds) Phytochemical induction by 
herbivores. John Wiley and Sons, Inc., New York, pp 205-221 

Faeth SH (1985) Host leaf selection by leaf miners: Interactions 
among three trophic levels. Ecology 66:870-875 

Faeth SH (1987) Indirect interactions between seasonal herbivores 
via leaf chemistry and structure. In: Spencer KC (ed) Chemical 
mediation of coevolution. Academic Press, San Diego, pp 
391-414 

Faeth SH (1991) Variable induced responses: direct and indirect 
effects on oak folivores. In: Tallamy DW, Raupp MJ (eds) 
Phytochemical induction by herbivores. John Wiley and Sons, 
Inc., New York, pp 293-323 

Felton GW, Dahlman DL (1984) Allelochemical induced stress: 
effects of L-Canavanine on the pathogenicity of Bacillus thurin- 
9iensis in Manduca sexta. J Invert Pathol 44:187-191 

Felton GW, Duffy SS (1990) Inactivation of baculovirus by quin- 
ones formed in insectdamaged plant tissues. J Chem Ecol 
16:1221-1236 

Felton GW, Duffey SS, Vail PV, Kaya HK, Manning J (1987) 
Interaction of nuclear polyhedrosis virus with catechols: Poten- 
tial incomparability for host-plant resistence against noctuid 
larvae. J Chem Ecol 13:947-957 

Foster MA, Schultz JC, Hunter MD (1992) Modeling gyspy moth- 
virus-leaf chemistry interactions: implications of plant quality 
for pest and pathogen dynamics. J Anim Ecol 61:509-520 

Fowler SV, Lawton JH (1985) Rapidly induced defenses and talking 
trees: The devil's advocate position. Am Nat 126:181-195 

Friend J (1979) Phenolic substances and plant disease. In: Swain T, 
Harborne JB, Van Sumere CF (eds) Biochemistry of plant 
phenolics. Plenum Press, New York, pp 557-588 

Green TR, Ryan CA (1972) Wound-induced proteinase inhibitor 
in plant leaves: a possible defence mechanism against insects. 
Science 175:776-777 

Hagerman AE (1987) Radial diffusion method for determining 
tannin in plant extracts. J Chem Ecol 13:437-449 

Hammond AM, Hardy TN (1988) Quality of diseased plants as 
hosts for insects. In: Heinrichs EA (ed) Plant stress-insect in- 
teractions. John Wiley and Sons, Inc., New York, pp 381-432 

Harborne JB (1988) Flavonoids in the environment: structure- 
activity relationships. In: Cody V, Middleton E, Harborne JB, 
Beretz A (eds) Plant ftavonoids in biology and medicine II. AR 
Liss, New York, pp 17-27 



203 

Hare JD (1983) Manipulation of host suitability for herbivore pest 
management. In: Denno RF, McClure MS (eds) Variable plants 
and herbivores in natural and managed systems. Academic 
Press, New York, pp 655-680 

Hartley SE, Firn RD (1989) Phenolic biosynthesis, leaf damage, 
and insect herbivory in birch (Betula pendula). J of Chem Ecol 
15: 275-283 

Hartley SE, Lawton JH (1987) The effects of different types of 
damage on the chemistry of birch foliage and the responses of 
birch feeding insects. Oecologia 74:432-437 

Hartley SE, Lawton JH (1990) Damage-induced changes in birch 
foliage: mechanisms and effects on insect herbivores. In: Watt 
AD, Leather SR, Hunter MD, Kidd NAC (eds) Population 
dynamics of forest insects. Intercept, Andover, pp 147-155 

Haukioja E, Niemela P (1977) Retarded growth of a geometrid 
larva after mechanical damage to leaves of its host tree. Annal 
Zool Fenn 14:48-52 

Haukioja E, Niemela P (1979) Birch leaves as a resource for 
herbivores: seasonal occurence of increased resistence in 
foliage after mechanical damage of adjacent leaves. Oecologia 
39:151-159 

Haukioja E, Neuvonen S (1985) Induced long-term resistance of 
birch foliage against defoliators: defensive or incidental? Ec- 
ology 66:1303-1308 

Haukioja E, Neuvonen S, Hanhimaki S, Niemela P (1988) The 
autumnal moth in Fennoscandia. In: Berryman AA (ed) 
Dynamics of forest insect populations: patterns, causes and 
management strategies. Plenum Press, New York, pp 163-178 

Haukioja E, Ruohomaki K, Senn J, Suomela J, Walls M (1990) 
Consequences of herbivory in the mountain birch (BetuIa pubes- 
cens ssp. tortuosa): Importance of the functional organization 
of the tree. Oecologia 82:238-247 

Hunter MD (1987) Opposing effects of spring defoliation on late 
season oak caterpillars. Ecol Entomol 12:373-382 

Hunter MD (1992a) Interactions within herbivore communities 
mediated by the host plant: The keystone herbivore concept. In: 
Hunter MD, Ohgushi T, Price PW (eds) Effects of resource 
distribution on animal-plant interactions. Academic Press, San 
Diego, pp 287-325 

Hunter MD (1992b) A variable insect-plant interaction: The rela- 
tionship between tree budburst phenology and population levels 
of insect herbivores among trees. Ecol Entomol 17:91-95 

Inoue KH, Hagerman AE (1988) Determinants of gallotannin with 
rhodanine. Anal Biochem 169:363-369 

Karban R (1987) Environmental conditions affecting the strength 
of induced resistance against mites in cotton. Oecologia 
73 : 114-419 

Karban R (1991) Inducible resistance in agricultural systems. In: 
Tallamy DW, Raupp MJ (eds) Phytochemical induction by 
herbivores. John Wiley and Sons, Inc., New York, pp 402-419 

Karban R, Myers JH (1989) Induced plant responses to herbivory. 
Annu Rev Ecol Syst 20:331-348 

Karban R, Adamchak R, Schnathorst WC (1987) Induced re- 
sistance and interspecific competition between spider mites and 
a vascular wilt fungus. Science 235:678-679 

Keating ST, Yendol WG (1987) Influence of selected host plants on 
gypsy moth (Lepidoptera: Lymantriidae) larval mortality 
caused by a baculovirus. Environ Entomol 16:459-462 

Keating ST, Yendol WG, Schultz JC (1988) Host plant dependent 
differences in the susceptibility of gypsy moth larvae (Lepidop- 
tera: Lymantriidae) to a Baculovirus as possibly influenced by 
foliage chemistry. Environ Entomol 17:952-958 

Keating ST, McCarthy WJ, Yendol WG (1989) Gypsy moth (Ly- 
maantria dispar) larval susceptibility to a baculovirus affected 
by selected nutrients, hydrogen ions (pH), and plant allelo- 
chemicals in artificial diets. J Invert Pathol 54:165-174 

Keating ST, Hunter MD, Schultz JC (1990) Leaf phenolic 
inhibition of the gypsy moth nuclear polyhedrosis virus: the 
role of polyhedral inclusion body aggregation. J Chem Ecol 
16:1445-1457 

Kleiner KW (1991) Stability of phenolic and protein measures in 
excised oak foliage. J Chem Ecol 17:1243-1251 

Kleiner KW, Montgomery ME, Schultz JC (1989) Variation in leaf 
quality of two oak species: implications for stand susceptibility 
to gypsy moth defoliation. Can J For Res 19:1445-1450 

Kuc J (1981) Multiple mechanisims, reaction rates, and induced 
resistance in plants. In: Staples RC (ed) Disease control. John 
Wiley and Sons, Inc., New York, pp 259-272 

Kuc J (1987) Plant immunization and its applicability for disease 
control. In: Chet I (ed) Approaches to plant disease control. 
John Wiley and Sons, Inc., New York, pp 255-274 

Magnoler A (1974) Bioassay of a nucleopolyhedrosis virus of the 
gypsy moth, Porthetria dispar. J Invert Pathol 23:190-196 

McIntyre JL, Dodds JA, Hare JD (1981) Effects of localized infec- 
tion of Nictinia tabacum by tobacco mosaic virus on systemic 
resistance against diverse pathogens and an insect. Phytopathol- 
ogy 71:297-301 

Murray KD, Elkinton JS (t989) Environmental contamination of 
egg masses as a major component of transgenerational trans- 
mission of gypsy moth nuclear polyhedrosis virus (LDNPV). 
J Invert Pathol 53:324-334 

Price PW, Bouton CE, Gross P, McPheron BA, Thompson JN, 
Weis AE (1980) Interactions among three trophic levels: in- 
fluence of plants on interactions between insect herbivores and 
natural enemies. Annu Rev Ecol Syst 11 : 41 65 

Raupp M J, Denno RF (1984) The suitability of damaged willow 
leaves as food for the leaf beetle, Plagiodera versicolora. Ecol 
Entomol 9: 443-448 

Raupp MJ, Sadof CS (1991) Responses of leaf beetles to injury- 
related changes in their salicaceous hosts. In: Tallamy DW, 
Raupp MJ (eds) Phytochemical induction by herbivores. John 
Wiley and Sons, Inc., New York, pp 183-203 

Renaud PE, Hay ME, Schmitt TM (1990) Interactions of plant 
stress and herbivory: Intraspecific variation in the susceptibility 
of a palatable versus an unpalatable seaweed to sea urchin 
grazing. Oecologia 82:217-226 

Rossiter MC, Schultz JC, Baldwin IT (1988) Relationships among 
defoliation, red oak phenolics and gypsy moth growth and 
reproduction. Ecology 69 : 267-277 

SAS Institute Inc (1985) SAS User's Guide: Statistics. Cary, NC 
Schultz JC (1988) Plant responses induced by herbivores. TREE 

3 : 45-49 
Schultz JC, Baldwin IT (1982) Oak leaf quality declines in response 

to defoliation by gypsy moth larvae. Science 217:149-151 
Schultz JC, Foster MA, Montgomery ME (1990) Host plant- 

mediated impacts of a baculovirus on gypsy moth populations. 
In: Watt AD, Leather SR, Hunter MD, Kidd NAC (eds) 
Population dynamics of forest insects. Intercept, Andover, 
pp 303-313 

Schultz JC, Hunter MD, Appel HM (1992) Antimicrobial activity 
of polyphenols mediates plant-herbivore interactions. In: 
Hemingway RW, Laks PE (eds) Plant polyphenols: biogenesis, 
chemical properties, and significance. Plenum Press, New York, 
pp 621-637 

Tallamy DW, Raupp MJ (1991) Phytochemical induction by 
herbivores. John Wiley and Sons, Inc., New York 

Turchin P (1990) Rarity of density dependence or population re- 
gulation with lags? Nature 344:660-663 

Wallner WE, McManus ML (1981) Population dynamics; histori- 
cal review. USDA Technical Bulletin 1584:202-203 

Wallner WE, Walton GS (1979) Host defoliation: a possible deter- 
minant of gypsy moth population quality. Ann Entomol Soc 
America 72:62-67 

Woods SA, Elkinton JS (1987) Bimodal patterns of mortality from 
nuclear polyhedrosis virus in gypsy moth (Lymantria dispar) 
populations. J Invert Pathol 50:151-157 

Woods SA, Elkinton JS, Podgwaite JD (1989) Acquisition of 
nuclear polyhedrosis virus from tree stems by newly emerged 
gypsy moth (Lepidoptera: Lymantriidae) larvae. Environ Ento- 
mol 18:298-301 

Wratten SD, Edwards PJ, Barker AM (1990) Consequences of 
rapid feeding-induced changes in trees for the plant and the 
insect: individuals and populations. In: Watt AD, Leather SR, 
Hunter MD, Kidd NAC (eds) Population dynamics of forest 
insects. Intercept, Andover, pp 137-145 


