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Abstract. This research assessed (1) the relationship between defoliation and phenolic 
chemistry of red oak trees, and (2) the relationship between food quality, measured in 
terms of oak phenolic chemistry and defoliation, and aspects of gypsy moth biology that 
can influence population dynamics. In a field experiment, larvae were reared in mesh bags 
on red oaks. Measurements of phenolics were made weekly on foliage inside and outside 
bags of 60 trees, which experienced 7 to 58% tree-wide defoliation by the end of the larval 
feeding period. 

We found that the phonological pattern of tree phenolic concentration over 8 wk was 
unrelated to defoliation or bagging. Bagging itself caused no change in foliar phenolic 
chemistry. Greater defoliation was associated with higher levels of total phenolics, hydro- 
lyzable tannins, and protein-binding capacity of leaves. Pupal mass and fecundity were 
negatively correlated with both defoliation and the concentration of total phenolics, hy- 
drolyzable tannins, and protein-binding capacity of the host tree. Additionally, egg mass 
was negatively correlated with the protein-binding capacity of the mother's diet. 

Statistical investigation of the relationship between components of food quality (both 
related and unrelated to damage) and insect performance, indicated that gypsy moth pupal 
mass was influenced by constitutive phenolic variation (unrelated to defoliation), by dam- 
age-induced nonphenolic variation, and by damage-induced phenolic variation. Variation 
in defoliation and in phenolic concentrations were related to variation in fecundity and 
egg mass. 

Key words: defoliation; food quality; induced defenses; Lymantria dispar; phenolics; plant-herbi- 
vore interaction; Quercus rubra; tannins. 

INTRODUCTION 

The value of a host plant tissue for herbivores is a 
function of its nutrient and secondary compound con- 
tents (e.g., Rosenthal and Janzen 1979). Variation in 
quality can be considerable, and can have a significant 
impact on herbivores (Denno and McClure 1984). We 
consider two broad classes of leaf quality variation: 
constitutive and induced. Constitutive variation de- 
rives from phonological change, physiological and ge- 
netic differences among individuals, and variation in 
environmental factors such as photoperiod, tempera- 
ture, soils, etc. (Levin 1971, Denno and McClure 1984). 
Induced variation comes about in response to damage 
by insects or other sources (Rhoades 1979, Wallner 
and Walton 1979, Bryant 1981, Schultz and Baldwin 
1982, Baldwin and Schultz 1983, Valentine et al. 1983, 
Williams and Myers 1984, Neuvonen and Haukioja 
1985). 

Although chemical variation arising in response to 
damage as well as its impact on some herbivores have 
been well documented (e.g., Bryant 1981, Haukioja 
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and Neuvonen 1985, Tallamy 1985, Faeth 1986), the 
degree to which herbivore population dynamics can be 
influenced by damage-induced changes in food quality 
remains debatable (Fowler and Lawton 1985). 

The research presented here assessed the impact of 
varying food quality on aspects of gypsy moth biology 
that could influence population dynamics. Since vari- 
ation in food quality includes constitutive and induced 
variation, we also investigated the relationship be- 
tween damage-induced variation (phenolic and non- 
phenolic) and constitutive phenolic variation as per- 
ceived by the gypsy moth. Phenolics and defoliation 
were used as indices of food quality because our pre- 
vious work had shown strong defoliation-related 
changes in phenolics by red oak (Schultz and Baldwin 
1982) and because the secondary chemistry of oak leaves 
is dominated (in terms of type and mass) by phenolics 
(Hegnauer 1962, Gibbs 1974). A field experiment was 
done to determine the relationships among defoliation, 
phenolic chemistry, and gypsy moth growth and re- 
productive output. We found significant negative cor- 
relations between leaf phenolic concentrations and 
gypsy moth pupal mass, and identified both constitu- 
tive and induced variation in leaf quality as important 
influences on gypsy moth performance. We feel that 
some of these influences could extend between herbi- 
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vore generations and influence population dynamics. 
We found substantial variation among trees in leaf 
phenolic content; some of this variation was attribut- 
able to damage, some was constitutive. Insect pupal 
masses and fecundities were negatively correlated with 
the concentration of hydrolyzable tannins in leaves and 
tanning activity of extracts, and there was a defoliation- 
induced source of variation in leaf quality (reflected in 
bioassay), independent of phenolics. 

METHODS 

Field experiment study site 

The study site was in an oak forest near State College, 
Pennsylvania, developed on Wyoming gravelly sandy 
loam and Morrison sandy loam underlain by limey 
sandstone (Braker 1981). The dominant tree species 
were red and white oak (Quercus rubra and Q. alba), 
and bigtooth aspen (Populus grandidentata). This site 
had a very low density population of wild gypsy moths. 

General experimental design 

Our experimental plot included 60 juvenile red oaks 
(mean height 4m, diameter at breast height [dbh] 17.5 
cm). On each tree, five 16 x 18 cm fiber-glass mesh 
bags enclosed foliage and were secured over terminal 
sprays with duct tape. This mesh size caused a 15-20% 
reduction in light transmission. The bags of 15 trees 
(CONTROL) held only foliage, to assess the impact of 
bags alone on phenolic chemistry. The bags of the re- 
maining 45 trees (LARVAE) held foliage and labora- 
tory-hatched gypsy moth larvae, which we introduced, 
to measure the relationship between herbivore perfor- 
mance and food quality. During the larval feeding pe- 
riod, which lasted 8 wk beginning in May after bud- 
break, each bag (with or without larvae) was moved to 
a different terminal spray. Bags held far more foliage 
than was required for 1 wk of larval feeding. Leaves 
were sampled weekly for 8 wk from inside and outside 
of bags and analyzed for phenolics. To represent the 
foliar phenolic values of a tree over the 8-wk larval 
feeding period, average season concentrations were cal- 
culated. For leaves inside bags holding larvae and for 
leaves outside these bags, for each of 45 trees, measured 
weekly for 8 wk, mean phenolic values were calculated 
for total phenolics, protein-binding capacity, hydro- 
lyzable tannins, and condensed tannins. Average sea- 
son concentration was chosen as the best single value 
representation of a tree's phenolic condition because 
(1) there is a phonological component to phenolic pro- 
duction in oak (see Results: Seasonal and Individual 
Variation in Phenolic Profile), and (2) bagged larvae 
experienced the same phonological range of chemical 
variation over their feeding period. 

To improve our ability to measure induction and its 
effects on the larvae, we used artificial defoliation to 
increase the magnitude and extent of defoliation 
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FIG. 1. Frequency distribution of tree-wide defoliation 
values near the end of the larval feeding period for 45 red 
oaks on which bagged larvae were reared. 

throughout each tree's canopy. Our intention was the 
division of the 45 LARVAE trees into three treatments 
(T) of 1 5 trees each: natural defoliation only (T 1), nat- 
ural desolation plus manual defoliation to achieve 30% 
(T2) or 60% (T3) tree-wide defoliation by the end of 
the larval feeding period. Trees in different treatment 
groups were not spatially separated but grew intermin- 
gled in a single stand. 

Defoliation was simulated by tearing leaves through- 
out each tree's canopy in half (perpendicular to midrib) 
by hand daily at a rate that increased through the sea- 
son to mimic natural patterns of defolition by gypsy 
moth larvae. The tearing schedule for each tree was 
based on preflush bud counts and leaf counts 2 wk after 
flush. Because we underestimated total leaves, the av- 
erage amount of tree-wide defoliation near the end of 
the larval feeding period was 25% for Tl and T2, and 
35% for T3. At this point we chose to analyze defolia- 
tion as a continuous variable because we did not achieve 
the intended differences among treatment groups. Fig. 
1 gives the frequency distribution of tree-wide defo- 
liation for these 45 trees. Recall that T1 and T2 had 
the same average tree-wide defoliation but differed in 
presence/absence of artificial defoliation. To dispel un- 
certainty about potential differences in phenolic con- 
centrations due to artificial defoliation, a comparison 
of phenolic chemistry between T 1 and T2 was made 
with analysis of variance. There was no significant dif- 
ference for any phenolic measure. 

To test for the effects of bagging on leaf chemistry, 
we compared leaves from inside and outside bags of 
CONTROL trees. To test for the effects of defoliation 
on leaf phenolic concentrations, we regressed average 
season concentrations of total phenolics, protein-bind- 
ing capacity, hydrolyzable tannins, and condensed tan- 
nins in leaves inside bags holding larvae and in leaves 
outside these bags on tree-wide defoliation for each 
LARVAE tree. To identify the relationship between 
gypsy moth performance and food quality, we mea- 
sured the association between pupal mass, total fecun- 
dity, and mean egg mass on one hand and mean phe- 
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TABLE 1. Summary of phenolic chemistry values for 15 red oak trees on which mothers of experimental egg masses were 
reared, and the rank of a tree for a given phenolic measure relative to the 60 trees in the study (control + treatment). A 
low rank value indicates a low phenolic value. 

Condensed tannins 

Hydrolyzable Proantho- Leucoantho- 
Tree Total phenolics Binding capacity tannins cyanidins cyanins 

ID no. % TAE* Rank % TAE Rank % TAE Rank % WTEt Rank % WTE Rank 

1 15.3 57 17.0 48 97.1 52 3.8 16 2.2 18 
2 14.6 52 16.5 39 96.4 49 5.4 42 3.7 46 
3 11.2 11 13.7 9 79.4 12 3.9 17 1.8 11 
4 12.0 18 13.3 7 86.4 26 2.8 2 1.7 8 
5 13.5 38 14.9 21 96.2 48 3.2 6 1.7 9 
6 8.9 2 12.6 2 70.8 3 4.1 20 2.2 16 
7 15.1 56 18.4 56 105.3 58 3.4 11 2.7 29 
8 10.6 6 14.2 15 81.7 14 2.5 1 1.2 1 
9 10.7 8 12.9 4 82.7 16 6.3 49 4.4 53 

10 11.3 13 14.1 14 74.1 5 6.6 51 4.0 51 
11 13.8 41 14.3 17 77.7 8 10.2 60 6.4 60 
12 9.5 3 13.7 8 67.4 2 6.3 50 6.0 58 
13 14.1 46 16.6 44 93.1 41 6.0 45 3.1 35 
14 10.9 10 14.7 18 76.3 6 6.2 46 3.4 44 
15 12.0 17 14.8 19 87.8 29 3.4 9 1.3 3 

* Tannic acid equivalents, % of dry mass. 
t Wattle tannin equivalents, % of dry mass (derived from standard curves). 

nolic chemistry and defoliation of the host trees on the 
other. 

Specific experimental methods 

Beginning on 17 May, 1 wk after budbreak, at least 
15 leaves per tree were removed weekly from inside 
bags (3-4 leaves per bag) by plucking at the petiole; 
this constituted one sample. Excised leaves were frozen 
immediately in liquid nitrogen and stored at - 30'C. 
Fifteen additional leaves per tree were removed from 
unbagged terminal sprays distributed throughout the 
canopy; care was taken to avoid sampling leaves that 
had been bagged in the few previous weeks or on a 
branch that was currently bagged. The unbagged leaves 
were taken from positions on stems comparable to the 
positions sampled within bags regardless of their dam- 
age. Throughout the season there was no discernible 
difference in the bagged and unbagged sampling loca- 
tions within a canopy. As the experiment progressed, 
most sprays in a canopy had served as either bagged 
or unbagged sampling locations. In any given week, 
samples were taken 7 d after bagging occurred, that is, 
just prior to the weekly repositioning of the bag to a 
new location in the canopy. 

At the end of week 6, we made an estimate of percent 
defoliation per tree (=tree-wide defoliation), based on 
the average percent defoliation of 100 leaves. Leaves 
were sampled throughout the canopy using a random 
number generator for coordinates. To estimate defol- 
iation, each sample leaf was compared with photocopy 
templates of red oak leaves in various size classes with 
percent known leaf area missing. 

Gypsy moth larvae used in this field experiment were 
from a third-generation laboratory stock. Larvae 
hatched in the lab and initially ate wheat germ-based 

synthetic diet (O'Dell and Rollinson 1966) until the 
beginning of the second instar when they were trans- 
ferred to the field. Six larvae were placed in each bag 
(total of 24 larvae per tree) on 24 May. We waited until 
the second instar for field transfer because smaller lar- 
vae readily escaped through the bag mesh. The impact 
of this procedure on the larvae's ability to deal with 
tree leaves is unknown. Larvae generally grow as well 
or better on lab diet than on leaves (Doane and 
McManus 1981) and transfer readily from synthetic 
diet to red oak foliage. Since the youngest larvae may 
be most sensitive to food quality (Schultz and Le- 
chowicz 1986 and M. E. Montgomery, personal com- 
munication), our procedure may have protected larvae 
from the most stressful feeding period (first instar); this 
would reduce the likelihood that we would detect an 
impact of leaf quality on larval performance, and we 
view it as a conservative approach. 

Pentatomids, spiders, and parasitoids were the ma- 
jor mortality agents in the field experiment. Because 
caging the larvae influenced the distribution of mor- 
tality from these sources, we were unable to use sur- 
vival as a measure of insect fitness in relation to tree 
chemistry or defoliation. One-third of the individuals 
that began the experiment (351 out of 1080) pupated 
successfully. 

After pupation, individuals were collected from the 
bags and weighed. After the 2-week pupation pericd, 
males and females reared on the same trees were mat- 
ed. For the gypsy moth, the entire reproductive output 
of a female is represented in a single egg mass, which 
is the product of a single mating (Doane 1968). The 
egg masses were stored at 60 to provide the thermal 
requirements for diapause. 

To assess the relationship between reproductive out- 
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FIG. 2. Five measures of phenolic activity over 8 wk of larval development. Mean and standard deviation in each week 
based on phenolic values inside and outside bags on 60 trees (n = 120). Horizontal bars under each graph are continuous 
between weeks when phenolic values are not statistically distinguishable with repeated-measures ANOVA. %TAE = % dry 
mass tannic acid equivalents, %WTE = % dry mass wattle tannin equivalents. 

put and nutritional experience, the total number of eggs 
in the mass (=fecundity) and the mean mass of eggs in 
the clutch were measured for females from the field 
experiment. Because of time constraints, reproductive 
output for females (two per tree) from only 15 of the 
45 trees was measured. The phenolic profiles of these 
randomly selected host tress are presented in Table 1. 
To measure the mass of individual eggs, each egg mass 
was divided in half lengthwise to provide two complete 
distributions of mass and laying order (first through 
last). Mean and variance of egg mass were calculated 
from values for 65 eggs selected randomly from one 
half of each egg mass, while eggs from the other half 
were used in rearing experiments. The eggs, which were 
dehaired with a vacuum method (Doane and Mc- 
Manus 1981), were weighed with an electronic micro- 
balance to the nearest 1.0 gg. 

Chemical analyses 

To evaluate foliar phenolic chemistry, leaves were 
ground in liquid nitrogen, freeze dried, and extracted 
in 70% aqueous acetone. The Folin-Denis assay was 
used to estimate total phenolics. Protein-binding ca- 
pacity was determined using hemoglobin as a substrate 
and tannic acid as a standard (Schultz et al. 1981). 
Hydrolyzable tannins were measured with an iodate 
technique (Bate-Smith 1977, Schultz and Baldwin 
1982), and condensed tannins were estimated as proan- 
thocyanidins and leucoanthocyanins (Bate-Smith 1975, 

Schultz and Baldwin 1982). Folin-Denis-reactive phe- 
nolics, hydrolyzable tannins, and protein binding are 
reported as percent dry mass tannic acid equivalents 
(%TAE), and condensed tannins as percent dry mass 
wattle tannin equivalents (%WTE), derived from stan- 
dard curves. 

RESULTS 

Seasonal and individual variation in phenolic profile 

Trees exhibited a change in phenolic concentration 
over the 8 wk of gypsy moth larval development (Fig. 
2). A repeated-measures analysis of variance (GLM: 
SAS 1982) indicated that phenolic concentration var- 
ied seasonally for all five phenolic measures (each P 
value < .0001). Differences in phenolic values between 
weeks were determined with Tukey's test. Total phe- 
nolic levels (TP) were high for the first three sample 
weeks and then dropped and remained low for the next 
5 wk. Protein-binding capacity (BI) showed a similar 
pattern, although the drop after week 3 was not as great. 
Hydrolyzable tannin levels (HT) varied over the first 
3 wk and remained constant thereafter. Condensed tan- 
nin levels (CTP = proanthocyanidins, CTL = leu- 
coanthocyanins) were high in week 1, dropped to neg- 
ligible amounts in weeks 2 and 3, then began a gradual 
rise to levels similar to those of week 1. 

Variation among individual trees in phenolic chem- 
istry was significant for each of the five phenolic assays 
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FIG. 3. Frequency distribution of phenolic chemistry values for leaves inside bags with larvae (open bars) and leaves 
outside bags (solid bars). %TAE = % dry mass tannic acid equivalents, %WTE = % dry mass wattle tannin equivalents. 

(repeated-measures ANOVA, each P value < .0001). 
Fig. 3 illustrates this individual variation using season- 
long means of different phenolic measures. There was 
no obvious relationship between phenolic concentra- 
tion and the spatial arrangement of trees in the sample 
plot. Furthermore, there was no relationship between 
either phenolic concentration or tree-wide defoliation 
and tree size. These results were based on correlation 
analyses between either season-long means for each 
phenolic measure or tree-wide defoliation and tree dbh, 
bud number prior to budbreak, and time of budbreak 
(for Pearson's rho, all P values > .30). 

Effect of bags on phenolic concentrations 

Bagging had no appreciable impact on phenolic con- 
centration. In a multivariate analysis of variance using 
season-long mean values for each of five phenolic mea- 
sures from foliage inside and outside bags on the 15 
CONTROL trees, Wilks' lambda gave a P value of .95 
indicating no overall bag effect on phenolic production 
(F5(524) = 0.23). The model, using the status of the bag 
(with or without larvae) as the indepndent variable and 
the five phenolic measures, TP, BI, HT, CTP, and CTL, 
as dependent variables (GLM: SAS 1982), yielded non- 

significant P values (all > .44) for individual dependent 
variables. 

Defoliation and phenolic chemistry 

Tree-wide defoliation was positively related to the 
concentration of total phenolics (P = .005), hydrolyz- 
able tannins (P = .004), and to protein-binding capacity 
(P = .003) of leaves inside bags with larvae. Regression 
analyses of phenolic measures of foliage inside bags 
with larvae (Y) on defoliation (X) are shown in Fig. 4 
(slope = solid line). An arcsine transformation of per- 
cent defoliation had no effect on the outcome; results 
from the untransformed data are reported here. Neither 
measure of condensed tannins was related to defolia- 
tion (CTP, P = .82 and CTL, P = .75). Interestingly, 
there was no relationship between defoliation and any 
phenolic measure for leaves outside of bags (slope = 

dashed line, all regression P values > .24). 

Defoliation and pupal masses 

Female pupal mass was negatively correlated with 
host tree defoliation (Fig. 5). A weighted regression 
analysis of the mean female pupal mass per tree (Y) 
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FIG. 4. Regressions of three phenolic measures on tree- 
wide defoliation for 45 red oaks. Regression equations, data 
points, and solid-line slopes were generated from data on 
foliage inside bags with larvae; dashed-line slopes were gen- 
erated from data on leaves randomly sampled from the open 
canopy. %TAE = % dry mass tannic acid equivalents. 

on tree-wide defoliation (X) yielded this relationship: 
Y= 1.22- 0.007X, P = .016, n = 41. The weighting 
factor used in this and other weighted analyses was the 
number of individuals of a given sex from a given tree. 
Because 4 of the 45 sample trees yielded no females, 
the sample size was 41. The reduction of pupal mass 
was biologically meaningful. For example, females from 
the most defoliated trees (_ 50%) weighed 20% less 
than females from the trees with median defoliation 
(_25%). This also means that greatly defoliated trees 
produced females with a 20% drop in fecundity relative 
to the median. Male pupal mass appeared to be unaf- 
fected by defoliation (weighted regression P value = 
.15, n = 44), but see Separating Effects of Intercorre- 
lated Factors, below. 

Phenolic chemistry and pupal masses 

Both female and male pupal masses were negatively 
correlated with phenolic measures. At maximum levels 
of total phenolics, binding capacity, and hydrolyzable 
tannins for foliage inside larval bags, female pupal 
masses were reduced 18, 25, and 21%, respectively, 
below the mean pupal mass of the population; in males 
the reductions were 8, 8, and 11%, respectively. We 
found no relationship between condensed tannin (CT) 
levels and pupal masses. 

Weighted regressions of the mean pupal mass per 
tree (Y) on mean phenolic concentration of foliage in- 
side bags (X) characterized the insect's response (Table 
2). These negative relationships persisted when the 
regression involved pupal masses of larvae inside bags 
and phenolic chemistry of leaves outside the larval bags 
(Table 2). The slight reductions in the strength of the 
correlation between pupal mass and phenolic chem- 
istry outside the bags compared with that inside the 
bags were not significant as determined by an analysis 
of covariance with a given phenolic measure as the 
covariate and bagging as the treatment. All P values 
for bagging were >.32. 

Separating effects of intercorrelated factors 

Because the measures for total phenolics, protein- 
binding capacity, hydrolyzable tannins, and defoliation 
can be intercorrelated (Bate-Smith 1981, Martin and 
Martin 1982), we employed multiple regression in an 
attempt to separate their impacts on insect perfor- 
mance. The multiple regression Type I sum of squares 
(SS-I: SAS 1982) reveals how much variance is ex- 
plained by a factor as a function of the order of its 
entry into the model. With intercorrelated factors it is 
possible to do repeated multiple regressions changing 
only the position of the factors in the model. This 
provides some insight as to how intercorrelated factors 
might influence the dependent variable. 
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FIG. 5. Regression of mean female pupal mass per tree 
(Y) on tree-wide defoliation (X). The value of the slope was 
generated using mean pupal mass for a tree, weighted by the 
number of females from that tree. n = 45 trees. 
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TABLE 2. Weighted simple regressions of mean pupal mass per tree (Y) on phenolic production (K) of foliage inside bags 
holding larvae and foliage outside of these bags. Weighting factor = number of same-sex pupae from a tree. 

Pupal 
sex* Phenolics measure Foliage inside bags Foliage outside bags 

Females Total phenolics Y = 1.65 - 0.05X, P = .0021 Y = 1.59 - 0.04X, P = .0128 
Protein-binding capacity Y = 1.74 - 0.046X, P = .00 12 Y = 1.65 - 0.04X, P = .0267 
Hydrolyzable tannins Y = 1.86 - 0.0 1 X, P = .0009 Y = 1.98 - 0.01X, P = .0001 

Males Total phenolics Y = 0.52 - 0.012X, P = .0021 Y = 0.45 - 0.006X, P = .093 
Protein-binding capacity Y = 0.46 - 0.006X, P = .078 Y = 0.51 - 0.009X, P = .015 
Hydrolyzable tannins Y = 0.50 - 0.0016X, P = .026 Y = 0.48 - 0.001X, P = .051 

* n = 41 trees for females; n = 44 trees for males. 

A model to explain variance in pupal mass (Y) was 
developed for each sex and included defoliation, all 
phenolic measures (Xs), and when necessary, second- 
order terms. Each Y represented mean pupal mass for 
a host tree (n = 41 trees for females and 44 trees for 
males). Y was weighed by the number of same-sex 
pupae per tree. An arcsine transformation was used on 
percent defoliation. 

Based on SS-I from the investigative, iterative mul- 
tiple regressions of the female model (Table 3), defo- 
liation was significant in explaining variance in pupal 
mass if entered into the model before TP, HT, or BI, 
but not after any of these measures (unless last in the 
model; see below). We interpret this to mean that pupal 
mass was influenced by defoliation, at least in part, 
because of the positive correlation between defoliation 
and TP, BI, and HT. In other words, damage-induced 
phenolic increases appear to have had a negative im- 

TABLE 3. An example of one iteration (defoliation entered 
first) of the multiple regression of mean pupal mass per tree 
(Y) on defoliation and phenolic chemistry (Xs) for each sex. 
Y was weighted with number of pupae of that sex per tree: 
n = 41 host trees for females and 44 host trees for male. P 
value based on Type I sum of squares (GLM: SAS 1982). 
DEFOL = % defoliation (arcsine transformed), TP = total 
phenolics, BI = protein-binding capacity, HT = hydrolyz- 
able tannins, CTP = condensed tannins measured in terms 
of proanthocyanidins; CTL = condensed tannins measured 
in terms of leucoanthocyanins. 

F P 
Model terms df Type I SS value value 

Females R2 = 0.46, Model P value = .003, Mean pupal mass = 

1.03 g 
DEFOL 1 0.89 8.57 .006 
TP 1 0.73 7.01 .012 
BI 1 0.18 1.71 .20 
HT 1 0.09 0.90 .35 
CTP 1 0.02 0.15 .70 
CTL 1 0.11 1.03 .32 
DEFOL x TP 1 0.90 8.60 .006 
Error 33 3.44 

Males R2 = 0.41, Model P value = .011, Mean pupal mass = 
0.37 g 

DEFOL 1 0.019 2.91 .010 
TP 1 0.060 9.19 .005 
BI 1 0.005 0.72 .40 
HT 1 0.0006 0.09 .77 
CTP 1 0.011 1.71 .20 
CTL 1 0.012 1.79 .19 

pact on female pupal mass. Moreover, each of these 
three measures was significant when entered into the 
model second to defoliation. We interpret this to mean 
that pupal mass was negatively correlated with TP, BI, 
and HT independent of defoliation. In other words, 
constitutive phenolics appeared to have a negative im- 
pact on female pupal mass. 

For males (Table 3), defoliation was not significant 
when entered first into the model, suggesting a lack of 
association between damage-induced phenolic varia- 
tion and pupal mass variation. Variance in TP was 
able to account for a significant amount of the variation 
in male pupal mass regardless of its position in the 
model; HT was significant only when entered first. This 
suggests that constitutive variation in the phenolic ac- 
tivity measured by TP and HT was important to males. 

For both males and females, defoliation was signif- 
icant when entered into the model last, after variation 
due to all the phenolic variables had been removed. 
We take this to mean that damage-induced variation 
in nonphenolic components of food quality influenced 
both sexes. 

Reproductive output, defoliation, and phenolics 

We found a significant negative correlation between 
fecundity and defoliation (r = -0.50, P = .05), and a 
positive one between fecundity and condensed tannin 
levels (r = +0.51, P = .05 for CTP and r = +0.47, 
P = .08 for CTL). These results were based on simple 
regressions where Y = mean fecundity of females on 
each host tree in the subsample used for egg mass mea- 
surements (n = 15 trees). The regression equations pre- 
dict that fecundity will be 22% below the sample mean 
where tree-wide defoliation is the greatest (two times 
that of the mean defoliation), and that fecundity will 
be 30% above the sample mean when condensed tannin 
production is the greatest (two times that of the mean 
condensed tannin concentrations). 

Protein-binding capacity was the only measured ma- 
ternal nutritional factor that was correlated with egg 
mass (r = -0.52, P = .05). This result was produced 
by both simple regressions and a multiple regression 
where Y = mean egg mass of females on a host tree 
and X = defoliation and five phenolic measures (n = 
15 trees). Over the range of BI values for 15 trees the 
mean egg mass per tree dropped 1 1 %. It is noteworthy 
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that fecundity and egg mass were unrelated (r = 0.02, 
P = .96). 

DISCUSSION 

These results indicate that there were several sources 
of variation in the phenolic measures we used, includ- 
ing (1) tree phenology, (2) individual variation, and (3) 
defoliation. Gypsy moth pupal masses, fecundities, and 
egg masses were negatively correlated with host defoli- 
ation, supporting the idea that damage-induced changes 
in food quality affect these herbivores. In this experi- 
ment, both phenolic and nonphenolic constituents of 
the foliage were altered by defoliation, and the insect 
appeared to be sensitive to both. Variation in gypsy 
moth performance was also negatively associated with 
constitutive phenolic concentration in the host tree. 
These results suggest that variation in the quality of 
red oak leaves within a stand could affect not only the 
pupal masses of the current gypsy moth generation, but 
could also influence the subsequent generation by al- 
tering fecundity and egg mass. 

Phenological variation in phenolic profiles of our 
trees differed from that reported for Q. robur by Feeny 
(1970) but resembled that found in Q. emoryi by Faeth 
(1986). All measures exhibited peaks during the 1st wk 
or first few weeks following budbreak. If phenolic tox- 
icity is in any way related to the suitability of oak leaves 
as larval food (Swain 1979), then the earliest leaves on 
these trees could have been of low quality. This result 
conflicts with the commonly held view that tree leaf 
quality is highest after budbreak, then declines season- 
ally (e.g., Feeny 1970, Futuyma and Gould 1979, 
Schultz et al. 1982, Raupp and Denno 1983). The strong 
weekly changes in chemistry also suggest that the im- 
pact of leaf quality on larval performance could vary 
dramatically through the season, and that the syn- 
chrony between host budbreak and egg hatch could 
play an important role in the outcome of the interac- 
tion. 

The nature of the induction response in red oak was 
unexpected. At the lowest defoliation intensities, phe- 
nolic concentrations of leaves experiencing damage by 
gypsy moth larvae (bagged) were less than for leaves 
experiencing little or no defoliation (see solid vs. dashed 
lines in Fig. 4). However, in trees experiencing more 
extensive defoliation, phenolic concentrations of leaves 
in bags exhibited a classic induction response: as dam- 
age increased, phenolic levels increased. These obser- 
vations suggest that the presence of larvae positively 
influenced the quality of leaves near those currently 
being eaten when a tree's total defoliation was not great. 
To test this idea, a paired t test was employed using 
data from trees that fell into the lower half of defolia- 
tion intensity (<30% tree-wide defoliation, n = 22). 
For this subset of the data, three phenolic measures 
were significantly lower for leaves inside vs. outside 
the larval bags: TP (P = .008), BI (P = .001), and HT 
(P = .003). Since we have shown that bagging itself 

was unrelated to phenolic production, the difference 
between the bagged and unbagged leaves was the pres- 
ence of larvae and their damage. 

These observations also suggest that although insect 
damage generates a local change in phenolic measures, 
the ability of individual leaves at a location to respond 
is somehow set by overall tree-wide damage levels. We 
speculate that canopy-wide defoliation may provide 
stimulation to whole trees, which "activates" induc- 
tion capability in individual leaves. If this were true, 
then the response of tree leaves would be initiated by 
damage, would tend to be local under low damage 
regimes, and would become systemic only as damage 
becomes widespread and severe. This view is consis- 
tent with the results of Schultz and Baldwin (1982) for 
red oak in New England where tree-wide damage was 
great and the induction response appeared to be sys- 
temic. 

Haukioja and Neuvonen (1985), Faeth (1985), and 
others have found that insect damage stimulates great- 
er changes in foliage suitability than does manually 
simulated damage. We found no difference in leaf 
chemistry measures between trees damaged equally by 
insects (original T 1 defoliation group) and those dam- 
aged by hand (T2). Neither did the relationship be- 
tween pupal mass and damage level or unbagged chem- 
istry measures differ with damage source. However, 
the tendency for the correlation between damage and 
phenolic values to be greater in bags with larvae could 
support the hypothesis that herbivores have an impact 
on leaf quality that cannot be simulated fully by tearing. 

These differences could also have arisen from dif- 
ferences in the time since damage of nearby leaves. 
Leaves sampled from bags containing caterpillars had 
been damaged more recently or were closer to recently 
damaged leaves than were leaves adjacent to those 
sampled outside of bags. We made no attempt to sam- 
ple leaves adjacent to recent tearing for chemical anal- 
yses, since we were interested in a possible canopy-wide 
systemic response. If leaf responses wane relatively 
rapidly (24-72 h: e.g., Baldwin and Schultz 1983), it 
would be difficult for us to detect induced changes out- 
side bags. 

Defoliation reduced gypsy moth pupal masses and 
fecundity. These results are consistent with those of 
Wallner and Walton (1979), who studied gypsy moth 
larvae caged on black oak (Q. velutina). However, their 
defoliation treatments were applied a year before larval 
growth experiments, and represent "long-term" in- 
duction (Haukioja and Neuvonen 1985). We observed 
defoliation effects concurrent with larval growth or 
"short-term" (or "rapid") induction (Haukioja and 
Neuvonen 1985). 

Multiple regression analyses suggest that the influ- 
ential damage-induced changes in foliage quality were 
both phenolic and nonphenolic for females but were 
only nonphenolic for males. We have not determined 
the nature of these nonphenolic influences but Val- 
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entine et al. (1983) have shown that defoliation of black 
oak, Q. velutina, results in the reduction of foliar sugars 
and amino acids. It is also possible that induced vari- 
ation in some phenolics could have been missed by 
our analytical methods. Our assays identify general 
classes of molecular structures at best; individual com- 
ponents could exhibit independent, or even inverse, 
variation within a mixture that would be "invisible" 
to our methods. If any phenolic subcomponent be- 
haves in this way and influences larvae quantitatively, 
we are unlikely to be able to demonstrate it. 

An important influence of constitutive phenolic vari- 
ation on pupal mass of both sexes was suggested by 
the multiple regression results. Pupal mass was nega- 
tively correlated with phenolic variation in leaves re- 
gardless of the immediacy of their damage (i.e., leaves 
from inside or outside bags), while defoliation was cor- 
related only with phenolic variation of leaves in the 
immediate vicinity of damage (bagged leaves). This 
indicated that the larval response was negatively re- 
lated to constitutive phenolics regardless of induced 
phenolics. 

Condensed tannins have been considered important 
defensive metabolites in other oak species (Feeny 1970, 
Faeth 1986). However, in this study we found that 
growth of gypsy moth larvae seemed to be unrelated 
to condensed tannin concentration while fecundity was 
positively related to it. It is possible that Lymantria 
dispar is able to ingest at least some types of condensed 
tannins at some levels, with no ill effects. On the other 
hand, it is possible that the greater activity of other 
phenolics masked the relationship between CTs and 
pupal mass. Baldwin and Schultz (1984) and Baldwin 
et al. (1987) have found an inverse relationship be- 
tween condensed tannin and hydrolyzable tannin con- 
centrations in other tree species. The positive relation- 
ship between fecundity and CT levels may simply reflect 
this inverse relationship. 

The different relationships between condensed tan- 
nins and pupal mass on the one hand, and fecundity 
on the other, poses a potential contradiction because 
pupal mass and fecundity are highly correlated (r = 
+0.81). Our subsample for the fecundity data (females 
from only 15 of the 45 sample trees) could have mis- 
represented that relationship. On the other hand, it 
may be that dietary constituents differentially affect life 
history traits. Experiments currently under way will 
provide data on this issue. 

There are several possible reasons why we could not 
associate insect performance more directly with dam- 
age-induced variation in phenolics despite significant 
correlative relationships between defoliation and per- 
formance, phenolic concentration and performance, and 
defoliation and phenolic concentration. First, other leaf 
quality traits, such as primary metabolites (Valentine 
et al. 1983), may change as trees are defoliated and 
may have a stronger impact than do phenolics. Second, 
the levels of defoliation we achieved may not have been 

sufficient to generate the stronger chemical changes ob- 
served previously in red oak (Schultz and Baldwin 
1982). Third, the relationship between damage-in- 
duced phenolic variation and insect performance was 
obscured by constitutive variation arising from genetic, 
microsite, and other influences on the trees. The avail- 
ability of trees known to be identical except for defolia- 
tion regime (cf. Neuvonen and Haukioja 1985) could 
solve this problem. 

There are sources of variation in gypsy moth per- 
formance that are unrelated to the leaf traits we mea- 
sured or to defoliation. This was evident in amount of 
variation in pupal mass (, 50%) unaccounted for in 
the multiple regression models. A large portion of this 
unexplained variation was most likely due to the con- 
tribution of constitutive primary metabolites and ge- 
netic variation in the gypsy moth. Laboratory experi- 
ments have demonstrated the presence of genetic 
variability in development time and pupal mass in this 
species (Rossiter, in press). Our results also implicate 
maternal growth conditions and food quality as factors 
predisposing larvae of subsequent generations to dif- 
ferential performance. We find it remarkable that de- 
spite these confounding factors, our field experiment 
assigns a substantial proportion (: 50% by multiple 
regression analysis) of variation in gypsy moth perfor- 
mance to variation in defoliation and leaf phenolic 
concentrations. 

It has been hypothesized that variation in food qual- 
ity plays a critical role in herbivore population dynam- 
ics (Haukioja and Hakala 1975, May 1975, White 1978, 
Haukioja 1980, Rhoades 1985). We found that vari- 
ation in gypsy moth fecundity can be influenced by 
both damage-induced changes and constitutive vari- 
ation in food quality, and that egg mass can be influ- 
enced by food quality of a mother's diet (via protein- 
binding capacity). Small eggs have less yolk (Capinera 
et al. 1977), produce larvae that tend to disperse less 
(Capinera and Barbosa 1976), tend to produce extra 
molts (Leonard 1970), and may suffer greater over- 
wintering mortality (e.g., Harvey 1985). In addition, 
after accounting for genetic variation, we have also 
been able to relate F1 male pupal mass and F1 female 
development time to egg mass (M. Rossiter, personal 
observation). All of these traits could influence gypsy 
moth population dynamics (Campbell 1978), although 
the extent to which their variation is balanced by other 
factors (e.g., natural enemies) remains to be determined 
(Myers and Williams 1984, Fowler and Lawton 1985). 

ACKNOWLEDGMENTS 

Chemical analyses were carried out by M. Bowers, K. 
Campbell, S. Campana, and E. Hollis. D. Archambault, B. 
Herczeg, and W. Hollis tore leaves, and M. Solida helped with 
egg weighing and rearing. D. Ward wrote and rewrote ana- 
lytical software for the chemical assays. We thank B. Devlin, 
J. Derr, and C. Schlichting for statistical advice, and P. Bar- 
bosa, F. Gould, R. Karban, M. Montgomery, M. Rausher, D. 
Rhoades, P. Saks, C. Schlichting, T. Schultz, an anonymous 

This content downloaded from 128.206.166.171 on Thu, 07 Jan 2016 18:16:03 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


276 MARYCAROL ROSSITER ET AL. Ecology, Vol. 69, No. 1 

reviewer and the plant-herbivore group at the University of 
Maryland for comments on earlier versions of the manuscript. 
Research was supported by NSF (BSR 8400284) and the USDA 
Forest Service (Coop. Agreement 23-892); special thanks to 
Mike Montgomery for outstanding cooperation. Authorized 
for publication as Paper No. 7613 in the Journal Series of the 
Pennsylvania Agricultural Experiment Station. 

LITERATURE CITED 

Baldwin, I. T., and J. C. Schultz. 1983. Rapid changes in 
tree leaf chemistry induced by damage; evidence for com- 
munication between plants. Science 221:277-279. 

Baldwin, I. T., and J. C. Schultz. 1984. Damage- and com- 
munication-induced changes in yellow birch leaf phenolics. 
Pages 25-33 in Proceedings of the Eighth Annual Forest 
Biology Workshop. Utah State University Press, Logan, 
Utah, USA. 

Baldwin, I. T., J. C. Schultz, and D. Ward. 1987. Patterns 
and sources of leaf tannin variation in yellow birch (Betula 
allegheniensis) and sugar maple (Acer saccharum). Journal 
of Chemical Ecology 13:1069-1078. 

Bate-Smith, E. C. 1975. Phytochemistry of proanthocyan- 
idins. Phytochemistry 14:1107-1113. 

1977. Astringent tannins of Acer species. Phyto- 
chemistry 16:1421-1426. 

1981. Astringent tannins of the leaves of Geranium 
species. Phytochemistry 20:211-216. 

Braker, W. L. 1981. Soil survey of Centre County, Penn- 
sylvania. National Cooperative Soil Survey, State College, 
Pennsylvania, USA. 

Bryant, J. P. 1981. Phytochemical deterrence of snowshoe 
hare browsing by adventitious shoots of four Alaskan trees. 
Science 213:889-890. 

Campbell, R. W. 1978. Some effects of gypsy moth density 
on rate of development, pupation time, and fecundity. An- 
nals of the Entomological Society of America 71:442-448. 

Capinera, J. L., and P. Barbosa. 1976. Dispersal of first 
instar gypsy moth larvae in relation to population quality. 
Oecologia (Berlin) 26:53-60. 

Capinera, J. L., P. Barbosa, and H. H. Hagedorn. 1977. Yolk 
and yolk depletion of gypsy moth eggs: implications for 
population quality. Annals of the Entomological Society of 
America 70:40-42. 

Cooley, W. W., and P. R. Lohnes. 1971. Multivariate data 
analysis. John Wiley and Sons, New York, New York, USA. 

Denno, R. F., and M. S. McClure, editors. 1983. Variable 
plants and herbivores in natural and managed systems. 
Academic Press, New York, New York, USA. 

Doane, C. C. 1968. Aspects of mating behavior in the gypsy 
moth. Annals of the Entomological Society of America 61: 
768-773. 

Doane, C. C., and M. McManus. 1981. The gypsy moth: 
research toward integrated pest management. United States 
Department of Agriculture Technical Bulletin 1584. 

Faeth, S. H. 1986. Indirect interactions between temporally 
separated herbivores mediated by the host plant. Ecology 
67:479-494. 

Feeny, P. 1970. Seasonal changes in oak leaf tannins and 
nutrients as a cause of spring feeding by winter moth cat- 
erpillars. Ecology 51:565-581. 

Fowler, S. V., and J. H. Lawton. 1985. Rapidly induced 
defenses and talking trees; the Devil's advocate position. 
American Naturalist 126:181-195. 

Futuyma, D. G., and F. Gould. 1979. Associations of plants 
and insects in deciduous forest. Ecological Monographs 49: 
33-50. 

Gibbs, R. 0. 1974. Chemotaxonomy of flowering plants. 
McGill-Queens University Press, Montreal, Quebec, Can- 
ada. 

Harvey, G. T. 1985. Egg weight as a factor in the overwin- 

tering survival of spruce budworm (Lepidoptera: Tortrici- 
dae) larvae. Canadian Entomologist 117:1451-1461. 

Haukioja, E. 1980. On the role of plant defenses in the 
fluctuation of herbivore populations. Oikos 35:202-213. 

Haukioja, E., and T. Hakala. 1975. Herbivore cycles and 
periodic outbreaks. Formulation of a general hypothesis. 
Report of Kevo Subarctic Research Station 12:1-9. 

Haukioja, E., and S. Neuvonen. 1985. Induced long-term 
resistance of birch foliage against defoliators: defensive or 
incidental? Ecology 66:1303-1308. 

Hegnauer, R. 1962. Chemotaxonomie der pflanzen. Vol- 
umes 1-6. Birkhaeuser, Stuttgart, West Germany. 

Leonard, D. E. 1970. Intrinsic factors causing qualitative 
changes in populations of Porthetria dispar (Lepidoptera: 
Lymantriidae). Canadian Entomologist 102:239-249. 

Levin, D. A. 1971. Plant phenolics: an ecological perspec- 
tive. American Naturalist 105:157-181. 

Martin, J. S., and M. M. Martin. 1982. Tannin assays in 
ecological studies: lack of correlation between phenolics, 
proanthocyanidins, and protein-precipitating constituents 
in mature foliage of six oak species. Oecologia (Berlin) 54: 
205-211. 

May, R. M. 1975. Stability and complexity in model eco- 
systems. Second edition. Princeton University Press, 
Princeton, New Jersey, USA. 

Myers, J. H., and K. S. Williams. 1984. Does tent caterpillar 
attack reduce the food quality of red alder foliage? Oecologia 
(Berlin) 63:71-74. 

Neuvonen, S. and E. Haukioja. 1985. How to study induced 
plant resistance? Oecologia (Berlin) 66:456-457. 

O'Dell, T. M., and W. Rollinson. 1966. A techinque for 
rearing the gypsy moth on an artificial diet. Journal of Eco- 
nomic Entomology 59:741-742. 

Raupp, M. J., and R. F. Denno. 1983. Leafage as a predictor 
of herbivore distribution and abundance. Pages 91-124 in 
R. F. Denno and M. S. McClure, editors. Variable plants 
and herbivores in natural and managed systems. Academic 
Press, New York, New York, USA. 

Rhoades, D. F. 1979. Evolution of plant chemical defense 
against herbivores. Pages 4-54 in G. A. Rosenthal and D. 
H. Janzen, editors. Herbivores: their interactions with sec- 
ondary plant compounds. Academic Press, New York, New 
York, USA. 

1985. Offensive-defensive interactions between her- 
bivores and plants: their relevance in herbivore population 
dynamics and ecological theory. American Naturalist 125: 
205-238. 

Rosenthal, G. A., and D. H. Janzen, editors. 1979. Herbi- 
vores: their interactions with secondary plant compounds. 
Academic Press, New York, New York, USA. 

Rossiter, M. C. Genetic and phenotypic variation in diet 
breadth in a generalist herbivore. Evolutionary Ecology, in 
press. 

SAS. 1982. SAS user's guide: statistics. SAS Institute, Cary, 
North Carolina, USA. 

Shultz, J. C., and I. T. Baldwin. 1982. Oak leaf quality 
declines in response to defoliation by gypsy moth larvae. 
Science 217:149-15 1. 

Schultz, J. C., I. T. Baldwin, and P. J. Nothnagle. 1981. 
Hemoglobin as a binding substrate in the quantitative anal- 
ysis of plant tannins. Journal of Agricultural and Food 
Chemistry 29:823-826. 

Schultz, J. C., and M. Lechowicz. 1986. Hostplant, larval 
age, and feeding behavior influence midgut pH in the gypsy 
moth (Lymantria dispar). Oecologia (Berlin) 71:133-137. 

Schultz, J. C., P. J. Nothnagle, and I. T. Baldwin. 1982. 
Individual and seasonal variation in leaf quality of two 
northern hardwood tree species. American Journal of Bot- 
any 69:753-759. 

Swain, T. 1979. Tannins and lignins. Pages 657-682 in G. 

This content downloaded from 128.206.166.171 on Thu, 07 Jan 2016 18:16:03 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


February 1988 RED OAK PHENOLICS AND GYPSY MOTH SUCCESS 277 

A. Rosenthal and D. H. Janzen, editors. Herbivores: their 
interactions with secondary plant compounds. Academic 
Press, New York, New York, USA. 

Tallamy, D. W. 1985. Squash beetle feeding behavior: an 
adaptation against induced cucurbit defenses. Ecology 66: 
1574-1579. 

Valentine, H. T., W. E. Wallner, and P. M. Wargo. 1983. 
Nutritional changes in host foliage during and after defolia- 
tion and their relation to the weight of gypsy moth pupae. 
Oecoligia 57:298-302. 

Wallner, W. E., and G. S. Walton. 1979. Host defoliation: 
a possible determinant of gypsy moth population quality. 
Annals of the Entomological Society of America 72:62-67. 

White, T. C. R. 1978. The importance of a relative shortage 
of food in animal ecology. Oecologia (Berlin) 33:71-86. 

Williams, K. S., and J. H. Myers. 1984. Previous herbivore 
attack of red alder may improve food quality for fall web- 
worm larvae. Oecologia (Berlin) 63:166-170. 

This content downloaded from 128.206.166.171 on Thu, 07 Jan 2016 18:16:03 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p. 267
	p. 268
	p. 269
	p. 270
	p. 271
	p. 272
	p. 273
	p. 274
	p. 275
	p. 276
	p. 277

	Issue Table of Contents
	Ecology, Vol. 69, No. 1, Feb., 1988
	Front Matter
	Special Feature: Endophyte Mutualism and Plant Protection from Herbivores
	Special Feature: Endophyte Mutualism and Plant Protection from Herbivores
	Fungal Endophytes in Stems and Leaves: From Latent Pathogen to Mutualistic Symbiont [pp.  2 - 9]
	Fungal Endophytes of Grasses: A Defensive Mutualism between Plants and Fungi [pp.  10 - 16]
	Are Vascular Plants "Inside-Out" Lichens? [pp.  17 - 23]

	The Biogeochemistry of Phosphorus Cycling and Phosphorus Availability Along a Desert Soil Chronosequence [pp.  24 - 39]
	Primary Production of the Central Grassland Region of the United States [pp.  40 - 45]
	Causes of Fire Effects in Tallgrass Prairie [pp.  46 - 58]
	Mass, Nitrogen, and Phosphorus Dynamics in Foliage and Root Detritus of Tallgrass Prairie [pp.  59 - 65]
	A Holocene Sedimentary Record from Anañgucocha in the Ecuadorian Amazon [pp.  66 - 73]
	Habitat and Area Effects on Forest Bird Assemblages: Is Nest Predation an Influence? [pp.  74 - 84]
	Do Female Red-Winged Blackbirds Limit Their Own Breeding Densities? [pp.  85 - 95]
	Reproductive Correlates of Breeding-Site Fidelity in Bobolinks (Dolichonyx Oryzivorus) [pp.  96 - 103]
	Biological and Cultural Success of Song Memes in Indigo Buntings [pp.  104 - 117]
	Ontogeny of Time Budgets in Yellow-eyed Juncos: Adaptation to Ecological Constaints [pp.  118 - 124]
	The Combined Effects of Predation Risk and Food Reward on Patch Selection [pp.  125 - 134]
	Predation by Didinium Nasutum: Effects of Predator and Prey Size [pp.  135 - 145]
	Compensatory Scope and Resource Allocation in Two Species of Aquatic Snails [pp.  146 - 156]
	Determinants of Recruitment, Juvenile Growth, and Spatial Distribution of a Shallow-Water Gorgonian [pp.  157 - 166]
	Thermally Imposed Time Constraints on the Activity of the Desert Lizard Sceloporus Merriami [pp.  167 - 176]
	Size-Related Effects on Search Times in North American Grassland Female Ungulates [pp.  177 - 183]
	Time and Size at Metamorphosis Related to Adult Fitness in Ambystoma Talpoideum [pp.  184 - 192]
	Do Interactions of Cellular Slime Mold Species Regulate their Densities in Soil? [pp.  193 - 199]
	A Test of the Pollinator Limitation Hypothesis for a Neotropical Herb [pp.  200 - 206]
	Limits to Fruit Production in a Monoecious Fig: Consequences of an Obligate Mutualism [pp.  207 - 214]
	Influence of Physiological Integration on Survivorship and Water Relations in a Clonal Herb [pp.  215 - 219]
	Latitudinal Variation in Reproductive Timing of a Short-Lived Monocarp, Daucus Carota (Apiaceae) [pp.  220 - 232]
	The Fruiting Ecology of Osyris Quadripartita: Individual Variation and Evolutionary Potential [pp.  233 - 249]
	Leafcutting and Diet Selection: Relative Influence of Leaf Chemistry and Physical Features [pp.  250 - 260]
	Detrital Chemistry, Growth, and Food Choice in the Salt-Marsh Snail (Melampus Bidentatus) [pp.  261 - 266]
	Relationships among Defoliation, Red Oak Phenolics, and Gypsy Moth Growth and Reproduction [pp.  267 - 277]
	Interactions among Vetches Bearing Extrafloral Nectaries, their Biotic Protective Agents, and Herbivores [pp.  278 - 283]
	Notes and Comments
	Problems with the Triangular Model for Representing Plant Strategies [pp.  284 - 286]
	Adaptation of an Amazonian Pseudoscorpion (Arachnida) from Dryland Forests to Inundation Forests [pp.  287 - 291]

	Reviews
	Allelopathy [pp.  292 - 293]
	An Ecosystem Worthy of Study [pp.  293 - 294]
	Climate and Vegetation [pp.  294 - 295]
	Plant-Insect Interfaces [pp.  295 - 296]
	The Cell Biology of Microbial Symbioses [pp.  296 - 297]
	Alaskan Forest Ecosystems [pp.  297 - 298]
	Multivariate Analysis and Matrix Algebra [pp.  298 - 299]
	Evolutionary Biogeography [pp.  299 - 300]
	Tropical Fish Ecology [p.  300]
	Molecular Mechanisms of Insect Responses to Plants [p.  301]
	Books and Monographs Received Through October 1987 [p.  302]

	Back Matter



