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FERTILIZATION MITIGATES CHEMICAL INDUCTION AND 
HERBIVORE RESPONSES WITHIN DAMAGED OAK TREES1 

MARK D. HUNTER2 AND JACK C. SCHULTZ 
Department of Entomology, Pennsylvania State University, University Park, Pennsylvania 16802 USA 

Abstract. Previous work has shown that fertilization can mitigate across-year induced 
resistance among individual Alaska paper birch, supporting the hypothesis that induction 
results from nutrient deficiency rather than active defense. The present study suggests that 
fertilization can prevent induction responses in oak within one season, and among leaves 
within individual trees. Saplings of two oak species, divided among fertilizer treatments 
within a plantation, were defoliated to varying degrees by a gypsy moth outbreak during 
spring. We monitored foliage chemistry and insect herbivore distributions during summer 
and fall of the same year. Damaged leaves within unfertilized Quercus prints saplings 
showed increases in foliar astringency and proanthocyanidins. Within fertilized trees, dam- 
age did not induce increases in either astringency or proanthocyanidins. Defoliation also 
induced increases in proanthocyanidins and astringency within Q. rubra saplings, but in- 
duction was unaffected by fertilization. On both tree species, the distributions of certain 
insect guilds were skewed away from damaged leaves on unfertilized trees, but independent 
of damage on fertilized trees. We suggest that the effects of fertilization on induction can 
vary among tree species, and can occur at more than one spatial and temporal scale. Our 
data support the view that nutrient availability may affect phytochemical induction and 
herbivore responses. 

Key words, carbon-nutrient balance; delayed inducible resistance; fertilization, induction; insect 
guilds; leaf damage, nutrient availability; plant defenses; Quercus; tannins. 

INTRODUCTION 

In a recent paper in this journal, Bryant et al. (1993) 
reported that fertilization could mitigate the delayed 
inducible resistance (DIR) of Alaska paper birch, Bet- 
ula resinifera, probably by dampening the across-year 
induction of condensed tannins in B. resinifera foliage. 
The DIR response of Betula trees consists of decreases 
in leaf nitrogen content and increases in leaf phenol 
concentrations (Werner 1981, Tuomi et al. 1994) that 
can reduce the quality of foliage for the larvae of insect 
herbivores for up to 3 yr (Haukioja and Niemela 1977, 
Werner 1979, Neuvonen and Haukioja 1991). 

The results of Bryant et al. (1993) support the hy- 
pothesis that the DIR response results from the nutri- 
tional stress of defoliation (Myers and Williams 1984, 
Tuomi et al. 1984, 1990, Bryant et al. 1988) and is a 
consequence of leaf removal affecting carbon-nutrient 
balance (Chapin 1980, 1991, Bryant et al. 1983, 1988, 
Tuomi et al. 1984, 1990). Their results oppose the al- 
ternative hypothesis that DIR is an active defense 
(Rhoades 1979, 1985, Haukioja 1980, Haukioja and 
Neuvonen 1985, Neuvonen and Haukioja 1991), be- 
cause a defensive response should be buffered against 
the availability of nutrients, and presumably expressed 
more readily with the addition of some limiting re- 
source. Yet there remains little information on the range 

l Manuscript received 17 February 1994; revised 20 Sep- 
tember 1994; accepted 16 October 1994. 

2 Present address: Institute of Ecology, University of Geor- 
gia, Athens, Georgia 30602-2202 USA. 

of environmental conditions under which induction, de- 
fensive or otherwise, is expressed. Further nutrient- 
addition experiments, to determine how often and how 
extensively induction can be modified by a change in 
carbon-nutrient balance, may help to resolve the long- 
standing debate on the putative defensive nature of 
phytochemical induction (Baldwin and Schultz 1983, 
Edwards and Wratten 1983, 1985, 1987, Fowler and 
Lawton 1985, Hartley and Lawton 1990, Hunter and 
Schultz 1993). 

We present data that support, in part, the role of 
nutrients in mitigating the induction response, but with- 
in, rather than among, trees and on a shorter time scale. 
Two oak species, Quercus rubra and Q. prinus, main- 
tained in a plantation under low and high fertilizer 
regimes as part of a study of oak physiology (K.W. 
Kleiner, unpublished data), were exposed to a seren- 
dipitous gypsy moth, Lymantria dispar, outbreak. The 
outbreak permitted us to investigate the responses of 
fertilized and unfertilized trees to defoliation, and the 
consequences for late-season insect herbivores feeding 
on those trees. 

MATERIALS AND METHODS 

In spring 1986, 40 Q. rubra and 40 Q. prinus sap- 
lings, each 4 yr old, were planted alternately in an 8 
X 10 grid on Berks shaley silt loam (Braker 1981) at 
a farm in Center County, Pennsylvania. In April 1989, 
every second sapling of each species was fertilized with 
140 g of 13:13:13 N:P:K Osmocote time-release (8-9 
mo) fertilizer (Grace-Sierra, Milpitas, California, 
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USA). The year 1989 was also the peak year of a mod- 
erate gypsy moth infestation. In early May 1989, we 
chose 10 fertilized and 10 unfertilized trees of each 
species (40 total) by random lottery from the grid. Trees 
ranged from 1.5 to 3.25 m in height. By July, larvae 
of the feral infestation of gypsy moth had finished feed- 
ing in the plantation, leaving a range of natural defo- 
liation among trees. On 15 July, we examined every 
leaf on the three largest branches of each experimental 
tree, estimating the damage level of each leaf, and 
counting all the insect herbivores we found. Herbivores 
were categorized into one of four feeding guilds (sap- 
suckers, gall-formers, leaf-chewers, and leafminers) 
and the damage level of the leaf on which each was 
found was noted separately. The methods for the leaf 
damage estimate have been published previously (Hun- 
ter 1987), and used successfully with oaks in a number 
of other studies (Hunter and Willmer 1989, Hunter 
1990, Hunter and Schultz 1993). Briefly, leaves were 
categorized within one of seven damage classes rep- 
resenting percent leaf area removed (LAR): perfect, 0- 
5%, 5-30%, 30-50%, 50-70%, 70-90%, and >90%. 
Leaf damage estimates were used to compare the dis- 
tribution of damage on individual leaves with the dam- 
age levels of leaves on which herbivores were feeding. 
The herbivore counts were repeated on 15 September 
1989 for a total of 3861 observations of leaf-herbivore 
combinations. 

On 16 July, leaf samples were taken for chemical 
analysis by removing 10 damaged leaves, within the 
specified damage class of 30-50% LAR (Hunter 1987), 
and 10 undamaged leaves from each of the three largest 
branches. This damage class was chosen because a 
mean of 40% LAR is typical of a moderate gypsy moth 
infestation and has been shown to induce changes in 
foliage quality (Hunter and Schultz 1993). Samples 
from branches were pooled to provide one sample of 
damaged and one of undamaged foliage per tree, and 
samples were flash-frozen in liquid nitrogen in the field. 

We did not want to enclose gypsy moth larvae on 
trees in the plantation to generate damage, despite the 
fact that this would show direct cause and effect be- 
tween defoliation and phytochemical induction. The 
plantation trees were part of a larger study (K. W. Klei- 
ner, unpublished data), which precluded bagging. How- 
ever, as part of another study, we transferred and 
bagged gypsy moth larvae during spring on 20 Q. rubra 
and 20 Q. prints saplings, 2-4 m in height, growing 
naturally within 200 m of the plantation. On 7 May 
1989, we placed two bags made of plastic window 
screen, 60 X 30 cm, on each tree. One contained suf- 
ficient larvae to generate -40% LAR (Hunter and 
Schultz 1993), while the second was empty. Bags on 
trees were assigned as treatment or control bags by 
random lottery. Larvae were removed from bags after 
3 wk of feeding (28 May), and 10 leaves were removed 
for chemical analyses from each bag on each tree on 
28 May, 12 July, 17 August, and 6 October. These bags 

represent an independent test of within-tree induction 
on both oak species. 

All foliage samples were lyophilized and ground to 
a fine powder. Extracts were prepared by prewashing 
200 mg of powder in diethyl ether and extracting at 
450C for 3 h in 10 mL of 70% acetone. Acetone was 
removed by evaporation under reduced pressure, and 
distilled water was added to the aqueous extracts to a 
constant 10 mL volume. Proanthocyanidins, total phe- 
nolics, and foliar astringency were assayed using meth- 
ods described in Rossiter et al. (1988). Potassium io- 
date-reactive phenolics were assayed to estimate 
gallotannins (hydrolyzable tannins), using a method de- 
veloped by Bate-Smith (1977) and modified by Schultz 
and Baldwin (1982). Standards were tannic acid (as- 
tringency, total phenolics, and gallotannins, Sigma, Lot 
Number 66F-0751) and quebracho tannin (proantho- 
cyanidins, source A. E. Hagerman, Lot Number 071- 
S91), column-purified using Sephadex LH20 (Sigma 
Chemical Company, St. Louis, Missouri, USA) (Hager- 
man and Butler 1991). Discussions of the limitations 
of these assays have been published previously (Hager- 
man and Butler 1991, Scalbert 1992, Hunter and 
Schultz 1993). 

Analyses 

None of the foliar phenolic measures from either tree 
species deviated significantly from a normal distribu- 
tion. Shapiro-Wilk w statistics (Proc Univariate pro- 
cedure, SAS Institute 1985) varied from 0.932 to 0.973, 
N = 20 for each measure, P values for deviation from 
normality varied from 0.175 to 0.798. Foliar phenolic 
concentrations from damaged and undamaged leaves 
within trees were therefore compared by paired t tests 
(trees as replicates) for both plantation trees (N = 10 
trees per treatment) and naturally growing trees (N = 
20 trees per treatment). This results in a large total 
number of paired t tests: 8 for each of the tree species 
in the plantation (four chemistry measures times two 
fertilizer treatments) and 16 for each of the tree species 
outside the plantation (four chemistry measures on four 
sampling dates). We have therefore applied Sidak's 
multiplicative inequality (SAS Institute 1985), a more 
conservative test than the Bonferroni inequality (SAS 
Institute 1985), to all t test statistics. Paired t tests are 
necessary for each date for the non-plantation trees 
because (a) measures of phenolic chemistry are not 
simple functions of sampling date, and (b) paired t tests 
avoid the unrealistic assumption that foliar phenolic 
concentrations in damaged and undamaged foliage 
within trees are independent. 

The distribution of insect guilds was analyzed by 
comparing the distribution of insects among seven leaf 
damage classes with the prevalence of leaves in those 
damage classes on the trees (Kolmogorov-Smirnov 
two-sample test, Sokal and Rohlf 1981). Low herbivore 
densities in certain guilds demanded that data from 15 
July and 15 September 1989 be pooled for these anal- 
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yses. There were almost no leafminers on Q. rubra (N 
total = 14) nor gall-formers on Q. prints (N total = 
10), and their distributions have not been analyzed sta- 
tistically. 

RESULTS 

Leaves of manipulated oak trees outside the plan- 
tation exhibited induction of foliar phenolics that was 
correlated with our experimental damage treatments, 
but the two oak species responded at different rates. 
After 3 mo, the astringency of Q. rubra leaves damaged 
by gypsy moth larvae was significantly higher than that 
of leaves from empty bags (Fig. IA). On Q. prints, 
foliar proanthocyanidin concentrations were already 
higher in bags with gypsy moth larvae than in empty 
bags after only 3 wk of feeding; larvae were introduced 
on 7 May (see Methods) and proanthocyanidin induc- 
tion had apparently occurred by 28 May (Fig. IC). We 
interpret this as a rapid increase in proanthocyanidins 
as a result of phytochemical induction but, given that 
we do not have a pretreatment chemistry sample, we 

cannot rule out the possibility that we accidently chose 
to put larvae in bags on branches that were already 
higher in proanthocyanidins. Given that larvae were 
assigned to bags by random lottery (see Methods) we 
consider this second possibility unlikely, and suggest 
that our results provide evidence of within-tree phe- 
nolic induction on both oak species. We consequently 
assume that the differences shown in Table 1, between 
damaged and undamaged leaves on fertilized and un- 
fertilized trees in the plantation during the gypsy moth 
outbreak, were also the result of induction. 

In the plantation, both proanthocyanidin concentra- 
tions and foliar astringency were higher in damaged 
leaves than in undamaged leaves of unfertilized Q. pri- 
nus (Table 1). This apparent phenolic induction was 
nutrient dependent: there was no phenolic induction in 
the damaged leaves of fertilized Q. prints trees (Table 
1). There was a similar apparent induction of proan- 
thocyanidins and foliar astringency in the damaged 
leaves of Q. rubra in the plantation, but the effect oc- 
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TABLE 1. Mean measures (? 1 SE) of foliar phenolics from damaged and undamaged foliage on unfertilized (- F) and 
fertilized (+ F) chestnut oak (Quercus prints) and red oak (Q. rubra) trees. Data are the means from 10 trees. Different 
superscript letters denote significant differences by paired t tests within treatment groups after Sidak's multiplicative 
inequality (SAS Institute 1985). % TAE and % QTE represent percent tannic acid equivalents and percent quebracho tannin 
equivalents, respectively. 

Astringency Total phenolics Proanthocyanidins Gallotannins 
(% TAE) (% TAE) (% QTE) (% TAE) 

Q. rubra - F 
Damaged 5.72a ? 0.30 5.34a ? 0.44 20.77a ? 1.31 5.94a ? 0.61 
Undamaged 4.95b ? 0.27 4.90a ? 0.61 15.27b ? 1.18 5.55a ? 0.70 

Q. rubra + F 
Damaged 6.11a ? 0.32 4.30a ? 0.74 20.63a ? 1.26 4.43a ? 0.38 
Undamaged 5.06b ? 0.33 4.30a ? 0.72 12.74b ? 1.63 4.21a ? 0.45 

Q. prints - F 
Damaged 7.72a ? 0.26 7.14a ? 0.53 25.04a ? 1.67 20.99a ? 1.61 
Undamaged 6.57b ? 0.30 6.OOa ? 0.32 16.36b ? 1.46 19.65a ? 1.30 

Q. prints + F 
Damaged 6.29a ? 0.36 5.30a ? 0.29 21.83a ? 1.53 14.37a ? 1.36 
Undamaged 6.17a ? 0.48 4.98a ? 0.26 15.82a ? 1.20 16.51a ? 2.16 

curred on both fertilized and unfertilized trees (Table 
1). 

On both Q. prints and Q. rubra, the distributions of 
certain herbivore guilds among leaves on unfertilized 
trees were significantly different from the distributions 
of leaf damage (Fig. 2). The distributions were com- 
plex, but the Kolmogorov-Smirnov test for two samples 
has isolated the intervals at which the distributions dif- 

fered the most (Sokal and Rohlf 1981). For gall-formers 
on unfertilized Q. rubra, the greatest difference oc- 
curred at 5-30% LAR (D = 0.079, N = 1966, P < 

0.01; Fig. 2A). Seventy-five percent of gall-formers 
occurred on leaves with damage less than, or equivalent 
to, this damage class, whereas 67% of available leaves 
fall below the 30% defoliation level (Table 2). This 
suggests that a greater proportion of gall-formers on 

TABLE 2. Cumulative frequency distributions of the damage to individual leaves from unfertilized (- F) and fertilized (+ 
F) Quercus rubra and Q. prints trees in the plantation, and the distributions of four herbivore feeding guilds (leaf-chewers, 
gall-formers, sap-suckers, and leafminers) on those leaves. Data are the cumulative percent of the total sample within each 
damage class. Sample sizes (N) are for the Kolmogorov-Smirnov two-sample test (D; Sokal and Rohlf 1981) comparing 
each herbivore distribution with the distribution of damage on leaves. Significant Dmax values are in boldface type. 

Leaf damage class (%) 

Perfect 0-5 5-30 30-50 50-70 70-90 >90 D N P 

Q. rubra - F 
Chewers 12.5 45.8 70.8 87.5 100.0 100.0 100.0 0.209 1035 NS 

Gallers 4.0 29.6 74.7 91.4 99.3 99.6 100.0 0.079 1966 <0.01 
Suckers 2.0 25.1 76.7 96.3 97.9 99.2 100.0 0.099 1871 <0.001 
M iners ... ... ... ... ... ... ... 
Leaves 9.8 24.9 66.8 89.4 96.9 99.1 100.0 

Q. rubra + F 

Chewers 5.4 24.3 73.0 91.9 97.3 100.0 100.0 0.057 971 NS 

Gallers 5.7 29.3 76.0 94.8 99.0 99.9 100.0 0.068 1918 NS 

Suckers 11.0 25.9 69.6 86.9 99.2 100.0 100.0 0.041 1727 NS 

M iners .. .. ... ... ... ... ... ... ... 
Leaves 10.2 30.0 70.4 88.0 95.8 98.4 100.0 

Q. prints - F 
Chewers 5.3 5.3 31.6 57.9 84.2 100.0 100.0 0.219 935 NS 

Gallers - * ... ... ... ... ... ... ... 
Suckers 8.8 27.1 51.4 77.8 90.6 99.4 100.0 0.115 1245 <0.01 
Miners 3.7 25.9 59.3 74.1 100.0 100.0 100.0 0.103 943 NS 

Leaves 4.8 15.6 52.2 79.8 93.6 96.9 100.0 

Q. prints + F 

Chewers 3.7 14.8 70.4 92.6 100.0 100.0 100.0 0.139 1027 NS 

G allers ... *.--. ... ... ... ... ... ... 
Suckers 3.9 28.2 62.9 85.7 94.6 100.0 100.0 0.045 1259 NS 

Miners 4.0 12.0 76.0 96.0 100.0 100.0 100.0 0.167 1025 NS 

Leaves 8.4 28.7 64.8 86.7 96.9 99.1 100.0 
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FIG. 2. Frequency distributions of the damage level to 
individual oak leaves on trees in the plantation, and the dis- 
tributions among those leaves of two oak insect guilds that 
showed deviations from expected distributions. Both gall- 
formers (A) and sap-suckers (B) on Quercus rubra, and sap- 
suckers on Q. prinus (C), are found less frequently on leaves 
high in spring damage than expected by chance. 

unfertilized Q. rubra are found on leaves in low dam- 
age classes than if they were distributed randomly. Sim- 
ilarly, the distribution of sap-suckers on unfertilized Q. 
rubra trees is skewed toward undamaged leaves (Fig. 
2B). Seventy-seven percent of sap-suckers occur on 
leaves of ?30% damage, compared with 67% of avail- 
able leaves (D = 0.099, N = 1871, P < 0.001; Table 
2). Finally, sap-suckers on unfertilized Q. prints show 
a similar pattern (Fig. 2C). Leaf damage and herbivore 
distributions differ most at the 0-5% damage interval 
(D = 0.115, N = 1245, P < 0.01; Table 2), with 27% 
of sap-suckers occurring on leaves with <5% LAR 
compared with only 16% of leaves with this amount 
of damage. 

On fertilized trees of both species, leaf damage did 
not influence insect distributions. For all guilds for 
which densities were high enough for analysis, indi- 
viduals were distributed among leaf-damage classes in 
direct proportion to the prevalence of those classes 
(Kolmogorov-Smirnov D statistics, P > 0.05 in every 
case; Table 2). 

DISCUSSION 

Two distinct lines of evidence from our studies lend 
some support to the hypothesis that phytochemical in- 
duction can vary with nutrient availability (Tuomi et 
al. 1984, 1990) and can be "turned off" by fertilization 
(Bryant et al. 1993). First, wound-associated increases 
in certain foliar phenolics on unfertilized Q. prints 
were either absent or reduced when trees were fertilized 
(Table 1). Fertilization appeared to prevent increases 
in proanthocyanidins and foliar astringency that were 
associated with gypsy moth defoliation on unfertilized 
trees. Second, fertilization was associated with changes 
in the distributions of two late-season insect guilds 
within trees. Herbivores that exhibited lower densities 
on damaged leaves within unfertilized trees (Fig. 2) 
appeared unaffected by leaf damage when trees were 
fertilized (Table 2). 

Tree species differed in the influence that nutrient 
availability had on induction. Although foliar astrin- 
gency and proanthocyanidin concentrations were high- 
er in the damaged foliage of both oak species, fertil- 
ization appeared to mitigate induction of these 
chemical measures on Q. prints, but not on Q. rubra 
trees (Table 1). The physiologies of these two oak spe- 
cies have been shown to respond differently to fertil- 
ization (Kleiner et al. 1992) although, in that study, 
measurements of photosynthesis and growth of Q. pri- 
nus were less responsive to fertilization than those of 
Q. rubra. We cannot yet explain the difference in the 
induction response of the two species to nutrient ad- 
dition. Nonetheless, the distributions of both sap-suck- 
ing and gall-forming herbivores were skewed away 
from damage on unfertilized Q. rubra trees, yet un- 
affected by damage on fertilized Q. rubra trees. It is 
therefore possible that fertilization of Q. rubra pre- 
vented a wound-induced deterioration in foliage quality 
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that was not measured by our chemical analyses (e.g., 
Hunter and Schultz 1993), yet influenced certain her- 
bivore distributions anyway. 

Whereas the two oak species in the plantation ex- 
hibited damage-associated changes in both foliar as- 
tringency and proanthocyanidins, the control trees 
showed changes in either astringency (Q. rubra) or 
proanthocyanidins (Q. prints) (Table 1, Fig. 1). The 
limitations of the non-specific phenolic analyses we 
used are well known (Hagerman and Butler 1991, Scal- 
bert 1992, Hunter and Schultz 1993), as is the spatial 
variability in the induction responses of oaks (Rossiter 
et al. 1988, Schultz et al. 1990). It may be that much 
of the variation in phytochemical induction observed 
in natural systems results from variation in the nutrients 
available to trees (Bryant et al. 1993). We cannot elim- 
inate the possibility, however, that a proportion of the 
apparent within-tree induction described here was the 
result of choices among leaves made by gypsy moths 
during spring, and we recognize this limitation of our 
study. Nonetheless, the chemical changes generated by 
manipulated damage in this study (Fig. 1), and the sub- 
stantial body of evidence that supports the existence 
of wound-induced changes in foliage quality within 
individual trees of other oak species (Faeth 1985, 1987, 
West 1985, Hunter 1987, Silva-Bohorquez 1987), ar- 
gues that phytochemical induction within trees is a 
more likely explanation for correlations among damage 
and foliar phenolics than herbivore choices among 
leaves. 

Bryant et al. (1993) argued that, because fertilization 
can mitigate induction, defoliation-induced changes in 
foliage quality are the result of carbon-nutrient balance 
(Tuomi et al. 1984, 1990, Bryant et al. 1988) rather 
than active defense (Rhoades 1979, 1985, Haukioja 
1980, Haukioja and Neuvonen 1985, Neuvonen and 
Haukioja 1991). Their argument relies, in part, on the 
logic that providing a tree with a limited resource (in 
this case nutrients) should increase its vigor, and there- 
fore its ability to produce phenolic compounds if those 
compounds really are an active defense. In their study, 
as with our data for Q. prints, the addition of nutrients 
reduced or eliminated the induction response rather 
than enhancing it. Although these studies support the 
hypothesis that induction results from carbon-nutrient 
balance, there is considerable variation in induction 
responses in time and space (Rossiter et al. 1988, Hau- 
kioja et al. 1990, Hunter and Schultz 1993, Hunter 
1994) and almost no information on the effects of en- 
vironmental variation on induction at these different 
spatial and temporal scales. More studies are required 
to determine how nutrient availability can influence 
induction, and therefore whether carbon-nutrient bal- 
ance is consistently a better model to explain induction 
than are theories of active defense. 
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