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Abstract—This study investigated the consequences of early season bud her-
bivory on host-plant phytochemistry and subsequent effects on a later mid-
season leaf-feeding herbivore, to test the hypothesis that temporally segregated
interguild interactions could affect herbivore success through plant-mediated
responses. Our system consisted of American bass wood, Tilia americana, a
bud-feeding thrips species, Thrips calcaratus, and the folivorous gypsy moth,
Lymantria dispar. The impact of thrips bud-feeding on American basswood
foliar chemistry and subsequent effects on gypsy moth larval preference and
performance were measured. Foliar total nonstructural carbohydrates increased
and phenolic levels decreased in response to bud injury, which affected larval
feeding preference. In a two-choice test, gypsy moth larvae preferred leaf
discs with high carbohydrate and low phenolic levels. The effects on larval
performance depended on the extent of prior bud injury and were correlated
with carbohydrate concentrations. In an early season assay, larval performance
was lowest on moderately bud-damaged tissue, which also had the lowest
total nonstructural carbohydrates. In a mid-season assay, larval performance
and carbohydrate concentrations were highest in severely bud-damaged foli-
age. Foliar phenolics were highest in severely bud-damaged tissue in the early
season assay, and in moderately damaged tissue in the mid-season assay.
Gypsy moth performance was not correlated with foliar phenolic levels. Sec-
ondary (reflushed) foliage had higher carbohydrate levels than did primary
(original) foliage, which correlated with increased larval performance. This
study illustrates that bud-feeding herbivores can alter the phytochemistry and
subsequent suitability of host-plant foliage for later folivores. The implications
of these results to interactions between feeding guilds, community structure,
and forest health are discussed.
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INTRODUCTION

Prior herbivory can affect the acceptability and suitability of a host plant to
subsequent herbivores (Rhoades, 1985; Tallamy and Raupp, 1991; Karban and
Niiho, 1995; Baldwin and Schmelz, 1996). Both rapid and delayed responses
have been shown in a variety of plant-herbivore systems, including herbaceous
plants (Kogan and Fischer, 1991; Tallamy and McCloud, 1991), deciduous trees
(Mattson and Palmer, 1988; Wainhouse et al., 1988; Clausen et al., 1991;
Faeth, 1991; Robison and Raffa, 1994), and conifers (Wagner, 1988; Raffa,
1991; Krause and Raffa, 1995). The effects and mechanisms of induced plant
responses may be complex (Wagner and Evans, 1985; Bultman and Ganey,
1995; Bauce and Carisey, 1996) and are probably system-dependant. For exam-
ple, prior herbivory can reduce subsequent herbivore success by decreasing foliar
nutrient quality or eliciting allelochemical production. In contrast, prior defo-
liation can sometimes improve herbivore performance by eliciting the accumu-
lation of foliar nutrients or depleting foliar defensive compounds. An enhanced
nutritional substrate could also ameliorate the effects of induced plant defenses,
resulting in "induced amelioration" as described by Haukioja et al. (1990).
Rhoades (1985) suggests that in a given plant, several of these processes can
occur simultaneously.

Temporally segregated relationships become increasingly complex when
interactions among different feeding guilds are considered. There is a substantial
knowledge base on the effects of foliar damage on subsequent folivore success
(Haukioja and Niemela, 1979; Bergelson et al., 1986; Fowler and McGarvin,
1986; Hartley and Lawton, 1987; Hunter, 1987; Neuvonen et al., 1988). How-
ever, relatively few studies have considered host-mediated interactions across
feeding guilds (but see Danell and Huss-Danell, 1985; Faeth, 1986, 1992a, b;
Martin et al., 1994). Under natural conditions, such interactions are common
(Schowalter, 1986). Temporally segregated interactions can occur across exist-
ing plant parts, such as when foliar- or root-feeding insects increase suscepti-
bility to subsequent colonization by stem colonizing bark beetles (Wright et al.,
1979; Klepzig et al., 1991), or they can be due to plant phenology (Faeth, 1986;
Martinet al., 1994).

Bud feeding has been shown to alter plant architecture and physiology
(Whitham and Mopper, 1985; Haukioja et al., 1990) and phytochemistry (Matt-
son and Koller, 1983; Clancy, 1991). However, data on the quality of subse-
quent foliage, as well as any impacts on subsequent folivores, are lacking. Our
study considered the effects of prior bud-feeding on subsequent herbivory among
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two insect species that share a common deciduous host plant. In particular, we
considered whether the occurrence and extent of bud feeding by a rasping/
sucking thrips affects the behavior, physiology, and chemical environment of a
leaf chewing caterpillar.

The introduced basswood thrips, Thrips calcaratus Uzel (Thysanoptera:
Thripidae), is a common bud-feeding insect in Wisconsin. This species is uni-
voltine, and sometimes undergoes widespread population eruptions that have
regional impacts (Raffa et al., 1992; Rieske et al., 1992; Rieske, 1995). It is a
parthenogenetic feeding specialist on American basswood, Tilia americana L.,
which is a major component of northern hardwood forests in the eastern United
States. Adults emerge from overwintering sites and feed on expanding buds in
early to mid-May in northern Wisconsin (42°30'N, 80°00'W). Damage is char-
acterized by a stunted, shredded appearance of expanding leaves. Dense pop-
ulations cause phytohormone imbalances that can induce bud or premature leaf
abscission (Rieske and Raffa, 1995). Repeated defoliation causes branch die-
back, thinned crowns, and reduced radial growth (Raffa et al., 1992; Rieske et
al., 1992).

American basswood is also a preferred host for larvae of the gypsy moth,
Lymantria dispar (L.) (Lepidoptera: Lymantriidae) (Drooz, 1985; Montgomery
and Wallner, 1988), which feed and develop on expanding foliage. This uni-
voltine folivore is a generalist feeder with an extremely wide host range (Drooz,
1985). Both the introduced basswood thrips and the gypsy moth are introduced
herbivores subject to periodic outbreaks.

The purpose of this study was to assess the impact and extent of herbivory
by a specialist bud feeder on the subsequent success of a generalist foliage
feeder. Specifically, the objectives were to: (1) assess the preference of gypsy
moth larvae for foliage from bud-damaged versus undamaged trees, (2) assess
the effects of foliage from bud-damaged trees on gypsy moth growth and devel-
opment, (3) quantify the effects of thrips bud-feeding on foliar total nonstructural
carbohydrates and foliar phenolics, and (4) relate potential variations in gypsy
moth larval preference and performance to changes in foliar chemistry.

The issue of how best to study plant responses to herbivory is itself the
subject of much debate (Neuvonen and Haukioja, 1985; Karban and Myers,
1989; Haukioja, 1991). It is widely recognized that applying controlled injury
to test plants provides experimental manipulations that can be more readily
interpreted as causality, but likewise that such studies are somewhat unrealistic
in that they use artificial means of injury; artificial conditions caused by caging,
tissue removal, or other manipulations; or plant stages and phenologies selected
by the investigator rather than the herbivore (Neuvonen and Haukioja, 1985;
Jones and Coleman, 1988; Krause and Raffa, 1992). Conversely, field studies
in which herbivory occurs naturally and plants from various injury classes are
chemically analyzed or subjected to bioassays (Whitham and Mopper, 1985;
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Neuvonen et al., 1988; Klepzig et al., 1996) provide a more realistic interaction,
but cannot totally remove the possibility of spurious correlations. In order to
reconcile these trade-offs, we have used both approaches. In a previous study,
we reported on the effects of controlled feeding by the introduced basswood
thrips on American basswood seedling phytochemistry (Rieske and Raffa, 1995).
In the present study, we sampled naturally infested large trees in the field and
evaluated foliar chemistry and suitability to a subsequent herbivore.

METHODS AND MATERIALS

American basswood foliage showing various levels of bud-feeding damage
was assayed for gypsy moth larval suitability and analyzed for differences in
levels of foliar carbohydrates and phenolics. Foliage was collected on June 28
and July 12, representing "early season" and "mid-season" collection dates,
from sites in northeast Wisconsin (Forest County) with a history of damage by
the introduced basswood thrips. Individual trees were visually classified as hav-
ing "low" (barely detectable), "moderate," or "severe" defoliation (Bosshard,
1986). These levels corresponded to 0-20%, 21-69%, and >70% of the canopy
affected by thrips feeding, and they were chosen because thrips defoliation was
easily categorized into these levels by three independent observers. Twelve trees
were haphazardly chosen in each of the three damage classes. Foliage was
randomly collected from damaged trees at a height of 2^-3 m and returned to
the laboratory for bioassays and phytochemical analysis. The second (mid-sea-
son) collection contained both primary (original) and secondary (reflushed) foli-
age in the severe damage class due to the indeterminant growth characteristic
of American basswood. Primary and secondary foliage were treated separately
in all assays.

Prior to use in assays, gypsy moth larvae were reared on wheat-germ-based
artificial diet in growth chambers with a 15L:9D photoperiod at 23°C.

Preference. The preference of second instars of the gypsy moth was mea-
sured with leaf discs in a two-choice test. Two 15-mm-diameter leaf discs were
placed adjacent to one another near the center of a 5.5-cm-diameter Petri dish.
The discs were anchored to a paraffin wax bottom by small pins passed through
Whatman No. 1 filter paper moistened with distilled water.

Each individual disc was classified as either "bud-damaged," originating
from trees with >70% of the canopy affected by thrips bud feeding, or "con-
trol," originating from trees with 0-20% of the canopy damaged by thrips bud
feeding. Control trees were randomly paired with bud-damaged trees. There
were five replicates of each pairing, for a total of 60 two-choice tests on each
assay date. Severely thrips-damaged leaf discs consisted exclusively of second-
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ary tissue for the second assay. One larva per assay arena (N = 60) was allowed
to feed for 24 hr at 23°C with a 15L:9D photoperiod. Assays were monitored
at 4-hr intervals and were terminated at 8 hr or when there was a difference
greater than 50% in the area consumed between treatments. Feeding was quan-
tified by digitized images with a Macintosh computer and scanner.

Performance. Performance was assessed by allowing second instars to feed
for the duration of the instar on excised leaves of trees from the low (0-20%
of the buds thrips-damaged), moderate (21-69%), or severe (>70%) damage
classes. Performance assays were initiated with newly molted second instars
and terminated when larvae molted to third instars. There were three replicates
from each of the 36 trees (12 per damage class) for a total of 108 assays. Whole
leaves were weighed and placed in florists' water picks in 21.5 X 7 x 5.5-cm
clear plastic rearing boxes. One larva was placed in each assay arena and mon-
itored at approximately 24-hr intervals for the duration of the assay. At each
monitoring interval, larvae and fresh leaves were weighed and the leaves were
replaced. Performance assays were maintained under the same temperature and
photoperiod as the preference assays and were terminated when the insect molted.
At the completion of the assay, all plant tissue and larval cadavers were oven
dried (65°C for seven days) and weighed. Relative growth rate [RGR = larval
biomass gained (milligrams)/initial larval dry wt (milligrams)/time (days)], rel-
ative consumption rate [RCR = leaf tissue consumed (milligrams)/initial larval
dry wt (milligrams)/time (days)], and length of the second stadium (days between
larval molts) were calculated for each assay date as measures of insect perfor-
mance.

Foliar Total Nonstructural Carbohydrate Analysis. Methods were adapted
from Quarmby and Allen (1989), and American basswood tissue from each of
the three damage classes was ground, extracted, and analyzed spectrophoto-
metrically for total nonstructural carbohydrates. Air dried tissue (50 mg) was
extracted for 2 hr in 30 ml of distilled water in a reciprocating hot water (97 °C)
bath. Extracts were filtered through Whatman No. 1 filter paper and diluted to
50 ml. In a darkened ice bath, 0.5 ml extract was added to 2.5 ml anthrone
reagent, consisting of sulfuric acid, anthrone (Sigma Chemical Company, St.
Louis, Missouri), and thiourea (thiocarbamide; Sigma). Samples were placed in
a boiling water bath in a darkened hood for 10 min, then transferred to an ice
bath and allowed to cool. A Microplate Autoreader EL311 (Bio-Tek Instru-
ments, Winooski, Vermont) was used to read absorbance at 630 nm with sucrose
as a standard.

Foliar Phenolics Analysis. Total foliar phenolics from each damage class
were determined with Folin and Ciocalteu's phenol reagent (Sigma), from meth-
ods adapted from Kelsey and Harmon (1989). Air-dried tissue was extracted in
5 ml 80% acetone for 16 hr at 23°C. A 200-ul aliquot of extract was diluted
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with 5 ml distilled water. One milliliter of Folin-Ciocalteu reagent was added,
followed by 5 ml 20% Na2CO3. Following an incubation period of 2 hr, absor-
bance at 630 nm was read and compared to a tannic acid standard.

Foliar Fiber and Nutrient Analysis. Dried plant tissue from each damage
class was analyzed by the University of Wisconsin Soil and Plant Analysis
Laboratory for thrips-induced changes in foliar acid-digested fiber and nutrients,
including nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, zinc,
boron, manganese, iron, copper, aluminum, and sodium.

Statistical Analyses. A paired t test was used to analyze larval feeding
preferences between the bud-damaged and control discs. Differences in larval
performance among levels of bud herbivory were assessed by analysis of vari-
ance. When necessary, a log transformation was used to normalize data prior
to analysis.

Least-squares means was used to analyze temporal changes in foliar total
nonstructural carbohydrates, phenolics, fiber, and nutrients. Analysis of variance
was used to analyze differences based on bud injury, with log transformation
when necessary. Differences were determined by Fisher's Protected LSD (Aba-
cus Concepts, 1989), with P < 0.08 considered significant. Linear regression
analysis was used to determine the relationship between foliar total nonstructural
carbohydrates, phenolics, fiber, and nutrients and the gypsy moth performance
parameters.

RESULTS

Preference. In the preference assay with early season foliage, gypsy moth
larvae preferred control discs over thrips-damaged discs (Figure 1a). However,
in the assay with mid-season foliage (Figure 1b), which compared secondary
damaged tissue to primary control tissue, this preference was reversed, and
larvae showed a strong preference for the bud-damaged discs. Figure Ic provides
the pooled data from both assays; the net result of intense bud feeding was an
increase in larval preference for the host plant.

Performance. Table 1 shows the relative growth rates (RGRs) of larvae
reared on each of the three bud damage classes for the early season assay
containing only primary basswood foliage, and the mid-season assay, which
contained both primary and secondary tissue. In the early season array, larvae
that were fed moderately damaged foliage had lower RGRs than did those fed
foliage from either the low or the high damage classes. During the mid-season
assay, larvae fed on primary foliage from the low and moderate damage classes
had significantly lower RGRs than larvae fed on severely damaged secondary
foliage. Overall, larvae from the early season assay had higher RGRs than did
those from the mid-season assay.

The relative consumption rate (RCR) for each assay is listed in Table 1.
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FIG. 1. Gypsy moth larval feeding preference on control (0-20% thrips-defoliated) ver-
sus thrips-damaged (>70% thrips-defoliated) American basswood foliage. Means fol-
lowed by the same letter are not significantly different: (a) Early season assay: paired /
test; t = -29.384, df = 59, P = 0.0001; (b) Mid-season assay: paired t test; t =
28.639, df =59,P = 0.0001, (c) Pooled data: paired t test: t = 41.142, df = 119, P
= 0.0001.



TABLE 1 . GYPSY MOTH LARVAL PERFORMANCE ON FOLIAGE FROM TREES WITH BUD
INJURY BY THRIPS

Assay date and injury
levela

Early season (28 June)
Low
Moderate
Severe

Mid-season (12 July)
Low
Moderate
Severee

Mean RGR
(mg/mg/day)b

0.442(0.072)a
0.190(0.040)b
0.439(0.056)a

0.168(0.027)a
0.179(0.073)a
0.342(0.050)b

Mean RCR
(mg/mg/day)c

2.063(0.247)a
0.978(0.210)b
1.960(0.362)a

0.656(0.150)a
1.523(0.658)a
1.966(0.272)b

Stadium
length (days)d

5.226(0.178)a
5.294(0.306)a
5.051(0.160)a

5.000(0.258)a
5.929(0.425)a
6.127(0.250)a

aLow: 0-20% thrips defoliation; Moderate: 21-69% thrips defoliation; Severe: >70% thrips de-
foliation. Means (±SE) within columns within assays dates followed by the same letter are not
significantly different (Fisher's protected LSD).

b RGR = larval biomass gained per initial larval dry weight per day. Early season assay: F =
2.752, df= 2,35, P = 0.10; mid-season assay: F = 5.110, df = 2,35, P = 0.008.

cRCR = leaf tissue consumed per initial larval dry weight per day. Early season assay: F - 3.014,
df = 2,35, P = 0.055; mid-season assay: F = 5.749, df = 2,35, P = 0.005. Mean separations
performed on log-transformed data.

dTime elapsed between larval molts. Early season assay: F = 0.668, df = 2,35, P = 0.516; mid-
season assay: F = 1.319, df = 2,35, P = 0.274.

eSecondary (reflushed) tissue.

In the early season assay containing only primary foliage, consumption rates of
larvae fed moderately damaged foliage were significantly lower than those fed
foliage from the other damage classes, consistent with the results for the RGRs.
For the mid-season assay, the RCR for larvae reared on secondary foliage from
the severe damage class was significantly higher than for larvae reared on pri-
mary foliage from the low and moderate damage classes, which is also consistent
with the results for the RGRs. Although the patterns of RCRs between the two
assay dates were similar to the RGRs, there was no significant difference in
RCR between the early and mid-season assays.

Stadium length, or the time elapsed between larval molts, was not affected
by bud damage level on either assay date (Table 1). However, stadium was
affected by assay date. Larvae reared in the mid-season assay remained as second
instars significantly longer than did those from the early season assay (F =
6.051, df= 1,71, P = 0.010).

Because of the indeterminant growth characteristics of American basswood,
the second collection date contained secondary reflushed foliage in the severe
damage class. Table 2 lists performance parameters analyzed by tissue phe-
nology for the mid-season assay. RGR and RCR were higher and mean stadium
length longer for larvae reared on secondary rather than primary foliage.
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When considering larval performance parameters for primary mid-season
tissue (i.e., comparing tissue from low and moderate bud injury classes), larvae
fed foliage from the low damage class had higher RGRs and RCRs than did
those fed foliage from the moderate damage class (RGR: F = 8.969, df =
1,35, P = 0.005; RCR: F = 3.613, df = 1,35, P = 0.065), but there was no
significant difference in stadium length.

Foliar Total Nonstructural Carbohydrate Analysis. Figure 2 illustrates fo-
liar carbohydrate concentrations for each collection date. There was no signif-

FIG. 2. Temporal changes in mean total nonstructural carbohydrate levels of introduced
basswood thrips-damaged (>70% thrips-defoliated) and control (0-20% thrips-defo-
liated) American basswood foliage in an early versus mid-season assay.

TABLE 2. GYPSY MOTH LARVAL PERFORMANCE PARAMETERS IN MID-SEASON ASSAY
ON PRIMARY VERSUS SECONDARY FOLIAGE FROM BUD-DAMAGED TREES"

Foliage type

Primary
Secondary

Mean RGR
(mg/mg/day)b

0.156(0.023)a
0.341(0.049)b

Mean RCR
(mg/mg/day)c

0.610(0.120)a
2.171(0.302)b

Stadium
length (days)d

5.073(0.222)a
6.256(0.236)b

aMeans (±SE) within columns followed by the same letter are not significantly different (Fisher's
protected LSD).

bF = 11.313, df= 1,71, P = 0.0012.
cF = 22.316, df = 1,71, P = 0.0001.
dTime elapsed between larval molts. F = 13.301, df = 1,71, P = 0.0005.



TABLE 3. TOTAL NONSTRUCTURAL CARBOHYDRATE AND PHENOLICS LEVEL OF FOLIAGE
FROM AMERICAN BASSWOOD TREES WITH BUD INJURY BY THRIPS a

Assay date
and injury level

Early season
Low
Moderate
Severe

Mid-season
Low
Moderate
Severed

Carbohydatesb

0.008(0.001)a
0.005(0.001)b
0.008(0.001)a

0.003(0.0044)a
0.005(0.001)ab
0.006(0.001)c

Phenolics c

5.914(0.307)a
6.659(0.359)ab
6.930(0.2 12)b

5.118(0.272)a
6.083(0.461)a
5.431(0.163)a

aMeans (±SE) followed by the same letter within assay dates are not significantly different (Fisher's
protected LSD). Injury level as defined in Table 1.

bMean total nonstructural carbohydrate levels (ug/mg dried plant tissue). Early season assay: F =
2.644, df = 2,35, P = 0.077; mid-season assay; F = 3.453, df = 2,35, P = 0.035.

cMean foliar phenolics level (/imol/g dried plant tissue). Early season assay: F = 4.055, df =
2,35, P = 0.026; mid-season assay: F = 3.074, df = 2,35, P = 0.610.

dSecondary (reflushed) tissue.

icant difference in total nonstructural carbohydrate levels between control (0-
20% thrips-damaged) and bud-damaged (>70% thrips feeding damage) tissue
on the early collection date. Likewise, there was no change in carbohydrate
levels in the control foliage between the two collection dates. However, on bud-
damaged tissue there was an approximately 1.25X increase in carbohydrate
levels between the two collection dates (least squares means, t = 3.489, df -
1,35, P = 0.007). There was also a 1.5x increase between bud-damaged and
control foliage by the second date (least squares means, t = 2.319, df = 1,35,
P = 0.022), with a strong date X defoliation interaction (F = 7.132, df =
1,35, P = 0.009).

Foliar total nonstructural carbohydrates for each damage class were affected
by thrips bud-feeding in the early season and mid-season assays (Table 3). In
early season primary foliage, carbohydrate levels in foliage from the moderate
damage class were 0.63 x less than in foliage from the other damage classes.
During the mid-season assay, carbohydrate levels in secondary foliage from the
severe damage class were 2.0 x higher than the low damage class, and 1.2x
higher than the moderate damage class, both of which were primary foliage.
Secondary foliage contained significantly higher nonstructural carbohydrate lev-
els than did primary foliage (Table 4: F = 11.797, df = 1,71, P = 0.009).
However, within a specific tissue type, the level of bud herbivory had no sig-
nificant eifect on foliar carbohydrate levels.
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TABLE 4. TOTAL NONSTRUCTURAL CARBOHYDRATE AND PHENOLICS LEVEL OF MID-
SEASON PRIMARY VERSUS SECONDARY FOLIAGE FROM AMERICAN BASSWOOD TREES

WITH BUD INJURY BY THRIPSa

Foliage type
and injury level

Primary
Low
Moderate

Secondary
Severe

Carbohydrates*

0.003(0.004)a
0.002(0.001)a

0.006(0.001)a

Phenolicsc

5.660(0.638)a
6.280(0.638)b

5.431(0.164)a

aMeans followed by the same letter are not significantly different (Fisher's protected LSD). Injury
level as defined in Table 1 .

bMean total nonstructural carbohydrate levels (ug/mg dried plant tissue).
cMean foliar phenolics level (umol/g dried plant tissue).

The relationship between larval RGR and carbohydrate levels for each assay
date is illustrated in Figure 3. There was a strong positive relationship between
the two factors in both the early season and mid-season assays. The relationship
between RCR and carbohydrate levels was also correlated (Figure 4), but more
variable than the relationship with growth rates. The inverse relationship between
larval stadium length and carbohydrate levels was significant but highly variable
for the early season assay (R2 = 0.129, F = 12.59, df = 1,35, P = 0.0006)
and was not significant for the mid-season assay.

Relating larval performance parameters to carbohydrate levels based on
foliar phenology yielded similar results. There was a strong positive relationship
in the mid-season assay between RGR and mean total nonstructural carbohydrate
levels in both the primary tissue (R2 = 0.788, F = 167.45, df = 1,35, P =
0.0001) and the secondary foliage (R2 = 0.869, F = 153.56, df = 1,35, P =
0.0001). There was also a positive relationship between RCR and carbohydrate
levels for primary tissue in the mid-season assay (R2 = 0.628, F = 74.22, df
= 1,35, P = 0.0001). The relationship between RCR and carbohydrate levels
for secondary tissue was also significant but more highly variable (R2 = 0.354,
F = 23.06, df= 1,35, P = 0.0001). The inverse relationship between stadium
length and carbohydrate levels was significant, but again, highly variable (pri-
mary tissue: R2 = 0.129, F = 6.676, df = 1,35, P = 0.0131; secondary tissue:
R2 = 0.061, F = 2.836, df = 1,35, P = 0.0993).

Foliar Phenolics Analysis. Figure 5 illustrates phenolic content of foliage
from each collection date. Collection date had a significant effect on foliar
phenolics (F = 9.733, df = 1,35, P = 0.0029), and there was a strong date
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FIG. 3. Relationship between larval relative growth rate and mean carbohydrate level of
thrips-damaged American basswood foliage, (a) Early season assay: R2 = 0.933, F =
96.79, df = 1,35, P = 0.0001, y = 56.396* - 0.035; (b) mid-season assay: R2 =
0.883, F = 60.42, df = 1,35, P = 0.0001, y = 49.516* + 0.005.

x defoliation interaction (F = 4.912, df = 1,35, P = 0.0309). There was a
significant difference between total foliar phenolics in "control" and "thrips-
damaged" tissue in early season foliage (least squares means, t = 2.557, df =
1,35, P = 0.050). Bud-damaged foliage had a 1.8x higher phenolics levels
than did control foliage. There was also a 1.28X decrease in total phenolics in
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FIG. 4. Relationship between larval relative consumption rate and mean carbohydrate
level of thrips-damaged American basswood foliage, (a) Early season assay: R2 = 0.374,
F = 49.61, df = 1,35, P = 0.001, y = 181.042x + 0.105; (b) mid-season assay: R2

= 0.213, F = 62.34, df = 1,35, P = 0.0001, y = 192.216x + 0.433.

bud-damaged foliage between the two collection dates (least squares means, t
= 3.985, df= 1,35, P = 0.020). However, there was no significant difference
in phenolics levels in control tissue between the two collection dates, and no
significant difference between thrips-damaged and control foliage by the second
date.
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FIG. 5. Temporal changes in mean foliar phenolics levels of introduced basswood thrips-
damaged (>70% thrips-defoliated) and control (0-20% thrips-defoliated) American
basswood foliage in an early versus mid-season assay.

Foliar phenolic levels (Table 3) were affected by bud herbivory in the early
season and mid-season assays. In the early season assay, phenolics from the
severe damage class were 1.2x greater than those in foliage from the low
damage class. However, in the early season assay there was no significant
difference between the low and moderate damage classes and no significant
difference between the moderate and severe damage classes. In the mid-season
assay (Table 3), phenolics in the moderate damage class were 1.2 x greater than
phenolics in the low damage class, but there was no significant difference in
foliar phenolics between the three damage classes.

Foliar phenology did not affect total phenolics levels. There was no dif-
ference in phenolics levels between primary and secondary foliage. However,
there was a significant difference in phenolics levels based on the level of bud
herbivory within the primary foliage (Table 4). Foliage from moderately dam-
aged trees contained 1.1 x higher phenolics levels than did foliage with low
levels of thrips damage.

When relationships between foliar phenolics and larval performance param-
eters were considered separately for primary and secondary mid-season foliage,
some significant but highly variable trends were observed. Increasing phenolics
in primary tissue resulted in variable but significant increases in larval RGR (R2

= 0.083, F = 4.082, df = 2,35, P = 0.049) and decreases in mean stadium
length (R2 = 0.063, F = 3.006, df = 2,35, P = 0.089). There was no rela-
tionship between phenolic content of primary foliage and RCR. Likewise, there
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was no significant relationship between foliar phenolic levels in secondary tissue
and any of the performance parameters.

Overall relationships between total foliar phenolics levels and larval per-
formance parameters were highly variable and, where statistically significant,
had only weak biological effects. There was no significant relationship between
total foliar phenolics and any of the performance parameters in the early season
assay or in the mid-season assay when both tissue types are pooled.

Foliar Fiber and Nutrient Analysis. The relationships between gypsy moth
growth parameters and foliar fiber levels were highly variable (Table 5). There
was no significant relationship between acid-digested fiber and larval RGR or
stadium length. There was, however, a weakly significant negative relationship
between foliar fiber content and gypsy moth RCR. Boron and nitrogen were the
only nutrients correlated with larval growth parameters (Table 5). There was a
weakly significant negative relationship between gypsy moth RGR and foliar
boron levels. There was a strong inverse relationship between larval stadium
length and foliar nitrogen.

DISCUSSION

Bud-feeding by the introduced basswood thrips appears to alter the phy-
tochemistry and subsequent acceptability and suitability of American basswood
foliage for larval gypsy moths. Previous effects of bud herbivory on phytochem-
istry have been documented (Mattson and Koller, 1983; Wagner and Blake,
1983; Redak and Cates, 1984; Clancy et al., 1988; Clancy, 1991), but few
studies have examined how these changes can affect alternate feeding guilds
(but see Faeth, 1986).

The reversal in larval preference between early and mid-season thrips-
damaged versus control leaf discs may be attributed to several factors. Foliar
total nonstructural carbohydrates, which frequently stimulate insect feeding
(Schoonhoven, 1968), increased from the early to the mid-season assays. Con-
versely, foliar phenolics, which have been shown to inhibit gypsy moth perfor-
mance (Rossiter et al., 1988), decreased from the first to the second assay date.
Thus, the low carbohydrate and high phenolic concentrations caused by thrips
bud feeding early in the season may have reduced larval preference. Likewise,
high carbohydrate levels and low phenolics in mid-season thrips-damaged tissue
may have enhanced larval preference. Changes in larval preference may also
have been due to changes in nutrient accumulation or fiber content in the later
foliage.

Gypsy moth larval performance was affected by thrips bud injury in both
the early and mid-season assays. However, these patterns were complex and
did not precisely mirror behavioral preferences. The overall higher RGRs from
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the early season versus mid-season assay is consistent with other studies, which
have shown that food quality tends to decline with foliar age (Scriber and Slan-
sky, 1981). This interpretation is further strengthened by the observation that
RCRs followed the same general pattern as RGRs in both assays. Secondary
foliage provided a better nutritional substrate than primary foliage from the same
trees later in the season. Total nonstructural carbohydrate concentrations, RCRs
and RGRs were considerably greater, although larvae required more time to
complete the second stadium.

Gypsy moth performance was related to total nonstructural carbohydrate
levels. The patterns of thrips-induced changes in foliar carbohydrates mirror the
changes in RCR and RGR. Moderately thrips-damaged, early season, primary
foliage contained lower carbohydrate concentrations and produced larvae with
lower RGRs than foliage from the low or high damage classes. Similarly, severely
damaged, mid-season (secondary) foliage contained higher carbohydrate levels
and produced faster growing larvae that consumed more tissue. Among primary
plant metabolites, total nonstructural carbohydrates have been shown to be influ-
enced by thrips feeding in other systems (Kolb et al., 1992). Foliar phenology
also affected total nonstructural carbohydrate levels. Secondary tissue from the
mid-season assay contained higher carbohydrate levels and resulted in greater
consumption and growth. In contrast to the stimulatory effects of carbohydrates
on insect success seen here, studies in other systems have shown that elevated
carbohydrate levels can prolong larval development (Savopoulou-Soultani et al.,
1994) and that elevated concentrations of specific carbohydrates may even cause
larval mortality (Zou and Cates, 1994).

Foliar phenolics have been identified and quantified in Tilia species (Burden
and Kemp, 1983; Roth et al., 1994). Although Roth et al. (1994) found a strong
inverse relationship between phenolic glycoside concentrations in trembling aspen
and gypsy moth larval performance, no such relationship was found with bass-
wood. It has been suggested that gypsy moth larvae base foliar quality on the
presence of tannins and other phenolics (Schulte, 1988), which are common
components of their host plants (Barbosa and Krischik, 1987). In our study, the
relationships between foliar phenolic levels and larval performance parameters
were weak. However, this could vary, as the effects of compounds such as
phenolics can be affected by foliar nutrient levels (Wagner and Evans, 1985)
and larval growth stage (Bourchier and Nealis, 1993). Foliar phenolics in de-
ciduous trees generally increase during the early part of the growing season and
become constant after mid- to late-June (Hillis and Swain, 1959; Feeny and
Bostock, 1968; Haukioja et al., 1978; Mattson and Palmer, 1988). In our study,
both collection dates occurred after phenolics should have stabilized, so the
observed changes were most likely due to wounding by thrips feeding.

The initial accumulation of phenolics in bud-damaged tissue may relate to
induced phytohormone accumulation. Haukioja et al. (1990) and Karban and
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FIG. 6. Potential effects of bud herbivory on folivore preference and performance, forest
productivity, and forest community structure.

Niiho (1995) suggest that hormonal disturbances in woody plants results in an
amelioration of leaf quality, although the exact mechanisms are unknown. In
our system, thrips feeding has been shown to elicit ethylene production in Amer-
ican basswood (Rieske and Raffa, 1995). Increased ethylene emission induces
activation of phenylalanine ammonia lyase (PAL), which helps regulate phenolic
synthesis following wounding (Hyodo and Yang, 1971; Yang and Pratt, 1978;
Karban and Myers, 1989). The subsequent reduction in foliar phenolic concen-
trations suggests that early season induced defensive chemicals may soon break
down as the host becomes increasingly compromised.

Figure 6 summarizes the known responses of basswood to thrips-induced
bud injury and postulates some possible underlying mechanisms affecting gypsy
moth response. Thrips feeding elicits a rapid threefold elevation in ethylene
emission (Rieske and Raffa, 1995). This presumably contributes to the observed
increases in phenolic concentrations, based on current understanding of general
biosynthetic pathways (Abeles et al., 1992). Based on results with other trees
(Rossiter et al., 1988; Roth et al., 1994), this could reduce gypsy moth larval
feeding and development, although in our system other factors are clearly
involved.

Elevated ethylene emission also exerts an indirect, time-delayed response.
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Ethylene is known to induce bud and leaf abscission (Berrie, 1984), which
promotes reflushing and the production of secondary foliage, which in turn
favors gypsy moth feeding and development. A second delayed response is
manifested in the form of increased total nonstructural carbohydrates. Our results
show that elevated carbohydrates facilitate gypsy moth larval feeding and devel-
opment.

Interactions between feeding guilds, such as the one described here, could
potentially have strong impacts on insect population dynamics, host-plant per-
formance, and forest community structure. In this system, thrips feeding could
augment the direct injury exerted by a subsequent herbivore on host plants or
increase plant susceptibility to other stresses (Kuhlman, 1971; Dunbar and Ste-
phens, 1975; Campbell and Sloan, 1977). Conversely, plant response to bud
injury might reduce the folivores' success during the critical early instars. This
could be particularly important in the case of gypsy moth, which frequently
abandons unpalatable plants during the first stadium. Either increased population
densities resulting from more successful performance or increased emigration
due to unsuitable foliage by a generalist folivore such as the gypsy moth could
cause indirect effects among plant species in mixed deciduous forests.
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