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Abstract Although genetic variability and resource
availability both inﬂuence plant chemical composition,
little is known about how these factors interact to modulate costs of resistance, expressed as negative correlations
between growth and defense. We evaluated genotype ·
environment eﬀects on foliar chemistry and growth of
quaking aspen (Populus tremuloides) by growing multiple
aspen genotypes under variable conditions of light and
soil nutrient availability in a common garden. Foliage was
analyzed for levels of nitrogen, phenolic glycosides and
condensed tannins. Bioassays of leaf quality were conducted with fourth-stadium gypsy moth (Lymantria dispar) larvae. Results revealed strong eﬀects of plant
genotype, light availability and nutrient availability; the
importance of each factor depended upon compound
type. For example, tannin concentrations diﬀered little
among genotypes and across nutrient regimes under low
light conditions, but markedly so under high light conditions. Phenolic glycoside concentrations, in contrast, were
largely determined by genotype. Variation in phenolic
glycoside concentrations among genotypes was the
most important factor aﬀecting gypsy moth performance. Gypsy moth biomass and development time were
negatively and positively correlated, respectively, with
phenolic glycoside levels. Allocation to phenolic glycosides appeared to be costly in terms of growth, but only
under resource-limiting conditions. Context-dependent
trade-oﬀs help to explain why costs of allocation to
resistance are often diﬃcult to demonstrate.
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Introduction
Genotype and environment determine plant allocation
to resistance mechanisms, but the relative importance of,
and interactions among, such factors remain poorly
understood. Here, we regard resistance as the degree to
which insect performance is altered by the experimental
treatments (as deﬁned speciﬁcally for induced responses
by Karban and Myers 1989). Allocation to resistance
among genotypes and across environments determines
whether resistance is costly, but the role that environment plays is not well understood (Koricheva 2002a). In
this study we investigated the relative importance of
plant genotype, nutrients and light on resistance traits of
aspen and, in turn, how these factors aﬀect costs of
allocation to resistance.
Plant genotype has been shown in a large number of
experimental systems to be an important determinant of
host quality via variation in resistance compounds (e.g.,
Berenbaum et al. 1986; Bowers and Stamp 1993; Han
and Lincoln 1994; Rossi and Stiling 1998). Genotypic
variation that impacts herbivores has been well studied
in woody plants (Mutikainen et al. 2000; Rousi et al.
1997), including the Salicaceae (Robison and Raﬀa
1994; Orians and Fritz 1996; Julkunen-Tiitto et al. 1995;
Hakulinen et al. 1995; Havill and Raﬀa 1999; Orians
et al. 2003), of which aspen is a member. In quaking
aspen, genotypic variation in phenolic glycoside concentrations has repeatedly been found to determine
herbivore performance (reviewed in Lindroth and
Hwang 1996): high concentrations of phenolic glycosides have strong negative eﬀects on herbivore growth
and development (Hwang and Lindroth 1997; Hemming
and Lindroth 1995; Hwang and Lindroth 1998; Osier
and Lindroth 2001, 2004) and fecundity (Osier et al.
2000). Not only is allocation to phenolic glycosides
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widely variable among genotypes of aspen, but also a
preliminary study identiﬁed production of phenolic
glycosides as costly in terms of allocation lost to growth
(Hwang and Lindroth 1997). Unlike phenolic glycosides,
aspen condensed tannins (Lindroth and Hwang 1996)
and condensed tannins in general (Ayres et al. 1997) are
not eﬀective resistance compounds against insects.
Condensed tannins, however, are highly phenotypically
plastic (Osier and Lindroth 2001, 2004), are a large
carbon sink in aspen leaves (Lindroth and Hwang 1996),
and are a compound class traditionally discussed in
association with defensive allocation theory (Herms and
Mattson 1992).
Environmental conditions are well known to aﬀect
plant allocation to resistance and subsequent insect
performance. Light and nutrient availability have been
widely studied because of their link to the carbon–
nutrient balance of a plant (Bryant et al. 1983). Many of
these studies have focused on deciduous trees, including
quaking aspen (Larsson et al. 1986; Mutikainen et al.
2000, 2002; Dudt and Shure 1994; Rousi et al. 1996;
Ruohomäki et al. 1996; Hemming and Lindroth 1999).
To generalize, nutrient addition and shading augment
insect growth by suppressing levels of secondary compounds in foliage and enhancing foliar protein (Bryant
et al. 1983; Herms 2002; Herms and Mattson 1992;
Jones and Hartley 1999). Aspen phytochemistry exhibits
those very responses to nutrient and light availability,
although the responses of individual compounds vary to
some extent (e.g., Hemming and Lindroth 1999;
McDonald et al. 1999; Agrell et al. 2000; Osier and
Lindroth 2001, 2004). Although the eﬀects of environment on allocation to plant growth and resistance are
well known, the role of environment in mediating tradeoﬀs between growth and resistance has not been well
studied. If resistance and growth requirements compete
for resources, the intensity of this competition would be
expected to be most extreme when resources are limiting
(Rhoades 1979; Bergelson and Purrington 1996). The
notion that resource limitation would reveal trade-oﬀs
between growth and defense has some demonstrated
support (e.g., Bergelson 1994; Hakulinen et al. 1995;
Vrieling and Van Wijk 1994); counterintuitively, however, trade-oﬀs are most often observed under resourcerich conditions (Koricheva 2002a). Although allocation
costs are thought to be important constraints in the
evolution of plant defense, supporting data have been
diﬃcult to produce. One reason, among many, has been
the failure to take the environment of the plant into
account when considering trade-oﬀs (Bergelson and
Purrington 1996; Koricheva 2002a).
To test the roles of plant genotype and environment
on allocation to resistance and subsequent costs to
growth, we used an experimental system including
quaking (= trembling) aspen (Populus tremuloides) and
the gypsy moth (Lymantria dispar). Quaking aspen is the
most widely distributed tree species in North America
(Dickmann and Stuart 1983) and grows in a variety of
environments (Mitton and Grant 1996). Aspens are

highly genetically variable; variation can be observed for
leaf and bark morphology, leaf phenology, growth rate
and susceptibility to disease and herbivores (Barnes
1969; Dickmann and Stuart 1983; Perala 1990; Mitton
and Grant 1996). In addition to the eﬀects of genotype
on aspen growth and resistance, aspen is likely to respond strongly to nutrient and light availability because
of its early successional status and rapid growth rate
(Bryant et al. 1983; Herms and Mattson 1992).

Materials and methods
Overview of experimental design
To investigate the relative roles of plant genotype and
environment, we used a split-split plot design, with light
level as the whole-plot treatment, aspen genotype as the
sub-plot treatment and soil nutrient level as the sub-subplot treatment. We used two light levels; each light
condition was replicated with four shadehouses (a total
of eight houses in a fully factorial design). Eight aspen
genotypes were grown under the various conditions of
light and nutrient availability. We applied two levels of
nutrient availability to the experimental saplings. Saplings were divided into two groups: eight genotypes were
used for plant growth determinations, and six of the
eight genotypes were used for insect bioassays.
Aspen genotypes, propagation and growth conditions
Saplings were propagated from a subset of the genotypes
used by Hwang and Lindroth (1997). The genotypes
were propagated from potted saplings maintained for
several years in a common garden on the University of
Wisconsin–Madison campus. Root material was originally collected from several sites in south-central Wisconsin, and one site from west-central Colorado (Hwang
and Lindroth 1997). Genotypes from Wisconsin were
Dan1 and 2 (from Dane County), Sau2 and 3 (Sauk
County) and Wau1 and 2 (Waushara County) (as in
Hwang and Lindroth 1997). Genotypes from Colorado
were Lar1 and 3 (Larimar County) (as in Hwang and
Lindroth 1997).
In summer 1995, aspen material for use in the study
was propagated in sand ﬂats from root cuttings as described by Hwang and Lindroth (1997). Individual
propagated suckers were planted outside in 1-l pots
containing 1:1 sand-to-soil mixture and fertilized at a
rate to attain maximum growth. Following leaf drop in
autumn 1995, the suckers were bare-rooted and overwintered in refrigerators (4C). In the spring of 1996,
suckers of each genotype were randomly assigned to and
planted in their assigned light and soil-fertility treatment
conditions.
Saplings were potted individually into 16-l pots containing a 3:2 mixture of sand and local silt-loam ﬁeld
soil. To manipulate nutrient availability, Osmocote 8- to
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9-month slow-release fertilizer (18:6:12 N-P-K +
micronutrients) was added at a rate of 3.5 g/l to highnutrient pots; low-nutrient pots received no fertilizer. In
the spring of 1997, high-nutrient plants were treated for
a second time (top-dressed) with the same dose of fertilizer as used in 1996. We used these soil nutrient levels
because they had produced a strong eﬀect on plant
growth, without over-fertilization, in a previous study
(Hemming and Lindroth 1999).
To alter light availability, aspen were grown within
frames covered with light-neutral shade cloth, which
blocked 30 and 85% of available sunlight. These levels
produced a wide range of aspen growth in a previous
study (Hemming and Lindroth 1999).
Saplings were monitored twice a week for insect pests
and pathogens throughout the growing period. Insect
pests, in general, were rare on the experimental saplings.
Aphids were the most common potential pest and were
controlled with applications of Talstar (Bifenthrin,
FMC Corporation, Baltimore, MD), a synthetic pyrethroid, in summer 1996. Pesticides were not applied, or
needed, in 1997 (the season insect bioassays were conducted).
Aspen harvest
To determine the eﬀect of aspen genotype, resource
availability and their interactions on aspen growth,
saplings were destructively harvested 1.5 seasons after
planting (growth period: 11 May 1996–24 June 1997).
Three saplings of each treatment combination were
dedicated to destructive harvest within each shadehouse
(3 saplings · 8 genotypes · 2 nutrient levels · 2 light
levels · 4 replicate shadehouses for a total of 384 saplings). Before planting in 1996, we had recorded fresh
mass of each experimental sapling. To estimate initial
dry mass of these saplings a conversion factor was used.
Eight sacriﬁcial saplings of each genotype were weighed,
dried and reweighed to obtain fresh-to-dry-mass ratios,
and this ratio was used to estimate initial dry mass. To
determine ﬁnal mass of saplings, saplings were harvested
(roots, stems and leaves), dried at 70C to constant mass
and weighed. We calculated growth increment (GI) as
[(sapling ﬁnal dry mass)(sapling estimated initial dry
mass)].
Because photosynthetic rates inﬂuence the allocation
of ﬁxed carbon to growth and defense (Herms and
Mattson 1992), we measured photosynthetic rates during midday (10 A.M.–2 P.M.) in the week preceding harvest. One sapling for each shadehouse, nutrient and
genotype combination was measured. Photosynthetic
measurements were made on the ﬁrst mature leaf on the
terminal shoot. (Foliage that ﬂushed at the initial budbreak, was fully expanded and was deep green was
considered mature.) Photosynthesis was measured using
an infrared gas analyzer, Li-Cor 6262 (Li-Cor, Lincoln,
NE) at a photon ﬂux density of 1,000 lmol m2 s1
provided by a red-light source.

Insect bioassays
To determine the eﬀects of plant genotype, environmental conditions and their interactions on food quality
for insect herbivores, we conducted feeding studies with
both second- and fourth-stadium gypsy moths. As results from the two sets of bioassays were quite similar,
we present data from only the fourth-instar bioassays
here.
Fourth-stadium gypsy moth larvae were tested on
foliage from six of the eight aspen genotypes under the
two light-availability and two soil-fertility treatments.
[We used a subset of the genotypes (Dan1 and 2, Sau 2
and 3, Wau1 and Lar3) because the large number of
bioassays required for the full complement of treatment
combinations was simply impractical.] A set of three
saplings for each of the 24 genotypes and resourceavailability combinations in each of the four replicate
shadehouses was allocated for use in insect bioassays (a
total of 96 sets of insect bioassay saplings to allow full
replication of the fully factorial design). Foliage for the
bioassays was clipped in a disperse pattern from the
crown of designated bioassay saplings (terminal leaves
were avoided), held in plastic bags over ice for transport
to the lab (<10 min), weighed and immediately placed
into waterpiks to maintain leaf turgor. Throughout the
duration of the experimental stadium, foliage was
changed every 2 days or more frequently as needed.
Gypsy moth egg masses were provided by USDAAPHIS, Otis Air National Guard Base, MA, USA. Egg
masses were surface sterilized in a solution of 0.1% sodium hypochlorite solution with 1% Tween 80 as a
surfactant. Insect assays were conducted in Percival growth chambers in the University of Wisconsin
Biotron because quarantine conditions prohibited the
use of gypsy moths outdoors. To simulate temperatures
and photoperiod for early summer in Madison, WI,
temperature and light conditions used were 23:15C with
a 15L:9D photo regime. Larvae for the bioassay were
reared on artiﬁcial diet for the ﬁrst and second stadia
and on foliage collected from aspen saplings with low
phenolic glycoside levels for the third larval stadium.
Subsequently, fourth instars were used to assay the effects of aspen genotype, resource availability and their
interactions on growth. Four subsample larvae were
tested individually, for a total of 384 individual larvae.
The bioassay began approximately 4 weeks after bud
break to match the phenology of the larvae and foliage
of the experimental saplings. At this time (23–24 May),
the foliage was fully expanded, 3–4 cm in diameter and
of appropriate age and toughness for fourth-stadium
gypsy moths (Osier, personal observation). Newly molted fourth-stadium larvae were individually weighed and
randomly assigned to one of the treatment combinations. Each larva was placed within a 100·15 mm petri
dish on an assigned treatment and supplied with foliage
ad libitum. The time and date of ecdysis into the ﬁfth
instar was recorded, the larvae were frozen, dried at
70C to constant mass and weighed. All residual foliage
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was collected, dried at 70C to constant mass and
weighed.
Larvae used to set up the bioassay were restricted to
females. At the start of this experiment, gender was
estimated using known mass distributions from previous
studies to select only females. This approach was highly
successful: of the 384 larvae used in the experiment, all
but three were females (determined by inspecting the
genital pores of the ﬁfth-stadium larvae at the end of the
study). Males were removed from further analysis. The
study was restricted to females because if gender is not
taken into account, treatment eﬀects can be obscured if,
by chance, the distribution of males and females is uneven across treatments. With an experimental design
such as this one (with relatively low replication and
minimal subsampling) there is a high probability of
losing experimental cells because all of the larvae within
a particular resource availability · genotype · replicate
combination are either male or female. Females were
used because the size of gypsy moth females is highly
correlated with egg production (Osier et al. 2000).
Insect growth performance, consumption, and food
utilization indices were calculated as in Waldbauer
(1968), except that relative growth rate (RGR) was
modiﬁed to use initial biomass rather than average
biomass as the relative term (Farrar et al. 1989). For
brevity, we present here a reduced data set including
growth and development measures only. The full complement of data is provided by Osier (2001).
Chemical analyses
Foliage was collected for phytochemical analyses on 27
May and 24 July 1997 for the fourth-stadium bioassay
and sapling harvest data, respectively. For the gypsy
moth bioassays and sapling harvest, 15 mature leaves
were collected haphazardly from their respective sets of
three saplings per shadehouse, genotype and fertility
combination (as was done for the foliage collected in the
insect bioassays). Foliage was put on ice immediately
after collections, weighed, ﬂash frozen in liquid nitrogen,
freeze-dried and reweighed.
Concentrations of phenolic glycosides (salicortin and
tremulacin) in leaf tissue were determined by high-performance thin-layer chromatography (HPTLC) as in
Lindroth et al. (1993). Salicortin and tremulacin puriﬁed
from aspen leaves served as standards. Condensed tannins were exhaustively extracted from leaf tissue in 70%
acetone at 4C (with 10 mM ascorbic acid as an antioxidant). To quantify condensed tannins in the extract,
we used the butanol-HCl method of Porter et al. (1986).
As the standard, we used condensed tannins puriﬁed
from aspen by the method of Hagerman and Butler
(1980). We used Kjeldahl analysis to quantify foliar
nitrogen. Acid digestions were conducted using the
method of Parkinson and Allen (1975), followed by the
micro-Nesslerization procedure of Lang (1958). Glycine

p-toluene-sulfonic acid (5.665% nitrogen) was used as
the standard.
Statistical analyses
Quaking aspen phytochemistry and gypsy moth insect
bioassay data were analyzed using a split-split plot
analysis of variance design [PROC MIXED (Version 8)
SAS Institute 1999]. When subsampling was used for the
sub-sub-plots (i.e., aspen growth: three subsample saplings; gypsy moth fourth-stadium bioassay: one to four
subsample larvae depending upon mortality), a mean
was generated among subsamples to provide one datum
for a genotype under a particular nutrient availability in
each shadehouse. The analysis of variance model was:
Yijkl ¼ l þ Li þ Eij þ Gk þ ðLGÞik þ eijk þ Nl þ ðLN Þil
þ ðGN Þkl þ ðLGN Þikl þ eijkl
where Yijkl is the average sapling, chemical or insect
response to light level i, shadehouse j, genotype k and
nutrient level l. Fixed eﬀects were light (Li), genotype
(Gk), light · genotype interaction [(LG)ik], nutrient (Nl),
light · nutrient interaction [(LN)il], genotype · nutrient
interaction [(GN)kl] and light · genotype · nutrient
interaction [(LGN)ikl]. Random eﬀects consisted of
whole-plot error (Eij), sub-plot error (eijk) and sub-subplot error (eijkl). F-tests were conducted using degrees of
freedom for error assigned by the Satterthwaite
approximation (Littell et al. 1996). Because of the highly
subsampled nature of this design, variation in mean
initial masses of saplings and larvae was low among
treatments and thus the covariate did not signiﬁcantly
relate to the dependent variables. Therefore, ANCOVA
was not used, or appropriate, according to the modelﬁtting guidelines of Littell et al. (1996).
To relate gypsy moth growth to aspen phytochemistry, we used stepwise multiple regressions [PROC REG
(Version 8) SAS Institute 1999]. Stepwise regressions in
SAS use a combination of forward selection and backward elimination (a=0.15) to ﬁt a model. We used
group means for each genotype · nutrient · light combination (n=24).
To evaluate allocation costs of resistance in aspen,
correlations were calculated as the relationship between
phytochemical traits (phenolic glycoside and condensed
tannin concentrations) and sapling growth. Correlations
were calculated [PROC CORR (Version 8) SAS Institute 1999] for each of the four combinations of resource
ability (low light and low nutrients, low light and high
nutrients, high light and low nutrients, and high light
and high nutrients). To quantify costs of allocation to
phenolic glycosides (the only compounds signiﬁcantly
related to growth) in terms of growth equivalents,
regression analyses were calculated between phenolic
glycosides and sapling growth in each of the four
combinations of environmental conditions.
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negatively associated with foliar nitrogen (r=0.740,
P<0.001).

Results
Aspen growth

Gypsy moth performance

Aspen growth was strongly aﬀected by both the independent and interactive eﬀects of genotype, nutrients
and light (Fig. 1). Growth varied widely among the
genotypes, and this variation depended upon nutrient
and light availability. The eﬀect of nutrient availability
on aspen growth was minimal under light-limited conditions; however, nutrient addition produced a two- to
fourfold increase in growth in high light, depending
upon genotype (Fig. 1).

Aspen genotype and nutrient availability independently
aﬀected gypsy moth growth and development parameters, whereas light and interactive eﬀects had somewhat
less consistent eﬀects (Fig. 4). Gypsy moth relative
growth rate (RGR) varied widely among the aspen
genotypes and was enhanced by nutrient addition
(Fig. 4). Light did not independently aﬀect RGR, but
altered the eﬀect of genotype. Aspen genotype and
nutrient availability accounted for the majority of the
explained variation in RGR; overall, genotype was most
important (Fig. 3). As for RGR, ﬁnal mass of larvae was
most strongly determined by genotype and was positively inﬂuenced by nutrient addition (Figs. 3, 4). Both
genotype and nutrients were important in determining
developmental time of gypsy moth larvae (Figs. 3, 4).
Although the eﬀect of light was considerably less
important than the eﬀect of genotype and the positive
eﬀect of nutrients, insect developmental time was the
shortest on aspens grown in shade, and the eﬀects of
both light and nutrients depended upon genotype. The
impacts of genotype and resource availability on larval
growth and development were eﬀected primarily
through changes in the eﬃciency with which larvae
converted digested food into biomass, rather than by
changes in food consumption or eﬃciency of digestion
(data not shown; Osier 2001).

Aspen phytochemistry
Phytochemical concentrations depended upon plant
genotype, nutrients and light availability; the magnitude and direction of responses to these treatments
diﬀered among the diﬀerent compound types (Fig. 2).
Phenolic glycoside concentrations were most strongly
dependent upon plant genotype and moderately reduced by nutrient addition and shading (Figs. 2, 3).
The eﬀect of light availability depended upon the
genotype and nutrient treatment of the saplings. Condensed tannin accumulation was almost completely
suppressed by shading, which accounted for nearly
90% of the variation explained by the experimental
treatments (Figs. 2, 3). Aspen genotype and the genotype · light interaction were the most important of the
numerous other signiﬁcant (but relatively weak) factors
aﬀecting condensed tannin concentrations (Fig. 3).
Foliar nitrogen concentrations increased under low
light and high nutrient conditions, and varied among
genotypes (Fig. 2). Of the variation explained by the
experimental factors, light, followed by nutrients, was
most important in determining foliar nitrogen concentrations (Fig. 3).
Concentrations of phenolic glycosides and condensed tannins were not signiﬁcantly correlated across
genotypes and nutrient treatments (r=0.055, P=
0.798). Levels of tannins were, however, strongly and

Aspen phytochemicals explained upwards of 80% of the
total variation in gypsy moth performance (Table 1).
Gypsy moth RGR and ﬁnal mass related negatively with
concentration of phenolic glycosides, which was the ﬁrst
phytochemical variable to enter regression models of the
bioassay results. Gypsy moth RGR and ﬁnal mass related positively to condensed tannin concentrations.
Phenolic glycoside concentrations alone explained
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Aspen growth
incremtnt (g dm)

Fig. 1 Norm of reaction plots
for aspen growth in response to
nutrient and light availability.
Each of the eight lines within a
panel represents a single aspen
genotype; each point represents
the mean response of 12
saplings. P values indicate the
results of split-split plot
ANOVA
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phytochemistry

160

Dan2
Sau3

Low light

Lar2
Wau1

Lar3
Wau2

High light
G
N
L
GxN
GxL
NxL
GxNxL

120
80
40
0
Low

High
Low
Nutrient availability

High

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

298

Nitrogen
(% dm)

Condensed
Phenolic
tannins (% dm) glycosides (% dm)

Dan1
Sau2
35

Dan2
Sau3

Low light

Lar3
Wau1

GxL GxN

High light
G
<0.001
N
<0.001
L
0.014
GxN
0.004
GxL
<0.001
NxL
0.914
G x N x L 0.181

28
21
14
7
0
16

G
<0.001
N
0.001
L
<0.001
GxN
0.501
GxL
<0.001
NxL
0.003
GxNxL
0.589

12
8
4
0
6

G
<0.001
N
<0.001
L
<0.001
GxN
0.026
GxL
0.589
NxL
0.001
GxNxL
0.762

4
2
0

Low

High

Low

N

Fig. 2 Norm of reaction plots for primary and secondary metabolites of aspen in response to nutrient and light availability. Foliage
was collected during the middle of the fourth-stadium gypsy moth
bioassay. Each of the six lines within a panel represents a single
aspen genotype; each point represents the mean response of 12
saplings. P values indicate the results of split-split plot ANOVA

approximately 80% of the total variation in insect
developmental time.
Relationships between allocation to resistance versus
growth in aspen
To investigate relationships between allocation to resistance and growth in aspen, we calculated correlations
between phenolic glycosides and sapling growth in each
of the four combinations of nutrient and light availability. Phenolic glycosides, but not tannins, were signiﬁcantly related to aspen growth, so only results for the
former are presented. We found extremely strong and
negative relationships between allocation to phenolic
glycosides and plant growth under the three experimental conditions where either nutrients or light limited
plant growth (Fig. 5a–c). However, under the single
condition where plant growth was not limited by nutrients and light, no signiﬁcant relationship was observed
(Fig. 5d). Tree growth was not signiﬁcantly correlated
with concentrations of the other phytochemicals measured (including condensed tannin concentrations and
the combined concentrations of phenolic glycosides and
condensed tannins), or with sapling photosynthesis,
under any of the experimental conditions (data for
photosynthesis and nonsigniﬁcant correlations not
shown). Allocation to phenolic glycosides was costly to
sapling growth: for every 1% increase in foliar phenolic
glycoside levels, growth of aspens was suppressed by 5.4,

G

NxL

N

L

G

L

L
Phenolic
glycosides

Condensed
tannins
GxL

GxL

Nitrogen

GxL

GxN L

N

N
G
RGR
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Nutrient availability

GxL N NxL
G

G
Final mass

N

G

Developmental
time

Fig. 3 Proportion of ‘‘explained variation’’ in relation to aspen
genotype (G), nutrient availability (N), light availability (L) and
their interactions for phytochemistry and insect performance
variables associated with the fourth-stadium bioassay. For each
variable, experimental treatments and interactions are ranked in
decreasing order (clockwise from top) of the proportion of
variation explained. Proportion of ‘‘explained variation’’ was
calculated as mean square for each treatment/total mean square
explained. For the sake of clarity, only variation due to signiﬁcant
parameters and parameters accounting for >1% of the explained
variation are shown. Note: For foliar nitrogen the G·N interaction
term accounted for only 0.4% of the explained variation and thus
was not included in the ﬁgure

4.7 and 2.7% in the low light and low fertility, low light
and high fertility, and high light and low fertility combinations, respectively.

Discussion
Aspen growth
Aspen growth was determined by genotype, soil
nutrient availability, light availability and interactions
among these factors. Based on previous studies with
aspen (Hwang and Lindroth 1997; Lindroth et al.
2001; Osier and Lindroth 2004), we expected genotype
to play a sizeable role in determining aspen growth.
The factorial design resulted in four widely varying
growth conditions and, again as expected, low nutrient
(Kinney and Lindroth 1997; Hemming and Lindroth
1999) and low light (Hemming and Lindroth 1999;
Agrell et al. 2000) availability strongly suppressed aspen growth. The synergistic eﬀect of unlimited light
and nutrients on plant growth was the most striking
of the sapling responses to the environmental treatments.
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Fig. 4 Norm of reaction plots for fourth-stadium insect performance in response to nutrient and light availability. Each of the
sixlines within a panel represents a single aspen genotype; each
point represents the mean response of 12 saplings. P values indicate
the results of split-split plot ANOVA

Aspen phytochemistry
The main and interactive eﬀects of plant genotype, soil
nutrients and light aﬀected concentrations of all phytochemicals were measured; however, the magnitude
and direction of responses to these treatments diﬀered
widely. Variation in concentrations of phenolic glycosides was driven primarily by plant genotype (Hwang
and Lindroth 1998; Osier and Lindroth 2001, 2004).
Although nutrients and light had dramatic eﬀects on
sapling growth, their role in determining phenolic glycoside concentrations was clearly secondary to that of
genotype. The dominance of genotype, over environmental factors, in regulating phenolic glycoside concentrations is consistent with other recent studies
with aspen (Lindroth et al. 2001; Osier and Lindroth
2001, 2004). These results support the perspective that

production and accumulation of secondary metabolites
is under tight genetic control rather than the consequence of simple mass action processes (Hamilton et al.
2001). In contrast to phenolic glycosides, however,
condensed tannin concentrations were largely determined by environmental conditions (light availability).
The strong impacts of environmental factors on condensed tannin concentrations have been observed in a
number of other studies with aspen (Roth et al. 1998;
McDonald et al. 1999; Hemming and Lindroth 1999;
Kinney et al. 1997; Osier and Lindroth 2001). Thus,
phenolic glycosides and condensed tannins exhibit differences in phenotypic plasticity even though these
suites of compounds are both products of the shikimic
acid pathway. Several papers have shown that multiple
products of a single metabolic pathway are often under
very diﬀerent types of biosynthetic control (Koricheva
et al. 1998; Keinänen et al. 1999), and this appears to
be the case with aspen.
Both phenolic glycosides and condensed tannins responded to the environmental treatments in the direction
predicted by the carbon–nutrient balance hypothesis
(Bryant et al. 1983), growth–diﬀerentiation balance
hypothesis (Herms and Mattson 1992) and the protein
competition model of phenolic allocation (Jones and
Hartley 1999). The magnitude of the responses, however,
was inconsistent with predictions. For example, even
under low light conditions where sapling growth was
extremely poor, allocation to phenolic glycosides was
only slightly less than that by plants growing under high
light conditions. In contrast, condensed tannin concentrations were highly environmentally plastic and behaved as if driven largely by the availability of
photosynthate to serve as substrate for tannin production. Responses inconsistent with the predictions of the
carbon–nutrient balance hypothesis have fueled a vigorous debate regarding its usefulness as a predictive tool
(Hamilton et al. 2001; Nitao et al. 2002; Koricheva
2002b; Lerdau and Coley 2002) and its rightful place in
the development of a comprehensive theoretical framework of plant defense (Stamp 2003). Apart from the
current debate, in this study the carbon–nutrient balance
hypothesis proved useful for predicting the direction,
but not magnitude, of responses of phenolic glycosides
and condensed tannins to experimental treatments.

Table 1 Phytochemical components accounting for variation in gypsy moth performance in the fourth-stadium bioassays (stepwise
multiple regressions, a=0.15 was used as the criterion for acceptance to, or rejection from, the model)
Parameter

Stepwise regression model

Partial components

Equation

R2

P

Variable

R2

P

RGR

Y=0.660.02(PG)+0.01(CT)

0.835

<0.001

Final mass

Y=64.311.51(PG)+0.61(CT)

0.841

<0.001

PG
CT
PG
CT

0.800
0.035
0.786
0.056

<0.001
0.049
<0.001
0.013

Dev. time

Y=4.18+0.28(PG)

0.832

<0.001

CT Condensed tannins, PG phenolic glycosides
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Fig. 5 Correlations between
allocation to resistance
(phenolic glycosides) and
growth in quaking aspen under
four combinations of light and
nutrient availability. For each
light and nutrient availability
combination, each point within
a ﬁgure represents a mean of
four shadehouses (12 saplings)
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Aspen genotype was consistently the most important
factor determining gypsy moth growth and development. As has been routinely observed, host quality for
gypsy moths appears to be driven by phenolic glycoside
concentrations (Hwang and Lindroth 1997, 1998; Osier
et al. 2000; Hemming and Lindroth 1995). Phenolic
glycoside concentrations entered and remained in the
regression model for every insect performance parameter
measured and were the ﬁrst phytochemical to enter the
model. The consistency with which phenolic glycosides
enter the model and the large proportion of the variation
explained by phenolic glycosides, when in the regression
model alone, speak to the overwhelming importance of
phenolic glycosides in determining insect performance.
This work ranked the importance of plant genotype,
nutrients and light in determining variation in insect
performance. Plant genotype was most important, followed by nutrient and ﬁnally, light availability. In related studies, the importance of genotype and
environment vary, with either genotype (Horner and
Abrahamson 1999; Abrahamson et al. 1988; Hakulinen
et al. 1995; Orians et al. 2003) or environment (Mutikainen et al. 2000; Orians and Fritz 1996; Rossi and
Stiling 1998) implicated as primary causes of variation
important for herbivores. A key consideration when

r = -0.901
P = 0.002
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Aspen growth
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0

5
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attempting to rank the importance of treatments is that
the relative strength of each treatment applied is
approximately equal. Our goal was to apply levels of
each environmental treatment that were biologically
realistic and of comparable strength to the others; in all
cases we attempted to apply levels of treatment that
spanned the known range in aspen. Even when light and
nutrient availability were pushed nearly to extremes,
environment and genotype by environment interactions
were markedly less important than genotype in determining insect performance. Our results suggest that
patterns of insect performance among aspen clones in
the ﬁeld are determined much more strongly by genetic
variability than by environmental heterogeneity with
respect to nutrients or light.
Costs of allocation to resistance in aspen
Why are phenolic glycoside concentrations so variable
among genotypes if they are so eﬀective at conferring
resistance against insect herbivores? The conventional
explanation is that defense is costly, and that because the
magnitude of herbivory varies spatially and temporally,
the beneﬁts of defense are also variable (Simms 1992).
Variable costs and beneﬁts would function to preserve
polymorphisms in defensive allocation within plant
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populations. Although the notion of trade-oﬀs between
growth and defense has been important to the development of theories of plant–herbivore interactions, supporting evidence has been more elusive than logic would
suggest (Herms and Mattson 1992; Mole 1994; Koricheva 2002a). One reason, among many, as to why
trade-oﬀs may be diﬃcult to discern is that they are
context-dependent: expression may depend on resource
availability.
In this study, a trade-oﬀ between investment in phenolic glycosides and growth was evident only under resource-limited conditions. Under those conditions,
variation in allocation to chemical resistance among
genotypes explained an extraordinary amount (60–80%)
of the variation in growth observed. To our knowledge,
these relationships are some of the strongest in the plant
defense literature and are much stronger than the average relationship (r=0.15) reported in a comprehensive
review by Koricheva (2002a). For each percentage increase in allocation to phenolic glycosides, plant growth
decreased dramatically (from almost 3 to over 5%,
depending upon environmental conditions). The more
severely aspen growth was suppressed by the environmental treatments, the greater was the realized cost of
allocation to phenolic glycosides. Our ﬁndings suggest
that the cost of phenolic glycoside production in young
aspen trees and conﬂicting selection pressures for both
growth and defense shaped the evolution of allocation
strategies that resulted in the polymorphism of defense
evident in natural aspen populations today.
It has been suggested that costs of defense are more
likely to be observed under resource-limiting conditions
(Rhoades 1979; Fox 1981; Bergelson and Purrington
1996). Koricheva’s (2002a) meta-analysis, however,
showed limited support for this pattern. She found that
the degree to which resource availability plays a role in
mediating trade-oﬀs between growth and defense was
variable among studies, but that relationships were more
often observed under resource-rich than resource-limited
conditions. Studies conducted within the Salicaceae, the
family to which aspen belongs, exhibit variable results as
well. Nitrogen availability appears to mediate the
expression of costs of resistance in some willows but not
others. Hakulinen et al. (1995) found that biomass of
Salix myrsinifolia clones was negatively related to foliar
concentrations of total phenolics under sub-optimum
and optimum fertility conditions, but not under supraoptimum conditions. In contrast, Orians et al. (2003)
evaluated correlations between plant growth and phenolic glycosides in Salix sericea, and found no cost of
allocation to resistance traits under low, medium or high
fertility treatments. In that study, however, plant growth
and resistance traits exhibited relatively little variation in
comparison to what we observed in aspen. The greater
degree of genetic variation in aspen growth and phenolic
glycoside concentrations likely facilitated detection of a
relationship between growth and resistance. Our results
are consistent with the notion that trade-oﬀs between
resistance and growth can be mediated by environment

and that costs are more likely to be detected under resource-limiting conditions. In our nutrient- and lightlimited aspen saplings, allocation to growth was redirected in favor of supporting the genetically ﬁxed allocation to resistance.

Conclusions
The maintenance of genetic variation in commitment to
chemical defense within plant populations has long
intrigued ecologists. The conventional explanation for
such variation is that the costs and beneﬁts of chemical
defense vary in space and time. Evidence in support of
this notion has been slow to accumulate, especially for
woody species. The results reported here suggest that
costs are more likely to be manifest when studies: (1)
target defense compounds that comprise a substantial
portion of plant mass, (2) focus on known defense compounds rather than secondary metabolites in general and
(3) incorporate a range of environments likely to inﬂuence costs. Our results also reveal that phenotypic plasticity can vary markedly among classes of secondary
metabolites originating from a common biosynthetic
(e.g., shikimic acid) pathway. This ﬁnding suggests that
accumulation of secondary metabolites is determined by
divergent regulatory control processes and is not simply a
function of mass ﬂow source–sink dynamics (Hamilton
et al. 2001). Finally, this work highlights the importance
of environmental variation as a driver in the evolutionary
trade-oﬀs that have resulted in the expression of resistance polymorphisms in natural plant populations today.
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