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Abstract This study examined the independent and
interactive effects of elevated carbon dioxide (CO2) and
ozone (O3) on the foliar quality of two deciduous trees
species and the performance of two outbreak herbivore
species. Trembling aspen (Populus tremuloides) and paper
birch (Betula papyrifera) were grown at the Aspen FACE
research site in northern Wisconsin, USA, under four
combinations of ambient and elevated CO2 and O3. We
measured the effects of elevated CO2 and O3 on aspen and
birch phytochemistry and on gypsy moth (Lymantria dispar) and forest tent caterpillar (Malacosoma disstria) performance. Elevated CO2 nominally affected foliar quality
for both tree species. Elevated O3 negatively affected aspen
foliar quality, but only marginally influenced birch foliar
quality. Elevated CO2 slightly improved herbivore performance, while elevated O3 decreased herbivore performance, and both responses were stronger on aspen than
birch. Interestingly, elevated CO2 largely offset decreased
herbivore performance under elevated O3. Nitrogen, lignin,
and C:N were identified as having strong influences on
herbivore performance when larvae were fed aspen, but no
significant relationships were observed for insects fed
birch. Our results support the notion that herbivore performance can be affected by atmospheric change through
altered foliar quality, but how herbivores will respond will
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depend on interactions among CO2, O3, and tree species.
An emergent finding from this study is that tree age and
longevity of exposure to pollutants may influence the
effects of elevated CO2 and O3 on plant–herbivore interactions, highlighting the need to continue long-term
atmospheric change research.
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Introduction
Anthropogenic inputs have substantially increased levels of
atmospheric carbon dioxide (CO2) and tropospheric ozone
(O3) (IPCC 2007). Concentrations of carbon dioxide are
currently *37% higher (386 ppm) than pre-industrial
levels (280 ppm) and are predicted to increase to 550 ppm
by 2050 (IPCC 2007). Concurrently, background levels of
tropospheric ozone have also increased by 40% (IPCC
2007). Nearly 25% of global forests were exposed to O3
concentrations exceeding 60 ppb in 1990, and 50% of
global forests are expected to be exposed to these damaging levels by 2100 (Fowler et al. 1999). How atmospheric
change influences forest ecosystems is critically important
considering that forests currently cover *30% of the terrestrial area, contribute *50% of terrestrial net primary
productivity, and store *45% of terrestrial carbon (Bonan
2008).
Increases in atmospheric CO2 and tropospheric O3 can
alter multiple components of forest ecosystem processes,
including tree growth, physiology, and phytochemistry,
which in turn can influence plant–herbivore interactions
(Lincoln et al. 1993; Lindroth 1996a, b, 2010; Bezemer and
Jones 1998). Elevated CO2 generally increases plant
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growth (Ainsworth and Long 2005), although this response
depends on forest stand age and nutrient availability
(Körner 2006). Elevated CO2 also generally decreases
nitrogen concentrations and increases phenolic and carbohydrate concentrations and C:N ratios (Lindroth 2010).
Conversely, elevated O3 is potentially the most damaging
air pollutant to plants, generally reducing plant growth
(Karnosky et al. 2007; Wittig et al. 2009). The effects of O3
on foliar nutrient concentrations are variable and depend on
the tree species studied (Valkama et al. 2007), longevity of
exposure (Oksanen 2003), and tree sensitivity (Karnosky
et al. 1999). Prolonged exposure can compound the negative effects of O3, leading to reduced foliar nutrient concentrations (Oksanen 2003). Elevated O3 also generally
increases the production of phenolic compounds, potentially as an antioxidant response (Valkama et al. 2007).
Insect herbivores are the primary consumers in forest
ecosystems, and are important regulators of nutrient
cycling, biomass production, succession patterns, and
energy flow (Mattson and Addy 1975; Fajvan and Wood
1996; Lindroth 1996a, b, 2010; Hunter 2001; Lovett et al.
2006). Elevated CO2 generally decreases herbivore growth
(Zvereva and Kozlov 2006). However, compensatory
mechanisms, such as increased consumption or prolonged
development, can ameliorate reduced growth under elevated CO2. Elevated O3 generally has beneficial effects on
herbivore growth, but these benefits are reduced when
elevated O3 co-occurs with elevated CO2 (Valkama et al.
2007).
Outbreak herbivores can increase population sizes
exponentially, and have the potential to cause widespread
damage to forest ecosystems. Two outbreak herbivores that
have historically caused widespread defoliation in the
United States are the gypsy moth, Lymantria dispar, and
the forest tent caterpillar, Malacosoma disstria (Mattson
et al. 1991). Combined damage across 2007–2008 by gypsy
moths in the eastern United States was over 1.2 million
hectares of forest land (United States Department of
Agriculture, Forest Service 2009). Forest tent caterpillars
erupt to outbreak levels every 7–12 years (Fitzgerald
1995), and in 2001 defoliated over 6 million hectares in the
Great Lakes region alone (United States Department of
Agriculture, Forest Service 2003).
Trembling aspen, Populus tremuloides, and paper birch,
Betula papyrifera, are preferred hosts for gypsy moths and
forest tent caterpillars, and are major components of forest
ecosystems in the Great Lakes region, representing
approximately 16% of commercial forest lands in this area
(Dickson et al. 2000). Consequently, aspen–birch stands
represent a significant carbon pool in the Great Lakes
region. How gypsy moths and forest tent caterpillars
respond to future atmospheric conditions is important,
considering that climate change is predicted to increase the
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frequency and intensity of insect outbreaks (Stireman et al.
2005; Jepsen et al. 2008).
The goal of this study was to determine whether levels of
CO2 and O3 predicted for the year 2050 alter the foliar quality
of aspen and birch trees, and whether changes in foliar
quality influence the performance of two outbreak insect
herbivores. Specifically, we predicted that: (1) elevated CO2
will decrease foliar quality by increasing C:N ratios through
reductions in nitrogen concentrations and increases in
structural and nonstructural carbohydrate and phenolic
concentrations, (2) elevated O3 will also reduce foliar quality
via the same mechanisms as proposed for CO2, (3) differential sensitivities of tree species to elevated CO2 and O3 will
result in foliar quality responses that differ between species,
(4) reductions in foliar quality will decrease herbivore performance unless compensatory mechanisms (e.g., increased
feeding or digestion efficiency) offset reductions in insect
performance, and (5) herbivore performance will differ
between both herbivore species and tree species.

Materials and methods
Experimental design
This experiment was conducted in northern Wisconsin,
USA (W89.5°, N45.7°) at the Aspen Free Air CO2 and O3
Enrichment (FACE) research facility. The Aspen FACE
site is a 32 ha research facility located near Rhinelander,
WI. The site contained twelve experimental rings, 30 m in
diameter, with three blocks of four treatments. The fullfactorial design allowed for all possible treatment combinations of ambient and elevated (560 ppm) CO2 and
ambient and elevated (1.59 ambient) O3 levels. Detailed
information about the experimental design, set-up, and
operation of the Aspen FACE research facility can be
found in Dickson et al. (2000).
One half of each experimental ring contained multiple
genotypes of aspen, one quarter of each ring contained a
mixture of aspen and paper birch, and one quarter of each
ring contained a mixture of aspen and sugar maple, Acer
saccharum. One-year old seedlings were planted in the
rings in 1997, and fumigation treatments began in 1998.
We restricted our experiment to the aspen and aspen–birch
sections. Within each of the 12 rings, we randomly selected
three trees each of aspen and birch for foliar collections and
herbivore bioassays. We used aspen genotype 42E because
it had emerged as the dominant genotype within the aspen
community under elevated CO2, ambient O3 environments
(Kubiske et al. 2007), and is relatively O3 sensitive
(McGrath et al. 2010). At the time of the experiment
(2007), the pole-stage trees were 11 years old and the
canopy had closed.
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Foliar quality analysis
Leaves were collected for phytochemical analyses at the
midpoint of the insect bioassays from similar canopy
positions (lower and middle interior canopy) as the leaves
collected for the bioassays. A parallel study revealed
minimal phytochemical variation (\5% relative difference)
across multiple canopy levels of aspen and birch at this
research site (Couture 2011). We used pole pruners to clip
short shoots from trees, excised leaves from petioles, and
stored them on ice while in the field. Leaves were subsequently flash frozen in liquid nitrogen, freeze-dried,
ground, and stored at -20°C until chemical analysis.
Aspen and birch leaves were assayed for carbon, nitrogen,
simple sugars (i.e., hexoses and sucrose), starch, fiber,
lignin, and condensed tannins. In addition, aspen leaves
were analyzed for the phenolic glycoside tremulacin.
Carbon and nitrogen were determined using a Thermo
Finnigan (San Jose, CA, USA) Flash 1112 elemental analyzer. Simple sugars and starch were determined spectrophotometrically using a modified dinitrosalicyclic acid
assay (Lindroth et al. 2002). Fiber (acid detergent fiber,
determined as cellulose ? lignin) and lignin were determined gravimetrically using sequential extraction in a hot
acid-detergent solution in an Ankom 200 Fiber Analyzer
and incubation in 72% H2SO4. Condensed tannins were
determined spectrophotometrically using a butanol–HCl
method (Porter et al. 1986), with condensed tannins purified from aspen and birch leaves as standards. Tremulacin
was determined by high-performance thin layer chromatography (HPTLC) using methods described by Lindroth
et al. (1993), with tremulacin purified from aspen leaves as
a standard. While other phenolic glycosides (e.g., salicin,
tremuloidin, and salicortin) exist in aspen leaves, tremulacin and salicortin are the most biologically active (Lindroth et al. 1988) and represent the majority concentration
(generally [90%) of these compounds in foliar tissue of
P. tremuloides (Lindroth and Hwang 1996). We report
concentrations of only tremulacin, because salicortin
occurred in very low levels and interfering compounds
made quantification problematic. However, concentrations
of salicortin and tremulacin are highly (positively) correlated (Lindroth and Hwang 1996), so measurements of
tremulacin provide a suitable index of the total phenolic
glycoside pool in aspen foliage.
Insect bioassays
Bioassays were conducted with fourth stadium gypsy
moths and forest tent caterpillars to determine the effects of
CO2 and O3 on multiple insect performance variables,
including growth, consumption, and food processing efficiencies. Low populations of gypsy moth and forest tent
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caterpillars and logistical difficulties in collecting egg
masses from the area around the research site precluded us
from using insects collected from native populations near
Aspen FACE in this study. Gypsy moth egg masses were
obtained from USDA–APHIS (Otis Air National Guard
Base, MA), and forest tent caterpillar egg bands were
collected from the field in central New York State, USA.
After hatching, gypsy moths and forest tent caterpillars
were reared in a PercivalÒ growth chamber under a
24:18°C and 15:9 h light:dark cycle in 2.5 9 15 cm plastic
rearing dishes. We reared larvae on the same host plant
foliage that they would receive during the bioassay. By
rearing larvae on foliage from the same host plant, we were
able to examine how elevated CO2 and O3 influenced foliar
quality, and subsequent herbivore performance, while
avoiding any effects of host-plant switching.
Five recently molted (B18 h, with access to nonexperimental foliage), fourth instar larvae were randomly selected, weighed, placed together into a 4 9 15 cm rearing
dish, and fed aspen or birch foliage from an Aspen FACE
treatment (i.e., ambient CO2, ambient O3; elevated CO2,
ambient O3; ambient CO2, elevated O3; elevated CO2,
elevated O3). As the larvae had access to nonexperimental
foliage prior to beginning the bioassay, the individuals did
not have an empty gut upon initiation of the study. However, the insects used were seen feeding at the beginning
and the end of the bioassay (J. Couture, personal observation), indicating that the results we report are more likely to
be dependent on the larval responses to variation in foliar
quality under the different fumigation treatments and less
likely to be influenced by larval gut contents at the onset of
the study. We treated each rearing dish as an experimental
unit and used a total of 144 rearing dishes (2 levels of
CO2 9 2 levels of O3 9 3 blocks 9 2 tree species 9 3
replicate trees/tree spp. 9 2 insect species = 144 rearing
dishes) and 720 larvae (5/dish). Larvae were maintained in a
PercivalÒ growth chamber under a 24:18°C and 15:9 h
light:dark cycle at the Aspen FACE site. We used detached
leaves, as opposed to in situ feeding on trees, to focus on
how CO2- and O3-mediated effects on foliar quality influence herbivore performance independent of their effects on
environmental conditions (e.g., temperature, humidity).
Experimental foliage was collected between 1400 and
1800 h in the same manner as foliage for chemical analysis
and fed to the larvae on the same day as collected. Foliage
was kept hydrated by inserting the petioles into 6 ml florist
water piks filled with water. All rearing dishes were
examined daily to ensure adequate foliage was present;
additional leaves were provided if more than 50% of the
existing foliage was consumed. Foliage was replaced every
second day regardless of consumption to ensure that foliage quality resembled foliage collected for chemical
analysis (Hemming and Lindroth 1999). Uneaten leaves
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and frass from each rearing dish were collected every
2–3 days, air dried, and stored in a freezer until further
processing. Bioassay trials were run for 7 days, whereupon
dishes containing leaves, frass, and larvae were frozen. The
duration of the bioassay resulted in a small percentage
(8%) of gypsy moth larvae molting into their fifth instar; no
forest tent caterpillars molted. However, the number of
gypsy moths molting into their fifth instar was not influenced by the fumigation treatments for either aspen
(P = 1.00) or birch (P = 0.493). Thus, it is unlikely that
our results were skewed by differences in herbivore performance due to altered molting patterns.
After freezing, the uneaten leaves, frass, and larvae of
each rearing dish were air dried, transferred into scintillation vials, and lyophilized. Larval growth was determined
gravimetrically, as the difference between final and initial
dry masses. Initial dry masses were calculated based on a
wet:dry mass ratio determined from a set of ten similarsized larvae of each insect species from each host plant
species. Consumption was also determined gravimetrically,
as the difference between the dry masses of leaf material
provided and material remaining. We used a subset of
leaves from each collection to calculate a wet:dry mass
ratio, and used that ratio to estimate the initial dry masses
of leaves. Frass produced was measured gravimetrically.
Individual herbivore performance responses were calculated as the total response within a dish divided by the
number of larvae in the dish.
Statistical analysis
We analyzed tree foliar quality by analysis of variance with
a split-plot design, using the model Yijkl = bi ? Cj
? Ok ? COjk ? eijk ? Sl ? CSjl ? OSkl ? COSjkl ? eijkl.
In this model, b represents block i, C represents CO2 level j,
O represents O3 level k, eijk represents the whole-plot error,
S represents tree species l, and eijkl represents the subplot
error. Yijkl represents the average response of block i, CO2
level j, O3 level k, and tree species l. F tests were conducted
with degrees of freedom assigned using the Satterthwaite
approximation. Means and pooled standard errors are
reported for all combinations of CO2, O3, and tree species.
Insect performance variables were analyzed separately
for each insect species using a similar analysis of variance
to that described above, with the exception that covariates
were included in the model as recommended by Raubenheimer and Simpson (1992). Specific covariates included in
the model varied according to the response variable measured. For larval growth and consumption, initial larval dry
mass was included as a covariate. As a measure of
approximate digestibility (AD), we used frass production
with consumption as a covariate (Barbehenn et al. 2009).
Efficiency of conversion of digested food (ECD) was
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measured as growth, with ‘‘use’’ (use = total mass consumed - total frass produced) as a covariate, whereas
efficiency of conversion of ingested food (ECI) was measured as growth, with consumption included as a covariate
(Knepp et al. 2007). F tests were conducted with degrees of
freedom assigned using the Satterthwaite approximation.
Means and standard errors are reported for all combinations of CO2, O3, tree species, and insect species.
To interpret the influence of phytochemical variables on
growth, total consumption, and frass produced, we used
partial least squares regression (PLSR) analysis. In cases
where predictor variables are highly correlated with each
other (e.g., many variables of foliar quality), the use of
multiple linear regression produces unreliable coefficients,
because collinear predictor variables contribute similar
information to the response variable, ultimately affecting
the ability of the model to produce reliable regression
coefficients. PLSR is particularly useful because it can
reduce a large number of collinear variables into relatively
few, uncorrelated latent variables. PLSR identifies a select
number of latent variables from an independent data matrix
able to generate score values that capture predictor variation and are highly correlated with the response variable.
An important part of PLSR is deciding the number of latent
variables to use. It is possible to use as many latent variables as predictor variables, although doing so may lead to
overfitting, so initially a smaller number of variables is
typically used. We determined the number of latent variables extracted iteratively by cross-validation through
reduction of the predictive residual sum of squares
(PRESS). The latent variables were added into the model
until the currently added latent variable did not improve the
PRESS score, whereupon the preceding number of latent
variables was selected (Wold et al. 1984). Additionally, we
reduced the number of predictor variables in the model
using variable importance for the projection (VIP) selection (Wold et al. 1984), with 1.0 used as a cutoff for variable selection. This procedure selects predictor variables
(e.g., foliar quality) that explain the greatest variation in
both response and predictor matrices (Wold et al. 2001),
and thus retains predictor variables that demonstrate the
greatest influence on the response variables and explain
variation in the predictor matrix structure (i.e., have strong
treatment responses). The final set of extracted factors was
then transformed into a linear regression model for the
response variable. Larger regression coefficients indicate
greater contributions by predictor variables to the response,
and the sign indicates the direction of the influence of the
foliar quality variable on the larval performance variable.
We examined residuals to determine distributions of
response and predictor variables. Aspen foliar nitrogen,
starch, and tremulacin concentrations, birch starch and
lignin concentrations and C:N ratios, and gypsy moth frass

N nitrogen, C:N ratio of carbon to nitrogen, na not applicable

1,56

Numerator and denominator degrees of freedom (df numerator, denominator) were calculated using the Satterthwaite approximation
P values \0.05 are bolded and P values 0.05 \ P \ 0.10 are italicized

na

na
na
na
0.29
1.13
0.36
0.82
0.049
4.03
0.51
0.43
0.21
1.58
0.75
0.10
0.77

na

CO2 9 O3 9 tree spp.

0.08

na

na
na

na
0.002

0.79
0.07

9.83
0.74

0.58
0.31

0.11
0.005

0.73
0.12

8.26
0.71

0.12
2.25

0.13
0.048

0.046
4.16

4.30
0.071

0.051
3.97

3.38
0.18

0.059
3.73

1.78

1,56

1,56
O3 9 tree spp.

1,56
Tree spp.

CO2 9 tree spp.

na
na
na
<0.001
46.27
<0.001
94.41
0.49
0.48
<0.001
19.36
<0.001
54.69
<0.001
11.45
0.076

1,6

3.27

0.92

0.95
0.01
1,5.4
0.62
0.27
0.52
0.45
0.072
4.76
0.36
0.96
0.39
0.83
0.32
1.15
0.29

0.18

CO2 9 O3

1.31

0.01

2.25
1,5.4

1,5.4
0.041

0.27
1.41

6.73
0.79

0.71
0.14

0.07
0.12

<0.001
39.64

3.19
0.10

0.42
0.74

3.74
0.002

0.45
0.64

27.02
0.011

0.45
0.64

12.96
0.010

0.65
0.22

1,6

13.63

1,6
CO2

O3

F
df
df

F

P

F

P

F

P

F

P

F

P

F

P

F

P

Tremulacin
Lignin
Fiber
Condensed tannins
Starch
Sugar
C:N

Aspen and birch foliar quality was influenced by elevated CO2, O3, tree species, and their interactions
(Tables 1, 2). The effects of elevated CO2 on nutrient
quality were minimal, and the response was apparent
only in aspen (significant CO2 9 tree spp. interaction,
Table 1). Aspen nitrogen concentrations decreased by
6% and C:N ratios and sugar concentrations increased by
11 and 9%, respectively, under elevated CO2. Elevated
O3 had a negative effect on aspen and birch nutrient
quality, and this response was greater for aspen than
birch (Tables 1, 2). Elevated O3 decreased nitrogen
concentrations by 17 and 10% and increased foliar C:N
ratios by 21 and 12% in aspen and birch foliage,
respectively. Elevated O3 increased sugar concentrations
in aspen and birch foliage, but the response was greater
in aspen (24%) compared with birch (10%; O3 9 tree
spp. interaction, Table 1).
Elevated CO2, O3, tree species, and their interactions
also influenced the concentrations of phenolic and structural compounds (Tables 1, 2). Elevated CO2 increased
condensed tannin concentrations by 18 and 21% in aspen
and birch, respectively. It did not, however, affect concentrations of phenolic glycosides in aspen, or fiber and
lignin concentrations in either species (Tables 1, 2).

N

Foliar quality

Treatments and interactions

Results

Table 1 Summary of F and P values for the effects of CO2, O3, tree species, and their interactions on aspen and birch foliar quality

when insects were fed aspen were all log transformed, after
which all variables met assumptions of normality. All
predictor and response variables were centered (i.e., the
mean was subtracted from each variable), to ensure that
criteria for selecting successive factors was based on the
amount of variation they explain, and scaled (i.e., variables
were divided by the standard deviation), to weight the
variation in predictors and response variables relative to
variation in the data, thus producing centered and scaled
coefficients. We validated our models by examining the
relationship between the observed and predicted responses
(n = 36). Because of the small sample size for each model
validation, we used a more stringent cutoff (P \ 0.01) to
exclude models from our inferences relating insect performance to foliar quality.
Statistical analyses were performed with JMP v. 8.0
statistical software (SAS Institute Inc., 2008). The low
replication of the Aspen FACE design increases the
potential for type II errors. To balance between potential
type I and II errors, we report P values 0.05 \ 0.10 as
being ‘‘marginally significant’’ and P values \0.05 as
‘‘significant’’ (Filion et al. 2000); exact P values provided
by the statistical analyses are shown in Tables 1 and 3.
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Table 2 Effects of CO2, O3, and their interaction on aspen and birch foliar quality
Tree species and treatments

N

C:N

Sugar

Starch

Condensed tannins

Fiber

Lignin

Tremulacin

Aspen
Control

2.6 ± 0.1

17.8 ± 0.9

19.1 ± 1.3

2.2 ± 0.5

12.8 ± 1.3

27.5 ± 0.9

10.1 ± 0.9

0.5 ± 0.1

CO2

2.3 ± 0.1

20.3 ± 0.9

22.1 ± 1.3

2.9 ± 0.5

17.9 ± 1.3

26.5 ± 0.9

9.1 ± 0.9

0.4 ± 0.1

O3

2.0 ± 0.1

22.2 ± 0.9

25.8 ± 1.3

2.7 ± 0.5

17.7 ± 1.3

26.8 ± 0.9

13.8 ± 0.9

0.5 ± 0.1

CO2 ? O3

2.0 ± 0.1

23.5 ± 0.9

26.4 ± 1.3

3.8 ± 0.5

18.2 ± 1.3

26.1 ± 0.9

12.6 ± 0.9

0.4 ± 0.1

Birch
Control

2.5 ± 0.1

17.9 ± 1.1

17.4 ± 1.1

4.4 ± 0.6

16.1 ± 1.0

20.1 ± 0.9

8.7 ± 1.1

na

CO2

2.5 ± 0.1

18.6 ± 1.1

15.7 ± 1.1

3.6 ± 0.6

19.0 ± 1.0

18.6 ± 0.9

6.9 ± 1.1

na

O3

2.2 ± 0.1

21.1 ± 1.1

18.5 ± 1.1

4.4 ± 0.6

14.9 ± 1.0

18.5 ± 0.9

8.5 ± 1.1

na

CO2 ? O3

2.4 ± 0.1

19.7 ± 1.1

17.8 ± 1.1

5.3 ± 0.6

18.3 ± 1.0

20.0 ± 0.9

8.5 ± 1.1

na

Values are mean (% dry mass) ± 1SE
N nitrogen, C:N ratio of carbon to nitrogen, na not applicable

Elevated O3 increased condensed tannin concentrations in
aspen by 16%, but decreased concentrations in birch by
5% (O3 9 tree spp. interaction, Table 1). Elevated O3
increased lignin concentrations in aspen and birch foliage,
but the response was greater in aspen (39%) compared
with birch (7%; O3 9 tree spp. interaction, Table 1). It
did not, however, affect concentrations of phenolic glycosides in aspen, or fiber concentrations in either species
(Tables 1, 2).
Insect performance
Elevated CO2, O3, tree species, and their interactions
influenced gypsy moth and forest tent caterpillar performance. Gypsy moth growth increased 11 and 5% when
fed aspen and birch foliage, respectively, from elevated
CO2, but the changes were not statistically significant
(Fig. 1, Table 3). Forest tent caterpillar growth increased
when fed aspen and birch foliage from elevated CO2, and
the response was greater on aspen (22%) than on birch
(11%; CO2 9 tree spp. interaction, Table 3). Gypsy moth
and forest tent caterpillar growth decreased when fed
foliage from elevated O3, relative to foliage from ambient
O3, but the response depended on tree species and CO2
level (Fig. 1, Table 3). Gypsy moth growth decreased
when larvae were fed aspen and birch foliage from elevated O3, and the response was greater on aspen (21%)
than on birch (10%; O3 9 tree spp. interaction, Table 3).
Additionally, elevated CO2 ameliorated the reduction in
growth of gypsy moth larvae reared on foliage from
elevated O3 (CO2 9 O3 interaction, Table 3). Forest tent
caterpillar growth also decreased when larvae were fed
aspen and birch foliage from elevated O3 (Fig. 1). Again,
the response was greater on aspen (32%) than on birch
(7%; O3 9 tree spp. interaction, Table 3). Interestingly,
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elevated CO2 did not offset reductions in forest tent
caterpillar growth from elevated O3 (no significant
CO2 9 O3 interaction, Table 3).
Gypsy moths and forest tent caterpillars altered consumption differently when fed foliage from elevated CO2
(Fig. 1, Table 3). Gypsy moths consumed less foliage, but
forest tent caterpillar consumption was unaffected when
fed foliage from elevated CO2 (Fig. 1, Table 3). Gypsy
moths increased the consumption of foliage from elevated
O3 by 10% (Fig. 1, Table 3), and the response was consistent across both tree species. Elevated CO2, however,
offset the increased consumption by gypsy moths when
they were fed foliage from elevated O3 (CO2 9 O3
interaction, Table 3). Forest tent caterpillars increased the
consumption of foliage from elevated O3, but the response
was greater on aspen (37%) than on birch (15%;
O3 9 tree spp. interaction, Table 3). Again, elevated CO2
offset increased consumption by forest tent caterpillars
when fed foliage from elevated O3 (CO2 9 O3 interaction, Table 3).
Gypsy moths produced 8% less frass when fed foliage
from elevated CO2, and the response was consistent across
both tree species (Fig. 1, Table 3). Forest tent caterpillars
also produced less frass when fed foliage from elevated
CO2, but the response was greater for insects on aspen
(11%) compared with birch (4%; CO2 9 tree spp. interaction; Table 3). Gypsy moths produced more frass when
fed foliage from elevated O3, but the response was greater
on aspen (11%) than on birch (3%; O3 9 tree spp. interaction, Table 3). Additionally, elevated CO2 offset
increased gypsy moth frass production under elevated O3
(CO2 9 O3 interaction; Table 3). Elevated O3 altered forest tent caterpillar frass production, but this response
depended on tree species and CO2 level. When fed aspen
foliage from the elevated O3 only treatment, compared with
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Fig. 1 Left panel: gypsy moth
growth, consumption, and frass
production on aspen (dark bars)
and birch (light bars); Right
panel: forest tent caterpillar
growth, consumption, and frass
production on aspen (dark bars)
and birch (light bars). Error
bars are ?1SE

control foliage, forest tent caterpillars increased frass production by 23%, but this response was offset by elevated
CO2 (CO2 9 O3 9 tree spp. interaction; Table 3).
Gypsy moths slightly increased the efficiency of
digested foliage when fed aspen, but not birch, from
elevated CO2 (CO2 9 tree spp. interaction; Table 3).
Additionally, conversion of ingested foliage tended to
increase on foliage from elevated CO2, and more so on
aspen compared with birch, but the response was not
statistically significant (Table 3). Forest tent caterpillars
marginally increased both efficiency of digested and
ingested foliage from elevated CO2, and the response was
greater on aspen than birch (CO2 9 tree spp. interactions;
Table 3). Gypsy moth conversion of digested foliage into
biomass decreased when larvae were fed foliage from
elevated O3, and the response was greater on aspen (20%)
than birch (8%; O3 9 tree spp. interactions, Tables 3, 4).
Gypsy moth conversion of ingested foliage into biomass
also decreased when larvae were fed foliage from elevated O3, and again the response was greater on aspen
(22%) than on birch (9%; O3 9 tree spp. interactions,
Tables 3, 4). Similarly, forest tent caterpillar conversion
of digested foliage into biomass decreased when larvae
were fed foliage from elevated O3, and the response was
greater on aspen (31%) than on birch (8%; O3 9 tree spp.
interaction, Tables 3, 4). Forest tent caterpillar conversion
of ingested foliage into biomass also decreased when
larvae were fed foliage from elevated O3, and again the
response was greater on aspen (31%) than on birch (7%;
O3 9 tree spp. interactions, Tables 3, 4).

Identification of relationships between foliar quality
and insect performance via PLSR
PLSR can be a useful tool for relating single or multiple
response variables to a large number of correlated predictor
variables (e.g., foliar quality factors). Models relating
insect performance and aspen foliar quality all produced
significant relationships between observed and predicted
responses (Electronic supplementary material 1). Gypsy
moth and forest tent caterpillar growth was most positively
and negatively related to aspen nitrogen and lignin concentrations, respectively (Table 5). Gypsy moth and forest
tent caterpillar consumption and frass production were
most negatively related to aspen nitrogen concentrations
(Table 5). Gypsy moth consumption and frass production
were most positively related to aspen lignin concentrations,
and forest tent caterpillar consumption and frass production
were most positively related to aspen C:N ratios (Table 5).
PLSR was unable to generate significant models for the
actual versus predicted data on relationships between herbivore performance and birch foliar quality, given the more
stringent cutoff (P \ 0.01) for significance we used
(Electronic supplementary material 2). However, weak
relationships were detected between foliar quality and
growth for both insect species, and between foliar quality
and frass production for gypsy moths. The inability of
PLSR to produce significant models for the relationships
between insect performance and birch foliar quality was
likely a result of the nominal response of birch foliar
quality to the fumigation treatments, and the subsequently
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<0.001
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25.13
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12.78

22.36

F
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0.85

0.004

0.087

<0.001

0.13

0.17

0.051

0.019
0.20

0.15
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<0.001
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0.002

P

1,55.2

1,58.1

1,55.0

1,56.9
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0.01
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1.39
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F
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<0.001
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0.22

P

1,55.9
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1,61.0
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1,6.0

1,7.5

1,54.9
1,55.0

1,55.0

1,55.3

1,60.3

1,6.3

1,6.3

1,6.4

df

ECI

3.63

0.18

12.09

3.00

38.19

0.13

0.31

9.57

4.25

13.75
0.05

2.70

278.30

2.19

8.94

15.81

F

0.67

<0.001

0.089

<0.001

0.71

0.59

0.021

0.083

<0.001
0.82

0.10

<0.001

0.14

0.023

0.007

0.10

P

Growth (mass gained with initial insect mass as covariate); consumption (total consumption with initial insect mass as covariate); frass produced (with total consumption as covariate); ECD
(efficiency of conversion of digested food; growth with ‘‘use’’ as covariate); ECI (efficiency of conversion of ingested food; growth with total consumption as covariate)

Numerator and denominator degrees of freedom (df numerator, denominator) were calculated using the Satterthwaite approximation
P values \0.05 are bolded and P values 0.05 \ P \ 0.10 are italicized

1,6.1

1,57.0

CO2 9 O3

1,6.0

Covariate

1,6.1

CO2

O3

Forest tent caterpillar

1,5.9

F

df

P

df

F

Consumption

Growth

CO2

Gypsy moth

Insect species and treatments

Table 3 Summary of F and P values for the analysis of covariance of the effects of CO2, O3, tree species, and their interactions on growth, consumption, and food processing efficiencies of
gypsy moths and forest tent caterpillars
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Table 4 Effects of CO2, O3, and their interaction on the efficiency of
conversion of digested food (ECD; growth with ‘‘use’’ as covariate)
and the efficiency of conversion of ingested food (ECI; growth with
Insect and tree species

total consumption as covariate) of gypsy moths and forest tent
caterpillars feeding on aspen or birch

ECD
Control

ECI
CO2

O3

CO2 ? O3

Control

CO2

O3

CO2 ? O3

Gypsy moth
Aspen

83.7 ± 3.6

84.5 ± 3.6

60.1 ± 3.5

74.2 ± 3.5

85.1 ± 3.4

85.6 ± 3.4

58.1 ± 3.6

75.1 ± 3.4

Birch

48.9 ± 3.6

41.1 ± 3.5

37.1 ± 3.6

45.7 ± 3.5

48.4 ± 3.4

41.6 ± 3.5

34.9 ± 3.5

46.4 ± 3.5

Aspen

34.8 ± 2.5

40.7 ± 2.5

21.6 ± 2.4

30.3 ± 2.7

34.8 ± 2.6

40.4 ± 2.5

22.2 ± 2.8

29.5 ± 2.5

Birch

24.2 ± 2.5

25.4 ± 2.5

20.4 ± 2.5

24.9 ± 2.5

24.3 ± 2.5

25.2 ± 2.5

20.7 ± 2.5

25.2 ± 2.5

Forest tent caterpillar

Values are means ±1SE
Table 5 Standardized coefficients calculated using partial least squares regression relating aspen foliar quality to growth, consumption, and frass
produced
Foliar quality variable

Gypsy moth

Forest tent caterpillar

Growth

Consumption

Frass produced

Growth

Consumption

Frass produced

Nitrogen

0.031

20.119

20.123

0.120

20.252

20.206

C:N

20.114

0.119

0.131

20.087

0.283

0.227

Condensed tannins
Sugar

ns
ns

ns
0.089

0.094
ns

ns
ns

ns
0.248

ns
0.207

Starch

ns

ns

ns

ns

ns

ns

Fiber

ns

ns

ns

ns

ns

ns

Lignin

20.629

0.142

0.235

20.510

ns

ns

Tremulacin

ns

ns

ns

ns

ns

ns

Predictor variables included in the final model were selected using variable importance for the projection criteria from Wold et al. (1984)
Negative or positive weighted coefficients indicate negative or positive contributions, respectively, of foliar quality on herbivore performance.
The largest positive and negative weighted coefficients are bolded
C:N ratio of carbon to nitrogen; ns not selected for final model

limited influence that birch foliar quality had on herbivore
performance.

that herbivore performance can be indirectly affected by
atmospheric change, through altered foliar quality, but how
herbivores will respond will depend on levels of CO2 and
O3, and interactions among CO2, O3, and tree species.

Discussion
Foliar quality
At the Aspen FACE research site, elevated CO2 and O3
altered the foliar quality of both aspen and birch. Overall,
the effects of elevated CO2 were much smaller than those
of elevated O3, and aspen was more responsive than birch.
Insect performance was influenced by changes in foliar
quality, and the responses were strongly dependent upon
species-specific responses of trees to elevated CO2 and O3.
PLSR identified multiple foliar quality variables that
influenced insect performance when larvae were fed aspen,
and these foliar quality variables were altered by FACE
treatments. Birch foliar quality was only nominally affected by the treatments at Aspen FACE, and thus PLSR was
unable to generate significant relationships relating insect
performance and foliar quality. These findings demonstrate

Contrary to our first hypothesis, elevated CO2 had relatively little effect on foliar quality. Elevated CO2 marginally decreased nitrogen concentrations and increased C:N
ratios and sugar concentrations in aspen. That elevated CO2
did not have a more pronounced effect on nutrient composition is surprising, but not without precedent in this
study system (Agrell et al. 2005; Vigue and Lindroth
2010). Generally, a consistent trend of decreased foliar
nitrogen, coupled with increasing C:N ratios, has been
reported for plants grown under elevated CO2 (Zvereva and
Kozlov 2006; Stiling and Cornelissen 2007). Elevated CO2
increased concentrations of condensed tannins in aspen and
birch, but did not influence concentrations of tremulacin in
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aspen or concentrations of fiber and lignin in either tree
species.
Our observation of the nominal effect of elevated CO2
on foliar quality is likely a product of the potentially
numerous ways elevated CO2 influences forest ecosystems.
Elevated CO2 increases the ability of plants to forage for
and uptake nitrogen (Finzi et al. 2007), and if nitrogen
uptake increases proportionally with growth, foliar nutrient
quality may not decrease. Resource availability can also
influence the responses of foliar quality to elevated CO2
(Körner 2006). Additionally, forest developmental stage
can influence foliar quality. For example, condensed tannins and phenolic glycosides exhibit apparent ontogenetic
shifts in aspen, with relatively low levels of condensed
tannins and high levels of phenolic glycosides in juvenile
trees and the opposite relationship in mature trees
(Donaldson et al. 2006). While little is known about how
ontogeny interacts with atmospheric change to influence
foliar quality, a decade of research examining aspen secondary chemistry at Aspen FACE suggests that phytochemical responses to atmospheric change are likely
greatest in juvenile trees at this site, and that phytochemical
responses to atmospheric change potentially increase parallel to investment by trees into specific compounds.
Finally, the aspen genotype used in this study is emerging
as the dominant genotype relative to all other aspen clones
in elevated CO2 environments at Aspen FACE, with
reduced mortality and increased growth (Kubiske et al.
2007). Additional rooting space, due to competitor mortality or enhanced competitive ability, may increase
localized resource availability and potentially influence
foliar quality.
Consistent with our second and third hypotheses, elevated O3 reduced foliar quality, and the magnitude of
response differed among tree species. Elevated O3
decreased nitrogen concentrations and increased C:N ratios
and sugar concentrations in both aspen and birch, but the
responses were much greater in aspen than birch. While our
findings contrast with a recent meta-analysis showing that
elevated O3 generally does not influence foliar nutrient
composition (Valkama et al. 2007), our results agree with
numerous reports of reductions in nitrogen concentrations
under elevated O3 at this study site (Kopper et al. 2001;
Kopper and Lindroth 2003a, b; Holton et al. 2003). Elevated O3 can affect the synthesis of Rubisco (Bortier et al.
2000), potentially reducing nitrogen concentrations and
altering C:N ratios. Increases in soluble sugars under elevated O3 may be a result of the inhibition of photosynthate
conversion to storage carbohydrates or a product of the
hydrolysis of starch to sugars to aid in the repair of O3induced damage (Lavola et al. 1994).
Also consistent with our second and third hypotheses,
elevated O3 altered concentrations of secondary metabolites,
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and differently so among tree species. Elevated O3
increased levels of condensed tannins and lignin in aspen
but did not affect levels in birch. Previous studies have
reported increases in condensed tannin concentrations in
aspen under elevated O3 (Holton et al. 2003; Agrell et al.
2005). Elevated O3 can alter the enzymatic activity of the
shikimic acid pathway, enhancing the production of a
number of phenolic compounds involved in stress responses (Close and McArthur 2002; Cabané et al. 2004). High
molecular mass polyphenolics, such as condensed tannins,
have been reported to be effective antioxidants (Hagerman
et al. 1997), and increases in phenolic compounds under
elevated O3 may be a stress-defensive antioxidant response
(Heath 2008; Betz et al. 2009). Also, increased lignin
accumulation in poplar under elevated O3 is suggested to
provide a structural barrier and/or antioxidant activity to
reactive oxygen species, thereby increasing tolerance to O3
(Cabané et al. 2004).
Herbivore performance
Gypsy moths and forest tent caterpillars increased growth
when fed foliage from elevated CO2. This finding is in
contrast with recent meta-analyses showing that herbivore
growth is often reduced when insects are fed foliage from
elevated CO2 (Zvereva and Kozlov 2006; Stiling and
Cornelissen 2007). However, insect performance under
elevated CO2 has been shown to vary depending on both the
tree and insect species studied, and findings of unchanged
growth or even increased growth of herbivores feeding on
foliage from elevated CO2 environments have been reported
multiple times (Lindroth et al. 1993; Roth and Lindroth
1995; Kinney et al. 1997; Kopper et al. 2001; Holton et al.
2003; Williams et al. 2003; Kopper and Lindroth 2003a;
Hättenschwiler and Schafellner 2004; Knepp et al. 2007;
Peltonen et al. 2010; Vigue and Lindroth 2010). Our findings of increased growth by gypsy moths and forest tent
caterpillars fed aspen foliage from elevated CO2 also contrast with previous studies of aspen–herbivore interactions
(Lindroth et al. 1993; Roth and Lindroth 1995). The reason
for differences between past studies and the current study is
potentially a function of the stronger phytochemical
response exhibited by aspen in the earlier studies, due to the
use of much younger trees and higher levels of CO2.
Additionally, genotypic variation in phenolic glycoside
production can reduce the ability of nonadapted herbivores
to utilize aspen as a resource (Osier et al. 2000). The
genotype we used in this study has relatively low levels of
phenolic glycosides compared with other aspen genotypes
at Aspen FACE, and in contrast to previous studies, levels
were not influenced by elevated CO2.
Consistent with our fourth hypothesis, reductions in
foliar quality decreased gypsy moth and forest tent
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caterpillar performance. Gypsy moths and forest tent caterpillars grew less, consumed more, and had lower
digestibility and conversion efficiencies on foliage from
elevated O3. Compensatory feeding is a common response
to reductions in nitrogen concentrations and increases in
C:N ratios (Mattson 1980; Scriber and Slansky 1981).
Neither herbivore species was able to fully compensate for
reduced foliar quality, but, consistent with our fifth
hypothesis, gypsy moths were able to more fully compensate than forest tent caterpillars. Frass production
increased and efficiency of conversion of ingested foliage
into biomass decreased for both herbivores when fed foliage from elevated O3. However, efficiency of conversion of
digested foliage into biomass was reduced more for forest
tent caterpillars than gypsy moths, potentially explaining
the more pronounced effect of elevated O3 on forest tent
caterpillars, compared with gypsy moths. Our results agree
with a recent study finding that elevated O3 reduced the
performance of multiple early season folivores feeding on
silver birch (Peltonen et al. 2010). Additionally, our performance results are consistent with findings that forest tent
caterpillars fed ozonated foliage preferred birch to aspen,
and that aspen foliage from elevated O3 increases consumption (Agrell et al. 2005). However, our findings contrast with previous studies from Aspen FACE
demonstrating that elevated O3 either does not affect or it
increases herbivore performance (Kopper et al. 2001;
Kopper and Lindroth 2003a; Holton et al. 2003). This
disparity is likely a result of the use of juvenile trees in the
previous studies and the longevity of exposure by trees to
O3 in the current study. The negative effects of O3 on
plants are cumulative and longer exposure times increase
O3 sensitivity and the magnitude of negative responses
(Oksanen 2003). Preliminary examination of long-term
responses of foliar quality to elevated O3 suggests that
chronic O3 exposure for almost a decade at Aspen FACE
can produce trees with lower quality foliage (i.e., lower
nitrogen and higher phenolic glycoside concentrations),
compared with foliar quality responses to elevated O3 from
earlier experiments (Couture and Lindroth, unpublished
data).
Elevated CO2 ameliorated most of the reductions in
performance for gypsy moths and forest tent caterpillars fed
foliage from elevated O3. This finding contrasts with the
results of Valkama et al. (2007), who found that elevated
CO2 offset improved chewing herbivore performance under
elevated O3, and has significant implications for how outbreak herbivores will respond to atmospheric change in
forest ecosystems in the future. The consequences of
interactions between elevated CO2 and O3 for herbivore
performance are important considering that increases in
CO2 are occurring globally, while increases in tropospheric
O3 are temporally and spatially variable (Wittig et al. 2009).
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We used PLSR analysis to relate foliar quality to insect
performance. The value of PLSR is its ability to reveal
the influence of multiple, highly correlated predictor
variables on response variables. Nitrogen and lignin
concentrations and C:N ratios were identified as the
variables explaining the greatest amount of variation in
gypsy moth and forest tent caterpillar performance when
fed aspen. Nitrogen consistently produced the most
positive relationship with growth and the most negative
relationship with consumption and frass produced for both
herbivores. These results are similar to those of Peltonen
et al. (2010) who, using PLSR, found that nitrogen had
the highest positive and negative relationship with growth
and consumption, respectively, for the autumnal moth,
Epirrita autumnata. Lignin had the strongest negative
relationship with growth for both herbivores. Lignin also
had the most positive relationship with consumption and
frass production for gypsy moths, while C:N ratios had
the strongest positive relationship with consumption and
frass production for forest tent caterpillars. Gypsy moths
and forest tent caterpillars experienced reduced growth
and conversion efficiencies on aspen from elevated O3,
compared with ambient O3, and nitrogen and lignin
concentrations decreased and increased, respectively, in
aspen leaves from elevated O3, relative to ambient O3.
Additionally, we identified nitrogen and lignin concentrations as having strong influences on frass production,
and by association digestibility and conversion efficiencies. This relationship between foliar quality and herbivore performance suggests that O3-induced changes in
foliar quality reduced conversion efficiencies, and ultimately the growth, of both gypsy moths and forest tent
caterpillars. The existence of weak or non-significant
relationships between herbivore performance and birch
foliar quality indicates that, in this study, elevated CO2
and O3 did not alter birch phytochemistry sufficiently to
influence insect behavior.
Although extrapolating population responses from
individual performance measurements is risky (Awmack
and Leather 2002), a positive relationship generally exists
between insect mass and fecundity (Honĕk 1993). While
multiple factors (e.g., natural enemies, stochastic events)
influence population growth, marginal increases in growth
under elevated CO2 and decreases in growth under elevated
O3 for insects suggest that atmospheric change may
potentially contribute to altered populations of these herbivores in areas where aspen and birch commonly occur
(e.g., the Great Lakes region). Aspen phytochemistry was
more responsive to the fumigation treatments than birch,
and herbivore growth was affected more by aspen than
birch under elevated CO2 and O3. This finding is in line
with Agrell et al. (2005), who found a preference shift by
forest tent caterpillars from birch to aspen under elevated
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CO2 and the opposite preference shift under elevated O3.
These results also suggest that populations of folivores may
not be as adversely affected in mixed aspen–birch, compared with only aspen, forested areas under elevated O3,
because of potential host shifting from aspen to birch.
Additionally, greater background population levels of
outbreak herbivores under elevated levels of CO2 may
contribute to a predicted increase in the frequency and
duration of insect outbreaks (Stireman et al. 2005; Jepsen
et al. 2008)
In summary, two outbreak herbivores performed marginally better on foliage exposed to elevated CO2, compared with ambient CO2, and worse on foliage from
elevated O3, compared with ambient O3. Additionally,
elevated CO2 largely offset reduced performance by both
herbivores under elevated O3, but more so for gypsy moths
than forest tent caterpillars. Although both herbivores
increased consumption when fed aspen from elevated O3,
neither herbivore was able to fully compensate for reductions in foliar quality. These results suggest that gypsy
moths and forest tent caterpillars may have greater impacts
on aspen than birch under future predicted levels of CO2.
Our finding that elevated O3 negatively affected herbivore
performance contrasts with most earlier findings from
Aspen FACE (but see Agrell et al. 2005), suggesting that
tree developmental stage and longevity of exposure to
pollutants may influence foliar quality and plant–herbivore
interactions in future atmospheres. Also, this contrast
highlights the need to continue long-term global change
research in ecologically relevant settings. Herbivore populations encounter not only multiple tree species but temporal variation in forest stand structure and age that can
influence foliar quality (Körner 2006; Donaldson et al.
2006), and ultimately herbivore performance. Long-term
studies using experimental manipulation in ecologically
relevant settings provide insight into not only the specificity of herbivore–tree species interactions (Bezemer and
Jones 1997; Lindroth 2010), but how temporal variation
influences those interactions.
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