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Abstract Theory predicts that variation in plant traits will
modify both the direct interactions between plants and
herbivores and the indirect impacts of predators of those
herbivores. Light has strong eVects on leaf quality, so the
impacts of herbivores and predators may diVer between
plants grown in sun and shade. However, past experiments
have often been unable to separate the eVects of light envi-
ronment on plant traits and herbivory from direct eVects on
herbivores and predators. We Wrst manipulated light avail-
ability in an open habitat using a shade cloth pre-treatment
to produce oak saplings with diVerent leaf qualities. Leaves
on plants exposed to high light were thicker and tougher
and had lower nitrogen and water contents, and higher car-
bon and phenolic contents than leaves on plants under a
shade cloth. Then, in the main experiment, we moved all
plants to a common shade environment where bird preda-
tors were excluded in a factorial design. We measured
insect herbivore abundance and leaf damage. Herbivores
were signiWcantly more abundant and caused greater leaf
damage on sun trees, although these leaf characteristics are
usually associated with low-quality food. Bird exclusion
did not change herbivore abundance but did increase leaf
damage. Contrary to our predictions, the eVects of birds did
not diVer between trees grown in sun and shade conditions.
Thus, diVerences in eVects of predators on herbivores and

plants between light habitats, when observed, might be due
to variation in predator abundance and not bottom-up
eVects of host plant quality.
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Introduction

Ecologists recognize that both predation pressure and food
resources impact herbivore populations (Matson and
Hunter 1992; Polis 1999). Food web theory predicts that
tritrophic systems with greater primary productivity will
support larger herbivore populations which, in turn, support
higher densities of predators of these herbivores. As a
result, the impacts of predators will increase along this gra-
dient (Oksanen et al. 1981; Abrams 1993). The top-down
versus bottom-up paradigm in ecological research has paid
particular attention to the importance of nutrient availabil-
ity, as it aVects productivity, in evaluating the food quality
of foliage (e.g., Stiling and Rossi 1997; Forkner and Hunter
2000; Huberty and Denno 2006). A number of experiment-
ers have combined fertilization treatments with manipula-
tions of both invertebrate (Stiling and Rossi 1997; Fraser
and Grime 1998; Dyer et al. 2004) and vertebrate predators
(Sipura 1999; Ritchie 2000; Forkner and Hunter 2000;
Gruner 2004; Strengbom et al. 2005; Boege and Marquis
2006). These studies and others have shown that the
strength of predator eVects does not vary consistently with
productivity (Borer et al. 2005).

Nutrient availability, however, is not the only environ-
mental variable aVecting plant quality and growth. For sap-
lings and other understory plants in a shaded forest
environment, light may be a more limited resource than
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nutrients. Light increases plant growth, but the trophic
eVects of increasing light may be opposite that of fertiliza-
tion. Light exposure can alter leaf quality, especially in
plants with carbon-based defenses, resulting in plants with
tough leaves with high phenolic content, and low nitrogen
and water contents relative to shaded leaves (Nichols-
Orions 1991; Dudt and Shure 1994). Because these charac-
teristics make foliage less palatable to herbivores, they may
be less likely to colonize high-light plants, or less likely to
feed if colonizing, resulting in lower herbivore abundance
and lower plant damage. Lower herbivore populations
reduce the foraging intensity and eVects of density-dependent
predators, reducing the strength of indirect top-down eVects,
opposite to the expected results of nutrient-enrichment
experiments.

Higher concentrations of phenolics such as tannins in
plants can have negative eVects on insect herbivores.
Tannins are associated with decreased growth (Kopper
et al. 2002) and survivorship (Agrell et al. 2000) of herbivores
and correlate negatively with leaf damage by herbivores
(Bettolo et al. 1986; Dudt and Shure 1994; Sagers and
Coley 1995). Thus, shade leaves should be higher quality
due to their lower tannin and higher nitrogen levels and
should support higher abundances of insect herbivores,
while well-defended sun leaves should have fewer herbi-
vores. Because insectivorous birds preferentially forage on
vegetation with higher prey densities (Smith and Dawkins
1971; Whelan 1989; Parrish 1995), bird foraging eVort and
predation eVects should be greater on shaded plants. These
patterns suggest that the strength of the trophic cascade
(relative reduction in herbivores and herbivore damage due
to predation) should be greater in the less productive,
shaded environment. Sipura (1999) conducted a bird exclo-
sure study on two related willow species, one with high lev-
els of defensive chemicals and one with low levels; the
direct and indirect eVects of bird predation were greater on
the poorly defended species, consistent with these predic-
tions.

While eVects of light on plant growth, physiology, and
defensive chemistry are well-known, most experiments
exploring the eVects of light on leaf quality and herbivore
impact have been unable to separate the eVects of leaf qual-
ity and light per se on the distribution of herbivores and
their predators (Dudt and Shure 1994; Chacón and Armesto
2006; Muth et al. 2008). For example, it is often diYcult to
determine if diVerences in herbivory between light and
shady microenvironments are due to leaf quality, habitat
preferences of the herbivores (i.e., herbivores may be more
abundant or ingest more leaf material in one light envi-
ronment), or habitat preferences of the predators (e.g.,
Richards and Coley 2008). Unlike nutrient eVects on herbi-
vores that are transmitted through plants, light can directly
aVect herbivore (Stamp and Bowers 1994; Chase 1996) and

predator behavior (Blake and Hoppes 1986) by altering
temperature and humidity.

In this study we explicitly separated the eVects of light
on leaf quality and bird foraging on herbivores to assess
their relative impacts on levels of leaf herbivory and herbi-
vore abundance (a “species cascade,” sensu Polis 1999). In
a pre-treatment, we used a shade cloth to manipulate light
availability to plants growing in open, sunny conditions in
order to produce leaves of diVerent qualities. We then
moved all plants to a common light environment, analo-
gous to a common garden, and factorially excluded bird
predators. Placing all plants in a common light environment
allowed us to control for the direct eVects of light on herbi-
vore and predator distribution. We predicted that sun-
exposed trees would exhibit lower leaf quality and thus
lower herbivore abundance and damage than shaded trees.
This relationship would exist on all trees regardless of bird
access, but when birds were free to forage on experimental
trees, the diVerence between sun and shade trees would be
reduced, resulting in an antagonistic interaction between
birds and leaf quality on herbivores (Hare 1992).

Materials and methods

Experimental trees

This experiment took place at Tyson Research Center (St.
Louis Co., near Eureka, MO, USA). In April 2007, we
planted 72 Quercus alba saplings in 19 L buckets with
drainage holes (in Woodland Perennial Mix soil from
River City Landscape Supply, Inc., Sauget, IL, USA),
placed them in a location that provided morning sun and
afternoon shade, and provided water throughout the 2007
growing season. This year of growth allowed the saplings
to establish in the buckets and increase in size. We insu-
lated against freeze over the winter by placing mulch
around the outside of the buckets, and all saplings survived
the winter.

In spring 2008, we constructed a shade canopy structure
and sham control (“sun canopy”) structure in an open Weld.
Structures were 5 m £ 5 m in area and 1.3 m tall and
spaced approximately 4 m apart. The shade canopy was
covered with greenhouse shade cloth (black, “90% light
reduction,” International Greenhouse Co., Georgetown, IL,
USA), and the sun canopy was covered in monoWlament
netting (2.5 cm gaps, H. Christiansen Co., Duluth, MN,
USA). The shade canopy reduced photosynthetically active
radiation (PAR) by 75% compared to the sun canopy [per-
cent !mol photons m¡2 s¡1 reduction = 75.4 § 0.1%, based
on 30 paired measurements on three sunny days (10
measurements per day); line quantum meter LQM70–10,
Apogee Instruments, Inc., Logan, UT, USA].
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In the pre-treatment portion of the experiment, we
moved all saplings to the sun canopy in early April 2008
before bud break. On the Wrst day that bud break was evi-
dent (19 April), we randomly selected half of the saplings
and moved them to the shade canopy (“shade trees,”
n = 36) and left the remaining saplings (“sun trees,” n = 36)
under the sun canopy. We rotated trees within each light
treatment weekly to minimize light environment diVerences
experienced by individual trees. Although precipitation was
plentiful throughout spring 2008, we provided supplemen-
tal water to all saplings in case the shade canopy reduced
the amount of rainwater reaching shaded trees. Because the
only manipulation intended by this pre-treatment was to
vary the light environment, saplings were sprayed with an
organic pyrethrin-based pesticide (Spectracide Bug Stop,
Spectrum Group, St. Louis, MO, USA) weekly and follow-
ing rain from late April to mid-May. This was to ensure that
spring herbivores did not impose diVerent levels of herbiv-
ory on sun and shade trees. The pesticide was not com-
pletely eVective, as herbivore damage and particularly
aphid damage was present at some levels on most trees;
however, no herbivores (including aphids) were encoun-
tered during the June tree measurements described below.
In early June we recorded the number of leaves on each tree
and the lengths of all new shoots. Because Q. alba normally
undergoes only one leaf Xush and period of shoot growth
per year, and because leaf expansion is completed in Mis-
souri by early June, these measurements assessed plant size
for the duration of the experiment. We also recorded the
number of leaves with >20% damage from leaf-chewers
and rated aphid damage using a 0–6 scale [see “Electronic
supplementary material” (ESM) resource 1].

On June 11, 2008, we randomized shade and sun trees
for bird exclosure treatment and transported them to a com-
mon garden, a 50 m £ 50 m deer exclosure in a mature for-
est setting with a shaded understory. Dominant overstory
trees included Q. alba, Q. velutina (black oak), and Carya
spp. (hickories). By conducting the experiment within the
deer exclosure, we eliminated the potential impacts of deer
herbivory, which would diVer between control trees and
those protected within bird exclosures. By placing plants
out in a relatively restricted area, we minimized both spatial
variations in the abundances and compositions of the bird
and insect herbivore communities known to occur at the
study site (Barber and Marquis 2009) as well as heteroge-
neity in abiotic factors (especially light, which varies with
elevation, slope aspect, or forest overstory composition). A
grid of 81 points with 5 m spacing had been established
within the deer exclosure, and canopy cover was estimated
at each point using a concave spherical densiometer. We
excluded the nine points with the least canopy cover (range
72–84%) and assigned a tree to each remaining point (can-
opy cover range 84–100%). Trees were assigned to points

systematically to avoid clumping of treatment combina-
tions. Our goal in moving all trees to the same shaded
understory habitat was to test for the eVects of leaf quality
on herbivores in a single habitat. We did so while at the
same time manipulating bird access to those plants.

Bird exclosures (0.8 m £ 0.8 m £ 1.5 m tall, covered
with the same monoWlament netting as on the sun canopy)
were placed over all trees assigned to the bird-excluded
treatment and fastened to the ground. Surveys of the forest
bird community at nearby sites within Tyson Research
Center have recorded more than two dozen common breed-
ing insectivorous understory birds, including both year-
round residents and migrant species present only in summer
(Barber and Marquis 2009). In addition, several dozen tran-
sient migrant species may be present in the spring and fall
(unpublished data).

Arthropod censuses

Top and bottom surfaces of all leaves and branches were
visually inspected for herbivores and arthropod predators
on 3 July and 3 September, 2008. These times are known
peaks in abundance of the oak herbivore community in
Missouri (Marquis and Whelan 1994; Marquis and Le CorV
1997). Because even multivoltine species follow this phe-
nology, these peaks represent the vast majority of herbi-
vores present during the experiment. Herbivores were
identiWed to species or morphospecies and predators were
identiWed to order or family.

Leaf quality

On July 30–31, the approximate midpoint between the two
surveys, we collected three leaves from upper branches of
each tree. Our goal was to describe the leaf-quality environ-
ment experienced by herbivores counted in both surveys.
Because leaf quality changes minimally following leaf
expansion (Feeny 1970), these measurements of leaf qual-
ity closely mirrored foliage characteristics experienced by
herbivores in both the July and the September censuses. We
collected leaves haphazardly but attempted to collect leaves
with minimal damage. We measured toughness, water con-
tent, speciWc leaf area (SLA = area/mass), condensed tan-
nins, hydrolyzable tannins, total phenolics, C, and N
content (see ESM resource 1).

Herbivory damage

We systematically collected 30 leaves from each tree on
October 3 in order to measure damage by herbivores (see
ESM resource 1). We calculated total herbivore damage as
the sum of the area of damaged leaves divided by the sum
of the original undamaged areas, subtracted from 1. Damaged
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and original undamaged areas were determined by scanning
leaves and quantifying area with a pixel-counting program
(see ESM resource 1). To relate herbivory to insect herbi-
vore abundance, we determined the per capita consumption
for each tree as the total damage divided by the abundance
of herbivores summed across both censuses.

Analyses

To verify light manipulation eVects on leaf quality, we ana-
lyzed toughness, water content, SLA, tannins, phenolics,
and C and N contents using MANCOVA followed by uni-
variate ANCOVAs with light treatment as a Wxed factor
and proportion of damaged leaves in June and aphid score
as covariates. Abundances of herbivores were expressed in
m2 leaf area based on the mean undamaged leaf size for
each plant (see “Herbivory damage” above) multiplied by
the number of leaves present on the plant in each survey.
Because abundances of herbivores and arthropod predators
were fairly low, and because leaf damage reXects the
impacts of herbivores from both censuses, we summed July
and September abundances. These abundances were ana-
lyzed by ANOVA with light treatment and bird exclusion
as Wxed factors. Two trees were excluded from analyses,
one that died between the censuses and one that lost almost
all leaves for an unknown reason between censuses, result-
ing in no leaf area on which to survey arthropods. We used
ANCOVA to determine how total herbivore damage varied
with light treatment and bird exclusion, and if the propor-
tion of leaves damaged in spring or spring aphid damage
aVected this damage. Damage (percent leaf area lost) was
arcsine square root transformed to improve the normality of
the model residuals. All analyses were carried out in R (R
Development Core Team 2008).

Results

Plant size and leaf quality

Sun trees produced more leaves (mean § 1 SE: sun,
196.7 § 8.5; shade, 160.4 § 7.3; t70 = 3.24, P = 0.002) and
more shoots (sun, 31.2 § 1.2; shade, 26.1 § 1.3; t70 = 2.94,
P = 0.004) than shade trees. However, leaves on sun
trees were on average smaller than those on shade trees
(sun, 61.6 § 2.6 cm2; shade, 77.5 § 3.5 cm2; t69 = 3.63,
P < 0.001), so total leaf area did not diVer with light treat-
ment (sun, 1.17 § 0.06 m2; shade, 1.24 § 0.07 m2; t69 = 0.76,
P = 0.450).

Only the light manipulation had a signiWcant eVect on leaf
quality characteristics (MANCOVA Wilks’s " = 0.198,
F8,60 = 30.358, P < 0.001) (Fig. 1), as early-season abundance
of aphids (Wilks’s " = 0.934, F8,60 = 0.533, P = 0.827)

and spring leaf damage (Wilks’s " = 0.871, F8,60 = 1.109,
P = 0.371; on average, 12.3 § 1.5% of leaves damaged) did
not impact leaf quality. Sun trees had signiWcantly tougher
leaves than shade trees (F1,67 = 9.125, P = 0.004), lower
water content (F1,67 = 6.711, P = 0.012), and lower spe-
ciWc leaf area (F1,67 = 117.106, P < 0.001). Sun trees had
signiWcantly higher concentrations of all three phenolic
measurements: condensed tannins increased by 225%
(F1,67 = 105.850, P < 0.001), hydrolyzable tannins by
34% (F1,67 = 64.929, P < 0.001), and total phenolics by
51% (F1,67 = 59.684, P < 0.001). Sun trees had lower N
contents (F1,67 = 42.016, P < 0.001) and higher C contents
(F1,67 = 24.014, P < 0.001).

Arthropods

We focused our analyses on leaf-chewing herbivores,
which dominated the herbivore communities on our plants.
At this site, the only common sucking insect on Q. alba is
Corythuca arcuata (Tingidae) (Barber 2010). Because
these were nearly absent on the saplings in this experiment,
and because birds are unlikely to depredate them (Barber
2010), C. arcuata were excluded from analyses. In July, we
recorded 114 herbivores of 23 species (1.3 herbivores/m2

leaf area) and 44 arthropod predators, of which ants (30%)
and spiders (48%) were most common. In September, 80
herbivores of 32 species (1.0 herbivores/m2) and 47 preda-
tors (96% spiders) were present (see ESM resource 2). Her-
bivores were 41.2% more abundant on sun trees compared
to shade trees (F1,66 = 6.363, P = 0.014). Bird exclusion did
not aVect herbivore abundance (F1,66 = 0.007, P = 0.932),
and there was no signiWcant interaction between light and
bird treatments (F1,66 = 0.688, P = 0.410) (Fig. 2a). Both
the proportion of damaged leaves in spring and aphid dam-
age score were removed from the model because they did
not aVect herbivore abundance. Neither bird exclusion nor
light treatment signiWcantly aVected arthropod predator
abundance (light, F1,66 = 2.217, P = 0.287; birds, F1,66 = 2.484,
P = 0.260), nor was the interaction between these two
factors signiWcant (F1,66 = 4.559, P = 0.129).

Herbivory damage

Both the light treatment and bird exclusion had marginally
signiWcant eVects on total leaf damage (light, F1,66 = 2.840,
P = 0.097; birds, F1,66 = 3.443, P = 0.068; interaction,
F1,66 = 0.111, P = 0.740). Proportion of leaves damaged in
spring and aphid damage score did not aVect end-of-season
damage; these eVects were removed from the model. Sun
trees lost 41.7% more leaf area than shade trees, and trees
with birds excluded lost 41.6% more leaf area than control
trees (Fig. 2b). Per capita consumption did not diVer with
light treatment (mean § 1 SE: sun, 6.0 § 0.7%; shade,
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6.5 § 1.2%; t65 = 0.38, P = 0.707), but was marginally sig-
niWcantly greater within bird exclosures (exclosure,
7.3 § 0.8%; control, 5.0 § 1.1%; t65 = 1.70, P = 0.094)
(Fig. 3). These patterns were qualitatively similar when
estimating per capita consumption of leaf biomass by
extrapolating from SLA, mean leaf size, and number of
leaves per plant (see ESM resource 1).

Discussion

In this experiment, we manipulated the eVects of light on
plant quality while controlling for the direct eVects of envi-
ronment on insect herbivore and predator abundance. Both
the third and Wrst trophic levels (birds and plants, respec-
tively) aVected the amount of leaf damage caused by the
insects. Contrary to expectation, the eVects of birds did not
diVer between trees grown in sun and shade conditions: the
impact of birds on damage was similar across light treat-
ments (Fig. 2b). While bird exclusion did not change the
abundances of insect herbivores recorded in censuses,
caged trees suVered greater herbivore damage than control
trees, as predicted. Although the eVects of sunlight and bird
treatments were of marginal statistical signiWcance, the
eVect sizes (>40% increases in damage in response to both
sunlight treatment and bird exclusion) were large. The bird
exclusion eVect size is nearly identical to the average indi-

rect impact on plants found in a recent extensive meta-anal-
ysis of insectivore exclusion studies (Mooney et al. 2010).

Sunlight manipulation had the intended eVect of chang-
ing leaf quality. Sun trees produced tougher leaves with
less water, lower N contents, and higher phenolics and tan-
nins. These leaf diVerences caused by sun exposure in
spring lasted throughout the growing season: measurements
were based on leaves collected 7 weeks after the plants
were moved to the common forest interior location. We are
conWdent that these diVerences are entirely due to the light
manipulation. We provided supplemental water and
attempted to control insects using a pesticide. Although
aphids still attacked the trees during the pretreatment
period, neither aphid abundance nor spring leaf damage
aVected any measured leaf quality characteristics. Because
the shade and sun canopies in the pretreatment setup were
separated by only a few meters and placed in an open Weld
away from edges or trees, they experienced essentially
identical climatic conditions.

Based on our current understanding of the eVects of leaf
quality traits on herbivore Wtness, we would expect that the
tough, high-tannin, low-nitrogen and low-water sun leaves
would be lower in quality than shade leaves (e.g., Scriber
and Slansky 1981; Kitamura et al. 2007). Despite their low-
quality foliage, sun trees hosted more herbivores. Most of
the herbivores recorded were Lepidoptera larvae, and for
many caterpillars, host plant selection is largely up to their

Fig. 1 EVects of light treatment on leaf characteristics (means § 1 SE). SLA speciWc leaf area (leaf area/mass). ***P < 0.001
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ovipositing mothers. Finding a new host plant may be very
diYcult and energetically expensive for a caterpillar. In our
study, the plants were also planted in plastic buckets, which
may have inhibited herbivore movements. Thus, the
observed diVerences among sun/shade treatments are likely
due to oviposition choices by gravid females. Females
searching for oviposition sites in a forest interior would not
normally encounter high-tannin, low-nitrogen plants like
the sun trees in this experiment. They may have chosen
these plants based on other traits that are not usually corre-
lated with low-quality foliage. Because our sun trees pro-
duced more leaves and shoots than shade trees, the
observed pattern of greater abundance is consistent with the
plant vigor hypothesis (Price 1991), in which herbivores

prefer host plants that are growing or have grown larger
than other “less-vigorous” plants. If ovipositing females
normally search for host plants with a higher density of
foliage, they may have been more likely to select sun trees.

Because herbivores were more abundant on sun trees, it
is not surprising that the amount of leaf area lost to herbiv-
ory was also greater. Herbivores on low-quality host plants
sometimes cause greater damage because they must con-
sume more plant material to obtain the suYcient nutrients
to complete their development. Such compensatory feeding
has been documented many times (Simpson and Simpson
1990). The higher damage on sun trees observed here did
not seem to be due to compensatory feeding, because per
capita consumption was the same for sun and shade trees
(Fig. 3), a pattern that was consistent whether analyses
were based on leaf area or leaf biomass. Rather, the greater
herbivory on sun trees than shade trees seems due to the
higher herbivore densities on the former. The inclusion of
the spring herbivore fauna, which was excluded during the
light manipulation, would probably not have changed the
marginal diVerence in herbivory between sun and shade
trees. Because spring herbivores feed on newly expanded
leaves, there would not yet be diVerences in leaf quality
caused by light exposure, and herbivores would likely
impose similar damage on all trees. Nonetheless, the marginal
eVect of light manipulation (and predator manipulation, as
discussed below) indicate that a larger sample size may
have been warranted.

Fig. 2a–b EVects of light manipulation and bird exclusion on
a herbivore abundance and b leaf damage (means § 1SE). Dashed
lines indicate bird exclusion trees, and solid lines are control trees. Her-
bivores were signiWcantly more abundant on sun trees, but bird exclu-
sion did not aVect herbivore abundance. Both light and bird exclusion
treatments had marginally signiWcant eVects on leaf damage

Fig. 3 Per capita consumption as measured by total leaf damage
divided by total herbivore abundance (means § 1 SE). Per capita con-
sumption did not diVer between sun and shade trees, but herbivores on
average ate marginally more within bird exclosures than on control
trees
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The lack of an eVect of bird predation on insect herbi-
vore abundance and arthropod predator abundance is sur-
prising given the strong eVects documented by Marquis and
Whelan (1994) at a nearby site on the same host plant spe-
cies, and in other systems (Van Bael et al. 2008; Mooney
et al. 2010). This experiment took place during the time
when most local birds were raising young, after these
young had Xedged, and at the height of fall passerine
migration—all times when prey demand is expected to be
high. It is possible that insectivorous birds were less abun-
dant at our site than the nearby site used by Marquis and
Whelan (1994), or that local bird populations have declined
since their experiment nearly two decades ago. They also
studied larger plants, which may have supported higher
densities of herbivores per leaf area that would have made
patterns of abundance more apparent. Increased abundance
of, and predation by, arthropod predators in the absence of
vertebrates can also mask predation eVects (“compensatory
predation,” Pacala and Roughgarden 1984). We observed
no diVerence in arthropod predator abundance between
cage and control trees, which suggests that compensatory
predation did not occur in this experiment.

Although it may seem surprising that we found an indi-
rect eVect of birds (decreasing herbivory) without a direct
eVect (no change in herbivore abundance), this result is not
unique in this system (Barber and Marquis 2009). Per cap-
ita feeding was marginally greater within bird exclosures,
which may in part explain why leaf damage was greater on
plants from which birds were excluded even though herbi-
vore abundance was not aVected. Physical disturbances to
plants may cause herbivores to cease feeding or other activ-
ities, or may prompt them to drop oV the host plant to
escape possible predation. Lepidopteran larvae will feed
less in response to disturbance by nearby Xying insects, per-
haps as a precaution against parasitoids (Tautz and Rostás
2008). Caged plants in this experiment may have experi-
enced fewer physical perturbations because of the absence
of foraging birds; herbivores on these plants would be dis-
turbed less while feeding, resulting in greater damage to
caged plants. Alternatively, we may have detected a direct
eVect of bird predation if we had measured total herbivore
biomass. In this scenario, herbivores under high predation
conditions may have been continually replaced by oviposit-
ing females, and this replacement would tend to keep abun-
dances similar between control saplings and saplings in
exclosures. Herbivores inside exclosures would grow large,
and their presence would deter oviposition by female
moths. Larger herbivores would, on average, consume
more leaf material than smaller herbivores on control sap-
lings, increasing per capita consumption on exclosure trees.

Previous studies have found lower herbivore damage in
forest edges, gaps, and other sunny microhabitats compared
to forest interiors (Dudt and Shure 1994; Muth et al. 2008).

A sample of Q. alba leaves from edge and interior habitats
at this Weld site follows this same pattern (unpublished
data). Contrary to these studies, the results of this experi-
ment suggest that reduced damage on sun-exposed edge
leaves may not be due to leaf quality, as sun trees suVered
marginally greater damage than shade trees. Three possible
explanations (not mutually exclusive) may account for the
edge–interior leaf damage pattern. Predation on herbivores
by either vertebrate or invertebrate predators may be
greater along edges. This is supported by studies using both
artiWcial (Richards and Coley 2007; Skoczylas et al. 2007)
and live caterpillars (Richards and Coley 2008), which
found higher predation in edge and gap habitats. Bird diver-
sity may also be higher along edges (Lindell et al. 2007),
and diversity of insectivorous birds has been shown to pos-
itively correlate with predation impacts (Van Bael et al.
2008). Second, adult female herbivores may avoid edges
when ovipositing. Selection for this edge avoidance could
be due in part to higher predation rates on larvae (Wrst
explanation). Our results suggest that such avoidance
would not be based on plant traits but instead on the physi-
cal characteristics of the edge environment. Lastly, herbi-
vores growing along forest edges may develop more
quickly on warm, sun-exposed leaves, so they do not con-
sume as much leaf tissue as those in cooler interior habitats
(Joos et al. 1988).

Our results underscore the potential importance of light
environment in tritrophic systems: light can indeed aVect
herbivores through eVects on plants, but if the abundance or
behavior of the predators of herbivores diVers between light
environments, distinguishing between top-down and bot-
tom-up impacts on herbivores and herbivory may be diY-
cult. By controlling for habitat eVects, we have isolated the
role of plant traits and shown that predator eVects do not
depend on leaf quality. Future work investigating the rela-
tionship between plant characteristics and predator eVects
on herbivores should carefully consider how environmental
variables that aVect plant traits might also inXuence herbi-
vore and predator distributions.
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