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ABSTRACT Insect herbivore abundances on host plants are inßuenced by both plant traits and the
physical environment in which that plant grows. This study examined the role of the physical light
environment and foliage characteristics in determining abundance of the lacebug Corythuca arcuata
Say (Hemiptera: Tingidae) on Quercus alba L. I censused adult C. arcuata across a growing season,
quanti"ed leaf characteristics, and measured canopy cover over understory branches of mature Q.
alba. Using an information-theoretic approach, a priori hypotheses of the relationship between light,
plant traits, and C. arcuata abundance was evaluated. Abundance was best predicted by light envi-
ronment and carbon content. Adult C. arcuata prefer trees growing under an open canopy and trees
with low carbon content; abundance also positively correlated with leaf water content. Although
carbon and water did not vary with light in this study, low carbon and high water content are often
associated with shadier conditions, suggesting that C. arcuata faces a trade-off between preferences
for physical habitat conditions and host plant characteristics.
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The choice of a host plant by an herbivorous insect is
based on both the physical environment in which that
plant grows and traits of the host plant itself. For
example, some caterpillars bask in the sun or choose
sun-exposed host plants to maintain a higher body
temperature and increase growth rate (Joos et al.
1988,Weiss et al. 1988), and eggs of tent caterpillars
tend to be placed to maximize light exposure (Moore
et al. 1988). Some chrysomelid beetles prefer sun-
exposed willows (Sipura and Tahvanainen 2000).
Plant traits, however, are often inßuenced by envi-
ronmental conditions. Examples are increased wood-
iness of stems in high-salinity environments (Moon
and Stiling 2000) and increased tannin content with
sun exposure (Dudt and Shure 1994). Simultaneous
effects on both the herbivore itself and the plant can
lead to potential tradeoffs in contrasting environ-
ments. Thus, for the willow example above, chry-
somelid beetles feed on sun-exposed leaves even
though shaded leaves are higher quality food (Sipura
and Tahvanainen 2000).

Very little is known about host plant selection by
natural populations of Tingidae (Hemiptera) or lace-
bugs.Mostof the literatureon this familyaddresses the
potential for biocontrol of invasive plants (Williams et
al. 2008) or impacts and control of pest lacebugs on
ornamental plants, especially Stephanitis pyrioides

(azalea lacebug) (Casey and Raupp 1999). This work
has shown that occurrence of and damage by S. pyri-
oides is inßuenced by light environment and leaf qual-
ity (Shrewsbury and Raupp 2000, Bentz 2003) and
potentially by predators (Trumbule and Denno 1995).

A few studies have focused on host choice by
Corythuca arcuata, the oak lacebug, a widespread spe-
cies that ranges across southern Canada and much of
the eastern United States and usually specializes on
Quercus spp., although it can occur and complete its
life cycle on members of Rosaceae such as Rubus and
Malus (Bernardinelli 2006). Connor (1988) studiedC.
arcuata preferences on Q. alba saplings grown under
varying water conditions, "nding that lacebugs pre-
ferred plants with higher water levels. He suggested
that leaf toughness might act as a cue for host choice,
because toughness is often negatively correlated with
water content and may interfere with feeding of C.
arcuata, which pierce leaves with the stylus to suck
leaf sap from the mesophyll.

Kay et al. (2007) studied C. arcuata distribution in
relation to "re frequency and how "re conditions
affected leaf quality. Abundance was greater in fre-
quently burned areas where light levels were higher
on saplings of Q. macrocarpa, the local host plant.
Overall, adult abundances were positively associated
with C content and negatively with N and cellulose.
Oviposition occurred more frequently on trees with
low lignin and cellulose but higher total phenolics.
However, these correlations mirrored leaf quality dif-
ferences between the burn treatments and may have
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simply represented habitat choice based on the phys-
ical environment (i.e., light conditions). When exam-
ining adult abundances within common burn treat-
ments or light environments, the only correlation with
leaf quality was a preference for low-N plants in sunny
gaps, although eggs occurred more frequently on
plants with higher lignin and starch.

Thus, Connor (1988) and Kay et al. (2007) pre-
sented different, although not necessarily conßicting,
host plant preferences of C. arcuata. The former pre-
dicted that high-water, low-toughness plants should
be preferred, whereas the more recent work sug-
gested lacebugs may seek plants with high content of
C and some C-based compounds (phenolics) but low
N and other C-based constituents that contribute to
toughness such as lignin and cellulose (Coley 1983).
Here, I present an analysis of host plant preferences of
C. arcuata on Q. alba. The purpose was to determine
which leaf traits determine these preferences and
what role light plays in this choice.

Materials and Methods

I studied C. arcuata at Tyson Research Center, an
809-ha "eld station owned by Washington University
near Eureka, MO. The study area was a southwest-
facing slope with shallow rocky soils. Q. alba is a
canopy codominant tree (with other Quercus and
Carya spp.)and isparticularlycommonondrier south-
west slopes such as this.

This study was performed in conjunction with a
larger study on the effects of insectivorous birds on the
leaf-chewing herbivore community ofQ. alba. In early
2007, I chose 60 mid-story to canopy-height Q. alba
with accessible understory branches and built bird
exclosures around these branches on 30 of the trees.
Herbivores on these trees were censused three times
in 2007 and 2008, at known peaks in oak-feeding her-
bivore abundance in Missouri (Marquis and Whelan
1994, Marquis and LeCorff 1997, Forkner et al. 2004).
The data for this study were collected during the
herbivore surveys in mid-May, early July, and early
September 2008. I did not expect bird exclusion to
affect C. arcuata abundance because their small size
makes them unlikely prey items for insectivorous birds
(Strong et al. 2000, Van Bael et al. 2008).

To census trees, I inspected the tops and bottoms of
all leaves on experimental branches and recorded the
number of adult C. arcuata present. Adults rest on the
underside ofQ. alba leaves and are highly visible given
their distinct patterning. C. arcuata do not seem to be
affected by census activities and are reluctant to move,
even when prodded; this observation is consistent
with those of Kay et al. (2007). The number of leaves
inspected was recorded with a goal of at least 400
leaves per branch, but some branches had fewer
leaves. At the end of the season, 30 leaves were col-
lected from each tree to measure damage from leaf-
chewing herbivores through digitizing and pixel-
counting; this provided an estimate of average leaf size
for each branch. Average leaf size was multiplied by
the number of leaves inspected in each census to

estimate the total leaf area surveyed on each branch.
Abundances of C. arcuata were expressed as number
per square meter leaf area based on this value. To
characterize the light environment of each tree, can-
opy cover was measured in late June using four read-
ings from a concave spherical densiometer positioned
directly above experimental branches (Lemmon
1956).

Immediately after each census period, three leaves
from each tree were collected. These leaves were
stored in plastic ziplock bags. Within 2 h, leaves were
weighed to obtain wet mass and leaf toughness mea-
sured using a penetrometer (Force Dial FDK 32; Wag-
ner Instruments, Greenwich, CT). The leaves were
transported to the laboratory on ice and stored at
!80"C before freeze-drying for 96 h. Leaf water con-
tent was obtained from the dry mass [% water # 1 !
(dry mass/wet mass)]. Dried leaves were ground for
use in chemical analyses. After extraction in acetone,
condensed tannins were colorimetrically assayed us-
ing the acid-butanol technique (Rossiter et al. 1988,
Waterman and Mole 1994), and hydrolyzable tannins
were assayed using the potassium iodate technique
(Bate-Smith 1977, Schultz and Baldwin 1982). Absor-
bances of each tree were compared with a curve
constructed from pooled bulk standard samples of
known concentration and expressed as percentages of
starting leaf tissue mass. Kay et al. (2007) found a
marginally signi"cant effect of total phenolics on C.
arcuata; I took a more detailed look at this effect by
breaking down phenolic content into condensed and
hydrolysable tannins, two common classes of pheno-
lics that are considered important to insect herbivores
(Forkner et al. 2004, Barbehnn et al. 2006, Roslin and
Salminen 2008). Carbon and nitrogen content were
determined by microcombustion (Series II CHNS/O
Analyzer 2400; Perkin-Elmer, Waltham, MA).

To characterize C. arcuata abundance on each tree
across the growing season, I summed abundance
across the three surveys. Because leaf traits change
during the season as leaves expand, harden, and ac-
cumulate more carbon from photosynthesis, indices of
each leaf trait were created using Z-scores. Within
each census, each leaf trait was transformed to Z-
scores, and scores were summed for this trait across
the three censuses. In this way, trees with consistently
high values of a trait will be more positive, consistently
low trees will be negative, and average trees should
have values near zero. This technique has been sim-
ilarly used to create indices of leaf defense by other
researchers (Fine et al. 2006, Agrawal and Fishbein
2008). Experimental branches on three trees that died
before or during the study period were excluded from
analyses. Leaves collected to estimate total leaf area
were lost in the "eld for one tree, so this tree was also
excluded. Analyses are based on the remaining 56
trees.

Multimodel, an information-theoretic approach
(Burnham and Anderson 2002, Anderson 2008), in-
ference was used, to evaluate support for models
based on a priori hypotheses regarding the factors
potentially determining abundance ofC. arcuata.This
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method allows for simultaneous evaluation of multiple
models (hypotheses) and quanti"es the relative sup-
port for each model given the data while avoiding the
potential pitfalls of spurious correlations common to
stepwise regression methods (Whittingham et al.
2006). Models were evaluated using AkaikeÕs infor-
mation criterion corrected for small sample size
(AICc) and ranked using $AICc, the difference be-
tween a model and the highest-ranked (lowest AICc

value) model. These values are used to calculate
Akaikeweights (wi, “modelprobabilities”),whichpro-
vide a relative measure of support for the model and
are interpreted as the probability that model i is the
best model in the set of candidate models. Because
these weights are relative, they allow for direct com-
parisons of the support for models: e.g., a model with
w# 0.1 has twice the support as a model withw# 0.05.

A set of additive models was constructed to com-
pare the effect of light environment and foliage char-
acteristics on C. arcuata abundance using the general
linear model. To evaluate the role of basic leaf con-
stituents, two models included carbon and nitrogen
individually as independent variables, and a third
model included carbon:nitrogen ratio, because this is
often a measurement of the accessibility of leaf nu-
trients. Models were included based on the predic-
tions of Connor (1988) that included water content
and leaf toughness together and independently, a
model to determine the impact of leaf defensive chem-
istry using concentrations of both condensed and hy-
drolysable tannins, and all variables combined in a
global model. Because light was expected to have a
strong impact on C. arcuata abundance based on the
results of Kay et al. (2007), additional models were
constructed identical to those above but with canopy
cover measurements included as an independent vari-
able. These models determine how lacebug abun-
dance varied with leaf characteristics while control-
ling for the effects of light. Last, a model with only light
(canopy cover) was included as an independent vari-
able.

Based on examination of regression and quantile-
quantile plots, log-transforming C. arcuata abun-
dances [using ln(x% 1)] improved homoscedasticity
and normality of modelsÕ residuals. One was added to
abundances to account for zeros in the dataset (20.6%
of observations, mostly in September census). One
outlier tree with exceptionally high lacebug abun-
dance (nearly 5 SD from the mean) was excluded from
the dataset, which improved model "t. The distribu-
tion of residuals from each model was tested using
Shapiro-Wilk tests of normality, and in no model did
residuals depart signi"cantly from a normal distribu-
tion (all P & 0.11). Residual plots were examined to
ensure homoscedasticity and linearity with indepen-
dent variables. All analyses were performed in R (R
Development Core Team 2008).

Results

Lacebugs were common throughout the study pe-
riod, although abundance declined by more than half

from the midsummer census to the fall census, during
which they were absent from 40% of trees (Fig. 1).
Abundances on trees were positively correlated
among consecutive censuses, although not between
May and September censuses (r # 0.017, P # 0.902;
May!July, r # 0.381, P # 0.004; July!September, r #
0.297, P # 0.028). As expected, bird exclusion had no
effect on C. arcuata abundance (mean abundance '
SE lacebugs per square meter leaf area, exclosures:
1.78 ' 0.27, controls: 1.74 ' 0.22, t# 0.124, P# 0.902).
Light was not signi"cantly correlated with any mea-
sured leaf characteristics except hydrolysable tannin
content (r # 0.306, P # 0.023).

Model results are presented in Table 1. The model
including light and C was the highest-ranked model;C.
arcuataabundance increasedonhigh-light treesunder
a more open canopy (! ' SE # 0.033 ' 0.012) and
decreased with C content (! # !0.083 ' 0.029).
Generalized R2 for this model (Nagelkerke 1991)
based on the maximum likelihood estimate was 0.254.
This model has more than three times the support of

Fig. 1. Mean ' SE abundance of oak lacebug (C. arcu-
ata) in each census. Abundance is expressed as the number
of lacebugs counted per square meter leaf area inspected.

Table 1. Model selection results for abundance of adult C.
arcuata on Q. alba

Model K AICc $i wi

Light % C 4 56.154 0.000 0.563
Light % water 4 58.599 2.445 0.166
Light % C % N % C:N % water %

tough % hydro % cond
10 60.408 4.254 0.067

Light % water % tough 5 60.445 4.291 0.066
C 3 61.470 5.316 0.039
Light 3 62.030 5.876 0.030
C % N % C:N % water %

tough % hydro % cond
9 62.459 6.305 0.024

Light % C:N 4 63.889 7.735 0.012
Light % tough 4 64.258 8.104 0.010
Light % N 4 64.300 8.146 0.010
Light % hydro % cond 5 65.243 9.089 0.006
Water 3 65.883 9.729 0.004
Water % tough 4 67.787 11.633 0.002
C:N 3 69.128 12.974 0.001
N 3 69.713 13.559 0.001
Tough 3 69.858 13.704 0.001
Hydro % cond 4 71.206 15.052 0.000

K, no. of estimated parameters in model (including intercept and
residual variance); wi, Akaike model weight; C, carbon; N, nitrogen;
hydro, hydrolysable tannins; cond, condensed tannins; water, % water
content; tough, leaf toughness.
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the second-ranked model, which included light and
water and showed increasing C. arcuata abundance
with both variables. The global model with light was
ranked third, but it and all other models were poorly
supported. All models containing light were more
highly ranked than the equivalent model in which
light was excluded.

Discussion

The results support the prediction that both light
environment and host plant leaf characteristics inßu-
ence the distribution of C. arcuata. As expected from
the "ndings of Kay et al. (2007) and other work on
Tingidae, light conditions on host plants had a strong
positive effect on adult lacebug abundance (Fig. 2).
Support for this model was greater than that for any
leaf characteristic except C. Not surprisingly, these
two factors combined represented the best model for
predicting lacebug abundance (w # 0.563), which
explained more than a quarter of the variance in abun-
dance (R2 # 0.254). Preference for plants in higher-
light environments agrees with Kay et al. (2007), but
the relationship between lacebug abundance and C
content does not: in this study, both the correlation
with C alone and the partial correlation with C when
controlling for the effects of light environment were
negative (Fig. 3).

This analysis corroborated the experiment of Con-
nor (1988) showing preference for increased leaf wa-
ter content but not his suggestion that toughness is an
important cue. The model containing light and water
ranked second with moderate support (w # 0.166).
Higher water content could facilitate feeding by suck-
ing insects by making it easier to obtain soluble car-
bohydrates and other nutrients. However, the predic-
tion that leaf toughness was an important cue for
lacebugs in choosing hosts was not supported. Al-
though the model containing light, water content, and
toughness was ranked fourth highest, the model re-
ceived poor support (w # 0.066). Furthermore, the
AICc for this model was approximately the AICc value
of the light and water-only model % 2. When calcu-
lating AICc, the addition of a predictor variable in-

creases the value of the criterion by (2 as a penal-
ization for reducing parsimony. In this case, the
addition of toughness incurs the penalization but does
not decrease AICc by adding information. Anderson
(2008) refers to this as a “pretending variable.” Models
including toughness alone or toughness with light
were very poor (w ) 0.01).

Defensive chemistry models, which included con-
densed and hydrolysable tannin concentrations, re-
ceived very low support (w) 0.006). This result sug-
gests that carbon-based phenolic defenses have little
inßuence on C. arcuata, despite the important role
they are thought to have in resistance against leaf-
chewing herbivores (Feeny 1970, Forkner et al. 2004,
Roslin and Salminen 2008). Similarly, the nitrogen
models and the carbon:nitrogen models were not sup-
ported by the data either with (w # 0.012 and w #
0.010, respectively) or without (bothw# 0.001) light
as a variable. Kay et al. (2007) found a negative cor-
relation between adult abundance and nitrogen when
examining sun-exposed leaves in forest gaps, but this
pattern was not apparent in this study. It is possible
that nitrogen is not the most important nutrient for C.
arcuata: phosphorus, which was not measured here,
can correlate with increased adult mass in lacebugs
(Kay et al. 2007) and is thought to be a limiting factor
for many insect herbivores (Elser et al. 2000).

Taken together, these results suggest thatC. arcuata
may prefer particular abiotic conditions (high light
environment) and particular host plant foliage char-
acteristics (lower total carbon and higher water con-
tent). This combination of preferences, however,
seems contradictory. Although these traits were un-
correlated with light in this study, leaves of sun-grown
Q. alba frequently have higher carbon and lower wa-
ter content (N.A.B., unpublished data). I propose two
possible explanations for this apparent contradiction
in preferences. Lacebug egg hatching rate increases
and development time decreases with higher temper-
atures in a number of species of Tingidae (Eguagie
1972, Braman and Pendley 1993). AdultC. arcuatamay
select habitats with abiotic conditions that optimize
these aspects of fecundity and then search for indi-
vidual hosts with preferred leaf quality. Another po-
tential explanation is that the third trophic level has a

Fig. 2. Residual abundance (controlling for correlation
with C content) plotted against light index (a measure of
canopy openness, see text). Lacebugs are more abundant on
oaks in higher-light conditions.

Fig. 3. Residual abundance (controlling for correlation
with light) plotted against carbon index (see text). Lacebugs
are less abundant on oaks with higher leaf C content.

April 2010 BARBER: HOST AND HABITAT PREFERENCES OF C. arcuata 495



strong impact on C. arcuata distribution. Predation on
azalea lacebugs is thought to be higher in shaded
habitats, resulting in higher abundances in sunny ar-
eas, despite the lower food quality of sun-exposed
plants (Trumbule and Denno 1995). Bird exclusion
had no effect on oak lacebug abundance in my ex-
periment, but arthropod predators could drive a pat-
tern similar to that in azalea lacebugs. Plants under a
more closed canopy may be preferred by C. arcuata,
but higher predator abundance on these trees could
reduce lacebugs so they are more numerous on sunny
trees, as observed here.
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