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A B S T R A C T

Elevated atmospheric N deposition is predicted to increase plant growth and C storage in N-limited

systems, but this assumes that no mitigating ecological factors are influenced by N deposition. Many

herbivores are also N-limited and so increased herbivore damage in response to N deposition may

moderate, or even eliminate, gains in plant growth under elevated N. Thus the response of herbivores to

N deposition could influence the onset and magnitude of N saturation resulting in expedited decreases in

C storage. Since tree susceptibility to herbivores is partially under genetic control and will be influenced

by site characteristics, we tested whether the interaction between N deposition, tree growth, and

herbivore damage depends on tree genetic variation in susceptibility to herbivores at different locations.

By monitoring 12 half-sib families of northern red oak (Quercus rubra) saplings at two common garden

sites in south-central Pennsylvania, we found that herbivores were pervasive at both sites, resulting in

13% chewing damage, 16% galling damage and 28% browsing damage. N addition significantly affected

browsing damage (8% overall increase) and chewing damage (19% overall increase) but did not affect

galling damage. However, this effect was strongly dependent on the Q. rubra family and location, both of

which influenced oak susceptibility to herbivore damage independent of N additions. Greater browsing

damage on trees under N addition caused reductions in relative height growth, and this effect also

depended on tree family and location. Our result suggests that herbivory, mediated by tree genetic

lineage and site-specific conditions, may represent an important component of C sinks and N saturation

under elevated N deposition.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Many regions of the world now receive elevated inputs of
nitrogen (N) as human populations increase consumption of
fertilizer and fuel (Vitousek et al., 1997; Gruber and Galloway,
2008; Schlesinger, 2009). Forests of the world receive currently up to
60 kg ha�1 year�1 of anthropogenic N deposition, depending on
proximity to sources and elevation, and such N inputs are predicted
to continue and increase (Fenn et al., 1998; Van Egmond et al., 2002;
Galloway et al., 2004). Since many temperate forests are generally
N-limited, increased N availability has been predicted to enhance
forest growth and C storage (Hyvonen et al., 2008). However, over
time some ecosystems may exceed their ability to retain N, which
* Corresponding author at: 312 Bond Life Sciences Center, 1201 Rollins Road,

University of Missouri, Columbia, MO 65211-7310, USA. Fax: +1 573 884 9395.

E-mail addresses: dhc28@cornell.edu (D.H. Cha), appelh@missouri.edu

(H.M. Appel), cjf15@psu.edu (C.J. Frost), schultzjc@missouri.edu (J.C. Schultz),

kcs@psu.edu (K.C. Steiner).
1 Current address: Department of Entomology, Cornell University, New York

State Agricultural Experiment Station, 630 W. North St., Geneva, NY 14456, USA.
2 Bond Life Sciences Center, University of Missouri, Columbia, MO 65211-7310,

USA.

0378-1127/$ – see front matter � 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.foreco.2010.02.004
could lead to subsequent reductions in net primary production and
ecosystem function (Zaccherio and Finzi, 2007; de Schrijver et al.,
2008; de Vries et al., 2008; Bedison and McNeil, 2009) and there is
growing concern that prolonged increases may cause long-term
forest decline (Aber et al., 1989; Reich et al., 1997).

The onset and degree of nitrogen saturation is difficult to
predict and most studies have focused on the role of abiotic factors
like temperature, moisture, and other limiting nutrients and kinds
of pollutants (Aber et al., 1993; Davis et al., 2008; Hyvonen et al.,
2008; Bedison and McNeil, 2009). As a result, we know little about
potentially mitigating biotic factors like pests which can slow or
eliminate forest growth and lower the threshold value of N
deposition at which ecosystem C storage saturates.

Like many trees, herbivores are often N-limited. However,
depending on environmental factors, herbivore feeding may
increase, decrease, or be unaffected by increased foliar N. If
herbivores consume greater amounts of high N foliage, the
response of herbivores to N deposition may moderate, or even
eliminate, gains in plant growth under elevated N (e.g., Ayres,
1993; Ritchie et al., 1998; Throop and Lerdau, 2004) and
herbivores could lower the threshold value of N deposition at
which ecosystem C storage saturates, resulting in expedited
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Fig. 1. Layout of (a) a common garden site when it was established in 1994 and (b)

experimental design used in 2000. N+ and N� represent replication plots that were

fertilized and not fertilized with urea.
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decreases in C storage. Herbivores are both consumers of primary
production and resources for other trophic levels. They have
complex impacts on ecosystems (Schmitz, 2009) and their
response to elevated N deposition is relatively unknown (Tylia-
nakis et al., 2008; Zehnder and Hunter, 2008). However, three lines
of evidence suggest that increased N deposition may indirectly
decrease the growth of plants by increasing herbivore attack. First,
herbivore damage commonly decreases plant growth and fitness
and sometimes does so at even low levels of damage (Crawley,
1985; Hochwender et al., 2004). Second, the intensity of herbivory
usually correlates with plant chemistry (Schultz, 1988; Beren-
baum, 1995); in general, herbivore damage tends to be more
severe on plant tissues with relatively higher levels of N and lower
levels of defensive compounds (Berenbaum and Zangerl, 1998;
Abrahamson et al., 2003). Third, N fertilization or increases in N
deposition can cause changes in plant chemistry favorable to
herbivores (Bryant et al., 1987; Forkner and Hunter, 2000). As a
result, plants are likely to become more susceptible to herbivores
in response to increased N input (e.g., Bryant et al., 1987; Hunter
and Schultz, 1995) and experience greater herbivore damage.

Three additional ecological factors may influence the indirect
effects of increased N deposition on plant growth: plant genetic
variation, herbivore identity and abundance, and geographic
location. Plant genetic variation influences plant susceptibility to
herbivory (Maddox and Cappuccino, 1986; Fritz, 1992; Orians and
Fritz, 1996; Rossi and Stiling, 1998; Mutikainen et al., 2000) and
plant defense (Wainhouse et al., 2000) in responses to N addition.
This information is especially important to forest management
strategies because identifying and preserving plant genotypes that
become more resistant to herbivores and productive under
increased N deposition may facilitate the potential for sustainable
C sequestration management strategies. Similarly, the abundance
and identity of herbivores has a large effect on the effects of
herbivory on plant growth (Marquis, 1990; Orians and Fritz, 1996;
Mutikainen et al., 2000; Forkner and Hunter, 2000). Since herbivores
feeding in a similar way on the same plant parts are more likely to
respond similarly to changes in plant quality, feeding guilds have
commonly been used to group diverse species assemblages of
herbivores in studies that evaluate their interactions with plants
(Fritz, 1992). Last, site-specific conditions such as soil chemistry or
herbivore community structure may also exert an influence on the
rates of herbivory and responses to N deposition (Marquis, 1990).

To evaluate whether elevated N can increase herbivory to
influence tree growth in a temperate natural forest, we examined
the short-term impacts of N addition on height growth and
susceptibility to three kinds of herbivory for 12 half-sib families of
northern red oak (Quercus rubra L.) saplings at two locations
(Michaux and Tuscarora) in Pennsylvania. Quercus is a dominant
genus in many forests worldwide with importance to C sequestra-
tion and ecosystem function (Catovsky and Bazzaz, 2000), with
well-established genetic and environmental basis for morphology
and leaf chemistry that influence herbivore susceptibility (Schultz
and Baldwin, 1982; Byington et al., 1994; Stowe et al., 1994;
Eliason and Potter, 2000). Specifically, we determined (1) how N
addition affects the susceptibility of Q. rubra to herbivores, (2)
whether increased herbivore damage decreases growth of Q. rubra,
and (3) how the impact of N addition to herbivore susceptibility
and plant height growth varies with tree family and geographically
separated locations.

2. Materials and methods

2.1. Study sites

We conducted this study in 2000 at two common garden sites
established in 1994 with 1-year-old seedlings in south-central
Pennsylvania: Michaux (4082038.200N, 77820023.100W; elevation
420 m; Cumberland County, Pennsylvania) and Tuscarora
(4081607.800N, 77837023.500W; elevation 360 m; Perry County,
Pennsylvania). Both Michaux and Tuscarora common garden
sites were established with the same sets of 43 maternal Q. rubra

half-sib families on clear-cut mixed-oak forest sites after the trees
were harvested following severe damage by gypsy moth (J. Bailey,
PA Department of Conservation and Natural Resources, personal
communication 2000). To establish the common garden sites in
1994, we collected acorns from 43 open-pollinated mother trees
growing in different native forest stands in Pennsylvania in the
autumn of 1993. We selected mother trees that were well-
isolated from one another to ensure that acorns on the ground
could be assigned to a mother with high certainty. Acorns were
processed (soaked in cold water 1 day, removed floaters, and
stored in a chest refrigerator at 0 8C for 4 months) and germinated
in a greenhouse before being planted in the two common garden
sites in June 1994. Each common garden site was composed of five
replicated plots located adjacent to each other in a row; within
each replication plot, 43 Q. rubra families were randomized in a
way that each family had five consecutively planted seedlings
(Fig. 1a). Each replication plot was �9 m � 25 m and seedlings
were planted in a 1 m � 1 m grid. The Michaux site had a slope of
4% grade with a very stony silt loam (Highfield series); the
Tuscarora site had a slope of 1% grade with a shaly silt loam (Calvin
series). In early April 1999, we collected five soil samples (5–
15 cm depth) from each of five replicated plots (for each
replication plot five soil samples from different locations within
replication plot was combined) in each location and analyzed for
total N (%), Ca/Al ratio, phosphorus (P), potassium (K), magnesium
(Mg), cation exchange capacity (CEC) and pH at the Agricultural
Analytical Services Laboratory at Penn State University. This
analysis showed no differences in soil total N content between the
two sites. However, soils at Tuscarora had higher Ca/Al ratio, pH,
K, Mg, and CEC, and lower P than did soils at Michaux (Table 1).
Both common gardens were enclosed with a 6-strand electric
fence (1.8 m in height) in 1994 prior to Q. rubra seedling
transplantation to minimize browsing damage on seedlings from
white-tailed deer (Odocoileus virginianus), though we observed
some deer intrusion that inflicted browsing damage on experi-
mental Q. rubra plantations.



Table 1
Soil test results (mean and SD) from Michaux (N = 5) and Tuscarora (N = 5) common garden sites. Different letters on the mean indicate significant differences (P<0.05).

Location Total N (%) Ca/Al ratio pH P K Mg CEC

Michaux 0.222a (0.024) 1.844b (0.874) 4.76b (0.09) 16.1a (1.1) 0.098b (0.029) 0.16b (0.05) 11.92a (1.02)

Tuscarora 0.190a (0.049) 103.040a (98.304) 5.08a (0.13) 6.7b (0.4) 0.164a (0.039) 0.28a (0.08) 10.32b (0.66)

Units of nutrients are P (kg ha�1), and K, Mg, CEC (mequiv. 100 g�1).
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2.2. Experimental design

In May 2000, we selected 12 different half-sib Q. rubra families
that were present at both sites to use in this experiment based on
the availability of surviving saplings (6-year-old saplings, average
height 242.5 cm � 66.1 SD). Replication for the location consisted of
two blocks within each location; block was included to reduce
environmental variation within each location (Fig. 1b). Each of these
blocks contained two original replication plots (Fig. 1a) that were
established in 1994. For each block, N was applied on one of these two
original replication plots. Thus, within each block, half was
supplemented with N and the other half was not. Although N-
addition plots were adjacent to plots not receiving N additions, N
contamination between N treated and untreated saplings was
minimal because we fertilized only the saplings belonging to the
12 Q. rubra families in N-added plots (not to the whole N-addition plot
area) and saplings that were treated and untreated with N were at
least 3 m apart. N was applied on the basal area of 30 cm radius circle
of each N treated sapling. The 12 Q. rubra families were randomly
located within each N-addition plot and each tree family was
represented by five saplings arranged in a row. We randomly chose
four of these saplings from each tree family for this experiment, two
of which were sprayed with insecticide to control insect herbivore
damage.

The N fertilization treatment comprised a total of
200 kg ha�1 year�1 in eight applications of a dry granular form
of urea every 2 weeks starting in May 2000. Urea has been used in
many forest fertilization studies and the actual amount of N
entering the soil system may have been as much as 25% lower
because urea can be volatilized from the forest soil surface
(Nommik, 1973). This level, chosen to provide an acute application
to maximize short-term potential responses, may overestimate the
effects of actual N deposition concentrations across many seasons,
but it is not only within the range used in other published studies
but also within the range of future predicted N deposition for the
region (Galloway et al., 2004; Zak et al., 2004; Templer et al., 2005;
Hyvonen et al., 2008) and actual deposition in some habitats (Jones
et al., 2008).

Insecticide control consisted of spraying of permethrin applied
in eight treatments every 2 weeks starting in late May 2000. We
sprayed permethrin cautiously by installing an enclosure around
sprayed saplings to prevent overspray to unsprayed controls. Due
to mortality that occurred before our experiment, we used data
from 315 individual trees in our analysis (N = 75 and 85 for trees
grown in Michaux with or without N addition and N = 71 and 84 for
trees in Tuscarora with or without N, respectively).

2.3. Herbivore damage and plant traits estimation

We estimated herbivore resistance in the Q. rubra families by
estimating damage from chewing insects, galling insects, and
white-tailed deer in mid-July 2000 on all the saplings in this
experiment. We also monitored damage from leaf-mining and leaf-
folding insects, but the levels of this herbivory were very low at
both sites and not included in the final analyses. At both locations,
gypsy moth (Lymantria dispar L.) larvae and Asiatic oak weevil
(Cyrtepistomus castaneus (Roelofs)) were the two most abundant
chewing defoliators. Various galling insects, mostly belonging to
Cynipidae and Cecidomyiidae, were abundant at both locations.
We estimated foliar damage from chewing and galling insects on
all the leaves on four randomly chosen major branches, one in each
of four cardinal direction quadrants (north, east, west, and south).
We estimated the chewing damage using a well-established visual
estimation technique described in Hunter and Schultz (1995) to
minimize the disturbance of insects on the saplings. We
categorized leaves within one of the seven damage classes
representing percentage leaf area removed (LAR): no removal
(0%), 0 < LAR � 5%, 5 < LAR � 30%, 30 < LAR � 50%,
50 < LAR � 70%, 70 < LAR � 90%, and >90%. We determined
galling damage as the percentage of leaves with gall(s) over the
number of all the leaves of the four randomly chosen branches
used in chewing damage estimation. Browsing damage by white-
tailed deer was determined as the percentage of browsed branches
in a sapling. No clear spatial pattern of browsing damage was
observed within either common garden site. Although 12 families
were monitored for herbivore damage and considered in data
analysis, only 11 family means could be estimated due to complete
mortality of individuals of two families at different locations,
nitrogen and insecticide treatment combinations.

To determine whether plant height growth was affected by
herbivore damage arising from N addition, we measured sapling
height before leaves emerged in early April 2000 and 2001 using a
retractable tree-height-measuring ruler. We placed the ruler near
the base of a stem and extended it vertically to reach the tallest
point of the sapling. We calculated net annual height growth for
2000 from the measured heights and converted it to a rate
(cm week�1) by dividing the net growth by a growth period of 18
weeks. Because the time of leaf appearance affects, to some degree,
how much the leaves are eaten (Coley and Barone, 1996), we
estimated budbreak phenology in 2000. We calculated an index of
budbreak phenology by dividing the average length of 15 leaves
(from branch tips) measured in early May when most saplings had
less than half-fully grown leaves with the average length of 15 fully
grown leaves measured in mid-June. We measured leaf N
concentration with an elemental analyzer (Model EA 1108, Fisons
Instruments, Beverly, MA, USA). Leaves from two unsprayed
saplings within each family were collected on July 7th, 2000.
Collected leaves were frozen in liquid N in the field, freeze-dried
and finely ground in an air-driven UDY Cyclone Mill (UDY Corp.,
Fort Collins, CO). Ground leaves were stored at �20 8C and leaves
from six randomly selected families were analyzed for leaf N
concentration.

2.4. Data analyses

To examine the effect of N addition, Q. rubra tree family,
location, and their interaction on chewing, galling, and browsing
damage, we performed a MANOVA using data from saplings
unsprayed with insecticide. N addition, Q. rubra tree family, and
location were fixed factors. Leaf phenology was used as a covariate.
To reduce environmental variation within each location, block was
a fixed factor replicated and nested within location. Fixed factor
was used for location and family because of the relatively small
number of locations and families. F-tests were based on values
using Wilks’s lambda, provided by proc GLM (SAS Institute, 1999).
In the model, chewing and galling damage data were arcsine,



Fig. 2. Effects of N additions and location (Michaux vs. Tuscarora) on the amount of

herbivore damage by feeding guild sustained by Q. rubra saplings. Bars are

means � SE of 155 samples.
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square-root transformed and browsing damage was log-trans-
formed to improve normality and homoscedasticity (Zar, 1984).
Provided that the MANOVA detected significant effects, we
performed separate univariate ANOVAs for each damage type.
For ANOVAs, F-tests were based on the REML estimation and the
Kenward–Roger approximation to compute the denominator
degrees of freedom for the test of fixed effects provided by proc
MIXED (SAS Institute, 1999). Replication for family effect was
based on family plots in replication plots. Within family plot
sampling variation was explained by N � Fam � B(L) interaction in
ANOVA.

To determine whether damage from insect and mammal
herbivores decreased plant height growth, we regressed relative
height growth on damage from chewers, gallers, and white-tailed
deer using SAS proc REG with the STEPWISE option (SAS Institute,
1999). We calculated relative height growth by dividing all growth
rate values by the corresponding overall mean growth rate values.
For this analysis, we used data from all the 315 plants because
sprayed plants also incurred all three types of herbivore damage.
Insecticide treatment effectively reduced chewing damage
(F1,172 = 96.26, P < 0.001), but not galling (F1,172 = 0.26, P = 0.61)
or browsing damage (F1,172 = 0.55, P = 0.46).

To investigate the impact of browsing damage on plants under
N-addition treatment depended on the Q. rubra family and
location, we regressed family height growth differentials [height

growth differential = (family mean relative height growth on N treated

saplings) � (family mean relative height growth on control saplings)]
on family damage differentials [damage differential = (family mean

browsing damage on N treated saplings) � (family mean browsing

damage on control saplings)] at each location using SAS proc REG
with STEPWISE option (SAS Institute, 1999). For this analysis, we
used data from only the 155 unsprayed saplings to remove any
possible effect of spray in analysis.

3. Results

3.1. Effect of N addition on herbivory

Damage from all three types of herbivores was pervasive at both
study sites. Overall, the trees suffered an average of 13% (�5.8 SD)
chewing insect damage, 16% (�11.6 SD) galling insect damage, and 28%
(�18.5 SD) browsing damage on the 155 saplings that were not sprayed
with insecticide. As expected, herbivore damage was often increased by
N addition (Fig. 2), but it varied with the type of herbivore, tree family
and location in complex ways (Table 2 and Fig. 3). N addition increased
chewer damage by 19.3% averaged over both locations (F1,63 = 4.21,
P = 0.042; Table 2). Saplings planted at Tuscarora suffered 22.3%
greater chewing damage than did plants grown at Michaux
Table 2
Summary of F-values for ANOVAs examining the effects of leaf phenology, location, ni

S.V. dfn Chewing damage G

dfd F P df

Phenology 1 63 0.86 0.357 6

L 1 63 5.29 0.024 6

N 1 63 4.21 0.044 6

Fam 11 63 2.16 0.028 6

L�N 1 63 1.71 0.195 6

L� Fam 11 63 1.33 0.229 6

N� Fam 11 63 1.40 0.197 6

L�N� Fam 9 63 0.91 0.525 6

B(L) 2 63 3.87 0.026 6

N�B(L) 2 63 6.25 0.003 6

Fam�B(L) 22 63 0.77 0.743 6

N� Fam�B(L) 16 63 0.69 0.791 6

L: location; N: nitrogen addition; Fam: family; B: block; dfn: numerator degrees of free
(F1,63 = 5.29, P = 0.024), and Q. rubra families differed significantly in
chewing damage (F11,63 = 2.16, P = 0.027); the average damage on
families ranged from 10.6% to 16.5%. Galling insects were influenced
only by Q. rubra family and leafing phenology (Table 2); saplings with
earlier leafing phenology suffered greater damage from galling insects
(r = 0.49, P = 0.0001). Damage from white-tailed deer was influenced
by N addition (F1,63 = 5.49, P = 0.022) and family (F11,63 = 5.95,
P = 0.0001), as well as interactions among location, N addition and
family (Table 2). Under N addition, deer browsing significantly
increased by 24.7% at Tuscarora, but decreased in trend by 12.6% at
Michaux (F9,63 = 3.39, P = 0.002) that was driven mainly by several Q.

rubra families that experienced reduced browsing damage under added
N treatment at Michaux (Fig. 3e).

The majority of tree families suffered more herbivore damage
with N addition, but the kind of damage differed between the sites
(MANOVA: F27,178.79 = 1.77, P = 0.015). At Michaux, N addition
caused more chewing herbivore damage, and at Tuscarora N
addition caused more browsing damage (Fig. 3a and f). In a few
families, N addition caused decreased herbivore damage (Fig. 3b–
e). Overall, the magnitude of the family-specific response to N
additions was up to a twofold increase or decrease in herbivore
damage.

N addition significantly increased total herbivory (MANOVA
F3,61 = 3.45, P = 0.022), with significant influences of tree family
(F33,180.42 = 3.38, P = 0.0001), and interactions among tree family,
location, and N addition (location � N addition, F3,61 = 3.22,
P = 0.029; location � family, F33,180.42 = 1.60, P = 0.029; N addi-

tion � family, F33,180.42 = 1.53, P = 0.042; location � N addi-

tion � family, F27,178.79 = 1.77, P = 0.015).
trogen addition, family, and their interactions on herbivore damage.

alling damage Browsing damage

d F P dfd F P

3 4.97 0.029 63 2.84 0.097

3 0.28 0.598 63 1.17 0.283

3 0.01 0.943 63 5.49 0.022

3 2.29 0.020 63 5.95 <0.001

3 0.01 0.921 63 8.09 0.006

3 1.41 0.191 63 1.92 0.054

3 0.83 0.609 63 2.20 0.026

3 0.99 0.455 63 3.39 0.002

3 0.92 0.402 63 14.46 <0.001

3 1.37 0.261 63 0.28 0.759

3 0.69 0.833 63 1.91 0.024

3 0.96 0.510 63 3.20 <0.001

dom; dfd: denominator degrees of freedom.



Fig. 3. Comparison of mean damage per Q. rubra family for N addition and control plots at Michaux and Tuscarora. The solid diagonal line indicates where average damage on

N addition and control plants is the same. Upper dotted diagonal lines indicate where N addition saplings had twofold greater herbivore damage than did control saplings.

Lower dotted diagonal lines indicate where N-addition saplings had twofold less herbivore damage than did control saplings. Thus, points above the solid diagonal line

indicate families that were more heavily damaged when fertilized with N. Conversely, points below the solid diagonal line indicate families that were more heavily damaged

in the absence of fertilization. Differences among families in perpendicular distance from the diagonal illustrate family � N interaction in herbivore damage, whereas

differences among families along the diagonal indicate differences in overall susceptibility for each type of herbivore damage.
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3.2. Effect of N addition on tree growth

Nitrogen addition increased the average leaf N content at
Michaux (2.4% � 0.09 SE in unfertilized plants and 2.9% � 0.09 SE in
fertilized plants; P = 0.0008) but not at Tuscarora (2.6% � 0.09 SE in
unfertilized and 2.7% � 0.09 SE in fertilized plants; P = 0.47). Further,
there were no differences in leaf N concentration among six Q. rubra

families (F5,10 = 0.91, P = 0.51 for unfertilized saplings and F5,10 = 0.62,
P = 0.69 for fertilized saplings).
Only browsing damage reduced the growth of Q. rubra

saplings (relative height growth = 1.31 � 0.01 � deer damage,
r2 = 0.184, P = 0.0001). Galling insect damage had no impact
on sapling height growth and chewing insect damage had a
significant positive effect on relative height growth (P = 0.003)
but the effect was small, explaining only an additional 2.4% of
total variation in relative height growth (relative height

growth = 1.17 + 0.01 � chewer damage � 0.01 � deer damage,
r2 = 0.208, P = 0.0001).



Fig. 4. The relationship between change in relative height growth with N additions

and change in browse damage with N additions: (a) Tuscarora, growth

differential = 1.2 � 0.83 � deer browse differential, r2 = 0.7911, P = 0.0001; (b)

Michaux, growth differential = 0.39 � 0.24 � deer browse differential, r2 = 0.1935,

P = 0.15.
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N addition had no direct effect on the relative height growth of
saplings sprayed with insecticide (F1,82 = 0.32, P = 0.57) but this
result is not surprising given the ineffectiveness of insecticide
control on galling or deer browsing damage. Although insecticide
spraying was highly effective for reducing damage from chewing
insects (F1,172 = 96.26, P = 0.0001), it did not reduce damage from
galling (F1,172 = 0.26, P = 0.61) or browsing (F1,172 = 0.55, P = 0.46).
While this hindered our ability to assess the impact of N addition
on height growth in the absence of total herbivory, we were able to
use all the plants in our experiment – both sprayed and unsprayed
– to evaluate the effect of herbivore damage on plant growth using
a wider range of herbivore variation among saplings.

N addition suppressed plant growth at the Tuscarora site where
N addition increased deer browse damage. This effect is best
visualized by plotting the magnitude of change in plant height
growth and deer browse in response to N addition for each site
(Fig. 4). At Tuscarora, families that became more susceptible to
deer browse as a result of N fertilization grew less than the families
that became less susceptible to deer browse. This resulted in a
significant negative correlation between relative changes in height
growth of Q. rubra families and browsing damage caused by N
addition at Tuscarora (r2 = 0.79, P = 0.0001; Fig. 4a) but not at
Michaux (r2 = 0.19, P = 0.15; Fig. 4b). In contrast, although the
susceptibility to deer browsing of families grown at Michaux was
also affected by N addition (Table 2), families grown in Michaux
were equally or more productive regardless of the level of deer
browsing changed by N addition, indicating that some families
were able to maintain their growth in the face of increased
herbivore damage as a result of N deposition. Despite the overall
differences between the two locations, some Q. rubra families were
more resistant to herbivores and more productive under high N at
both locations (Fig. 4).

4. Discussion

In our study, repeated N additions during a growing season
decreased tree growth by increasing susceptibility to herbivores,
and the magnitude of this effect depended on tree family and
location. The observed short-term change in tree growth
suggests that negative impacts of increased N deposition on
forest growth can be observed rapidly (i.e., within a growing
season) when indirectly mediated by changes in susceptibility to
herbivores. In fact, short-term studies may provide a conserva-
tive estimate of the impact of N addition since regrowth after
herbivory depends on stored reserves which may eventually be
depleted by repeated demands of compensatory growth. Other
short-term studies have reported similar increases in herbivory
by N addition (Bryant et al., 1987; Hunter and Schultz, 1995;
Jones et al., 2008) and decreases in plant growth from increased
herbivory (Crawley, 1985; Hochwender et al., 2004). While
individual herbivores may actually consume less leaf material
with higher N, the higher quality resource may attract a greater
number of herbivores and result in a net increase in total
herbivory. Whether the response of oak may resemble that of
other temperate forest trees is not clear, as several studies in
which herbivory was not monitored have reported species-
specific responses to natural and elevated levels of N deposition
(Boggs et al., 2005; Templer et al., 2005; McNeil et al., 2007;
Hyvonen et al., 2008; Bedison and McNeil, 2009).

Deer browsing imposed the greatest damage to the oak saplings
at both sites (Fig. 2) and also had the largest effect on oak height
growth. Unlike some previous studies of oaks and insect
herbivores, insect herbivory did not decrease tree growth in our
study (Byington et al., 1994; Humphrey and Swaine, 1997;
Hochwender et al., 2004) probably because deer browse was
pervasive on trees with and without insecticide. Not all herbivores
respond positively to increases in foliar N content and variation in
response and the potential mechanisms for this variation have long
been debated in the literature (e.g., Nykanen and Koricheva, 2004).
In our study, herbivore damage tended to be higher with N
additions, sometimes significantly so as mediated by tree family
and location. Since we measured natural levels of herbivory rather
than manipulating herbivory levels experimentally, it is difficult to
assess the mechanisms underlying observed treatment effects.
Herbivore damage may have varied for multiple reasons: herbivore
preference, differential feeding rates, differential survivorship. The
important point is that, rather than being a consistent relationship,
the effect of N additions on herbivore damage in our study – by
whatever mechanism – was influenced by tree genetic variation
and site-specific conditions.

Tree families responded very differently to N additions, and in
turn exerted a strong influence on the effects of N additions on
herbivore damage. While we did not characterize exact genetic
relatedness among our families (and thus refer to ‘‘families’’ as
opposed to ‘‘genotypes’’), differential response to N additions
suggests that genetic diversity of natural and managed forests can
influence their response to N deposition. Some Q. rubra families
grew more than others in the absence of herbivores, experienced
different levels of herbivory, and responded to herbivory
differently, as has been shown in previous studies of herbivory
in oaks and other woody species (Maddox and Cappuccino, 1986;
Fritz, 1992; Sork et al., 1993; Stowe et al., 1994; Orians and Fritz,
1996; Rossi and Stiling, 1998; Mutikainen et al., 2000). While the
exact mechanism of the genetic effects is not known, it is likely



D.H. Cha et al. / Forest Ecology and Management 259 (2010) 1930–19371936
mediated by genetic variation in foliar chemistry. For example,
such genetic variation in tree leaf tannins has been shown to
strongly influence rates of soil N mineralization (Schweitzer et al.,
2005; Madritch and Hunter, 2005), and this ecosystem-level effect
may be further amplified by genetic variation in herbivore
induction of foliar tannins (Schultz and Baldwin, 1982; Hunter
and Schultz, 1995). In our case, we have identified the existence of
a genetic basis in Q. rubra for responses to N deposition and
herbivory, and further work is ongoing to characterize the
underlying genetic mechanisms. It is important to note that
because we used family as fixed factor in our analysis, the inference
is limited to the 12 families used. However, our result still provides
strong support for the hypothesis that plant genotype in the broad
sense affects plant responses to N and herbivores.

The importance of Q. rubra family variation to the herbivore-
mediated impact of N addition depended on location, suggesting
that landscape level differences in the effects of N deposition are
likely even within the same habitat type. Given the close proximity
of the two locations in our study and their similarities in forest
type, we expected to observe similar responses to N-mediated
changes in herbivore susceptibility. Yet, families that grew more in
response to fertilization were less susceptible to suppression by
deer browsing at the Tuscarora site but not at Michaux (Fig. 4). The
similar range of browsing damage that created a different range of
growth response at the two sites (more positive at Michaux) also
could indicate that families that become more susceptible to
browsing damage under high N at Michaux grew more than did
similarly affected families at Tuscarora. Indeed, the saplings at
Michaux were relatively larger overall than at Tuscarora
(226.76 � 4.01 cm at Michaux vs. 176.47 � 3.93 cm at Tuscarora;
F1,267 = 8.62, P = 0.004), and were possibly more tolerant of browsing
damage as a consequence (e.g., Stowe et al., 2000).

The site differences could arise from the significant differences
in soil chemistry between the two sites (Table 1), which may also
explain why trees at Tuscarora did not have higher foliar N in
response to fertilization. Trees at Tuscarora did not increase foliar
N in response to N addition, suggesting that N was not the limiting
resource to tree growth at Tuscarora. Although Tuscarora soil had
lower Al and greater K and Mg concentrations compared to
Michaux soil, Tuscarora soil was more than twofolds lower in P
concentration compared to Michaux soil. As relative ratio between
N and P is important for optimum plant growth and functioning, it
is possible that low concentration of P in Tuscarora soil limited
absorption of N of Q. rubra saplings grown at Tuscarora. For
example, Graciano et al. (2006) showed that fertilization with P
increased N absorption and growth of young Eucalyptus grandis

plants in low N soil, even more than urea fertilization. Similarly,
Hyvonen et al. (2008) summarizing a large number of long-term N
addition experiments in northern Europe concluded that the effect
of N addition on carbon pools depended on whether the soils were
limited by P and K as well as N. Taken together, these make a strong
case that understanding the effects of N deposition on interactions
between trees and herbivores depends on soil properties.
Moreover, genotype by environment interactions mediated by
soil nutrient availability has been reported for other tree species
(Spinnler et al., 2003). Indeed, our data demonstrate that the
importance of genetic effects depends on site-specific conditions.

Responses to acute and chronic levels of atmospheric pollution
are likely to differ, and an important caveat of this study is our use
of an acute treatment of a relatively high level of N; however, we
observed subtle effects of both location and tree family variation
not likely detectable if we had overwhelmed the system with a
large N signal. Furthermore, recent studies have shown that there
are similar levels of variation in growth responses to chronic
ambient levels of N addition among tree species and locations
(McNeil et al., 2007; Bedison and McNeil, 2009).
5. Conclusions

The key finding of our study is that herbivory, mediated by tree
genetic lineage and site-specific conditions, may represent an
important component of nitrogen saturation under elevated N
deposition. Herbivory may cause a proportion of the ‘unexplained’
variation among sites and years in studies of N and C cycling of
temperate hardwood forests (Eshleman et al., 1998; Boggs et al.,
2005), even under the moderate levels of herbivory studied here.
Although the importance of disturbance on carbon sequestration is
beginning to be appreciated, ambient herbivory may represent a
highly variable and important component of forest net carbon
sequestration, through its responses to elevated N, even in the
absence of large-scale pest outbreaks.

The critical roles of herbivory, tree family and site in individual
tree responses to N deposition have three important implications
for global change and forest management. First, the impact of
increased N deposition on forests and its consequences for carbon
storage may depend, in part, on the relative magnitude of
enhanced plant growth and enhanced herbivore damage. Second,
maintenance of genetic variation over large areas of forest may be
necessary for forests to tolerate the effects of increased N
deposition, and may be especially important in global biodiversity
hotspots that experience both elevated N deposition and reduced
genetic diversity (Phoenix et al., 2006). Third, long-term studies of
chronic N addition with a large range of genotypes at multiple
sites are necessary to evaluate fully the potential of temperate
forests to survive sustained increases in N deposition and serve as
C sinks.
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