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ABSTRACT

The deposition of anthropogenically fixed nitrogen
(N) from the atmosphere onto land and plant sur-
faces has strong influences on terrestrial ecosystem
processes. Although recent research has expanded
our understanding of how N deposition affects eco-
systems directly, less attention has been directed
toward the investigation of how N deposition may
affect ecosystems indirectly by modifying interac-
tions among organisms. Empirical evidence sug-
gests that there are several mechanisms by which N
deposition may affect interactions between plants
and insect herbivores. The most likely mechanisms
are deposition-induced shifts in the quality and
availability of host plant tissues. We discuss the
effects of N deposition on host plant chemistry,
production, and phenology, and we review the ev-
idence for the effects of N deposition on insect
herbivores at the individual, population, and com-
munity levels. In general, N deposition has positive
effects on individual insect performance, probably
due to deposition-induced improvements in host

plant chemistry. These improvements include in-
creased N and decreased carbon-based defensive
compound concentrations. The evidence to date
suggests that N deposition may also have a positive
effect on insect populations. These effects may have
considerable ecological, as well as economic conse-
quences if the rates of herbivory on economically
important timber species continue to increase. Dep-
osition-induced changes in plant-herbivore rela-
tionships may affect community and ecosystem
processes. However, we predict that the larger-scale
consequences of interactions between N deposition
and herbivory will vary based on site-specific fac-
tors. In addition, interactions between N deposition
and other global-scale changes may lead to nonad-
ditive effects on patterns of herbivory.

Key words: acid deposition; herbivory; global
change; nitrogen deposition; plant—insect interac-
tions; pollution.

INTRODUCTION

The deposition of anthropogenically fixed nitrogen
(N) from the atmosphere onto plant and soil sur-
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faces is one of the most important factors currently
causing global-scale changes to terrestrial ecosys-
tems. According to recent estimates, anthropogenic
activities are doubling the amount of fixed N enter-
ing the terrestrial N cycle annually (Galloway and
others 1994; Vitousek and others 1997). This N
enrichment causes changes in soil N availability,
and the acidic nature of many nitrogenous com-
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pounds affects soil and soil solution chemistry. Be-
cause N is important in controlling biological pro-
cesses, from organismal to ecosystem levels of
organization, deposition-induced changes in N
availability may have substantial consequences for
natural systems (Vitousek and Howarth 1991;
Chapin 1980). Increased N deposition may act ei-
ther directly on biological processes (for example,
nutrient cycling) or indirectly (for example, causing
shifts in herbivory that result from altered host
plant biology).

Although the direct effects of N deposition have
received considerable attention over the past 2 de-
cades, scientists have paid less attention to its indi-
rect effects. However, there is a growing body of
evidence suggesting that N deposition may substan-
tially affect the interactions between plants and in-
sect herbivores. Large-scale changes in herbivory
caused by N deposition could affect ecosystem pro-
ductivity and carbon (C) storage, as well as the
dynamics of the cycling of N and other elements. In
addition, changes in herbivory could have large
economic consequences; they impact the growth
and mortality patterns of commercially important
species, such as northern conifers.

In this article, we first briefly review the chemical
and spatial nature of N deposition and its direct
effects on terrestrial ecosystems. We then examine
the indirect effects of N deposition, focusing on its
impact on interactions between herbivores and
plants and the ways in which these individual-scale
effects may translate to changes in population,
community, and ecosystem processes. Finally, we
assess the potential for interactions between N dep-
osition and other global-scale changes, such as
changes in climate and atmospheric carbon dioxide
(CO,) levels, on herbivory and ecosystems.

Chemical and Spatial Nature of N
Deposition

Inorganic N in the atmosphere enters terrestrial
systems as either dry deposition (direct deposition
of gases and particulate matter), wet deposition (via
precipitation), or cloud water deposition (Lovett
1994; Ollinger and others 1993). Deposited N ar-
rives in reduced form as NH, (primarily volatilized
from agricultural activities) or in an oxidized state
as NO, (primarily as the result of fossil fuel com-
bustion). The relative concentrations of the reduced
and oxygenated forms of N depend on regional
human activities. Deposited N becomes incorpo-
rated into the biota through roots or microbial up-
take of N deposited into the soil surface and via
foliar uptake of gaseous and particulate N com-
pounds (Rennenberg and others 1998; Aber and

others 1998; Lovett 1994; Hosker and Lindberg
1982).

Spatial patterns of deposition vary greatly on
both local and regional scales. At the local scale,
deposition rates can differ across scales of tens to
hundreds of meters, such as when a plume of fixed
N moves from a point source of emission across the
landscape (Armolaitis 1998; Pitcairn and others
1998; Whytemare and others 1997). At the regional
scale, the highest rates of deposition generally occur
downwind of major urban or agricultural areas and
decrease with distance from the source area. In
addition, rates of N deposition tend to increase with
altitude because of the increased importance of
cloud water deposition (Lovett 1994; Weathers and
Likens 1997). In the United States, deposition rates
range from near zero to up to 40 kg N ha™' y ' in
high-elevation locations in the Northeast, and dep-
osition rates in the Netherlands may exceed 100 kg
Nha~'y~! (Ollinger and others 1993; Draaijers and
others 1989).

Direct Ecosystem Effects of N Deposition

Nitrogen deposition directly affects ecosystem pro-
cesses in two general ways. Deposition-induced in-
creases in soil inorganic N availability lead to fertil-
ization effects, while the often acidic nature of N
deposition leads to acidification effects (Fenn and
others 1998; Aber and others 1998; Vitousek and
others 1997). Rates of N mineralization and nitrifi-
cation tend to increase with atmospheric inputs,
although mineralization rates may decline after
soils become N saturated (Aber and others 1998).
One of the consequences of increased rates of N
cycling is an increase in the flux rates of trace gases
from soils. Increased rates of N,O and NO emission
as a result of N deposition may have substantial
consequences for atmospheric chemistry (Hall and
Matson 1999). The deposition of acidic precipita-
tion, such as nitric acid, alters soil chemistry and
leads to changes in element cycling. Deposition-
induced soil leaching causes the depletion of essen-
tial cations, including magnesium (Mg), calcium
(Ca), and potassium (K) (Likens and others 1996).
Depending on the rates of acid input and the acid-
buffering capacity of the soil, acid deposition can
exceed the buffering capacity of the soil and reduce
pH (Schulze 1989; Fenn and others 1998). De-
creases in soil pH lead to the mobilization of alumi-
num (Al) into the soil solution; this Al is detrimen-
tal to plant growth due to both direct toxicity and
interference with Ca uptake (Schulze 1989; Shortle
and Smith 1988).

Deposition-induced changes in plant physiology
may also lead to changes in net primary productiv-
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ity (NPP). The strong correlation between plant N
status and photosynthetic rates (Field and Mooney
1986) means that N deposition can have a strong
positive influence on leaf-level photosynthetic
rates. Simulated and “natural” deposition studies at
both the leaf and stand levels have shown increases
in photosynthesis, which may in turn lead to in-
creased C storage in the terrestrial biosphere
(Townsend and others 1996; Holland and others
1997; Schindler and Bayley 1993; but see Nadel-
hoffer and others 1999). In contrast to the effects of
low to moderate levels of deposition, chronic high
levels of deposition eventually lead to decreases in
NPP (Aber and others 1998). Decreases in produc-
tivity are likely the result of base cation deficiencies
and the toxic effects of mobile Al (Schulze 1989).

EFFECTS OF N DEPOSITION ON HERBIVORY

Nitrogen deposition can potentially affect plant—
herbivore interactions via several pathways (Figure
1). First, the deposited N may be toxic to insects.
Although direct toxicity effects have been docu-
mented for other types of air pollution (Alstad and
others 1982), there is little evidence to show that
such direct effects result from N deposition (a pos-
sible exception is the toxicity of high concentrations
of gaseous N oxides) (Feir and Hale 1983). Second,
deposition-induced changes in food quality, quan-
tity, and phenology may alter herbivore population
dynamics. For insect herbivores, the N concentra-
tion of the host plants strongly controls processes
such as growth, survivorship, population levels, and
outbreak frequency. Changes to these processes re-
sult from both the direct effects of N on host plant
quality and its influences on plant defensive chem-
istry. Finally, N deposition may affect plant-herbi-
vore interactions by altering relationships between
herbivores and their natural enemies, leading to
changes in herbivore survival and population dy-
namics.

Because the first mechanism is a rare response to
N deposition, this review is focused on the second
and third mechanisms. To distinguish the impacts of
N deposition from higher-level rates of fertilization
(such as occurs in agricultural fertilization prac-
tices), we have limited this review to studies that
use N deposition rates of no greater than 100 kg N
ha 'y '

Individual Plant and Insect Responses to N
Deposition

There are two central questions that are especially
pertinent to the potential effects of deposition on

Nitrogen deposition
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Figure 1. Possible mechanisms by which N deposition
could affect interactions between plants and insect her-
bivores. Nitrogen deposition could potentially directly
affect insects (A), although there is scant evidence to
support this mechanism. More likely are deposition-
mediated changes in host-plant suitability (B) or dep-
osition-mediated changes in herbivore susceptibility to
predators, parasites, or pathogens (C). Changes in host-
plant quality may be the result of either foliar uptake of
fixed nitrogen compounds (D) or deposition to soil sur-
face (E) and subsequent changes in the availability of
fixed nitrogen, base cations, or aluminum for root uptake
(F). The processes shown with solid arrows have been
reasonably well researched, whereas processes repre-
sented by dashed arrows are less well understood.

herbivore performance via changes in host plant
quality. First, does N deposition after the composi-
tion of plant tissue in such a way as to affect insect
herbivores? Second, if herbivores do respond to
changes in tissue quality, what is the direction of
that response? We focus primarily on leaf tissue
responses and consequent impacts on folivores be-
cause these responses have been studied more thor-
oughly than the responses of other plant tissue
types and other insect feeding guilds. Nonfolivorous
insects may also be affected by deposition induced
changes in their host plant tissue. For example,
Latty and others (forthcoming) draw a link between
N deposition and attack by scale insects. We cau-
tion, however, that different plant tissues (for ex-
ample, foliar tissue versus phloem sap) may have
dissimilar responses to N deposition, which may
lead to different responses among insect feeding
guilds.

Plant N Allocation and Insect Response. Aber and
others (1998) have suggested that N deposition
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leads to a monotonic increase in foliar N concen-
tration as stands move toward N saturation. We
compiled data on foliar N response to natural or
simulated N deposition (Table 1). Although there
are differences in experimental design among stud-
ies (for example, differences in N loads, length of N
applications, chemical composition of deposition,
and species-specific differences) that make it diffi-
cult to draw generalizations, some interesting pat-
terns emerge from these data. First, N deposition
has a very strong positive effect on leaf N concen-
tration. In 24 of 25 cases, deposition led to an
increase in foliar N. Second, there was a difference
in response between coniferous and deciduous
woody species. The mean increase in foliar N for
conifers was 21.76% (£ 6.09 SE), whereas decidu-
ous trees had a mean increase of only 13.03% (=
2.62 SE).

In addition to affecting total foliar N, deposition
can lead to changes in the form of N present in leaf
tissue. We compiled data on foliar free amino acid
concentration in response to N deposition. We
found that the concentration of reported foliar free
amino acids—in particular, arginine and glu-
tamine—tends to increase in plants subjected to
high deposition inputs (Table 2). It is unclear from
these data how generalized these responses are,
because four of the eight studies were conducted on
Pinus sylvestris, all but two studies used conifers, and
most studies reported data from only a limited
number of amino acids. These data do indicate,
however, that N deposition can cause drastic
changes in relative allocation patterns among dif-
ferent amino acids. Similarly, N additions can cause
increases in total foliar protein and altered protein
profiles in leaf tissue (Rao and others 1993; Pietila
and others 1991). The concentration of soluble N
may increase in plants with deficiencies of nutrients
such as K and Mg (White 1984). Foliar nitrate
concentrations increase in foliage once the N re-
quirements for growth or nitrate assimilation ca-
pacity are exceeded (Fenn and others 1996, 1998;
Stams and Schipholt 1990; Hogbom and Hogberg
1991). Finally, increased N availability can increase
allocation to N-based secondary chemicals such as
alkaloids (Gerson and Kelsey 1999; Waterman and
Mole 1989). We hypothesize that a general pattern
showing a positive correlation between N availabil-
ity and N-based secondary chemicals would become
evident under N deposition, although to our knowl-
edge no studies to date have investigated this
relationship.

The N concentration in host-plant tissue consis-
tently serves as the single best predictor of host
plant quality for insect herbivores. This pattern has

been reviewed extensively elsewhere, and a strong
positive relationship has been documented between
foliar N concentration and insect survivorship, de-
velopment, growth, and reproductive rates (Matt-
son and Scriber 1987; Mattson 1980; White 1993;
Scriber and Slansky 1981). In contrast, insect re-
sponse to N may vary in terms of individual con-
sumption rates. Some species increase consumption
rates in the presence of N-rich food, whereas others
tend to decrease individual feeding rates to keep N
intake constant (for example, see Slansky and
Feeny 1977; Raubenheimer 1992; Meyer 2000;
Woods 1999; Muthukrishnan and Selvan 1993).
However, there appears to be an optimal N concen-
tration in host foliage for most insects, and de-
creased performance is likely when tissue N exceeds
this level (Mattson 1980; White 1984). The optimal
foliar N concentration seems to differ greatly among
different insect herbivores. For example, in an ex-
periment where common ragweed (Ambrosia arte-
misiifolia) was grown under varying N levels, cab-
bage looper (Trichoplusia ni) larvae had greatest
survival under the highest foliar N (6.76% N),
whereas the survival rates of larvae of a leaf beetle,
Ophraella communa, declined as foliar N rose above
the lowest foliar N concentration (2.20% N). In this
case, differential insect response to foliar N concen-
tration may be related to N-based secondary metab-
olites or foliar nitrate accumulation (Throop 2002).

Given the important influence of N deposition on
leaf N concentration and the strong effect of leaf N
concentration on insect herbivores, it seems likely
that N deposition could play an important role in
influencing patterns of herbivory. But a critical
question remains: Are current or predicted future
levels of deposition great enough to influence her-
bivory? In a review of fertilization studies, Ayers
(1993) found that experimental fertilization in-
creased foliar N concentrations by an average of
38%. In contrast, we found that the average foliar N
response to simulated or “natural” deposition (with
N deposition rates of 3-100 kg N ha™' y ') is
around 13% (Table 1). In general, this enhance-
ment of foliar N should have a positive effect on
insect performance, provided that foliar N does not
exceed the optimal levels for insect herbivores
(Mattson 1980; Scriber and Slansky 1981). The ap-
parent difference in foliar N response between de-
ciduous and coniferous plants suggests that N dep-
osition may have fundamentally different effects on
herbivores of coniferous trees than herbivores of
deciduous trees. Specifically, N deposition might be
expected to have a more positive impact on herbi-
vore performance on coniferous trees than on de-
ciduous trees.
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Table 2. Response of Foliar Free Amino Acid Concentration to Nitrogen Fertilization
No. Amino
Acids
Reported
Amino % Increase -
Plant Acid (or Decrease) + — NS Deposition Rate Reference
Fagus sylvatica Asparagine +240 4 0 5 —40kgNha 'y! Pahlsson 1992 (low-N
Aspartate +100 (fertilization) treatment)
Glutamine +76
Glutamate +70
Psedotsuga menziesii Glutamine +3450“ 59 0 0 Ambient versus fertigated  Perezsoba and Devisser
Arginine +1316 (balanced nutrient) sites, 1994
Histidine +303 both receiving ~40 kg N
Proline +120 ha™' y~! ambient
Glutamate +78 deposition
Pinus sylvestris Arginine +250° 4 1 0 Ambient versus fertilized & Perezsoba and Devisser
Histidine +188 irrigated (balanced 1994
Glutamine +127 nutrient) sites, both
Proline +52 receiving ~40 kg N ha™'
Glutamate -19 y~ ! ambient deposition
Picea abies Arginine +6266 1 0 5 Stands with low and high  Edfast and others 1990;
ambient deposition loads data from “medium
(~3 versus ~20-30 kg quality” sites
N/haly)
Pinus sylvestris Arginine +2400 2 0 4 Stands with low and high  Edfast and others 1990;
Glutamine +162 deposition loads (~3 data from “medium-
versus ~20-30 kg N/ha/ quality” sites
Y)
Pinus sylvestris Arginine +12600, 19 1 5 NH," deposition gradient Pietila and others 1991
+27780° from a large fox farm;
Cysteine +600, +500 needles collected at 50,
Ornithine  +386, +400 150, and 700 m from
Leucine +225, +355 farm
Histidine +102, +288
Pinus sylvestris Arginine +753 7 1 1 Stands w/low and high Huhn and Schulz 1996
Aspartate +141 deposition loads (~0.27
Serine +89 versus 7.5 kg N/haly
Glycine +83 throughfall)
Glutamine +64
Glutamate +54
Asparagine +38
Proline -76
Deschampsia flexuosa Asparagine +90 1 0 2 0.5versus 50 kg N/ha/y Nordin and others

“No statistical analyses presented.

(1-y application)

1998)

"No statistical analyses presented; values given here are the five amino acid with the greatest percent change of the 25 free amino compounds presented.

Studies include “natural” and simulated deposition experiments. For simulated deposition experiments, only addition rates < 100 kg N ha™' y™! are included. Amino acids
with statistically significant differences in concentration are included in the table, and the number of free amino acids that increase, decrease, or do not change in response to
deposition are reported. Note that half of the studies use the same species, Pinus sylvestris.

Although a vast number of studies have investi-
gated the impacts of quantitative changes in tissue
N on insect herbivores, relatively little research has
explicitly examined how changes in the form of N
in leaves affect insect herbivores. Shifts in allocation
to different N-rich compounds may have a substan-

tial impact on insect herbivores. Because free amino
acids are a readily available form of N for insects,
deposition-induced increases in foliar amino acid
concentrations will most likely cause a dispropor-
tionate increase in the amount of N available to
herbivores (White 1984). The feeding patterns of
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Table 3. Response of Carbon-based Secondary Chemicals to Nitrogen Deposition

Secondary
Species N Addition Metabolite % Change Reference
Picea abies Simulated deposition in closed chambers at  Tannins -3.6,-8.0 Hattenschwiler and

420 ppm CO, (0, 30, 90 kg N ha' y')
Simulated deposition in closed chambers at  Phenolics
420 ppm CO, (0, 30, 90 kg N ha™' y")
Open-top chambers, 35 (year 1) & 70 (year Phenolics

Picea abies

Calluna vulgaris
2) kg Nha' y!
Betula papyrifera High versus low elevation
Betula pubescens
HNO;, also H,SO,
Fagus sylvatica
NH,NO;, 5y
Picea engelmannii

Simulated wet deposition ~6 kg aN ha™' y's Phenolics
Fertilization with ~40 kg N ha™ y™' as

Sites with high (3-5 kg N ha™' y!') versus
lower (1-2 kg N ha™' y') N deposition

Schafellner 1999
-9.1,-9.19 Haittenschwiler and
Schafellner 1999

(condensed)

-9.47 NS Kerslake and others
1998
Tannins -41.4 Erelli and others 1998
(condensed)
+5.2 NS”  Suomela and others
1998
Phenolics -28 Pdhlsson 1992; low N
treatment
Lignin -2.1 NS Baron and others
2000

“Significance level for overall N treatment effect; data not presented for comparison between N treatments

"Grand mean of presented means from several subplots and sampling dates

Studies include “natural” deposition and simulated deposition experiments. For simulated deposition experiments, only addition rates of = 100 kg N ha* y! are included.
Statistically significant changes are in bold face and nonsignificant changes are denoted as NS.

some herbivores suggest that they may be limited
by amino acid availability and feed to maximize
amino acid intake (Parsons and de la Cruz 1980).
However, herbivore performance may be reduced
in some situations if the altered amino acid profiles
are suboptimal; such a response to changes in
amino acid profiles has been found in several aphid
species (Sandstrom and Pettersson 1994; Ponder
and others 2000). In the event that N inputs lead to
an accumulation of nitrate in plant tissues, some
herbivores may be susceptible to nitrate toxicity
(Mattson 1980). However, the data on deposition-
induced foliar nitrate concentrations and insect re-
sponses to nitrate are not adequate to establish
whether deposition would ever lead to nitrate levels
high enough to cause a decrease in insect perfor-
mance. Finally, the potential for N deposition to
increase N-based secondary chemicals suggests that
the performance of herbivores feeding on plants
with these compounds will decrease.

Plant C Allocation and Insect Response. Nitrogen
deposition may also alter plant—herbivore interac-
tions by affecting patterns of allocation to C-based
compounds. In general, the concentration of both
total nonstructural carbohydrates (TNC) and total
structural carbohydrates (TSC) are negatively cor-
related with leaf protein concentration (Poorter and
Villar 1997). However, only a few researchers have
specifically investigated the effects of N deposition
on carbohydrate concentrations. The experimental
response of carbohydrate allocation patterns to N

deposition has been mixed. In Deschampsia flexuosa,
leaf sucrose concentration was negatively corre-
lated with leaf N concentration both along a depo-
sition gradient and in experimentally fertilized plots
(Hogbom and Hogberg 1991). However, simulated
N deposition in environmental chambers did not
significantly affect the TNC concentrations in beech,
spruce, or three understory species (Landolt and
Pfenninger 1997; Hattenschwiler and Korner
1996).

Several plant-allocation models predict that in-
creased N availability leads to decreased allocation
to C-based secondary chemicals such as phenolics
(including lignin and tannins) and terpenes (Coley
and others 1985; Herms and Mattson 1992; Jones
and Hartley 1998). Plants allocate proportionately
more C to C-based defenses when resources such as
N are scarce and plant growth is limited by N. In
contrast, when N abounds, C is allocated to growth
(Lorio 1986; Bryant and others 1983). In six of
seven simulated deposition studies, the concentra-
tion of C-based secondary chemicals decreased in
response to increasing N availability (the seventh
study showed a nonsignificant increase), suggesting
that decreased allocation to these compounds is a
common response to N deposition (Table 3). Car-
bon-based secondary chemicals tend to have strong
detrimental influences on insect performance
(Rosenthal and Janzen 1979), suggesting that dep-
osition-induced changes in C-based secondary
chemical allocation may have large influences on



Nitrogen Deposition and Herbivory 117

insect performance. In addition, C-based structural
defenses (for example, trichomes) can be an impor-
tant form of defense, particularly for sucking insects
(Agrawal 2000). In contrast, there is little evidence
to show that deposition-induced influences on
plant carbohydrate concentrations strongly affect
insect herbivores—perhaps because carbohydrates
are rarely limiting to insects, although starch may
increase digestibility (Goverde and others 1999).

Plant Mineral Nutrition and Insect Response. In ad-
dition to its impact on foliar N concentration, N
deposition can affect substantially the foliar concen-
trations of other elements and alters the ratios
among them. The acidic nature of much N deposi-
tion can lead to acidification of the soil and soil
solution and consequent leaching of cations from
the soil. Increases in N deposition are coupled with
declines in both soil and foliar concentrations of
base cations (Katzensteiner and others 1992; Du-
quesnay and others 2000). Consequently, a mono-
tonic decline in foliar cation: N ratios such as Ca:N
and Mg:N is expected as stands become N saturated
(Aber and others 1998). In contrast, acid deposition
leads to increased mobility of Al in the soil; conse-
quently, it may increase foliar Al concentrations
(Wilson and Skeffington 1994).

Insects require a number of mineral elements for
physiological processes. Deposition-induced changes
in foliar mineral composition may therefore affect
herbivore performance. Phosphorus (P) K, and Mg
are among the most abundant mineral elements in
insect tissues, although little is known about the
specific concentrations required for these and other
elements (Mattson and Scriber 1987). Because
these base cations typically decline in response to N
deposition, it is possible that insect herbivores ex-
perience mineral deficiencies under high-deposi-
tion conditions. Soil acidification from acid deposi-
tion has been shown to cause Ca losses great
enough to affect snail abundances (Wareborn 1992;
Graveland and others 1994). In contrast, experi-
mental studies of the response of insect herbivores
to Ca availability suggest that high levels of Ca may
in fact be detrimental because the interferes with
insect ability to take up other essential elements
from foliage (Clancy and King 1993). Thus, N depo-
sition-induced declines in Ca content may enhance
food quality for folivores if pre-deposition Ca levels
were higher than optimal. Similarly, the perfor-
mance of insect herbivores has been linked to com-
plex interactions between Mg and P availability.
Generally higher insect performance has been ob-
served with lower concentrations of both these el-
ements (Clancy and King 1993). Diets in that study,
however, were based on moderate to high levels of

Mg and P in host plant tissue (0.83-1.95mgg ' Mg
and 2.74-4.95 mg g~ ' P) (Clancy and King 1993),
so it is unclear whether very low nutrient levels
from deposition could in fact be suboptimal for
folivores. Ratios between elements may be even
more important than absolute values, because they
may affect the bioavailability of other nutrients
(Clancy and King 1993). Further research into the
response of insects to the foliar element ratios
found under deposition scenarios would help to
clarify this issue.

Deposition-induced increases in foliar Al levels
may also affect herbivore performance. Harmful
effects of Al on whitebacked planthopppers (Soga-
tella furcifera) have been demonstrated in rice plants
with foliar Al levels of 228 -268 mg kg~ ! (Salim and
Saxena 1992). Reported foliar Al levels in natural
forest stands are considerably lower (20-160 mg
kg~ ' Al) (Raynal and others 1990), so it is not clear
whether the acidification caused by N deposition
could create foliar Al great levels enough to affect
insect performance.

Clearly, further research on acidification, plant
mineral content, and insect performance is needed
for a fuller understanding of the implications of N
deposition in affecting plant—herbivore relation-
ships. This area of research is particularly critical
because of the different influences of agricultural-
level N fertilization and atmospheric N deposition
on base cation availability.

Whole-Plant Effects. In addition to having quali-
tative effects on plant tissues and a subsequent im-
pact on insect herbivores, N deposition may also
affect the quantity of food available to herbivores,
either by changing the total amount of plant tissue
available or by altering plant phenology and thus
changing the timing of the availability of specific
tissues. Moderate rates of N deposition (around
5-20 kg N ha™!' y~! of “natural” deposition in
northern Europe) have been linked to increases in
total plant biomass (Kauppi and others 1992),
thereby potentially increasing the quantity of food
for insect herbivores. Increases in plant biomass
may be more pronounced in deciduous species than
in coniferous species because conifers appear to be
more likely to allocate additional N to enhancing
foliar N concentration (Table 1). Under conditions
where very high or sustained loads of N deposition
lead to N saturation (for example, 150 kg N ha™'
y ' in an experimental fertilization experiment in a
pine stand at Harvard Forest; Aber and others
1998), biomass production often decreases or even
ceases (Aber and others 1998; Kauppi and others
1992), leading to a decrease in food availability to
insect herbivores. In terrestrial systems, however,
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primary consumer populations appear to be limited
less by total food availability than by the quality of
food and predation pressure from higher trophic
levels (Hairston and others 1960; White 1993).
Insect herbivores may respond to deposition-in-
duced changes in the availability of certain plant
tissues. Nitrogen fertilization has been shown to
increase rates of new leaf flushing in indeterminate
plants and to affect leaf development rates (Dickson
and Isebrands 1991; Wait and others 1998). Many
folivores typically prefer new leaf tissues because of
their relatively high N content and low toughness,
and changes in flushing phenology can substan-
tially affect interactions between plants and insect
herbivores (White 1993; Coley 1980; Fox and oth-
ers 1997). Similarly, N fertilization can increase
herbivory by accelerating the rate of leaf develop-
ment (Wait and others 1998). It is also possible that
N deposition affects the quality of food for herbi-
vores at the whole-plant level by stressing plants
and initiating a suite of physiological responses to
stress (Koricheva and Larsson 1998; White 1984;
Waring and Cobb 1992). Indeed, many forest pest
outbreaks are associated with host-plant stress
(Waring and Cobb 1992; White 1984). Unfortu-
nately, the exact physiological changes that charac-
terize the stress response have not been well de-
fined. Suggested plant responses to stress have
included increased concentrations of free amino ac-
ids and decreased allocation to defensive com-
pounds (Haglund 1980; Koricheva and Larsson
1998); in the case of N deposition, these changes
may be explained by shifts in nutrient availability
rather than a stress-specific response. Recent work
suggests that acid deposition may leach membrane-
associated foliar Ca. Subsequent disruptions in the
membrane structure and function may predispose
plants to damage from environmental factors, in-
cluding herbivory, pathogens, and freezing (De-
Hayes and others 1999). More research is needed to
determine exactly what these physiological stresses
are, whether they differ from plant response to
deposition-induced changes in nutrient availability,
and how they affect insect herbivores.
Individual-Level Summary. Changes in tissue
chemistry mediated by atmospheric N deposition
can affect insect performance both positively and
negatively. The available literature suggests that
moderate levels of N deposition generally affect in-
sect performance positively by causing increases in
total foliar N and amino acids and decreases in
C-based defensive chemicals. In addition, moderate
deposition may benefit individual insects by in-
creasing plant biomass and the availability of newly
flushed leaves. In contrast, very high levels of dep-

osition may negatively affect individual herbivore
performance by causing detrimentally high rates of
foliar nitrate and a decrease in plant production. Of
eight studies that investigated the impacts of simu-
lated or natural N deposition (at rates of up to 100
kg N ha™' y~!) on individual folivore performance,
all showed a positive response to N deposition in at
least one measure of insect performance (Table 4).
In addition, eight studies with phloem-sucking
aphids also showed positive individual-level re-
sponses (Table 4). Unfortunately, due to the lack of
similarity in the response variables investigated in
these studies, it is difficult to make specific predic-
tions about the nature of the particular responses of
individual insects to N deposition. However, all of
the response variables measured (for example, sur-
vival, relative growth rate, adult mass, development
time) are strong factors that impact on insect per-
formance and potential fecundity (Awmack and
Leather 2002). These data thus provide a solid in-
dication that atmospheric N deposition has strong
and measurable positive effects on herbivore
performance.

Deposition and Susceptibility of Herbivores
to Predators and Pathogens

One of the most interesting, but least studied, ave-
nues by which N deposition could affect herbivory
is through impacts on predators and pathogens of
herbivores. In several ecosystems that have been
studied in detail, predators on herbivores play a
major role in regulating insect herbivory (Krause
and Raffa 1996; Rosenheim and others 1993; Cap-
puccino and others 1998). For example, in north-
ern coniferous forests, parasatoid wasps can be sig-
nificant controllers of lepidopteran populations and
thus influence folivory (Cappuccino and others
1998). Only a few studies to date have explored the
consequences of N deposition on the susceptibility
of insect herbivores to predators and pathogens.
Changes in rates of predation as a result of N dep-
osition, however, may in turn influence herbivore
populations.

Higher trophic levels may, in some cases, be more
prone to toxicity from air pollutants than herbi-
vores due to trophic amplification of toxins. For
example, Price and others (1974) found that lead
(Pb) concentrations were higher in predatory in-
sects than herbaceous ones in a roadside area with
high (Pb) emissions (10.3, 15.5, and 35.0 ppm (Pb)
for sucking insects, folivores, and predators, respec-
tively). Trophic amplification seems much less
likely from N deposition because direct toxicity does
not occur in response to most of the forms of N that
are likely to be present in herbivores. In contrast, in
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cases where specialist herbivores sequester N-based
secondary compounds that are detrimental to para-
sitoids or predators (for example, quinolizidine al-
kaloids produced by Lupinus spp.; Wink 1992), a
negative relationship may be seen between N dep-
osition and predation rates.

Experimental results exploring insect susceptibil-
ity to predators and pathogens under N deposition
have been mixed. Several studies on the European
sawfly (Neodiprion sertifer) and its nuclear polyhe-
drosis virus found that young larvae fed on leaves
treated with acid rain (composed of both nitric and
sulfuric acids) were less susceptible to initial mor-
tality than larvae fed control leaves (Neuvonen and
others 1990; Saikkonen and Neuvonen 1993). In
contrast, leaf beetles reared on acid-treated foliage
(again, nitric and sulfuric acids) were generally
more susceptible to predation by ants, carabids, and
birds than larvae reared on control foliage (Palo-
kangas and others 1995). Studies of the impact of N
deposition on predators and parasitoids should fo-
cus on ecosystems where insectivorous taxa are
known to play key roles in regulating herbivore
populations and where N deposition is known to be
a serious and growing problem—for example, the
coniferous forests of northeastern North America
(Ollinger and others 1993; Cappuccino and others
1998).

POPULATION-LEVEL IMPLICATIONS
Patterns of N Deposition Effects

Deposition-induced changes in plant tissue quality
may not only drive changes in individual insect
performance but may also influence herbivore pop-
ulation dynamics. An exact one-to-one correlation
between individual performance and population
size is unlikely due to the influence of other factors,
such as weather and predators, in affecting herbi-
vore population dynamics. However, in many
cases, host-plant N concentration is believed to
have a strong effect on population dynamics (White
1993; Mattson 1980), and a positive correlation
between N fertilization and the abundance of some
herbivores species has been found in several studies
investigating population-level responses to tradi-
tional N fertilization experiments (Kyto and others
1996; Haddad and others 2000). However, higher
trophic levels are often also affected by N fertiliza-
tion, and these factors can counteract the positive
effects of N enrichment at the level of herbivore
populations (Kyt0 and others 1996; Forkner and
Hunter 2000; Strauss 1987). For example, in an
Artemisia ludoviciana monoculture, beetle damage

was lower in fertilized than unfertilized plots. This
shift was apparently the result of a positive aphid
and membracid population response to N fertiliza-
tion, which in turn led to an increase in the number
of ants. These ants tended the honeydew-producing
aphids and deterred beetle feeding (Strauss 1987).

Experimental evidence linking N deposition and
herbivore population dynamics is limited. We were
able to find only five population-level studies that
suited the criterion of deposition applications with
N loads no higher than 100 kg N ha™' y~' (Table 5).
To increase the number of studies, we included
several studies with nonfolivorous insects (bark
beetles and non folivorous grassland herbivores).
Several of these studies are correlative observations
of insect population dynamics in the proximity of a
pollution source; in these cases, other pollutants
may covary with N. Despite differences in experi-
mental design, insect type, and deposition loads, it
is striking that all of the studies showed a positive
increase in herbivore population levels in response
to N deposition.

Factors Underlying Changes in Population Dynamics.
There are a number of factors that may affect the
susceptibility of particular herbivore species to dep-
osition-induced changes in population dynamics.
Potential factors that could affect susceptibility are
life history traits, feeding guild, and the relative
importance of top—down versus bottom—up factors
in controlling population dynamics and outbreak
susceptibility. Although both predators and food
quality affect the population dynamics of most her-
bivorous insects, the relative importance of these
factors varies from species to species. Insects that
are strongly controlled by top—down factors are not
likely to experience strong population increases in
response to deposition-induced enhancement of
host quality, unless N deposition acts detrimentally
on their natural enemies.

In contrast to species with “steady-state” popula-
tion dynamics, herbivorous species prone to out-
break dynamics may have distinct population-level
responses to N deposition. Rosenzweig (1971) sug-
gested that nutrient additions may destabilize plan-
t—herbivore interactions over time (the so-called
paradox of enrichment). In the paradox demon-
strated by theoretical models, greater resource
availability to plants can cause a dramatic increase
in the exploitation of plants by herbivores, which
may in turn put populations of the host plant at risk
of extinction (Rosenzweig 1971). It has been sug-
gested that destabilizing effect of N deposition on
plant-herbivore interactions is the cause of a recent
increase in frequency of outbreaks of the the
monophagous heather beetle (Lochmaea suturalis)
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on Calluna vulgaris in the Netherlands. Lochmaea
suturalis is prone to periodic outbreaks. From 1915
to 1980, they occurred about every 20 years; but
since 1980, the outbreak frequency has increased to
less than eight years, possibly as a result of in-
creased host N availability (Bobbink and others
1998). In this system, N deposition rates are ex-
tremely high, with reported average N deposition
loads in the Netherlands at 40 kg N ha™' y~! (Van
der Eerden and others 1998), and C. vulgaris tissue
N concentration responds positively to N additions
(Hicks and others 2000; Pitcairn and others 1995;
Power and others 1998). Several investigators have
demonstrated a relationship between N fertilization
and L. suturalis performance in terms of growth
rates, larval development rates, and adult mass
(Brunsting and Heil 1985; Van der Eerden and oth-
ers 1991; Power and others 1998); it has been sug-
gested that these changes in beetle performance are
responsible for increased outbreak frequency (Bob-
bink and others 1998). Nitrogen-rich industrial air
pollution has also been cited as a possible cause for
outbreaks of bark beetles in Poland (Sierpinski
1971).

An increase in the frequency or severity of out-
break would have severe ecological consequences
for systems in which herbivory is characterized by
periodic outbreaks. In addition, because many of
the economically-important timber species in North
America are affected by outbreak of insects such as
the spruce budworm (Choristoneura fumiferana),
western spruce budworm (Choristoneura occiden-
talis), gypsy moth (Lymantria dispar), mountain pine
beetle (Dendroctonus ponderosae), and southern pine
beetle (Dendroctonus frontalis) (Peltonen and others
2002), N deposition may have considerable eco-
nomic consequences for the North American timber
industry. Given the apparent stronger foliar N re-
sponse to N deposition in conifers, we suggest that
these impacts will be greater on coniferous species
than deciduous ones.

CoMMUNITY AND ECOSYSTEM-LEVEL
IMPLICATIONS

Deposition Effects on Herbivore
Communities

There are several mechanisms through which N
deposition may influence the composition of herbi-
vore communities. First, deposition-induced
changes in host plant quality may directly affect the
composition of insect communities. Insect feeding
guilds or individual herbivore species may respond
differently to deposition-induced changes in the

quality of the host plant (Awmack and Leather
2002), leading to changes in the relative abundance
of herbivore species. Second, deposition-induced
shifts in plant community composition may affect
herbivore community composition. Plant commu-
nity composition can change in response to N dep-
osition (Heil and Diemont 1983; Rainey and others
1999; Pitcairn and others 1998), and changes in the
abundance or diversity of host plants are likely to
have strong impacts on herbivore communities. For
example, in herbaceous communities, N deposition
may favor plants that rely on N-based defenses,
such as members of the Solanaceae. Because there
are only a few specialized herbivore taxa that feed
on solanaceous plants (Clark 1999), N deposition
could profoundly change the insect herbivore com-
munity in these systems.

Deposition effects on plant N concentration and
productivity may cascade up such that they affect
the composition of insect herbivore communities,
particularly if taxa or feeding guilds differ in their
relative response to deposition. In a recent study in
the San Bernadino Mountains of southern Califor-
nia, herbivore community composition was as-
sessed on three different host plant species in re-
sponse to experimental N additions and naturally
occurring variation in deposition rates. Deposition
altered the patterns of insect diversity within host
plants; the herbivore fauna associated with ferns
increased in diversity in response to deposition but
it decreased on pines (M. Eatough personal com-
munication). In an N fertilization study (in which
low to very high levels of N were added) in an
Artemisia ludoviciana monoculture, the abundance
of sucking insects increased with deposition
whereas beetle abundance decreased (Strauss
1987). In this study, a positive response in the
population of sucking insects to host plant quality
appeared to lead to an increase in aphid-tending
ants. The increase in ant density was cited as the
probable cause for the decreased in beetle abun-
dance.

Further studies will allow better characterization
of the relative impacts of N deposition on insect
taxa and feeding guilds. Changes in guild structure
such as those described by Strauss (1987)) could
alter ecosystem processes by changing patterns of
litterfall, the input of frass, and the relative propor-
tion of litter that enters as labile C and N (Lerdau
1996). For example, honeydew produced by aphids
is extremely labile and has been shown to affect
ecosystem-level C and N dynamics (Stadler and
others 1998; Grier and Vogt 1990), so deposition-
induced increases in the relative inputs of honey-
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dew due to increased density of sucking insects has
the potential to affect element cycling.

Herbivore community composition may also be
affected by deposition-induced changes in plant
community composition. Several studies have
found a negative correlation between N deposition
and plant diversity (Pitcairn and others 1998; Aerts
and Berendse 1988; Inouye and Tilman 1995; Bob-
bink and others 1998). Deposition-induced changes
in plant community composition have implications
for herbivores due to the shift in host food available
to herbivores. Observations on arthropod commu-
nity diversity after long-term N fertilization (0-270
kg N ha ' y') in a grassland system showed that
fertilization-induced declines in plant species rich-
ness were mirrored by a decrease in herbivore spe-
cies richness (Haddad and others 2000), although
the positive effects of N fertilization on predators
may act negatively on herbivore richness (Siemann
1998). In addition, shifts in plant community com-
position can affect insect communities by facilitat-
ing the establishment of novel herbivores in the
community. In the Netherlands, needle damage
caused by the adults of the red-black pine bug
Haematoloma dorsatum (Homoptera: Cercopidae),
was first observed in Dutch pine stands in the mid-
1980s (Moraal 1996). Native to the Mediterranean,
the red-black pine bug appeared to spread north-
ward in the 1920s. Moraal hypothesized that dep-
osition-induced increases in the density of the grass
Deschampsia flexuosa, apparently the only host plant
of pine bug nymphs, facilitated the establishment of
pine bug populations.

The few studies (discussed above) that explicitly
examined the effects of N deposition on insect com-
munities have found profound impacts, and several
studies that investigated the impacts of insects on
ecosystems have also documented large effects. The
question then is how to connect the community to
the ecosystem scale. The issues that arise when we
try to make this connection are fundamental to
ecological research across a variety of subdisci-
plines: the extent to which species identities are
crucial in ecosystem processes and the sensitivity of
different processes to the identities of the species
present in the ecosystem (Lerdau and Slobodkin
2002). One of the general ways in which N depo-
sition will affect plant communities and their insect
herbivores will be through favoring plants that re-
spond positively to N deposition. In general, such
plants tend to allocate more of their resources to
growth and fewer to defense. Because of higher leaf
quality, these plants may be more palatable to her-
bivores, and the litter they produce may decompose
quickly because of its higher nutrient content. The

details of relationships such as this one, and their
implications, require careful empirical study using
both observational and experimental frameworks.

Ecosystem-level Implications

Greater knowledge of the influence of N deposition
on altered patterns of herbivory will afford a more
complete understanding of how N deposition affects
ecosystem functioning. Nitrogen deposition has the
potential to influence the role of insect herbivores
in regulating ecosystem processes through several
mechanisms. First, if N deposition strongly affects
herbivore population sizes and/or the rates of her-
bivory, there might be a shift in the relative impor-
tance of herbivores to ecosystem processes. Second,
the inputs of nutrients into a system due to combi-
nation of insect herbivory and N deposition may
lead to different influences than the inputs from
one process alone. Finally, ecosystem processes
such as N cycling can be altered substantially by
herbivore-induced plant mortality or shifts in plant
species composition (Jenkins and others 1999;
Ritchie and others 1998); interactions between N
deposition and herbivory might increase the fre-
quency of these herbivore-induced shifts in com-
munity composition. We predict that the combined
effects of N deposition and herbivory will substan-
tially affect ecosystem-level processes, but that the
magnitude of these effects will be system-specific.
We will focus on herbivore impacts on C and N
dynamics to illustrate how herbivory might interact
with N deposition to affect ecosystems.

Carbon dynamics can be strongly affected by her-
bivory through its effects on photosynthetic rates,
soil respiration, and litter decomposition rates. Her-
bivory can lead to decreases in primary productivity
during both conditions of herbivore outbreaks and
conditions of background rates of herbivory (Mor-
row and Lamarche 1978; Grier and Vogt 1990;
Mattson and Addy 1975). We predict that these
negative impacts of herbivory on productivity will
increase under deposition due to increased perfor-
mance and larger populations of insect herbivores.
Decreases in production will be particularly pro-
nounced in cases where N deposition leads to in-
creases in the frequency or severity of outbreaks.
However, simultaneous positive impacts of N dep-
osition on primary production may, at least to some
degree, counteract enhanced herbivory. For exam-
ple, fertilization experiments with high loads of N
(350 kg ha™! N) led to increases in the performance
of western spruce budworm (Choristoneura occiden-
talis) during an outbreak, but negative impacts on
primary production from enhanced herbivory ap-
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pear to have been offset by positive impacts of
fertilization (Mason and others 1998, 1992).

In addition to its impact on productivity, her-
bivory can affect N and C dynamics by altering the
quantity and quality of litter inputs. These changes
may in turn affect rates of litter turnover, N miner-
alization, decomposition, and soil respiration. Her-
bivory typically leads to a reallocation of N, where
foliar N that would be resorbed prior to leaf abscis-
sion is instead transferred to soil N pools via green-
fall, frass deposition, and dead insect biomass
(Lovett and others 2002). Several studies have
found that litterfall mass or litter N concentrations
is enhanced in forests experiencing outbreak or
background rates of herbivory (Grace 1986; Risley
and Crossley 1993; Hollinger 1986; Tiedemann and
Furniss 1985). Throughfall inputs of N may also be
enhanced by moderate rates of defoliation (Seastedt
and others 1983; Schowalter and others 1991;
Reynolds and others 2000). Similarly, the amount
and quality of C transferred into soil pools is altered
by herbivory, with an increase in the relative
amount of labile C from frass with increased rates of
herbivory (Lovett and others 2002). Field and lab-
oratory experiments with gypsy moths (Lymantria
dispar) suggest that N in litterfall frass is rapidly
immobilized by microbes (Lovett and others 2002;
Christenson and others 2002). Mineralization rates
may be enhanced, however, when herbivore feed-
ing leads to considerable greenfall inputs in addition
to frass inputs (Brown 1994). Along similar lines, N
deposition has been found to enhance N mineral-
ization, litter decomposition, and soil respiration
rates due to increases in the quality or quantity of
litter inputs (Aber and others 1998; Baron and oth-
ers 2000; Morecroft and others 1994; Magill and
others 2000). This suggests that when N deposition
occurs in concert with herbivory, rates of C and N
mineralization will be further enhanced by this
doubly-enhanced litter quality. Increases in N and
C mineralization may have differential conse-
quences for ecosystem N and C storage. Enhanced
N mineralization may lead to increased plant N
uptake, whereas increased C mineralization may
lead to decreases in the soil C pool due to enhanced
soil respiration (Cardon and others 2001, 2002).

As discussed earlier N deposition can alter the
concentrations of both free amino acids and nitrate
in leaves. In the absence of herbivory, these com-
pounds are likely to be resorbed prior to senescence
and thus will not affect soil N cycling. However,
herbivory has the potential to short-circuit resorp-
tion by increasing the direct deposition of green
leaves to the soil. That is, herbivory disrupts inter-
nal N cycling and increases the delivery of labile N.

We suggest that the combination of increased con-
centrations of free amino acids and nitrate that are
caused by N deposition in conjunction with in-
creased greenfall caused by herbivory could have
profound impacts on N availability in soils, and the
crucial step in this complex relationship is the re-
duction in resorption effected by herbivory. Of
course, nonfolivory-based types of herbivory—for
example, phloem or xylem feeding—will not have
this effect.

The combined effects of N deposition and her-
bivory may have particularly profound impacts on
ecosystem nutrient losses. Short-term increases in
streamwater nitrate levels in response to water-
shed-level defoliation events have been reported in
anumber of studies (Webb and others 1995; Swank
and others 1981; Reynolds and others 2000; Lewis
1998; Eshleman and others 1998), although these
patterns may be reversed several years after defoli-
ation (Drohan and DeWalle 2002). The biogeo-
chemical mechanisms leading to this elevated ni-
trate flux are not well established, but enhanced
nitrification rates, leaching from insect frass and
leat fragments, herbivory-induced tree mortality,
enhanced water runoff, faster decomposition of sec-
ond-flush leaves, and decreased plant production
may be involved (Eshleman and others 1998; Lewis
1998; Swank and others 1981; Lovett and others
2002; Hutchens and Benfield 2000). We hypothe-
size that under scenarios of high or chronic depo-
sition loads in which stands are moving toward N
saturation, herbivory will cause further increases in
levels of streamwater nitrate, which are already
high due to deposition. Enhanced nitrate loss in
streamwater is especially likely under outbreak
conditions; deposition-induced changes in outbreak
frequency or severity may thus affect ecosystem-
level patterns of N retention. These impacts could
have profound ecological, human health, and eco-
nomic consequences due to the role of nitrate in
decreasing water quality.

The impact of N deposition on patterns of her-
bivory will vary among ecosystems according to
site-specific differences in resource availability. Ni-
trogen-limited ecosystems, including many temper-
ate and high-latitude ones, are likely to show strong
and complex effects because N deposition in these
systems will probably change plant tissue composi-
tion, total plant production, and plant community
composition (Jefferies and Maron 1997; Fenn and
others 1998; Aber and others 1998; Rainey and
others 1999). In contrast, P-limited systems, includ-
ing many lowland tropical forests and some grass-
lands, will likely show very little growth response to
N deposition because of P limitations (Lee and Ca-
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porn 1998; Matson and others 1999). In these sys-
tems, additional N will probably be incorporated
into plant tissue, thus altering the quality of food
available to herbivores. One might expect then that
herbivore populations will increase in response to
this improvement in host quality. Our knowledge
of grasslands is more tenuous. Although mamma-
lian herbivory is also important in these systems,
insects are often responsible for more herbivory in
grasslands than are mammals (Scholes and Hall
1996; Belovsky and Slade 2000). Insect herbivory
in grassland systems is often regulated by foliar
moisture and N, which almost always covary (Matt-
son and Scriber 1987; Scriber and Slansky 1981).
Nitrogen deposition has the potential to decouple
these two factors and thus rewrite the rules regu-
lating herbivore behavior. Specific experimental
studies of chronic low-level N additions are needed
to develop predictions of herbivore responses.

GLOBAL CHANGE AND N DEPOSITION

In addition to the effects of N deposition alone
discussed above, there are important interactions
between herbivory, N deposition, and other large-
scale environmental changes—for example, rising
atmospheric CO, levels, elevated levels of ozone
and other pollutants, biological invasions, temper-
ature shifts, and changes in the patterns and timing
of precipitation. There are relatively few studies of
the interactions between N deposition and these
other changes compared to the attention that sin-
gle-factor effects (for example, changes in CO,
concentration) has received. However, given the
prevalence of simultaneous anthropogenic pertur-
bations and the possibility that single-factor exper-
iments do not capture important interactions, it is
important to study these interactions so that we can
generate accurate predictions of how ecosystems
will respond to multiple perturbations (Percy and
others 2002).

Interactions Between N Deposition and
Elevated CO,

Although N deposition varies at local to regional
scales and CO, concentrations are relatively invari-
ant globally, the ubiquity of N deposition as an issue
across the globe demands that deposition and CO,
increases be considered together. Given our current
understanding of the impacts of CO, and N depo-
sition on plant tissue chemistry and herbivory, one
would predict that increasing levels of these factors
would tend to negate each other. That is, as CO,
rises, tissue C:N ratio should increase; and as N

deposition grows, C:N should fall. Environmental
chamber studies that have investigated the relative
importance of elevated CO, and soil N availability
have found primarily additive (and not interactive)
effects of CO, and N on both foliar nutrition indices
and insect performance (Hattenschwiler and
Schafellner 1999; Kinney and others 1997). For
example, Kinney and others (1997) found that
gypsy moth (Lymantria dispar) consumption rates
were significantly positively affected by both atmo-
spheric CO, concentration and the N fertilization
level under which host plants were grown. Interac-
tions between CO, concentration and N fertilization
level on consumption rates were not significant.
However, several longer-term empirical studies ar-
gue against this straightforward perspective. In
studies where elevated CO, exposure has been
maintained for several growing seasons, photosyn-
thetic rates tend to decline and C:N ratios are re-
duced (Luo and Reynolds 1999). Although this
down-regulation takes longer to occur in plants
receiving fertilization, it is not yet known whether
low levels of chronic N addition can prevent this
acclimation to elevated CO,. Because the effects of
elevated CO, on leaf N are much larger in fresh
tissue than in senesced leaves (Norby and others
2001), the impacts of elevated CO, on herbivory are
likely to be larger than the direct impacts on nutri-
ent cycling. Furthermore, studies of the impact of
elevated CO, on field-grown plants suggest that one
of the most important effects of elevated CO, is a
reduction in stomatal conductance (Jackson and
others 1994). In contrast, foliar N concentration is
positively correlated to stomatal conductance
(Reich and others 1999). Conductance may have
significant impacts on tissue palatability to herbi-
vores by altering C and N allocation patterns or
tissue moisture content. It is unknown how these
two potentially contradictory impacts on conduc-
tance interact to affect herbivores.

Another possible effect of simultaneous increases
in atmospheric CO, and N deposition is that plants
could both grow larger and maintain higher levels
of chemical defense against herbivores no matter
what their dominant mode of antiherbivore de-
fense. Plant taxa dependent on alkaloids or other
N-based defenses may be able to increase both
growth and allocation to defense in a doubly per-
turbed world. Taxa that use primarily C-based de-
fenses such as phenolics might be able to increase
both growth and allocation to defense.

In the long run, it may turn out that these inter-
acting effects are less important at ecosystem scales
than initial modeling studies suggested (for exam-
ple, Townsend and others 1996) because only a
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small fraction of N is incorporated into biomass
whereas relatively large quantities are stored in the
soil or lost from the system via leaching (Nadelhof-
fer and others 1999; but see Jenkinson and others
1999). In addition, in lowland tropical ecosystems
that are often limited by P (forests) or systems lim-
ited by water (grasslands), N deposition may have
little influence on growth. This may lead not to an
increase in the quantity of the plant tissue as food
for herbivores but to a shift in food quality due to an
increase in N concentration. Given that both atmo-
spheric CO, and N deposition are increasing simul-
taneously across much of the Earth’s surface, the
only way to address these unknowns is through
empirical studies in which the mode of N addition
mimics deposition patterns rather than agricultural
fertilization practices.

N Deposition and Climate Change

Patterns of herbivory may also be affected indirectly
by the accumulation of CO,, CH,, N,O, and other
greenhouse gases in the atmosphere and conse-
quent changes in the Earth’s climate. Recent mod-
els of the Earth’s climate suggest that increases in
greenhouse gases may be raising maximum tem-
peratures and accelerating the onset of warm tem-
peratures in spring (IPCC 2001). Regional precipi-
tation patterns are predicted to change in response
to elevated greenhouse gas concentrations (IPCC
2001). Previous reviews of the effects of changes in
temperature on herbivory have suggested that
higher temperatures are likely to speed up devel-
opment rates and reproductive rates and to increase
the number of generations per year; this may lead
to increases in potential population sizes, particu-
larly in multivoltine species (Ayres and Lombardero
2000; Landsberg and Smith 1992; Morimoto and
others 1998; Yamamura and Kiritani 1998).

Little attention, however, has been devoted to
studying how N deposition and temperature
changes might interact to affect insects. Changes in
temperature and increases in deposition could dis-
rupt the tight relationships between insect and leaf
phenology. Numerous studies have documented
the close association between spring temperature or
budbreak and larval hatch times (for example, see
Futuyma and Wasserman 1980; Parry and others
1998; Visser and Holleman 2001). If these relation-
ships are disrupted as a result of temperature-me-
diated impacts on insects and N-mediated effects on
plants, early-season herbivory levels might be al-
tered due to a shift in the abundance of leaf tissue
available for larvae. In addition, if increased N en-
ables leaves to develop faster, they may pass more

quickly through their expansion stage, the stage at
which they are most vulnerable to herbivores.

Altered precipitation patterns may interact par-
ticularly strongly with N deposition to affect plant—
herbivore interactions. Plant physiological theory
suggests a tradeoff between N-use efficiency and
water-use efficiency so that increases in N availabil-
ity, as caused by deposition, could lead to a relaxing
of the constraints imposed by water stress and thus
higher growth and/or changes in tissue quality
(Field and Mooney 1986). Although predicted
changes in precipitation patterns are still not defin-
itive, a general trend toward more extreme precip-
itation events, such as droughts and heavy rains, is
expected (IPCC 2001). There is a strong correlation
between leaf water status and rates of herbivory,
partially due to the strong correlation between fo-
liar concentrations of water and N (Scriber and
Slansky 1981; Mattson and Scriber 1987). In addi-
tion, drought stress tends to cause numerous phys-
iological changes in plants, increasing their suscep-
tibility to insect herbivory (Mattson and Haack
1987). Interactions between N deposition and
drought stress may exacerbate physiological
changes from each single factor, in turn leading to
greater plant susceptibility to herbivores.

DIRECTIONS FOR FUTURE STUDIES

The paucity of studies investigating the effects of N
deposition on herbivory underscores the need for
well-planned experimental work. Much of the data
currently available depend on either short-term ex-
perimental studies or correlative studies in which N
deposition is not clearly separated from other pol-
lutants. Additional research is needed to improve
our understanding of the influences of N deposition
on insect herbivory and how deposition-induced
changes in herbivory affect populations, communi-
ties, and ecosystem processes. We suggest a two-
pronged approach that includes both correlative
and manipulative studies designed to investigate
the relationships between N deposition and her-
bivory. Within this framework, experimental work
should address the effects on herbivory at the scales
of individual insects, populations, communities,
and ecosystems, as well as potential interactions
between N deposition and other processes under-
going global change.

Many questions remain regarding how individual
insects will respond to N deposition. In particular,
studies using multiyear low-level treatments (for
example, 5-30 kg N ha™' y~!') would increase our
knowledge of how chronic low-level deposition af-
fects insect herbivory and the different ways in
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which insects respond to atmospheric N deposition
versus agricultural-level N fertilization.

At the population, community, and ecosystem
scales, it is exceedingly difficult to accurately mimic
the spatial and temporal scales of deposition. Short-
term studies (for example, 1 year, Nordin and oth-
ers 1998; Fliickiger and Braun 1998) offer a glimpse
of the potential implications of N deposition for
patterns of herbivory, but they fail to capture other
factors, such as natural enemy population dynam-
ics, that may come into play over longer time scales.
Some investigators have created spatially small dep-
osition plots (from a single plant to several square
meters) and then measured changes in herbivore
population dynamics within these plots (see, for
example, Nordin and others 1998; Haddad and oth-
ers 2000; Fliickiger and Braun 1998). Although
such experiments laudably attempt to measure the
effects of stimulated N deposition under field con-
ditions, they inadvertently create environmental
“hot spots” of plant material with N-rich tissue.
Mobile herbivores can preferentially colonize these
hot spots, confounding the effects of N on insect
performance with its effects on insect preference.
Manipulative studies in environmental chambers
may help to assess bottom—up effects of simulated N
deposition on herbivore population dynamics while
restricting the possibility of preferential migration,
although such studies are limited in their ability to
address questions at community or ecosystem
scales.

Correlative studies could serve as powerful tools
for investigating the relationship between N depo-
sition and herbivory. Unfortunately, much of the
existing evidence from correlative studies comes
from small sample sizes or experimental designs
that lack adequate replication. Furthermore, corre-
lations often emerge from a pollution source with-
out well-distinguished components (nitrogenous
compounds co-occur with other pollutants such as
ozone and sulfur dioxide for example, Kainulainen
and others 1993; Heliovaara and Vdisdanen 1990;
Viskari and others 2000). In addition, correlative
studies run the risk of confounding changes in the
rates of herbivory or consequences of herbivory
with changes in plant susceptibility to herbivory
due to stresses imposed by high N deposition. Sev-
eral investigators have reported changes in defolia-
tion intensity or potentially herbivore-induced tree
mortality in areas of high N deposition (Hain and
Arthur 1985; Armolaitis 1998; Sierpinski 1971), but
these changes may result from either deposition-
induced changes in insect population dynamics or
higher probability of plant mortality from herbivory
in high-deposition areas due to other stresses asso-

ciated with deposition. Correlative studies set over
gradients of N deposition may be especially valu-
able, particularly those where the gradient has few
co-occurring pollutants (such as N fertilizer plants)
and other abiotic factors remain constant (Whyte-
mare and others 1997), although large-scale gradi-
ents (see, for example, Burton and others 1991) are
likely to include changes in other abiotic factors as
well. To make studies over gradients more defini-
tive, it is crucial to monitor factors such as deposi-
tion rates and plant tissue chemistry as well as
herbivore population dynamics, community
changes, and rates of ecosystem processes.

While knowledge of the effects per se of N dep-
osition on herbivory is important, it is even also
crucial to understand how N deposition will affect
herbivory in the context of other global-scale
changes. Experimental manipulation of multiple as-
pects of global change and careful observation of
the patterns of insect herbivory, as in the recent
Free Air CO, Enrichment (FACE) work with com-
binations of elevated CO, and ozone (Percy and
others 2002), provide one possible avenue for such
research.

CONCLUSIONS

Atmospheric N deposition can have strong direct
effects on community and ecosystem processes, and
these direct effects have received considerable re-
search attention. In addition, N deposition may af-
fect communities and ecosystems indirectly
through impacts on interactions among organisms.
Specifically, N deposition affects the concentration
and chemical form of N and mineral elements and
the relative availability of amino acids and second-
ary metabolites; all of these compounds can
strongly influence insect herbivores. Our survey of
the potential effects of N deposition on herbivory at
the scales of individual and populations levels sug-
gests that it will generally have a strong positive
impact on individual insect performance and lead to
an increase in herbivore populations. These effects
are likely to be more pronounced on conifers than
deciduous plants due to the more positive foliar N
responses of conifers. At the ecosystem level, her-
bivory in combination with N deposition will exac-
erbate enhanced N mineralization and nitrate
leaching caused by N deposition. Changes in the
rates and consequences of herbivory as a result of N
deposition may be substantial. Predictions of the
impacts of N deposition on ecological processes and
the economic consequences are likely of N deposi-
tion underestimated unless deposition effects medi-
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ated by changes in herbivory are also taken into
consideration.
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