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NUTRIENT SUBSIDIES TO BELOWGROUND MICROBES IMPACT
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Abstract. Historically, terrestrial food web theory has been compartmentalized into
interactions among aboveground or belowground communities. In this study we took a more
synthetic approach to understanding food web interactions by simultaneously examining four
trophic levels and investigating how nutrient (nitrogen and carbon) and detrital subsidies
impact the ability of the belowground microbial community to alter the abundance of
aboveground arthropods (herbivores and predators) associated with the intertidal cord grass
Spartina alterniflora. We manipulated carbon, nitrogen, and detrital resources in a field
experiment and measured decomposition rate, soil nitrogen pools, plant biomass and quality,
herbivore density, and arthropod predator abundance. Because carbon subsidies impact plant
growth only indirectly (microbial pathways), whereas nitrogen additions both directly (plant
uptake) and indirectly (microbial pathways) impact plant primary productivity, we were able
to assess the effect of both belowground soil microbes and nutrient availability on
aboveground herbivores and their predators. Herbivore density in the field was suppressed
by carbon supplements. Carbon addition altered soil microbial dynamics (net potential
ammonification, litter decomposition rate, DON [dissolved organic N] concentration), which
limited inorganic soil nitrogen availability and reduced plant size as well as predator
abundance. Nitrogen addition enhanced herbivore density by increasing plant size and quality
directly by increasing inorganic soil nitrogen pools, and indirectly by enhancing microbial
nitrification. Detritus adversely affected aboveground herbivores mainly by promoting
predator aggregation. To date, the effects of carbon and nitrogen subsidies on salt marshes
have been examined as isolated effects on either the aboveground or the belowground
community. Our results emphasize the importance of directly addressing the soil microbial
community as a factor that influences aboveground food web structure by affecting plant size
and aboveground plant nitrogen.

Key words: aboveground-belowground interactions; detritus; food web dynamics, insect herbivores;
intertidal cord grass, nitrogen mineralization, nutrient subsidies; plant—insect interactions, predation; soil

microbes; Spartina alterniflora.

INTRODUCTION

There is growing interest in the potential for soil
microbial communities to impact aboveground assem-
blages of herbivorous insects and their arthropod
predators (Adams and Wall 2000, Hooper et al. 2000,
van der Putten et al. 2001, Bardgett and Wardle 2003).
Complex community interactions have been examined
separately in belowground microbial populations (Mi-
kola and Setala 1998, Laakso and Setala 1999,
Sundareshwar et al. 2003, Blum et al. 2004) and
aboveground primary-producer-based communities (Sil-
liman and Bertness 2002, Denno et al. 2003, Pennings
and Silliman 2005), but very few empirical studies have
examined links between belowground and aboveground
multitrophic interactions. In response to this void,
ecologists are now asking how microbial processes feed
back to affect aboveground plant quality (Hobbie and
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Vitousek 2000) and the associated assemblage of
herbivores via altered plant nutrition (Bonkowski et al.
2001).

Interactions between plants and the soil microbial
community can have beneficial (Goverde et al. 2000,
Bonkowski et al. 2001), negative (Chapman 19974), or
null effects (Barbosa and Krischik 1991, Setala et al.
1998) on plant productivity. Likewise, microbial activity
has a broad range of potential interactions with
herbivore populations that could be mediated through
changes in plant productivity and nutrition. Hetero-
trophic microbes mineralize organic matter, thereby
releasing macronutrients such as nitrogen to other
trophic levels (Newell and Porter 2000) and enhancing
plant productivity (Bonkowski et al. 2001). However,
microbes can also compete with plants for nutrient
resources. Microbial populations can temporarily se-
quester nutrients in biomass (immobilization; Chapman
1997b, Jingguo and Bakken 1997) or produce gaseous N
(denitrification; Jordan et al. 1998), making nitrogen
and other resources unavailable for plants and, ulti-
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Fic. 1. Conceptual model of microbial mediation of herbivore performance. Solid lines indicate direct effects, and dashed lines
specify indirect effects. The addition of carbon and nitrogen subsidies from a variety of sources influences microbial biomass and
activity (N mineralization, N immobilization, and denitrification) and therefore affects the availability of nutrients for plant uptake.
Nutrient availability influences plant biomass and quality (N content), and thus affects the performance of herbivorous insects.
Invertebrate predators such as spiders aggregate in more complex thatchy habitats, where they enhance top-down suppression of

insect herbivores.

mately, for the herbivores that consume them (Scheu et
al. 1999, Bonkowski et al. 2001).

Carbon (organic matter quality; C:N, lignin/cellulose
content) and nitrogen availability are important factors
regulating heterotrophic microbial metabolism and the
subsequent release of nutrients from detritus (Enriquez
et al. 1993, Megonigal et al. 2004). Therefore, human
impacts that directly or indirectly result in increased
organic carbon (atmospheric CO, and root exudates
[Heath 2005]) and nitrogen (wastewater and fertilizer
runoff [Morris and Bradley 1999, Bowen and Valiela
2001, Valiela and Bowen 2002]) in soils will alter
microbial metabolism and the subsequent release of
nutrients to plants and aboveground food webs (Fig. 1).
Subsidies with a high C:N content often result in less
nitrogen available for plant uptake (Chapman 19975,
Jingguo and Bakken 1997). For example, additions of
simple sugars are often used to experimentally stimulate
microbial metabolism, and promote N immobilization
as well as mimic natural labile carbon sources such as
root exudates, dissolved organic carbon, and end
products of decomposition (Schmidt et al. 1997, Jordan
et al. 1998, Stiling and Moon 2005). Furthermore, in the

presence of nitrate, additions of labile carbon promote
denitrification and nitrogen export from the system
(Jordan et al. 1998). Additionally, subsidies of more
recalcitrant forms of carbon such as detritus can lead to
immobilization of nitrogen (Jingguo and Bakken 1997).
Therefore, in nitrogen-limited systems, there is the
potential for a positive feedback loop whereby low-
quality litter (high C:N ratio, high lignocellulose
content) may decompose slowly (Hobbie 1992), ulti-
mately making less nitrogen available for plants (Laakso
and Setala 1999) and associated herbivores (Fig. 1). In
contrast, nutrient subsidies with a low C:N content (e.g.,
nitrogen fertilizer [Denno et al. 2002] and animal waste
such as urea [Vince and Valiela 1981]) promote micro-
bial mineralization of nutrients (Tobias et al. 2001) as
well as provide increased inorganic nitrogen available
for plants and their associated herbivores (Vince and
Valiela 1981, Denno et al. 2002).

Herbivorous insects face a fundamental nutritional
constraint in that they must utilize plant tissue that has
much less nitrogen than their own tissue (Fagan et al.
2002). Thus, host plant quality (percentage nitrogen)
often limits herbivore growth and fitness (Mattson 1980,
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Rossi and Strong 1991, White 1993). Increases in plant
quality can promote outbreak dynamics in populations
of herbivores with high population growth rates (Cook
and Denno 1994). Many studies have examined insect
response to increased plant quality as a result of nutrient
subsidies (Vince and Valiela 1981, Strong et al. 1984,
Rossi and Strong 1991), or they have focused on the
relative impact of predation and plant quality (Hunter
and Price 1992, Denno et al. 2002) as forces that
structure herbivorous insect communities. However,
they have ignored the potential for soil microbes to
mediate both plant-insect and predator—prey interac-
tions. By altering nutrient availability, plant structure
and quality, and litter decomposition rates, soil micro-
organisms have the potential to impact herbivore
populations feeding in a wide variety of habitats.

Predators such as spiders show strong numerical
responses to increases in prey density commonly found
in patches of high-quality host plants (D6bel and Denno
1994). However, because of differential reproductive
rates, herbivores can exhibit outbreak dynamics effec-
tively escaping predation pressure on nitrogen rich
plants (Cook and Denno 1994, Denno et al. 2002). In
contrast, predators aggregate in structurally complex
habitats where antagonistic interactions (cannibalism
and intraguild predation) are diminished (Ddbel and
Denno 1994, Langellotto and Denno 2004). The result is
enhanced suppression of prey in patches with increased
plant architectural complexity (Fig. 1). By altering
nutrient availability and decomposition rate of leaf
litter, a key component of plant architectural complexity
in grasslands, soil microbes have the potential not only
to impact plant resource quality for herbivorous insects,
but also to alter abundance of invertebrate predators,
namely spiders. Importantly, gradients of nutrient
(carbon and nitrogen) availability and plant architec-
tural complexity across habitats may cause the microbe-
mediated impacts on herbivore populations to be more
dominated by plant quality effects in some habitats
(those with abundant labile carbon) and more domi-
nated by predator effects in other habitats (those with
abundant leaf litter due to slow decomposition) (Denno
et al. 2005).

The salt marsh ecosystem is ideal for investigating the
impacts of the soil microbial community on the above-
ground arthropod community because most of the
primary productivity remains ungrazed by consumers,
leaving large amounts of detritus or thatch (Teal 1962,
Odum 1980), which serves as an important nutrient
resource for soil microbes (Valiela et al. 1985) and a
structural resource for invertebrate predators (Dobel
and Denno 1994, Langellotto and Denno 2004).
Furthermore, although a wide variety of carbon
(detritus, root exudates, dissolved organic carbon,
atmospheric CO,) and nitrogen (atmospheric deposi-
tion, wastewater surplus, and fertilizer runoff) subsidies
have been shown to affect both soil microbial commun-
ities and aboveground herbivore communities independ-
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ently, there has been little investigation into how
nutrient availability affects the strength of the inter-
action between the communities.

By measuring microbial activity, soil nutrient avail-
ability, plant quality, and the density of arthropods in
response to refractory carbon (thatch), labile carbon
(sucrose), and nitrogen (ammonium nitrate), we aim to
investigate the extent to which aboveground herbivo-
rous insect populations are influenced by both struc-
tural and nutrient resources subsidies. We predict that
herbivores will be limited in thatchy habitats both by
increased predator abundance (spiders), and reduced
plant quality due to microbial N immobilization.
Subsidies of labile carbon should increase microbial N
immobilization and denitrification, effectively reducing
the N available for plant uptake, thus reducing host
plant quality and herbivore abundance. Predators are
predicted to be least abundant in habitats subsidized by
carbon, where plant size and prey abundance should be
most diminished. Furthermore, because Spartina alter-
niflora-dominated marshes are typically N limited
(Mendelssohn 1979b), we predict that subsidies of
ammonium nitrate fertilizer will alleviate plant-microbe
competition for nitrogen, effectively enhancing plant
quality and herbivore abundance. Although a numer-
ical response of predators to increased herbivore
density on high-quality plants is predicted, previous
work has demonstrated that this response is not strong
enough to suppress herbivore populations below levels
found on low-quality host plants (Denno et al. 2002).
Using a factorial experimental approach in the field,
our objectives were: (1) to determine the extent to
which organic carbon and mineral nitrogen availability
affect the ability of the soil microbial community to
influence herbivore communities via altered plant
nutrition or biomass, and (2) to determine if thatch
indirectly limits herbivore communities by decreasing
plant quality (percentage nitrogen) via microbial
immobilization of nitrogen and/or by influencing
predator aggregation.

METHODS
Study site and system

This study was conducted on a high-marsh Spartina
alterniflora meadow on an intertidal salt marsh near
Tuckerton, New Jersey, USA (39°30.8' N, 74°19.0" W).
Due to differences in elevation and tidal inundation,
both nutrient subsidies and the fraction of nitrogen that
is sequestered in leaf litter (thatch) vary greatly across
the marsh, as do their potential impacts on microbes
(Tyler et al. 2003, Blum et al. 2004), plants (Mendels-
sohn 1979b), herbivores (Moon and Stiling 2004), and
predators (Finke and Denno 2002).

The dominant herbivores on Spartina are the phloem
feeders Prokelisia dolus and Prokelisia marginata (Hemi-
ptera: Delphacidae), which regularly reach densities of
1000-10 000 individuals/m? (Denno et al. 2002; see Plate
1). Among the major predators of Prokelisia planthop-
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pers are generalist wolf spiders, Pardosa littoralis
(Araneae: Lycosidae), and sheet-web building spiders,
Grammanota trivittata (Araneae: Lyniphidae), which
aggregate in structurally complex thatchy habitats where
they frequently reach combined densities of 600
individuals/m?> (Débel and Denno 1994, Langellotto
and Denno 2004). Although there has been recent
interest in the contribution of grazing herbivores to
reduced primary productivity on salt marshes (Silliman
and Bortolus 2003), grazing snails and grasshoppers
have restricted geographic influence (Pennings and
Silliman 2005), and they do not contribute significantly
to herbivory at our study site due to their rarity.

Experimental design

To determine the extent to which the soil microbial
community influences herbivore density via altered
plant nutrition and biomass, we measured changes in
decomposition rate, microbial activity, soil nitrogen
pools, plant quality (N content and biomass), and
arthropod densities in response to three experimental
amendments (carbon, nitrogen, and thatch). Carbon
and nitrogen treatments were designed to influence
nutrient availability in a Spartina marsh without directly
altering the structural complexity of the habitat or
modifying light availability. We employed a 2 X 2
factorial design using field plots (4 m?) established in
high-marsh meadows. Two levels of labile carbon (50 g/
m® granular sucrose addition vs. no addition) were
crossed with two levels of nitrogen addition (45 g/m?>
granular ammonium nitrate addition vs. no addition).
All treatments were added at low tide. The experiment
was a randomized complete block design with two
blocks (years 2001 and 2002), and each treatment
combination was replicated six times (4 treatments X 6
replicates X 2 blocks = 48 field plots). We acknowledge
that sucrose and ammonium nitrate fertilizer may affect
microbes differently than the relatively more refractory
forms of carbon and nitrogen in leaf litter. Therefore, to
meet our second objective and to determine if thatch has
the potential to influence herbivore populations, we
added ~75g/m? of thatch as a natural comparison.
Thatch was added to the marsh surface at the base of
Spartina culms (where it occurs naturally) in an effort to
minimize potential shading effects. Thatch addition
mimicked twice-ambient thatch conditions and was
within the range of naturally occurring levels of thatch
(Newell et al. 1998, Denno et al. 2002). Altogether there
were 60 field plots in total.

In 2001 and 2002, the five treatments were applied
seven times biweekly (every two weeks) from June
through August. We measured microbial activity (2002),
soil nitrogen pools (2002), plant quality and biomass
(2001, 2002), herbivore density (2001, 2002), and
predator abundance (2001, 2002) to assess the impact
of the treatments on soil microbial activity, plant
production, and arthropod density.
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PLATE 1.

Nitrogen and carbon subsidies influence herbi-
vores (Prokelisia planthoppers) indirectly via belowground
effects on microbial processes that affect plant quality and
biomass and by aboveground effects on plant structure that
alter predator control. Photo credit: Hartmut Dobel.

Soil microbial processes

Because bacteria are diverse, difficult to exclude, and
poorly known taxonomically (Torsvik et al. 1990, Lovell
et al. 2000), we focused on the indirect effects of the
microbial community on nutrient pools after manipulat-
ing nutrient subsidies (carbon, nitrogen, and detritus
intended to represent a broad range of soil conditions
across the marsh) rather than directly manipulating
microbial diversity and abundance. To assess the effect
of the treatments on microbial activity and N avail-
ability, we took soil cores (12 cm diameter X 10 cm deep)
from each experimental plot once every four weeks (31
May, 19 June, 20 July, 22 August 2002). We measured
net potential N mineralization (ammonification and
nitrification) and carbon mineralization (net potential
CO, production) during 20-day aerobic incubation
intended to represent typical conditions at the detri-
tus—soil interface. Microbial respiration was determined
by colorimetric titration of CO, captured by a 10-mL 1.0
mol/L NaOH trap during the incubation. To insure that
CO, mineralization was not in excess of what was



1546

captured in the trap, we measured the CO, concen-
tration in the headspace of the incubation jar with an
infrared gas analyzer (IRGA CO,, LICOR 6251, LI-
COR, Lincoln, Nebraska, USA). Microbial N and DON
[dissolved organic N] were determined by chloroform
fumigation/extraction followed by persulfate digestion
(Cabrera and Beare 1993). In all cases, inorganic soil N
was determined after extraction with 30 mL of 2.0 mol/L
KCI (Sims et al. 1995).

To assess the affect of microbial activity on rate of
litter decomposition, we pinned five open-ended litter-
bags (1-mm? nylon mesh, 15 cm length X 5 cm diameter),
each containing 5.0 g of Spartina, to the marsh surface
in each of the 30 plots. Litterbags were serially removed
weekly throughout the experiment (2 July, 11 July, 18
July, 25 July, 2 Aug, 27 Aug 2002) and ash free dry mass
was measured. Decay coefficients were calculated
according to: X, = X§~X where X, is the mass of litter
remaining at time ¢, X, is the amount of litter initially
present, and k is the exponential decay coefficient
(Cebrian and Lartigue 2004).

Plant biomass and quality

To measure the response of Spartina to carbon,
nitrogen, and thatch amendments, we tracked changes
in plant biomass and quality. Belowground plant
biomass was assessed by recovering cleaned, dried root
biomass from the before-mentioned soil cores. We
determined aboveground plant growth by comparing
differences in grass height, culm density, live above-
ground plant biomass, live plant C:N (Perkin Elmer
2400 CHN analyzer; Perkin Elmer, Norwalk, Connect-
icut, USA), and dead aboveground plant biomass
collected within a 0.047-m” quadrat at the beginning
and end of each year (31 May, 20 August 2001; 24 May,
27 August 2002). Due to differences in age and structure,
autochthonous inputs of dead plant material were easily
distinguished and separated from experimentally ma-
nipulated thatch supplements in thatch-addition plots.

Arthropod abundance

To determine plant-mediated treatment effects on
herbivores and predators, arthropods were sampled
using a D-vac vacuum sampler (D-vac, Ventura,
California, USA) after one season of population growth
and exposure to treatments (20 August 2001, 27 August
2002). Each sample consisted of three 3-s placements of
the D-vac head (20 cm diameter) over the cord grass in
each plot. On each sample date, we recorded herbivore
(Prokelisia dolus, P. marginata) and spider density
(individuals per square meter), and load (individuals
per gram live plant biomass per square meter).

Statistical analysis

Net mineralization potential, soil nitrogen pools, and
root biomass were analyzed using repeated-measures
ANOVA (SAS Institute 2001) with treatment (carbon,
nitrogen, carbon and nitrogen, thatch, and control) as a
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fixed effect. Unstructured variance—covariance structure
was used to achieve best fit using Akaike’s Information
Criterion (SAS Institute 2001). The effect of the five
treatments on end-of-the-season plant parameters
(aboveground biomass, height, culm density, dead
aboveground biomass, plant quality, aboveground plant
nitrogen, and litter decomposition rate) and arthropod
abundance (density and load) was examined using
ANOVA, with interannual variation (2001, 2002) as a
random-block effect. Arthropod abundances were log;o-
transformed to meet assumptions of normality of
residuals and homogeneity of variance. For all ANOVA
models, pairwise treatment means comparisons were
conducted using ¢ tests when ANOVA results indicated
a significant treatment effect (P < 0.05). In all figures,
different letters illustrate significant (P < 0.05) differ-
ences between treatment means (nitrogen, carbon and
nitrogen, control, carbon, thatch), as indicated by these ¢
tests. A priori contrasts were used to test the main effects
of carbon (addition or not), nitrogen (addition or not),
the carbon X nitrogen interaction, and thatch (addition
vs. ambient/control) for all ANOVA models (SAS
Institute 2001). Statistics represented in tabular format
show these a priori contrasts. Main effects can be
graphically interpreted in the figures by averaging the
two treatment means receiving the supplement (i.e., for
the main effect of nitrogen, the nitrogen (N), and carbon
plus nitrogen (C + N) addition treatments) and
comparing it to the two treatments not receiving the
supplement (the control (Cont) and carbon (C) addition
treatments). Correlation was used to determine the
strength of the association between predator (spider)
density and prey (Prokelisia planthopper) density
sampled throughout the season for both years (2001,
2002; 300 samples), as well as the relationship between
predator (spider) density and the abundance of thatch in
plots at the end of the growing season each year (SAS
Institute 2001).

REsuLTs
Belowground microbial processes

Potential net N mineralization—The five treatments
influenced potential inorganic N mineralization (Fig.
2A—-C, Table 1). Soils supplemented with nitrogen had
significantly higher potential net nitrification (i.e.,
accumulation of nitrite 4 nitrate) than soils not receiving
nitrogen (Fj s = 29.46, P < 0.0001; Fig. 2A, Table 1),
whereas soils treated with carbon exhibited significantly
higher potential net ammonification (i.e., increase in
ammonium) than plots not treated with carbon (Fj »5s =
11.99, P = 0.002; Fig. 2B, Table 1). Therefore, net
potential microbial N mineralization (nitrification +
ammonification) increased when soil was supplemented
with both carbon (Fj,s = 17.14, P = 0.0003) and
nitrogen (F) s = 16.92, P = 0.0004; Fig. 2C, Table 1).
There were no significant interactive effects of carbon
and nitrogen on potential net N mineralization or any
other soil parameters.
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FiG. 2. Microbial activity and soil nitrogen pools (mean + SE, n = 6 plot replicates per treatment) measured as change in
potential (A) net nitrification, (B) net ammonification, (C) net N mineralization, and (D) net CO, mineralization in laboratory
incubations; (E) nitrate and nitrite, (F) ammonium, (G) microbial N, and (H) dissolved organic nitrogen from soil cores; and (I)
litter decomposition rate in litter bags. All measurements are taken from Spartina plots exposed to one of five experimental
treatments: nitrogen addition (N), carbon addition (C), carbon and nitrogen addition (CN), thatch addition (T), and
unmanipulated control (Cont). Means with different lowercase letters are significantly different (P < 0.05).

TaBLE 1. ANOVA results for the main effects of carbon, nitrogen, C X N, and thatch on soil parameters.

All treatments Carbon (C) Nitrogen (N) C XN Thatch vs. control
Soil parameter F P F P F P F P F P
Net potential nitrification 8.34 0.0002 0.70 0.41 29.46  <0.0001 0.07 0.79 0.72 0.41
Net potential ammonification 3.81 0.01 11.99  0.002 0.01 0.92 2.59 0.12 0.07 0.80
Net potential N mineralization 10.12  <0.0001 17.14 0.0003 16.92 0.0004 2.55 0.12 0.02 0.90
Net potential CO, mineralization 1.03 0.41 3.13  0.08 0.10 0.75 0.85 0.36 0.83 0.37
Extractable nitrate (NO, + NO3) 5.41 0.003 1.86 0.18 16.71 0.0004 296 0.10 0.03 0.85
Extractable ammonium (NHy) 18.55  <0.0001 9.84 0.004 60.57 <0.0001 1.09 0.30 1.05 0.32
Microbial N 0.70 0.60 037 0.55 1.29 0.27 0.88 0.36 0.54 0.47
Extractable dissolved organic N 2.50 0.05 4.63  0.04 3.42 0.08 0.86 0.36 0.06 0.81

Notes: For all treatment effects pooled, df =4, 25; for individual treatments, df = 1, 25. Significant P values are set boldface for
emphasis.
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Potential net C mineralization (microbial respira-
tion ) —Supplements of carbon showed trends toward
increasing microbial respiration (F) s = 3.13, P =0.08).
However, neither nitrogen addition (Fj,s = 0.10, P =
0.75) nor thatch addition (F ,5=0.83, P =0.37) affected
the potential net CO, mineralization (Fig. 2D, Table 1).

Extractable nitrogen—Nitrogen addition promoted
increases in both the nitrate + nitrite pool (F 5= 16.71,
P =0.0004; Fig. 1E) and the ammonium pool (F s =
60.57, P < 0.0001; Fig. 2F). Carbon addition caused a
larger decrease in the ammonium (for NH4-N, F,5 =
9.84, P =0.004; Fig. 2F) than the nitrate pool (for NOs-
N, Fj,5=1.86, P =0.18; Fig. 2E). Although there was
no significant interactive affect of carbon and nitrogen
addition on ammonium or nitrate availability (Table 1),
both ammonium and nitrate availability were reduced in
the carbon-only-addition plots, but ammonium avail-
ability and not nitrate availability was reduced in the
carbon- and nitrogen-addition plots (Fig. 2E, F). Thatch
addition (for NO3-N, F ,5=0.03, P =0.85; for NH4-N,
Fy55=1.05, P=0.32, ) did not affect the availability of
extractable inorganic N (Fig. 2E, F, Table 1).

Microbial nitrogen—Carbon addition (F} 55 =0.37, P
= 0.55), nitrogen addition (Fj s = 1.29, P = 0.27), and
thatch addition (F; s = 0.54, P =0.47) did not increase
microbial nitrogen in the soil (Fig. 2G, Table 1).

DON —Carbon addition increased DON concentra-
tion in the soil (F),s = 4.63, P = 0.04; Fig. 2H).
However, DON was not affected by either nitrogen
(F125=3.42, P=0.08) or thatch (¥} 55 =0.06, P =0.81)
addition (Fig. 2H, Table 1).

Litter decomposition.—Litter decomposed faster in
nitrogen-addition plots (F},s = 11.16, P = 0.003) and
slower in carbon-addition plots (Fj,s = 13.39, P =
0.001), whereas thatch addition did not affect decom-
position rate (F; 5 = 0.3 P =0.59; Fig. 2I, Table 2).

Plant biomass and quality

Spartina in the nitrogen-addition plots exhibited
increased biomass (F;s4 = 68.19, P < 0.0001), height
(F1 54 = 41.55, P < 0.0001), and culm density (F;s4 =
11.16, P=0.002) compared to plots that did not receive
nitrogen subsidies (Fig. 3A—C, Table 2). In contrast,
although carbon additions limited plant growth (lower
culm density; F; s, = 10.17, P =0.002), there was also a
significant carbon X nitrogen interactive effect such that
carbon addition limited plant biomass (F; s4 =8.28, P =
0.006), and height (F; s4 = 4.50, P = 0.04) more when it
was added in the presence of nitrogen supplements than
when it was added alone (Fig. 3A-C).

Plants in nitrogen-addition plots had a higher nitro-
gen content (% N) than plants in plots not supplemented
with nitrogen (F;s4 = 130.37, P < 0.0001; Fig. 2E).
Carbon addition did not affect the nitrogen content (%
N) of Spartina (Fy 54=0.00, P=0.97; Fig. 3E). However,
carbon limited the total aboveground nitrogen (Fig. 3F,
Table 2) by limiting Spartina biomass (Fig. 3A).
Therefore, because of its adverse effects on plant size,
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carbon limited total aboveground nitrogen more when
added in combination with nitrogen than when added
alone (F)s4 = 21.81, P < 0.0001; Fig. 3F, Table 2).
Plants in thatch-addition plots grew taller (Fy sq=12.28,
P =0.0009), a potential shading effect, but thatch did
not affect aboveground live plant biomass (F; s4 = 0.01,
P =0.94) or culm density (F;s4 = 1.85, P = 0.18; Fig.
3A-C, Table 2). The amount of autochthonous thatch
production (dead aboveground biomass produced by
senescing plants) within treatment plots was not affected
by the nutrient- or thatch-addition treatments (Fig. 3D,
Table 2). Notably, at the end of the growing season
(2001 and 2002), there was significantly more total
thatch (autochthonous + allochthanous) in thatch-
addition plots (495 + 26 g/m% mean * SE, n = 6 plot
replicates per treatment) than in control plots (23 = 17
g/m?% n = 6 replicates) due to biweekly (once every two
weeks) thatch additions. Thatch addition led to a slight,
but nonsignificant, increase in the nitrogen content of
Spartina (Fy 54 = 3.57, P = 0.06; Fig. 3E), but did not
affect total aboveground plant nitrogen () s4 = 0.36, P
=0.55; Fig. 3F, Table 2). Spartina roots showed a trend
toward decreased biomass in nitrogen-addition plots
(Fy25=3.77, P =0.06) compared to plots not receiving
nitrogen, and root biomass remained unaffected by
either carbon (F; s =0.06, P =0.81) or thatch addition
(F1,25 = 047, P= 050, Flg 3G, Table 2)

Arthropod abundance

Herbivores—Consistent with known Prokelisia life
history (see Denno et al. 2003), P. dolus was present in
the high-marsh study plots throughout the season,
whereas P. marginata migrated from the low-marsh into
the high-marsh plots in late August in both years (not
shown). Results presented here show only sample dates
in late August, a time when both dominant species were
present and abundant in the high-marsh study area.
Nitrogen addition resulted in increased densities of both
P. dolus (Fys3 =22.36, P < 0.0001) and P. marginata
(Fy 53=132.20, P < 0.0001; Fig. 4, Table 3). P. dolus was
least abundant in the carbon- and thatch-addition plots
and most abundant in the nitrogen- and carbon +
nitrogen-addition plots (Fig. 4). To control for differ-
ences in plant biomass between study plots, we examined
Prokelisia load (planthopper density per gram of
Spartina; see Fig. 4). Because there was no significant
effect of nutrient-addition treatments on the load of P.
dolus (Table 3, Fig. 4), differences in the density of this
planthopper among treatments were attributable to
changes in plant biomass and structure and not to
changes in plant nitrogen content. Notably, there was a
decrease in the load of P. dolus in thatch-addition plots
(Fi 53 = 7.81, P =0.007), a difference that cannot be
attributed to plant size or plant quality. In contrast, P.
marginata showed both increased density (F; 53 = 32.20,
P < 0.0001) and increased load (F)s3 = 24.17, P <
0.0001) in the nitrogen-addition plots (Fig. 4). Carbon
and thatch addition did not affect either the density or
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TaBLE 2. ANOVA results for the main effects of carbon, nitrogen, C X N, and thatch on plant (Spartina) parameters.
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All treatments Carbon (C) Nitrogen (N) C X N Thatch vs. control
Spartina parameter F P F P F P F P F P
Live aboveground biomass  30.79 <0.0001 41.95 <0.0001 68.19 <0.0001 8.28 0.006 0.01 0.94

Plant height 1549 <0.0001 11.43 0.0014  41.55 <0.0001 4.50 0.04 12.28 0.0009
Culm density 5.32 0.001 10.17 0.002 11.16 0.002 0.27 0.60 1.85 0.18
Dead aboveground biomass  1.40 0.25 0.53 0.46 1.30 0.26 0.78 0.38 2.01 0.16
Plant quality (% N) 35.61 <0.0001  0.00 0.97 130.37  <0.0001 1.40 0.24 3.57 0.06
Aboveground plant N 6431 <0.0001 52.10 <0.0001 37.22 <0.0001 21.81 <0.0001 0.36 0.55
Root biomass 1.68 0.18 0.06 0.81 3.77 0.06 0.92 0.35 0.47 0.50
Decomposition rate, k 6.35 0.001 13.39 0.001 11.16 0.003 0.56 0.46 0.3 0.59

Notes: For all treatment effects pooled, df = 4, 54; for individual treatments, df = 1, 54, except for root biomass and

decomposition rate, with df =1, 25. Significant P values are set boldface for emphasis.

load of P. marginata compared to controls (Fig. 4).
Overall, results suggest that the migratory P. marginata
has a greater sensitivity to plant nitrogen content

(percentage N) than does P. dolus.

Predatory spiders—There were more spiders in plots
receiving a nitrogen subsidy than in those that did not
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(F1,53=064.89, P < 0.0001). However, similar to its effect
on plant biomass and height, carbon addition in the
presence of nitrogen led to larger reductions in spider
densities than did the addition of carbon alone (F; s4 =
15.10, P = 0.0003), suggesting that spiders respond
positively to plant structure. Moreover, thatch addition,
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Fic. 3. Effects of nitrogen addition (N), carbon addition (C), carbon and nitrogen addition (CN), thatch addition (T), and
unmanipulated control (Cont) on biomass measures, height, density, and nitrogen status of Spartina plants in experimental plots in
late August on a marsh at Tuckerton, New Jersey, USA. Measurements in panels (A), (D), and (F) are aboveground biomass. If
measurements were taken for more than one year, results were blocked by year (2001, 2002). Values are means + SE; means with
different lowercase letters are significantly different (P < 0.05).
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letters are significantly different (P < 0.05).

TaBLE 3. ANOVA results for the main effects of carbon, nitrogen, C X N, and thatch on arthropod parameters.

All treatments Carbon (C) Nitrogen (N) C XN Thatch vs. control
Arthropod parameter F P F P F P F P F P
Prokelisia dolus density 10.31  <0.0001 3.89  0.05 2236  <0.0001 0.67 0.42 5.29 0.03
Prokelisia dolus load 3.63 0.01 1.88  0.18 0.43 0.51 1.79  0.18 7.81 0.007
Prokelisia marginata density  10.71  <0.0001 0.57 045 3220 <0.0001  0.39 0.54 0.22 0.64
Prokelisia marginata load 9.14  <0.0001 1.66 0.20 24.17  <0.0001 043 0.52 0.38 0.54
Spider density 2422 <0.0001 14.57 0.0004 64.89 <0.0001 15.10 0.0003 10.33 0.002
Spider load 4.58 0.003 0.43  0.51 5.80 0.02 497 0.03 15.71 0.0002

Notes: For all treatment effects pooled, df =4, 53; for individual treatments, df = 1, 53. Significant P values are set boldface for
emphasis.
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which increased the structural complexity of Spartina,
enhanced spider densities compared to controls (Fy s4 =
10.33, P < 0.002; Fig. 4), an effect that probably led to
the reduced load of P. dolus in thatch-addition plots
(Fig. 4). Similarly, across all treatment plots, there was a
positive relationship between spider density and the
amount of thatch (+* = 0.53, P < 0.001). Spider density
was also positively correlated with the combined density
of both species of Prokelisia planthopper prey (¥ =0.26,
P < 0.0001).

DiscussioN

Although interest in complex food web interactions
has increased in recent years, few studies have consid-
ered the relationship between belowground nutrient
dynamics and aboveground interactions among plants,
insect herbivores, and their arthropod predators (Adams
and Wall 2000, Hooper et al. 2000, van der Putten et al.
2001). Our results show that soil microbial processes can
affect both aboveground herbivores and their natural
enemies. By integrating theories of nutrient cycling and
herbivore community dynamics, a framework is evolv-
ing for considering how the effects of belowground
inputs of carbon and nitrogen cascade from the bottom
up, starting with soil microbes, which affect plants,
insect herbivores, and, ultimately, their arthropod
predators (Bonkowski et al. 2001, Emery et al. 2001,
Bardgett and Wardle 2003) (Fig. 1). This multitrophic
interaction has broad ramifications for ecosystem
function because it suggests that the composition of
organic matter (i.e., carbon quality) not only regulates
decomposition and nutrient availability, but also affects
the ecological processes, such as competition and
predation, that structure consumer communities. This
study shows that labile carbon and nitrogen inputs can
alter herbivore communities indirectly through changes
in microbial activity, which subsequently affect plant
quality and structure. In addition, it is likely that the
structure provided by relatively recalcitrant natural
thatch has particularly strong effects on aboveground
predators and a comparatively reduced effect on soils in
the salt marsh system.

Aboveground herbivore response

Herbivorous insects showed species-specific re-
sponses to nutrient manipulations designed to alter
belowground microbial activity. For instance, the
numerically dominant Prokelisia herbivores were
found in highest densities in nitrogen-addition plots,
a treatment designed to reduce plant-microbe compe-
tition for nitrogen (Fig. 4). Moreover, the lowest
densities of P. dolus were found in carbon-addition
plots, treatments intended to enhance microbial activ-
ity (Fig. 4). However, responses of the two closely
related Prokelisia species were linked to two very
different host plant characteristics. P. marginata
showed a dramatic population increase with nitrogen
addition, and it selectively colonized patches of nitro-
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gen-rich plants. In contrast, the more sedentary P.
dolus was limited more by plant structure, such that its
density was lowest on the smallest plants, independent
of plant nitrogen content, as evidenced by the lack of a
treatment effect on the load of P. dolus in experimental
field plots (Fig. 4). The reduced populations on smaller
plants probably resulted from a smaller number of
suitable oviposition and feeding sites. Other studies
have examined the response of herbivores to nitrogen
subsidies on the marsh and have found increased
densities of grazers (Vince and Valiela 1981), aphids
(Levine et al. 1998), and planthoppers (Denno et al.
2000, Stiling and Moon 2005) on plants with increased
nitrogen content. However this study provides a more
mechanistic understanding of how different compo-
nents of plant quality (plant biomass and nitrogen
content) can affect even closely related herbivores with
different life history strategies (e.g., the migratory P.
marginata and the sedentary P. dolus). The differential
response of these two abundant herbivores demon-
strates the importance of including soil microbial
activity as a factor that can broadly impact the
composition and diversity of aboveground herbivore
communities.

Belowground microbial and soil nutrient response

Because Spartina herbivores are limited by the growth
and nitrogen content of their host plant (Cook and
Denno 1994, Denno et al. 2002), and because Spartina
takes up N as ammonium and, to a lesser extent, as
nitrate (Mendelssohn 1979q), it is important to consider
how nutrient subsidies affect the ability of soil microbes
to mineralize organic matter into ammonium and
oxidize ammonium to nitrate. Extractable N and
potential net mineralization (ammonification and nitri-
fication) are indicators of N availability in ecosystems
(Groffman et al. 1996). Nitrogen addition directly
increased the extractable inorganic N pool, as expected
(Fig. 2E,F). Furthermore, net potential nitrification
increased with the addition of ammonium nitrate,
indicating that microbial processes also influenced the
increase in nitrogen content of Spartina in our nitrogen-
addition plots. Notably, carbon addition increased net
potential ammonification in laboratory incubations (in
the absence of plant N uptake), and decreased the
standing stock of ammonium in the field (in the presence
of plant N uptake) (Fig. 2B, F). This suggests that
sucrose addition significantly increased microbial N
demand, which was satisfied partly through increased
mineralization of soil organic matter (sensu a priming
effect [Kuzyakov et al. 2000]). Furthermore, potential
net mineralization was highest in the carbon and
nitrogen (C 4+ N)-addition treatment (Fig. 2C), where
plant biomass was relatively most reduced compared to
either the carbon (C) or nitrogen (N) treatments alone
(Fig. 3A). This provides a strong indication that nutrient
availability mediates the strength of the microbial
impact on plant productivity.
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Although neither microbial biomass N nor soil
respiration increased in response to carbon subsidies as
hypothesized, our observation that the extractable
ammonium pool available for plant uptake decreased
in response to carbon addition suggests that microbes
denitrified available N or transformed it into other
forms unavailable for plant uptake (Jordan et al. 1998,
Hamersley and Howes 2003). For example, we found the
highest concentration of dissolved organic nitrogen
(DON) in the carbon-addition treatments (Fig. 2H).
DON is a heterogeneous nitrogen pool that has been
linked to increased microbial turnover and the gener-
ation of microbial extracellular enzymes (Aber and
Melillo 1991, Neff et al. 2003). This result is similar to
that of (Stadler et al. 2001), who found increased
concentrations of DON on spruce leaves infested with
honeydew (labile carbon)-producing aphids. Thus, our
results suggest that relieving carbon limitation in salt
marsh soils, as evidenced by increased microbial activity
(net potential mineralization and DON; Fig. 2A-C, H)
in carbon-addition plots, can lead to reduced plant
biomass (Fig. 3A) and a lower density of the dominant
herbivore P. dolus (Fig. 4A).

Recent studies have demonstrated that soil microbial
communities and plant communities can be limited by
different elements (Morris and Bradley 1999, Sundar-
eshwar et al. 2003). Spartina in the present study was N
limited, but the lack of an increase in microbial biomass
N following N addition (Fig. 2G) suggests that the soil
microbial community is not N limited. However, carbon
subsidies had a greater impact on nitrogen pools when
added in combination with nitrogen than when added
alone (Fig. 2C, F), suggesting that soil microbes may be
co-limited by both carbon and nitrogen. Furthermore,
recent studies have demonstrated that soil microbes are
primarily limited by phosphorous and secondarily
limited by carbon and nitrogen in estuarine marshes
(Sundareshwar et al. 2003). Thus, carbon and nitrogen
limitation of salt marsh soils can be induced by the
addition of phosphorous (Sundareshwar et al. 2003).
Experimental additions of phosphorous at our study site
actually enhanced nitrogen in plant tissue slightly
(Huberty 2005). Therefore, although much attention is
focused on nitrogen limitation in terrestrial systems, it is
likely that complex interactions among the carbon,
nitrogen, and phosphorous cycles determine microbial
metabolism (Morris and Bradley 1999, Sundareshwar et
al. 2003), and can alter resource availability for plants,
herbivores, and the predators that consume them. In
light of increased nitrogen loading in coastal ecosystems
due to increased atmospheric deposition, wastewater
inputs, and fertilizer runoff (Bowen and Valiela 2001,
Valiela and Bowen 2002), it is increasingly important to
consider how interactions among nutrient cycles (C:N:P)
will effect multiple trophic levels, both above and below
ground.
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Plant growth and quality

Consistent with the results of previous experiments,
Spartina plants in this study responded quickly to
additions of inorganic nitrogen by increasing biomass
and nitrogen content (Mendelssohn 1979a, b, Denno et
al. 2002) (Fig. 3). However, Spartina was sensitive to the
form of nitrogen addition, such that total aboveground
N in Spartina leaf tissue (Fig. 3F) was most consistent
with patterns of ammonium availability (Fig. 2F) and
was not sensitive to availability of nitrate (Fig. 2E).
Although recent studies suggest that plants may be able
to take up organic nitrogen (Neff et al. 2003), neither
Spartina biomass (Fig. 2A) nor nitrogen content (Fig.
2F) was consistent with patterns of DON (Fig. 2H),
indicating that organic nitrogen was not a dominant
nutrient resource for Spartina. In itself, this is not
surprising, because Spartina has long been known to be
ammonium limited (Mendelssohn 19794, b). However,
these results demonstrate the complex interplay between
the carbon and nitrogen cycles, whereby stimulation of
the microbial community with additions of labile carbon
can reduce soil ammonium availability and limit plant
growth even in the presence of inorganic N in the form
of nitrate (Figs. 2E, 3F). Therefore, in the context of our
objectives, our results suggest that primary productivity
was limited both directly by ammonium availability
(enhanced production in N-subsidized plots) and indi-
rectly by microbial activity (reduced aboveground N in
carbon-subsidized plots). Furthermore, although neither
microbial N nor microbial respiration (CO, mineraliza-
tion) increased in the carbon-subsidized plots, other by-
products of microbial metabolism may have contributed
to a decrease in plant size. For example, microbial
activity may have caused a drop in redox potential and
increased hydrogen sulfide in the soil (Feng and Hsieh
1998, Tobias et al. 2001), which have been shown to
limit plant productivity. Our carbon-addition treatment
illustrates that by decreasing plant biomass, height, and
culm density, soil microbial communities can have a
particularly strong effect on aboveground arthropods
such as P. dolus and spiders that are sensitive to changes
in plant size and structure.

Although we did not find an effect of thatch addition
on plant biomass or aboveground plant nitrogen (Fig.
3), other studies have shown that mulching with high
C:N resources such as sawdust (Yeates et al. 1993,
Arthur and Wang 1999) and wood chips (Lloyd 2001),
which are functionally similar to our thatch-addition
and carbon-addition treatments, result in decreased
plant quality and growth. Thus, thatch addition had
the potential to alter aboveground primary production
via changes in microbial N immobilization, as seen in
the carbon-addition plots. However, because there was
no effect of thatch additions on inorganic N availability,
it is unlikely that thatch addition influenced plant
structure or plant quality via microbial immobilization
of nitrogen.
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Predator effects

Plant structure is known to influence predator
aggregation and foraging behavior (Uetz 1991, Denno
et al. 2002, Langellotto and Denno 2004). We found
elevated spider densities in plots with larger plants
(nitrogen subsidized) or more complex vegetation
(thatch amended) and lower spider densities in plots
with smaller and less structurally complex plants
(carbon subsidized) (Fig. 4). Notably, nitrogen-addition
but not thatch-addition Spartina plots also carried a
higher density of herbivores (Prokelisia planthoppers),
which was positively correlated with spider abundance.
In fact, thatch-addition plots carried the lowest densities
and loads of planthoppers of all the treatments (Fig. 4).
Spiders showed a numerical response to increased
herbivore load (corrected for differences in plant size)
in the nitrogen-addition plots. However, because we did
not exclude predators from our treatment plots, only the
net effects of increased spider abundance and changes in
plant quality on herbivore density can be examined. For
an investigation of the relative effects of these two
factors on herbivore density, see Denno et al. (2002,
2005). Nonetheless, prey density remained high in
nitrogen-subsidized plots where spiders were also
abundant, indicating that spiders were unable to limit
herbivore populations in these plots. However, there was
a reduced load of P. dolus in thatch-addition plots,
which supported much higher densities of spiders (Fig.
4) and where the N content of Spartina was no higher
than in thatch-withheld control plots (Fig. 3E). Thus,
our results are consistent with those of previous studies
that found a close linkage between spider abundance
and both habitat complexity (Bultman and Uetz 1984,
Uetz 1991) and prey abundance (Halaj et al. 1998,
Denno et al. 2003). Consequently, predator abundance,
which is strongly linked to plant structure, can be
influenced by soil microbial activity, which can suppress
plant biomass (Fig. 3A) and alter decomposition rate of
thatch (Fig. 2I). However, because thatch addition failed
to alter soil nutrient dynamics in this study, it is more
likely that the more recalcitrant thatch alters food web
interactions (i.e., increases predator abundance and
mildly suppresses the concentration of herbivores) by
adding a component of structural complexity to habitats
that promotes the aggregation of invertebrate predators.

Conclusions

Although examples of both negative and positive
effects of soil microbes on aboveground primary
productivity exist (Adams and Wall 2000, Hooper et
al. 2000, van der Putten et al. 2001, Bardgett and Wardle
2003), results of this study suggest that when salt marsh
soils are exposed to labile carbon, microbial responses
alter food web dynamics by inhibiting plant growth and
the amount of total nitrogen in aboveground plant tissue
(Fig. 3). Associated with increased microbial activity
(decreased ammonium availability, increased N miner-
alization, increased DON concentration) in the carbon-
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amended plots were decreased plant size and structure,
and reduced standing crop of aboveground nitrogen in
Spartina. This resulted, in turn, in a lower density of
herbivores (P. dolus) and fewer spider predators (Fig. 4).
Nitrogen subsidies resulted in elevated inorganic soil
nitrogen, increased plant biomass and nitrogen content,
and ultimately higher densities of herbivores, especially
nitrogen-sensitive species such as P. marginata. These
results are noteworthy because they indicate that
belowground microbial activity that results in increased
inorganic nitrogen availability has the potential to
cascade through several trophic levels and affect above-
ground herbivores and predators. The mechanism for
these effects involves changes in both plant structure and
the amount of nitrogen available in aboveground plant
tissue. However, because thatch additions did not affect
soil nitrogen pools, plant biomass, or plant quality, it is
likely that the decreased load of herbivores seen in
thatch-amended plots was due to the structural role of
thatch in promoting predator aggregation. Thus, thatch
addition altered vegetation texture and predator abun-
dance rather than altering nutrient resources. Specifi-
cally, this study provides a framework for examining
complex interactions between belowground and above-
ground food web dynamics. In particular, it highlights
the importance of considering interactions between
elemental nutrient cycling (C:N:P) and decomposition
of leaf litter as factors that contribute to aboveground
plant—insect and predator—prey interactions.

ACKNOWLEDGMENTS

We thank D. Finke, R. Goeriz, and D. Lewis for help in the
field, D. Beam, K. Givler, D. McCartney, M. Markley, S.
Neubauer, S. Phillips, and K. Shockling for help in the
laboratory, and B. James for many useful suggestions. This
research was supported by NSF Grant DEB-0313903 to R. F.
Denno.

LITERATURE CITED

Aber, J. D., and J. M. Melillo. 1991. Terrestrial ecosystems.
Saunders College Publishing, Orlando, Florida, USA.

Adams, G. A., and D. H. Wall. 2000. Biodiversity above and
below the surface of soils and sediments: linkages and
implications for global change. BioScience 50:1043-1048.

Arthur, M. A., and Y. Wang. 1999. Soil nutrients and
microbial biomass following weed-control treatments in a
Christmas tree plantation. Soil Science Society of America
63:629-637.

Barbosa, P., and V. Krischik. 1991. Microbial mediation of
plant-herbivore interactions. John Wiley, New York, New
York, USA.

Bardgett, R. D., and D. A. Wardle. 2003. Herbivore-mediated
linkages between aboveground and belowground commun-
ities. Ecology 84:2258-2268.

Blum, L. K., M. S. Roberts, J. L. Garland, and A. L. Mills.
2004. Distribution of microbial communities associated with
the dominant high marsh plants and sediments of the United
States east coast. Microbial Ecology 48:375-388.

Bonkowski, M., I. E. Geoghegan, A. N. E. Birch, and B. S.
Griffiths. 2001. Effects of soil decomposer invertebrates
(protozoa and earthworms) on an above-ground phytopha-
gous insect (cereal aphid) mediated through changes in the
host plant. Oikos 95:441-450.



1554

Bowen, J. L., and I. Valiela. 2001. Historical changes in
atmospheric nitrogen deposition to Cape Cod, Massachu-
setts, USA. Atmospheric Environment 35:1039-1051.

Bultman, T. L., and G. W. Uetz. 1984. Effect of structure and
nutritional quality of litter on abundances of litter-dwelling
arthropods. American Midland Naturalist 111:165-172.

Cabrera, M. L., and M. C. Beare. 1993. Alkaline persulfate
oxidation for determining total nitrogen in microbial biomass
extracts. Soil Science Society of America 57:1007-1012.

Cebrian, J., and J. Lartigue. 2004. Patterns of herbivory and
decomposition in aquatic and terrestrial ecosystems. Eco-
logical Monographs 74:237-259.

Chapman, S. J. 1997a. Barley straw decomposition and S
immobilization. Soil Biology and Biochemistry 29:109-114.

Chapman, S. J. 1997b. Carbon substrate mineralization and
sulphur limitation in soil. Soil Biology and Biochemistry 29:
115-122.

Cook, A. G, and R. F. Denno. 1994. Planthopper/plant
interactions: feeding behavior, plant nutrition, plant defense,
and host plant specialization. Pages 114-139 in R. F. Denno
and T. J. Perfect, editors. Planthoppers: their ecology and
management. Chapman and Hall, New York, New York,
USA.

Denno, R. F., C. Gratton, H. G. Dobel, and D. L. Finke. 2003.
Predation risk affects relative strength of top-down and
bottom-up impacts on insect herbivores. Ecology 84:1032—
1044.

Denno, R. F., C. Gratton, M. A. Peterson, G. A. Langellotto,
D. L. Finke, and A. F. Huberty. 2002. Bottom-up forces
mediate natural enemy impact in a phytophagous insect
community. Ecology 83:1443-1458.

Denno, R. F., D. Lewis, and C. Gratton. 2005. Spatial
variation in the relative strength of top-down and bottom-
up forces: causes and consequences for phytophagous insect
populations. Annales Zoologici Fennici 42:295-311.

Denno, R. F., M. A. Peterson, C. Gratton, J. Cheng, G. A.
Langellotto, A. F. Huberty, and D. L. Finke. 2000. Feeding-
induced changes in plant quality mediate interspecific
competition between sap-feeding herbivores. Ecology 81:
1814-1827.

Débel, H. G., and R. F. Denno. 1994. Predator—planthopper
interactions. Pages 325-399 in R. F. Denno and I. T. Perfect,
editors. Planthoppers, their ecology and management. Chap-
man and Hall, London, UK.

Emery, N. C., P. J. Ewanchuk, and M. D. Bertness. 2001.
Competition and salt-marsh plant zonation: stress tolerators
may be dominant competitors. Ecology 82:2471-2485.

Enriquez, S., C. M. Duarte, and K. Sand-Jenson. 1993. Patterns
in decomposition rates among photosynthetic organisms: the
importance of detritus C:N:P content. Oecologia 94:457-471.

Fagan, W. F., E. Siemann, C. Mitter, R. F. Denno, A. F.
Huberty, H. A. Woods, and J. J. Elser. 2002. Nitrogen in
insects: implications for trophic complexity and species
diversification. American Naturalist 160:784-802.

Feng, J. N., and Y. P. Hsiech. 1998. Sulfate reduction in
freshwater wetland soils and the effects of sulfate and
substrate loading. Journal of Environmental Quality 27:
968-972.

Finke, D. L., and R. F. Denno. 2002. Intraguild predation
diminished in complex-structured vegetation: implications
for prey suppression. Ecology 83:643-652.

Goverde, M., M. G. A. van der Heijden, A. Wiemken, 1. R.
Sanders, and A. Erhardt. 2000. Arbuscular mycorrhizal fungi
influence life history traits of a lepidopteran herbivore.
Oecologia 125:362-369.

Groffman, P. M., G. C. Hanson, E. Kiviat, and G. Stevens.
1996. Variation in microbial biomass and activity in four
different wetland types. Soil Science Society of America 60:
622-629.

Halaj, J., D. W. Ross, and A. R. Moldenke. 1998. Habitat
structure and prey availability as predictors of the abundance

JES HINES ET AL.

Ecology, Vol. 87, No. 6

and community organization of spiders in western Oregon
forest canopies. Journal of Arachnology 26:203-220.

Hamersley, M. R., and B. L. Howes. 2003. Contribution of
denitrification to nitrogen, carbon, and oxygen cycling in
tidal creek sediments of a New England salt marsh. Marine
Ecology Progress Series 262:55-69.

Heath, J., E. Ayres, M. Possell, R. D. Bardgett, H. 1. J. Black,
H. Grant, P. Ineson, and G. Kerstiens. 2005. Rising
atmospheric CO, reduces sequestration of root-derived soil
carbon. Science 309:1711-1713.

Hobbie, S. E. 1992. Effect of plant species on nutrient cycling.
Trends in Ecology and Evolution 7:336-339.

Hobbie, S. E., and P. M. Vitousek. 2000. Nutrient limitation of
decomposition in Hawaiian forests. Ecology 81:1867-1877.
Hooper, D. U, et al. 2000. Interactions between aboveground
and belowground biodiversity in terrestrial ecosystems:
patterns, mechanisms, and feedbacks. BioScience 50:1049—

1061.

Huberty, A. 2005. Nutrient limitation and its consequences for
performance and the homeostatic regulation of macronu-
trient composition in two phytophagous insects with
divergent life-history strategies. Dissertation. University of
Maryland, College Park, Maryland, USA.

Hunter, M. D., and P. W. Price. 1992. Playing chutes and
ladders: heterogeneity and the relative roles of bottom-up
and top-down forces in natural communities. Ecology 73:
724-732.

Jingguo, W., and L. R. Bakken. 1997. Competition for nitrogen
during mineralization of plant residues in soil: microbial
response to C and N availability. Soil Biology and
Biochemistry 29:163-170.

Jordan, T. E., D. E. Weller, and D. L. Correll. 1998.
Denitrification in surface soils of a riparian forest: effects
of water, nitrate and sucrose additions. Soil Biology and
Biochemistry 30:833-843.

Kuzyakov, Y., J. K. Friedel, and K. Stahr. 2000. Review of
mechanisms and quantification of priming effects. Soil
Biology and Biochemistry 32:1485-1498.

Laakso, J., and H. Setala. 1999. Sensitivity of primary
production to changes in the architecture of belowground
food webs. Oikos 87:57-64.

Langellotto, G. A., and R. F. Denno. 2004. Responses of
invertebrate natural enemies to complex-structured habitats:
a meta-analytical synthesis. Oecologia 139:1-10.

Levine, J. M., S. D. Hacker, C. D. G. Harley, and M. D.
Bertness. 1998. Nitrogen effects on an interaction chain in a
salt marsh community. Oecologia 117:266-272.

Lloyd, J. E. 2001. Trophic cascades in ornamental landscapes
mediated by soil organic matter: Effects of mulch and
fertilization on microbial activity, nutrient cycling, plant
carbon allocation, and insect herbivores. Dissertation. Ohio
State University, Columbus, Ohio, USA.

Lovell, C., Y. M. Piceno, J. M. Quattro, and C. E. Bagwell.
2000. Molecular analysis of diazotroph diversity in the
rhizosphere of the smooth cordgrass, Spartina alterniflora.
Applied and Environmental Microbiology 66:3814-3822.

Mattson, W. J., Jr. 1980. Herbivory in relation to plant nitrogen
content. Annual Review of Ecology and Systematics 11:119—
161.

Megonigal, J. P., M. E. Hines, and P. T. Visscher. 2004.
Anaerobic metabolism: linkages to trace gases and aerobic
processes. Pages 350-362 in W. H. Schlesinger, editor.
Biogeochemistry. Elsevier-Pergamon, Oxford, UK.

Mendelssohn, I. A. 1979a. The influence of nitrogen level, form,
and application method on the growth response of Spartina
alterniflora in North Carolina. Estuaries 2:106-112.

Mendelssohn, I. A. 1979h. Nitrogen metabolism in the height
forms of Spartina alterniflora in North Carolina. Ecology 60:
574-584.



June 2006

Mikola, J., and H. Setala. 1998. No evidence of trophic
cascades in an experimental microbial-based soil food web.
Ecology 79:153-164.

Moon, D. C., and P. Stiling. 2004. The influence of a salinity
and nutrient gradient on coastal vs. upland tritrophic
complexes. Ecology 85:2709-2716.

Morris, J. T., and P. M. Bradley. 1999. Effects of nutrient
loading on the carbon balance of coastal wetland sediments.
Limnology and Oceanography 44:699-702.

Neff, J. C., F. S. Chapin, III, and P. M. Vitousek. 2003. Breaks
in the cycle: dissolved organic nitrogen in terrestrial
ecosystems. Frontiers in Ecology and the Environment 1:
205-211.

Newell, S. Y., T. L. Arsuffi, and L. A. Palm. 1998. Seasonal and
vertical demography of dead portions of shoots of smooth
cordgrass in a south-temperate saltmarsh. Aquatic Botany
60:325-335.

Newell, S. Y., and D. Porter. 2000. Microbial secondary
production from salt marsh-grass shoots, and its known and
potential fates. Pages 159-185 in M. P. Weinstein and D. A.
Kreeger, editors. Concepts and controversies in tidal marsh
ecology. Kluwer Academic, Boston, Massachusetts, USA.

Odum, E. P. 1980. The status of three ecosystem-level
hypotheses regarding salt marsh estuaries: tidal subsidy,
outwelling and detritus-based food chains. Pages 485496 in
V. S. Kennedy, editor. Estuarine perspectives. Academic
Press, New York, New York, USA.

Pennings, S. C., and B. R. Silliman. 2005. Linking biogeog-
raphy and community ecology: latitudinal variation in plant—
herbivore interaction strength. Ecology 86:2310-2319.

Rossi, A. M., and D. R. Strong. 1991. Effects of host-plant
nitrogen on the preference and performance of laboratory
populations of Carneocephala floridana (Homoptera, Cica-
dellidae). Environmental Entomology 20:1349-1355.

SAS Institute. 2001. SAS. Version 9.1. SAS Institute, Cary,
North Carolina, USA.

Scheu, S., A. Theenhaus, and T. H. Jones. 1999. Links between
the detritivore and the herbivore system: effects of earth-
worms and Collembola on plant growth and aphid develop-
ment. Oecologia 119:541-551.

Schmidt, I. K., A. Michelsen, and S. A. Jonasson. 1997. Effects
of labile carbon on nutrient partitioning between an arctic
graminoid and microbes. Oecologia 112:557-565.

Setala, H., J. Laakso, J. Mikola, and V. Huhta. 1998.
Functional diversity of decomposer organisms in relation to
primary production. Applied Soil Ecology 9:25-31.

Silliman, B. R., and M. D. Bertness. 2002. A trophic cascade
regulates salt marsh primary production. Proceedings of the
National Academy of Sciences (USA) 99:10500-10505.

Silliman, B. R., and A. Bortolus. 2003. Underestimation of
Spartina productivity in western Atlantic marshes: Marsh
invertebrates eat more than just detritus. Oikos 101:549-554.

Sims, G. K., T. R. Ellsworth, and R. L. Mulvaney. 1995.
Microscale determination of inorganic nitrogen in water and

ABOVEGROUND-BELOWGROUND LINKS

1555

soil extracts. Communications in Soil Science and Plant
Analysis 26:303-316.

Stadler, B., S. Solinger, and B. Michalzik. 2001. Insect
herbivores and the nutrient flow from the canopy to the soil
in coniferous and deciduous forests. Oecologia 126:104—113.

Stiling, P., and D. C. Moon. 2005. Quality or quantity: the
direct and indirect effects of host plants on herbivores and
their natural enemies. Oecologia 142:413-420.

Strong, D. R., J. H. Lawton, and T. R. E. Southwood. 1984.
Insects on plants: community patterns and mechanisms.
Blackwell Scientific, Oxford, UK.

Sundareshwar, P. V., J. T. Morris, E. K. Koepfler, and B.
Fornwalt. 2003. Phosphorus limitation of coastal ecosystem
processes. Science 299:563—-565.

Teal, J. M. 1962. Energy flow in the salt marsh ecosystem of
Georgia. Ecology 43:614-624.

Tobias, C. R., I. C. Anderson, E. A. Canuel, and S. A. Macko.
2001. Nitrogen cycling through a fringing marsh-aquifer
ecotone. Marine Ecology Progress Series 210:25-39.

Torsvik, V., J. Goksgyr, and F. L. Daae. 1990. High diversity in
DNA of soil bacteria. Applied and Environmental Micro-
biology 56:782-787.

Tyler, A. C., T. A. Mastronicola, and K. J. McGlathery. 2003.
Nitrogen fixation and nitrogen limitation of primary
production along a natural marsh chronosequence. Oecolo-
gia 136:431-438.

Uetz, G. W. 1991. Habitat structure and spider foraging. Pages
325-348 in S. Bell, E. McCoy, and H. Mushinsky, editors.
Habitat structure: the physical arrangement of objects in
space. Chapman and Hall, New York, New York, USA.

Valiela, I., and J. L. Bowen. 2002. Nitrogen sources to
watersheds and estuaries: role of land cover mosaics and
losses within watersheds. Environmental Pollution 118:239—
248.

Valiela, 1., J. M. Teal, S. D. Allen, R. Van Etten, D.
Goehringer, and S. Volkmann. 1985. Decomposition in salt
marsh ecosystems: the phases and major factors affecting
disappearance of above-ground organic matter. Journal of
Experimental Marine Biology and Ecology 89:29-54.

van der Putten, W. H., L. E. M. Vet, J. A. Harvey, and F. L.
Wickers. 2001. Linking above-and belowground multitro-
phic interactions of plants, herbivores, pathogens, and their
antagonists. Trends in Ecology and Evolution 16:547-554.

Vince, S. W., and I. Valiela. 1981. An experimental study of the
structure of herbivorous insect communities in a salt marsh.
Ecology 62:1662—-1678.

White, T. C. R. 1993. The inadequate environment: Nitrogen
and the abundance of animals. Springer-Verlag, Berlin,
Germany.

Yeates, G. W., D. A. Wardle, and R. N. Watson. 1993.
Relationships between nematodes, soil microbial biomass
and weed-management strategies in maize and asparagus
cropping systems. Soil Biology and Biochemistry 25:869-876.



