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Anthropogenic nutrient inputs into native ecosystems cause fluctuations in resources

that normally limit plant growth, which has important consequences for associated

foodwebs. Such inputs from agricultural and urban habitats into nearby natural systems

are increasing globally and can be highly variable. Despite the global increase in

anthropogenically-derived nutrient inputs into native ecosystems, the consequences of

variation in subsidy amount on native plants and their associated foodwebs are poorly

known. Salt marshes represent an ideal system to address the differential impacts of

nutrient inputs on ecosystem and community dynamics because human development

and other anthropogenic activities lead to recurrent introductions of nutrients into these

natural systems. Previously, we have found in manipulative experiments that arthropod

abundance increases in response to nutrient enrichment, with predators being the

trophic group most strongly affected. We conducted a survey of Atlantic coastal Spartina

marshes to test whether such local responses are indicative of responses at a landscape

level. We examined the most abundant arthropod species associated with Spartina

coastal marshes that receive variable amounts of anthropogenic nitrogen, and tested

how this response varied across different arthropod functional groups (herbivores,

epigeic feeders, and predators). Similar to what we found at a local scale, nutrient

subsidies alter the trophic structure of the arthropod assemblage by changing the relative

abundances of various feeding groups. Variable responses among predators to nitrogen

density could be partly explained by diet breadth (e.g., generalists vs. specialists).

Herbivores had a negative response to increasing plant nitrogen density; specialist

predators tracked their herbivore prey and thus also responded negatively to nitrogen

density. However, generalists were not negatively affected by nitrogen density and indeed

some generalist predators responded positively to nitrogen density. Thus, the overall

predator-to-herbivore ratio was also positively associated with nitrogen density. Our

research helps us to understand how long-term nutrient enrichment of native ecosystems

by human activities affects arthropod assemblages and foodweb dynamics.
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INTRODUCTION

Natural and anthropogenic inputs of nutrients (e.g., nitrogen)
into native ecosystems often promote fluctuations in the
availability of resources that normally limit plant growth
(Robinson, 1994; Inouye and Tilman, 1995; Siemann, 1998;
Haddad et al., 2000). Such inputs from agricultural and urban
habitats into nearby natural systems are increasing globally and
can be highly variable (Vitousek et al., 1997; Tilman, 1999; Boyer
et al., 2002; Mayer et al., 2002; Valiela and Bowen, 2002; Valiela
and Cole, 2002). Nutrient inputs promote changes in primary
productivity and plant diversity that in turn can have important
consequences for associated food-webs (Polis and Hurd, 1996;
Polis et al., 1997a,b, 1998; Huxel and McCann, 1998; Haddad
et al., 2000; Holmgren et al., 2001). Inputs of limiting nutrients
(e.g., nitrogen) often concomitantly affect plant species richness,
plant species composition, primary productivity, and plant tissue
quality (C:N content) and determining their independent effects
on the associated arthropod assemblage can be experimentally
daunting (Kirchner, 1977; Siemann, 1998; Haddad et al., 2000).
By working in natural plant monocultures (e.g., cordgrass-
dominated coastal wetlands) the task is somewhat simplified
because the cascading effects of nutrient subsidies on consumers
will be driven largely by changes in primary productivity and
plant nutrition (see Denno et al., 2002).

Despite the global increase in anthropogenically-derived
nutrient inputs into native ecosystems, such as salt marshes,
the consequences of variation in nutrient subsidies on native
plants and their associated foodwebs are poorly known. Many
researchers have tested the effects of nutrient subsidies on salt
marshes in manipulative experiments (e.g., Valiela et al., 1978;
Gratton and Denno, 2003; Wimp et al., 2010; Deegan et al.,
2012; Murphy et al., 2012). For example, we have found that
arthropod abundance increases in response to experimental
nutrient enrichment, with predators being the trophic group
most strongly affected (Wimp et al., 2010; Murphy et al., 2012).
However, whether these results are consistent with observations

from un-manipulated habitats across large geographic areas is

unknown. Additionally, most of the studies that have examined
the impacts of nitrogen inputs on salt marsh ecosystems have

only been conducted using a small range of nitrogen input levels
(often just a single level). In reality, salt marshes experience

a wide range of nitrogen input levels, and higher levels of
nitrogen can negatively affect plant producers. For example,
excess nitrogen in the soil can lead to higher soil salinity, with
negative effects on the plant. Excess nitrogen can also lead to
a decrease in the root:shoot ratio, which can cause the plants
to lodge or fall over because they are top-heavy (Deegan et al.,
2012). Recently Wigand et al. (2018) demonstrated that in
nutrient-enriched tidal creeks, soil shear strength in Spartina
plots was significantly lower than in unmanipulated reference
creeks and that these decreases in soil strength likely cause
channel bank failures when Spartina plants collapse into tidal
creeks. Such negative effects on plants may in turn impact
herbivores. Finally, while our previous data demonstrates a
positive effect of nutrient enrichment on higher trophic levels
(Wimp et al., 2010; Murphy et al., 2012), such positive effects
may describe a narrow set of circumstances. For instance, it is

possible that the relationship between nutrient enrichment and
higher trophic level consumers is only positive until a threshold
is reached, and additional inputs of nitrogen will have no further
effect. Additionally, the positive relationship may also only be
possible when recruitment from nearby un-manipulated habitat
is possible, which would mean that this pattern would only occur
in experimental settings (e.g., manipulated plots nested within
un-manipulated habitat) and not in marshes that are affected by
widespread anthropogenic disturbance.

While bottom-up impacts of nitrogen addition may affect
herbivore density and herbivory (Bertness et al., 2008; He
and Silliman, 2015, 2016), top-down effects from predators
may also limit herbivore populations. Previous studies have
found that the impacts of nutrient addition on arthropod
biomass and diversity are stronger for higher trophic levels
(Wimp et al., 2010; Murphy et al., 2012). Thus, the positive
response of herbivores to nutrient enrichment may eventually
be checked by higher trophic level predators and parasites.
It is unclear how higher trophic level predators and parasites
may respond to nutrient enrichment across a wide range of
nutrient enrichment levels, or within a larger spatial context.
Because many arthropod predators gain not only additional
prey, but also increasingly complex plant structure with higher
levels of nutrient enrichment, this may diminish intraguild
predation and cannibalism (Langellotto and Denno, 2006). Thus,
the combined effects of additional prey resources and reduced
competition/intraguild predation/cannibalism among predators
may lead to a sustained positive response of predators/parasites
to nutrient enrichment.

Increasing nitrogen inputs from anthropogenic sources are
a common problem across a wide array of ecosystems, but
one ecosystem that is particularly threatened by nitrogen inputs
is coastal salt marshes where urbanization and agriculture are
increasing nutrient runoff and nitrogen availability (Bertness
et al., 2002, 2004). Land development and agriculture are
jeopardizing coastal wetlands at an alarming rate, and one of the
major threats is nitrogen runoff from neighboring anthropogenic
sources, which alters vegetation dynamics, promotes the
incursion of invasive species, and increases nitrogen availability
(Bertness et al., 2002, 2004). An estimated 50% of the variation in
nitrogen availability in Spartinamarshes is explained by shoreline
development such as housing developments and agriculture
(Bertness et al., 2002). Because Spartina is nitrogen-limited,
particularly in high-marsh habitats, nitrogen subsidies (natural
and anthropogenic) result in dramatic increases in biomass, plant
nitrogen content, plant architecture, and detritus (Mendelssohn,
1979a,b; Bertness et al., 2002; Denno et al., 2002; Gratton and
Denno, 2003). The nitrogen-sensitive assemblage of arthropods
associated with Spartina marshes (Denno et al., 2003; Huberty
and Denno, 2006a,b) provides an ideal opportunity to study
the food-web consequences of nitrogen subsidies at a large
spatial scale. We compared the arthropod assemblage among
Atlantic coastal Spartina marshes receiving variable amounts of
anthropogenic nitrogen and at varying distances from potential
upland N sources. We selected study marshes so that we
could compare nearby marshes at similar latitudes that had
different levels of nutrient inputs due to human development
and agriculture. We predicted that if our results from our
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manipulated plot-experiments (Wimp et al., 2010; Murphy
et al., 2012) accurately represent ecosystem-wide responses at
greater geographic scales, then arthropod density should be
greater in productive marshes that receive elevated subsidies of
allochthonous nitrogen compared to more pristine marshes, and
that the response should be stronger for higher trophic levels.

METHODS

Study System
The perennial cordgrass Spartina alterniflora (now reclassified
as Sporobolus alterniflorus, but hereafter referred to as Spartina)
dominates the vegetation of Atlantic coastal marshes where it
grows in the intertidal zone (Redfield, 1972; Bertness, 1991).
Many marshes are characterized by large, pure expanses of
Spartina that directly abut upland habitats, either natural upland
vegetation or agricultural and urban habitats (Warren and
Niering, 1991; Bertness et al., 2002, 2004). Most nitrogen that
is delivered to coastal waters and wetlands in the US derives
from non-point sources, such as agriculture and atmospheric
deposition (Howarth et al., 1996); in the Mid-Atlantic region
agriculture is the dominant source of nitrogen to natural
systems (Boyer et al., 2002). As terrestrially-derived nitrate flows
downstream from anthropogenic sources, about one quarter of
the nitrogen is intercepted by coastal wetlands (e.g., Spartina
marshes) before it is able to reach open waters (Valiela and Cole,
2002). Nitrogen that is retained in the marsh is incorporated into
plant biomass, denitrified, or buried in marsh sediments (Valiela
and Teal, 1979; Denno et al., 2002; Valiela and Cole, 2002).

Spartina is a foundation species that serves as the only host
plant for a variety of insect herbivores in several feeding guilds
including sap-feeders, free-living folivores, stem borers, and leaf
miners (Denno, 1977; Stiling and Strong, 1983; Denno et al.,
2003, 2005). We were able to capitalize on a wealth of life-history,
mesocosm feeding trials, and stable isotope information in this
exhaustively studied system in order to categorize the functional
roles of the arthropod species found in Spartina (e.g., Dobel
et al., 1990; Denno et al., 2002, 2003; Finke and Denno, 2002,
2003, 2004, 2005, 2006; Gratton and Denno, 2003; Huberty and
Denno, 2006a; Langellotto and Denno, 2006; Lewis and Denno,
2009; Wimp et al., 2010, 2013, 2019). Furthermore, previous
studies have established the relative degree of habitat and feeding
specialization for the dominant species (Denno, 1976, 1977,
1980; Wimp et al., 2013) and trophic interactions among the
dominant species (Döbel and Denno, 1994; Finke and Denno,
2002; Denno et al., 2003, 2004, 2005; Ferrenberg and Denno,
2003). Sap-feeders are numerically dominant while free-living
folivores, borers, and miners are less common (Denno et al.,
2005). Of the sap-feeders, planthoppers (Prokelisia dolus and P.
marginata) are the most abundant (Denno et al., 2000). Many
herbivores show remarkable increases on N-subsidized Spartina
due to enhanced colonization, fecundity and survival (Vince
et al., 1981; Denno et al., 2002, 2003). Certain herbivores respond
exclusively to increases in plant nitrogen content (N-sensitive
“specialists” like P. marginata), whereas other species respond
specifically to increases in plant biomass (several sap-feeders)
(Huberty and Denno, 2006a,b). Overall, herbivores on Spartina

are very responsive to nitrogen-induced changes in plant quality
and biomass.

Spartina also has a rich assemblage of associated detritivores
and algivores (collectively described as “epigeic feeders”) from
a variety of feeding guilds such as grazers, shredders, algal, and
fungal feeders (Wimp et al., 2013). Nitrogen-loading promotes
increased abundance and diversity of detritivores in Spartina
and other systems, both as a consequence of increased detrital
biomass and quality (%N) (Settle et al., 1996; Halaj and Wise,
2002).

Spartina also hosts a diversity of natural enemies for
herbivores and epigeic prey, including invertebrate predators
and parasitoids, but predators are a far more important source
of mortality than parasitoids on mid-Atlantic marshes (Döbel
and Denno, 1994). The predator assemblage includes both
generalist predators (web-building and hunting spiders) and
specialist predators (e.g., the mirid Tytthus vagus) (Döbel and
Denno, 1994; Finke and Denno, 2002; Denno et al., 2003).
Top carnivores are voracious intraguild predators and include
hunting spiders (Pardosa littoralis and Hogna modesta) and
katydids (Conocephalus spartinae) that feed on herbivores,
detritivores, specialist predators as well as each other (Finke
and Denno, 2003; Denno et al., 2004; Matsumura et al., 2004).
Hunting spiders, such as Pardosa, inflict high mortality on
herbivores, an effect that can cascade to basal resources such as
biomass and tiller production (Finke and Denno, 2002; Denno
et al., 2005). However, intraguild predation reduces the overall
effectiveness of the predator complex in suppressing herbivore
populations and thus dampens trophic cascades (Denno et al.,
2003, 2004; Finke and Denno, 2004).

Survey Design and Methods
We selected 14 marshes along the mid-Atlantic coast between
Maine and Virginia (Figure 1; Supplement 1). We chose these
marshes such that they abutted large expanses of native upland
vegetation (<5 km away) or were bordered by development or
agriculture that would lead to an increase in nitrogen inputs (see
Bertness et al., 2002). Initially, we chose marshes that spanned a
gradient of minimally to heavily impacted based on proximity to
upland development and rate of tidal flushing. Thus, according
to these criteria, Virginia Coastal Reserve (VA), Great Bay Marsh
(NJ), and Plum Island LTER (MA) were considered minimally
impacted; Delaware Seashore State Park (DE), Caumsett State
Historic Park (NY), Foxhill Salt Marsh (RI), Colt State Park
(RI), Fogland Nature Preserve (RI), and Awcomin Marsh (NH)
were consideredmoderately impacted; andHorseshoe Cove (NJ),
Little Creek Wildlife Area (DE), Jamaica Bay Wildlife Refuge
(NY), Urban Forestry Center (NH), and Fore River Sanctuary
(ME) were considered heavily impacted marshes. However, we
found that these criteria did not adequately capture nitrogen
loading into eachmarsh and were highly subjective. We therefore
used nitrogen density as a measure of nitrogen loading into
each marsh since it represents a non-subjective measure and
also captures variation in the way that marshes in different
locations respond to nutrient addition. Specifically, in a previous
study (Murphy et al., 2012) we found that Spartina growing
in one marsh responded to nutrient manipulation with an
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FIGURE 1 | Mean nitrogen density varied across marshes [F (13, 136) = 12.73,

P < 0.0001]. Inset shows approximate locations of the study marshes, which

are numbered from north to south. We found no trend in nitrogen density with

latitude [F (1, 14.6) = 2.62, P = 0.15]. Specific information about marsh study

locations and sample size can be found in Supplement 1. Error bars

show standard errors of the means. Asterisk denotes site of our plot-level

manipulations in NJ, and letters indicate significant differences.

increase in plant percent nitrogen, while Spartina growing in a
different marsh responded with an increase in biomass (Murphy
et al., 2012). Because nitrogen density captures both measures
simultaneously (percent nitrogen and biomass), it allows us to
make comparisons across different marshes. In each marsh we
aimed to establish 4 square plots (10 m2 each and separated by
50m) along 3 replicated transects (separated by 100m) running
seaward from the upland, for a total of 12 plots per marsh.
However, some marshes were too small to accommodate 12 plots
and so these marshes had fewer plots (please see Supplement 1

for exact sample sizes); there were 151 plots overall across 14
marshes. We conducted the survey between August 13 and 28,
2012 and started surveying marshes in the south and worked
our way north to help control for phenology so that we sampled
each site during peak biomass. In each plot we sampled: (1)
aboveground and belowground biomass of Spartina, (2) biomass
of detritus, (3) N-content of Spartina, and (4) the density of
all arthropods.

Plant Samples
We measured plant biomass and height using 0.047 m2 quadrats
(Denno et al., 2002) by sorting the quadrat samples into live and
dead plant material and measuring the height of living culms.
For the live plant material, we washed it with deionized water,
dried it in a drying oven at 60◦C for 3 days, and then weighed
it. To measure the N-content of Spartina, we subsampled
plant snips (5–10 Spartina culms per plot), ground them in a
Mixer Mill, and sent our samples to the Cornell Stable Isotope
Laboratory for percent elemental analysis using an elemental
analyzer-stable isotope ratio mass spectrometer system Thermo
Delta V Advantage IRMS and Carlo Erba NC2500 EA systems.

We used the nitrogen content of Spartina leaves to estimate
the level of enrichment experienced by a marsh. For each sample

location, we multiplied live leaf biomass per square meter by
percent nitrogen in those leaves to get nitrogen density, the
number of grams of nitrogen in live Spartina leaves in a square
meter of marsh. Nitrogen density reflects average nutrient input
to the marsh over time and is independent of culm length or
density. Thus, we were able to measure nitrogen density as a
continuous variable in order to examine the relationship between
nitrogen inputs and arthropod responses.

We sampled belowground biomass using a soil corer 8 cm in
diameter and 16 cm long, but not all soil cores come out of the
ground with that much material so we measured each core and
controlled for volume in all root biomass measurements; we took
one soil core sample per plot. We separated Spartina roots from
soil using a sledge hammer and a high-power hose to loosen the
dense, rhizomatous root mass enough to extract the soil. We
then dried the roots in an oven set at 60◦C for 72 h and then
weighed them.

Arthropod Samples
We collected arthropods using a D-vac suction sampler with a
21 cm aperture, which was placed in 5 different locations within
the plot for 3 s periods (following methods described in Murphy
et al., 2012; Wimp et al., 2013). We collected arthropods during
low tides so that we could place the D-vac head on the ground
to effectively capture the epigeic assemblage. Previous studies
have demonstrated that the D-vac suction sampler can effectively
sample ground-dwelling arthropods in S. alterniflora, where it
can remove 97% of the spiders in a collection area (Dobel et al.,
1990). We immediately placed collected arthropods into closed
containers with ethyl acetate, and transferred the samples into
75% ethanol. In the laboratory, we counted arthropods in each
sample and converted these counts to number per square meter
for each focal species.

Statistical Analyses
After calculating nitrogen density for each marsh survey site, we
examined normality and equality of variance assumptions and
our data met both assumptions. We used a One-Way ANOVA
to test for differences in nitrogen density across the 14 marsh
survey sites, followed by a Tukey’s post-hoc test to examine
significant differences among individual marsh sites. When we
examined correlations among variables, live %N, root biomass,
culm density, total herbivore density, total predator density, total
epigeic prey density, and total spider density met normality and
equality of variance assumptions. However, live biomass, thatch
biomass, culm length, Tytthus density, and Grammonota density
did not meet equality of variance and normality assumptions,
and were square root transformed. Pardosa density required a
log transformation to meet assumptions. Additionally, when we
examined the relationship between nitrogen density and plant or
arthropod assemblage variables, the uncertainty in our predictor
variable (nitrogen density) was similar to the uncertainty in our
response, so we could not use regression analysis, and we instead
used correlation analysis.
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RESULTS

We found variation in nitrogen density across sites [F(13, 136) =
12.73, P < 0.0001; Figure 1], which allowed us to study how
variation in nitrogen density affected salt marsh communities.
Notably, we did not find a relationship between nitrogen density

and latitude [F(1, 14.6) = 2.62, P= 0.15], and so our results are not

simply due to latitudinal gradients. Nitrogen density was greatest

in Jamaica Bay, which is a salt marsh located near the JFK airport
runway for New York City, and was lowest at Awcomin Marsh
(NH) and the Plum Island LTER site (MA).

Live Spartina biomass is a component of nitrogen density,
so we expected and found that the two variables were positively
correlated (ρ = +0.952, P < 0.0001; Figure 2). This correlation
remains significant even when the site with the highest nitrogen
density (Site 9, Jamaica Bay, NY) is removed (ρ = +0.902,
P < 0.0001). However, percent nitrogen of the plants was
not correlated with nitrogen density (ρ = +0.238, P = 0.41;
Supplement 2). We found a significant correlation between
nitrogen density and Spartina culm length (ρ = +0.763, P =

0.0015; Figure 2), and this relationship remains significant when
Site 9 is removed. Although culm length increased with nitrogen
density, culm density decreased (ρ = −0.681, P = 0.0073), such
that there were fewer culms per unit area. However, nitrogen
density was not correlated with dead Spartina biomass (thatch) (ρ
=+0.252, P= 0.39), or with Spartina root biomass (ρ =−0.393,
P = 0.16); notably, when we remove the site with the highest
nitrogen density (Site 9, Jamaica Bay, NY) the root biomass

result becomes significant (ρ = −0.583, P = 0.037). Nitrogen
density was also correlated with a significant decrease in root/leaf
biomass (ρ =−0.892, P < 0.0001; Figure 2), and this correlation
remains significant when we remove the site with the highest
nitrogen density (ρ =−0.883, P < 0.0001).

When we examined the impacts of Spartina nitrogen density
on higher trophic levels, we found that nitrogen density had a
negative relationship with total herbivore density (ρ =−0.610, P
= 0.021; Figure 3, see Supplement 1 for a list of species found in
most marshes). This response was likely driven by plant biomass;
total herbivore density was negatively related to live biomass (ρ
=−0.584, P = 0.0283), and was not correlated with live Spartina
percent nitrogen (ρ = +0.001, P = 0.99), culm density (ρ =

+0.255, P = 0.38), or culm length (ρ = −0.389, P = 0.17).
However, nitrogen density had no relationship with the total
density of epigeic feeders (ρ = +0.342, P = 0.23; Figure 3) or
predator density (ρ = +0.128, P = 0.66; Figure 3). Notably,
increasing nitrogen density led to an increase in the overall
predator to herbivore ratio (ρ =+0.624, P = 0.017; Figure 3).

The relationship between nitrogen density and higher trophic
levels varied according to predator group. Densities of the
specialist predator Tytthus vagus declined marginally with
increasing nitrogen density, similar to their planthopper prey
(ρ = −0.500, P = 0.069; Figure 4), and were correlated with
the densities of planthopper nymphs (ρ = +0.431, P = 0.0220).
Densities of the web-building spider Grammonota trivittata (ρ
= +0.526, P = 0.053) marginally increased and densities of
the hunting spider Pardosa littoralis (ρ = −0.278, P = 0.34)

FIGURE 2 | Correlations between Spartina nitrogen density and Spartina (A) leaf biomass, (B) culm length, (C) root biomass when we remove the site with the

highest nitrogen density the root biomass result becomes significant (ρ = −0.583, P = 0.037), and (D) root-to-shoot ratio.
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FIGURE 3 | Correlations between Spartina nitrogen density and (A) total herbivore density, (B) total epigeic feeder density, (C) total predator density, and (D)

predator-to-herbivore ratio.

FIGURE 4 | Correlations between Spartina nitrogen density and (A) Tytthus density, (B) Grammonota density, (C) Pardosa density, and (D) spiders-to-prey ratio.
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had no relationship with nitrogen density. Indeed, the only
Spartina variable that was correlated with densities of the hunting
spider Pardosa littoralis was thatch biomass (ρ = +0.323, P =

0.03); Pardosa is an intraguild predator and cannibalistic, and
thatch provides a refuge from intraguild predation/cannibalism
(Langellotto and Denno, 2006). Additionally, the spider/prey
ratio increased with an increase in Spartina nitrogen density (ρ
= +0.635, P = 0.015; Figure 4). Thus, Spartina nitrogen density
had a negative relationship with specialist predators such as
Tytthus vagus, but a positive relationship with generalist spiders
as a group.

DISCUSSION

Many ecological field studies focus on local scales and study plot-
level responses to anthropogenic disturbances, such as nutrient
enrichment. However, if results from these plot-level experiments
do not scale up to reflect responses observed across larger
geographic gradients, then their value to scientific advancement
is questionable. Importantly, we found that results from this
study, in which we sampled marshes from 8 states along the
eastern seaboard, agree with our previous research conducted
at a local scale (Wimp et al., 2010; Murphy et al., 2012), thus
validating the value of plot-level experiments. Such scalability
is particularly important when we are considering substantial
drivers of global change, such as nutrient enrichment, which can
impact terrestrial, freshwater, and marine ecosystems. We found
that while nutrient subsidies generally have positive effects on
aboveground plant biomass, they also decrease the root:shoot
ratio. Additionally, we found that the impacts of nutrient
subsidies on consumers differs according to trophic level. Some
generalist predator responses and the predator: herbivore ratio
had a positive relationship with nutrient subsidies, but herbivores
and specialist predators had no relationship or a negative
relationship with nutrient subsidies, similar to our previous
results from studies at a local scale (Wimp et al., 2010; Murphy
et al., 2012). Notably, because we have previously conducted
experimental studies at multiple sites, and usedmethods in which
we added nutrients as either a 1-year pulse or a multi-year press
(Murphy et al., 2012), we can use our experimental treatments to
explain patterns at a larger, geographical scale.

In numerous small-plot or entire-marsh manipulative
experiments, researchers have found a positive correlation
between nutrient enrichment and aboveground biomass (e.g.,
Valiela et al., 1978; Denno et al., 2002; Gratton and Denno,
2003; Pennings et al., 2005; Deegan et al., 2007, 2012; Wimp
et al., 2010; Murphy et al., 2012). Our results from salt marshes
sampled across a much larger geographic gradient show the
same pattern as the results from these local studies. We found
that marshes with greater nitrogen density produced Spartina
plants with greater aboveground biomass, measured as both leaf
mass and plant height. However, while aboveground biomass
increased with nutrient enrichment, belowground biomass
decreased with increasing nitrogen density such that marshes
that experienced high nutrient enrichment had plants with a
significantly lower root:shoot ratio compared to plants located

in marshes with lower levels of nutrient enrichment. Previous
work by Deegan et al. (2012) showed that the root:shoot ratio
decreased with increasing nutrient enrichment in an ecosystem-
wide manipulative experiment. Deegan et al. (2012) suggested
that increasing nutrient availability enabled plants to reduce
their root biomass while increasing above ground biomass.
However, these top-heavy plants were more likely to topple
into creeks because they lacked the root architecture to stabilize
the creek banks; thus the decrease in the root:shoot ratio may
lead to marsh loss and increased coastal erosion. Notably, our
results from un-manipulated marshes across a wider geographic
gradient support the findings of Deegan et al. (2012) as we found
a significant negative correlation between root:shoot ratio and
nutrient density across 14 marshes.

Herbivore declines in response to increasing nitrogen density
across our sites may seem puzzling at first, but these results
actually agree with manipulative experiments that we have
conducted at a local scale. Previously, we have found that patterns
of plant allocation to plant quantity (biomass) and quality
(percent nitrogen) differ according to site (Murphy et al., 2012).
In this study, we found an increase in Spartina aboveground
biomass with an increase in nitrogen density, but we did not find
any relationship between nitrogen density and percent nitrogen.
Thus, the plants with the highest percent nitrogen content were
not necessarily the plants with the greatest biomass. Our previous
experimental results found that when plant allocation to biomass
is greater than plant allocation to percent nitrogen, changes in
herbivore abundance are minimal for a multi-year press, and
negligible for a single-year pulse (Murphy et al., 2012). This
pattern could arise for a number of reasons. First, if herbivores
have to process greater amounts of plant material to obtain the
nitrogen they need, this could negatively impact their growth
and development. Second, bottom-up effects related to plant
defense and palatability are known to affect herbivores (Vidal
and Murphy, 2018). Spartina plants from northern marshes are
more palatable to herbivores than plants from southern marshes,
but plants in southern marshes receive more herbivore damage,
which may be why they are more heavily defended (Pennings
et al., 2001; Pennings and Silliman, 2005). We did not measure
palatability as part of our study, and so are unable to determine
whether herbivore densities correlate with plant defense and
nutrient density. Third, an increase in live biomass would lead
to a greater number of sites for web attachment for spiders,
and hiding locations for predators that are intraguild predators
and cannibals (Langellotto and Denno, 2006). Thus, increased
structural complexity could lead to greater top-down pressure.
In support of this last explanation, we have consistently found
that higher trophic level predators are more strongly affected
by nutrient addition relative to herbivores in manipulative
experiments (Wimp et al., 2010; Murphy et al., 2012).

While the predator:herbivore ratio had a positive relationship
with nitrogen density, such responses were not consistent
across predator groups. Variable responses among predators
to nitrogen density could be partly explained by diet breadth
(e.g., generalists vs. specialists). Herbivores had a negative
response to increasing plant nitrogen density; specialist predators
tracked their herbivore prey and thus also responded negatively
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to nitrogen density. However, generalists were not negatively
affected by nitrogen density and indeed some generalist predators
responded positively to nitrogen density. Thus, the overall
predator:herbivore ratio was also positively associated with
nitrogen density. Additionally, differences in predator responses
to nutrient addition also explain why we found an increase
the predator:herbivore ratio, but not overall predator density,
with an increase in nitrogen density. Indeed, predators exhibited
every possible response to an increase in nitrogen density;
taxa had either positive or negative relationships with nitrogen
density, or demonstrated no significant response. Understanding
the mechanism behind this response is simplified for specialist
relative to generalist predators. For instance, the specialist
predator Tytthus vagus feeds only on planthopper herbivore eggs,
so densities of this predator declined with an increase in nitrogen
density, similar to their prey. However, for the twomost common
generalist predators (the hunting spider, Pardosa littoralis and
the web-building spider, Grammonota trivittata), responses are
driven by both prey and structural resources (Wimp et al., 2019)
and their ability to feed on prey from different food webs.
Even though herbivore density declines with nitrogen density,
Pardosa and Grammonota are multi-channel omnivores that can
feed on a combination of prey from the live plant and epigeic
food webs (Wimp et al., 2013; Murphy et al., in review). Since
epigeic prey densities had no relationship with nitrogen density,
these generalist predators could use alternative prey from the
epigeic food web when herbivores were not available. This
may explain why Pardosa densities were not affected by a
change in nitrogen density. However, the marginally positive
response of Grammonota to an increase in nitrogen density is
more likely to be driven by structural resources. Grammonota
is a web-building spider that requires adequate scaffolding for
web attachment, and taller Spartina plants would provide such
a resource. Because spiders were either positively affected by
nitrogen density or exhibited no response, when compared to the
negative response of herbivores, the overall spider:herbivore ratio
was positive.

Our research helps us to understand how long-term nutrient
enrichment of native ecosystems from anthropogenic sources
affects the arthropod assemblage and foodweb dynamics. We
found that while above-ground biomass increased with nutrient
density, the ratio of belowground roots to aboveground shoots
decreased significantly with nutrient enrichment, whichmay lead
to marsh loss as suggested by Deegan et al. (2012). Further,
we found that herbivore abundance was significantly lower in
marshes that experienced high levels of nutrient enrichment.
Recently there have been reports of an insect apocalypse
(Hallmann et al., 2017; Lister and Garcia, 2018; Sanchez-Bayo
and Wyckhuys, 2019; but see Thomas et al., 2019) and our
results suggest that nutrient enrichment may be just one of
many possible mechanisms, as also suggested by Sanchez-Bayo
and Wyckhuys (2019). While the negative effects of nitrogen
enrichment on aquatic systems are obvious due to the creation
of dead zones, the impacts of nitrogen enrichment on terrestrial
systems are more subtle, but nonetheless important. Not every

trophic level, or functional group, responds to fertilization in a
similar manner, and positive responses to fertilization are not
common, even among herbivores where such responses might
be anticipated or even expected. Such divergent responses to
fertilization can lead to altered trophic structure and ultimately
affect ecosystem processes.
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