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BOTTOM-UP FORCES MEDIATE NATURAL-ENEMY IMPACT IN A
PHYTOPHAGOUS INSECT COMMUNITY

RoBERT F. DENNO,'® CLAUDIO GRATTON,! MERRILL A. PETERSON,? GAIL A. LANGELLOTTO,*

DEBORAH L. FINKE,® AND ANDREA F HUBERTY!

1Department of Entomology, University of Maryland, College Park, Maryland 20742 USA
2Biology Department, Western Washington University, Bellingham, Washington 98225 USA

Abstract. We employed a combination of factorial experiments in the field and labo-
ratory to investigate the relative magnitude and degree of interaction of bottom-up factors
(two levels each of host-plant nutrition and vegetation complexity) and top-down forces
(two levels of wolf-spider predation) on the population growth of Prokelisia planthoppers
(P. dolus and P. marginata), the dominant insect herbivores on Spartina cordgrass through-
out the intertidal marshes of North America. Treatments were designed to mimic combi-
nations of plant characteristics and predator densities that occur naturally across habitats
in the field.

There were complex interactive effects between plant resources and spider predation
on the population growth of planthoppers. The degree that spiders suppressed planthoppers
depended on both plant nutrition and vegetation complexity, an interaction that was dem-
onstrated both in the field and laboratory. Laboratory results showed that spiders checked
planthopper populations most effectively on poor-quality Spartina with an associated matrix
of thatch, all characteristics of high-marsh meadow habitats. It was also this combination
of plant resourcesin concert with spiders that promoted the smallest populations of planthop-
pers in our field experiment. Planthopper populations were most likely to escape the sup-
pressing effects of predation on nutritious plants without thatch, a combination of factors
associated with observed planthopper outbreaks in low-marsh habitats in the field. Thus,
there is important spatial variation in the relative strength of forces with bottom-up factors
dominating under low-marsh conditions and top-down forcesincreasing in strength at higher
elevations on the marsh.

Enhancing host-plant biomass and nutrition did not strengthen top-down effects on
planthoppers, even though nitrogen-rich plants supported higher densities of wolf spiders
and other invertebrate predators in the field. Rather, planthopper populations, particularly
those of Prokelisia marginata, escaped predator restraint on high-quality plants, a result
we attribute to its mobile life history, enhanced colonizing ability, and rapid growth rate.
Thus, our results for Prokelisia planthoppers suggest that the life history strategy of a
species is an important mediator of top-down and bottom-up impacts.

In laboratory mesocosms, enhancing plant biomass and nutrition resulted in increased
spider reproduction, a cascading effect associated with planthopper increases on high-
quality plants. Although the adverse effects of spider predation on planthoppers cascaded
down and fostered increased plant biomass in laboratory mesocosms, this result did not
occur in the field where top-down effects attenuated. We attributed this outcome in part to
the intraguild predation of other planthopper predators by wolf spiders. Overall, the general
paradigm in this system is for bottom-up forces to dominate, and when predators do exert
a significant suppressing effect on planthoppers, their impact is generally legislated by
vegetation characteristics.

Key words:  bottom-up vs. top-down impact; habitat complexity; intertidal wetlands; intraguild

predation; multitrophic interactions; phytophagous insect community; plant nutrition; planthopper;
Prokelisia spp.; Spartina alterniflora; trophic cascades; vegetation structure.

INTRODUCTION

The historical controversy over the relative impor-
tance of ‘‘top-down’ vs. ‘*bottom-up’’ impact on phy-
tophagous insect populations (e.g., Hairston et al. 1960,
Ehrlich and Birch 1967) has been supplanted by amore

Manuscript received 19 March 2001; revised 29 August 2001;
accepted 31 August 2001.
3 E-mail: rd12@umail.umd.edu

unified view (Price et al. 1980, Denno and McClure
1983, Hunter and Price 1992, Stiling and Rossi 1997,
L etourneau and Dyer 1998, Denno and Peterson 2000,
Forkner and Hunter 2000). The prevailing sentiment
now is that top-down and bottom-up forces typically
act in concert on herbivore populations and that host
plants often set the stage on which natural enemies act
(Denno and McClure 1983, Hunter and Price 1992,
Hartvigsen et al. 1995, Forkner and Hunter 2000).
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Moreover, focus has shifted to elucidating how host
plants and natural enemies interact to influence insect
herbivore dynamics (Hunter and Price 1992, Denno and
Peterson 2000, Forkner and Hunter 2000, Roda et al.
2000, Norton et al. 2001), which conditions promote
or diminish the cascading effects of bottom-up and top-
down forces (Polis and Strong 1996, Fagan 1997, Mor-
an and Hurd 1998, Rosenheim 1998, Pace et al. 1999,
Schmitz et al. 2000), and how other factors (e.g., her-
bivore and predator life-histories and physical distur-
bance) legislate the relative strength of each force
(Moran et al. 1996, Beckerman et al. 1997, Schmitz et
al. 1997, Denno and Peterson 2000).

From the growing number of studies assessing bot-
tom-up and top-down effects, several predictions
emerge relative to their impact on herbivores (Forkner
and Hunter 2000). Among these are that (1) interactions
between forces are commonplace, (2) the relative
strength of both forces vary spatially and temporally,
(3) the strength of top-down effects will increase with
enhanced primary production, and (4) species identity
(e.g., life history strategy) is as important a mediator
of bottom-up and top-down forces as are productivity
and the number of trophic levelsin the food web (Oks-
anen et al. 1981, Oksanen 1990, Strong 1992, Polis et
al. 1998, Denno and Peterson 2000, Forkner and Hunter
2000). Notably, however, rigorous experimental tests
of these expectations under field conditions are rare for
phytophagous insects (but see Stiling and Rossi 1997,
Fraser 1998, Fraser and Grime 1998, and Forkner and
Hunter 2000).

We employed a combination of factorial experiments
in the laboratory and field to explore host-plant and
natural enemy impacts on Prokelisia planthoppers (He-
miptera: Delphacidae), the predominant insect herbi-
vores on cordgrass (Spartina alterniflora) throughout
the Atlantic coastal marshes of North America (Denno
et al. 2000). Specifically, we investigated the relative
magnitude and degree of interaction of bottom-up fac-
tors (host-plant nutrition and vegetation structure) and
top-down (invertebrate predators) forces on the pop-
ulation dynamics and growth of these herbivores. In-
vertebrate predation was selected as the focal top-down
factor in this study because spider predators are the
most abundant and devastating natural enemies of Pro-
kelisia populations in this coastal region (Dodbel and
Denno 1994). Also, we chose plant nutrition (nitrogen
content) as one bottom-up factor to manipul ate because
it has figured so prominently in elucidating the popu-
lation dynamics of phytophagous insects, especially
phloem feeders such as planthoppers (McNeill and
Southwood 1978, White 1993). Moreover, vegetation
structure (leaf litter/thatch) was selected as another
plant-related variable because it is known to enhance
the aggregative response of invertebrate predators and
increase their ability to suppress prey populations
(Riechert and Bishop 1990, Dobel and Denno 1994,
Rypstraet al. 1999, Landis et al. 2000). Although these
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bottom-up and top-down factors have been studied in-
dependently and have been shown to significantly im-
pact populations of Prokelisia planthoppers (Denno
1983, Dobel and Denno 1994, Denno and Peterson
2000), no study has investigated their collective effects
using factorial manipulations.

By manipulating plant nutrition (nitrogen fertiliza-
tion), vegetation structure (thatch supplementation),
and invertebrate predation (wolf spider augmentation),
we addressed the following objectives with regard to
their direct and interactive impacts on planthopper pop-
ulation growth. First, we examined therelative strength
of bottom-up and top-down forces hypothesizing that
plant-related effects would dominate (Hunter and Price
1992). Second, we predicted that enhanced Spartina
productivity and nutrition would promote planthopper
escape from natural enemy suppression in these highly
mobile and fast-devel oping herbivores (Denno and Pe-
terson 2000), an expectation contrary to conventional
wisdom (Oksanen et al. 1981). Third, we anticipated
that increasing vegetation complexity by adding thatch
would enhance the impact of invertebrate predators
(Dobel and Denno 1994), particularly on nitrogen-poor
plants where planthopper growth is protracted and col-
onization is limited (Denno and Peterson 2000). Im-
portantly, treatment combinations were designed to
mimic conditions asthey vary spatially across Spartina
habitats in the field. Thus, a fourth objective was to
compare the impact of our experimental treatment com-
binations on planthopper growth with similarly char-
acterized Spartina habitats in the field where planthop-
per outbreaks are frequent (low marsh) and less com-
mon (high marsh; Denno and Peterson 2000).

Understanding the strength and interactive effects of
bottom-up and top-down forces in phytophagous insect
communities has important implications for both pop-
ulation ecology and agriculture. Despite the progress
that has been made concerning the role of plant re-
sources and natural enemies in the suppression of her-
bivorous insect populations (Hunter and Price 1992,
Stiling and Rossi 1997, Forkner and Hunter 2000), our
ability to predict their combined effects in most sys-
tems remains rather limited. Moreover, evaluating in-
teractions between crop varieties and natural enemies
is fundamental to establishing improved pest-manage-
ment practices in agroecosystems (Hare 1994, Denno
and Peterson 2000). The research presented here aims
to advance our knowledge of the complex interactions
that occur between host plant resources and natural
enemies and their causal rolesin the population ecology
of a common and agriculturally important group of
phytophagous insects, namely planthoppers.

METHODS

Study site and the cordgrass—planthopper—predator
system
Field work was conducted on an expansive intertidal
marsh in the Great Bay—Mullica River estuarine system
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at the end of Great Bay Boulevard and just north of
the Rutger’s University Marine Station, Tuckerton,
Ocean County, New Jersey, USA. The vegetation of
this marsh and other mid-Atlantic marshesisdominated
by the perennial cordgrass Spartina alterniflora, where
it grows in extensive pure stands within the intertidal
zone (Denno 1983, Gallagher et al. 1988). Within this
zone, however, the structure of Spartina varies dra-
matically with elevation due to differencesin tidal dis-
turbance, nutrient subsidy, and litter decay (Denno
1983, Gallagher et al. 1988). Moving up an elevational
gradient from low-marsh habitats (tidal creek banks)
to high-marsh plateaus (meadows), Spartina plants
generally decrease in nutrition (nitrogen content) and
height, but increase in the amount of associated |eaf
litter (thatch; Denno 1983, Ornes and Kaplan 1989).

The most abundant phytophagous insects on Spar-
tina are two monophagous, phloem-feeding planthop-
pers, Prokelisia dolus and P. marginata (Denno et al.
2000). Both planthoppers insert their eggs in leaf
blades, aretrivoltine, overwinter asnymphs, are similar
in size (3 mm), and have comparable generation times
(~40 d) and growth rates (Denno et al. 1989, 2000).
The two planthoppers are wing dimorphic with both
migratory adults (macropters with fully developed
wings) and flightless adults (brachypters with reduced
wings) occurring in the same population (Denno and
Peterson 2000). P. dolus, however, is arelatively sed-
entary species (most adults are flightless) that occurs
primarily in high-marsh habitats (Denno et al. 1996).
By contrast, P. marginata is a highly mobile species
(most adults are macropterous) along the Atlantic coast
and undergoes annual interhabitat migrations between
high-marsh and low-marsh habitats. Outbreaks of both
planthopper species are associated with nitrogen-rich
host plants, but most striking are the outbreaks of P.
mar ginata that occur frequently on low-marsh Spartina
(Denno and Peterson 2000).

Wolf spiders are the major predators of the active
stages of planthoppers on mid-Atlantic salt marshes
(Dobel et al. 1990, Dobel and Denno 1994). Of the
hunting spider species on the marsh, Pardosa littoralis
(5-6 mm) is the most abundant, with densities fre-
quently exceeding 200 individuals/m?. Pardosa is a
voracious predator with a per capita consumption rate
of 70 planthoppers/d (Dodbel and Denno 1994). Pro-
kelisia planthoppers typically comprise 61% of the diet
of Pardosa, and both planthopper species are similarly
vulnerable to attack. Pardosa and other invertebrate
predators decrease in abundance down the elevational
gradient, a pattern associated with the paucity of thatch
in low-marsh habitats (Dobel et al. 1990). Other com-
mon predators in the field are the mirid bug Tytthus
vagus (Hemiptera: Miridae) that feeds exclusively on
planthopper eggs (Finke and Denno 2002), and a di-
versity of web-building spiders, particularly Gram-
monota trivitatta (Araneae: Linyphiidae; Dobel et al.
1990).
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Laboratory assessment of bottom-up and top-down
forces on planthopper population growth

To examine the direct and interactive effects of host
plant nutrition, vegetation structure, and spider pre-
dation on the growth of planthopper populations, we
conducted afull factorial experiment in laboratory me-
socosms containing Spartina transplants. Two levels
each of plant nutrition (high or low nitrogen fertiliza-
tion), vegetation structure (thatch present or absent),
and spider density (zero or five per mesocosm) were
all crossed. Each mesocosm was stocked with adult
planthoppers (Prokelisia dolus), and planthopper pop-
ulations were allowed to grow over a 2-mo period, after
which time they were censused to determine the effect
of the eight treatment combinations on population
growth. This time period spans approximately two
planthopper generations (see Denno et al. 1989).

Spartina plants used in the experiment were trans-
planted from the Tuckerton field site on 15 May 1997
into sand-filled, plastic flower pots (30 cm diameter).
Nine Spartina culms were haphazardly placed in each
of 200 pots. Pots were then maintained outside in eight
water-filled wading pools (2 m diameter) in the nurs-
ery—greenhouse area at the University of Maryland. All
pools were fertilized with a 3:1 mixture of ammonium
nitrate (N-P-K: 34-0-0) and phosphoric acid (0-46-0).
High-quality plants were achieved by fertilizing each
of four pools biweekly (early June to early August)
with 24 g of the mixture, whereas low-quality plants
were established by fertilizing the other four poolswith
3.5 g of the mix (Denno et al. 1985, Denno and Rod-
erick 1992).

On 1 August 1997, 40 pots with transplants were
randomly selected from the high-quality treatment
pools, aswere 40 others from the low-quality treatment
pools, and all were moved inside to the laboratory and
placed in 10 smaller wading pools (1.1 m diameter).
The pooals, each containing eight pots (one of each treat-
ment combination) were arranged in two rows of five
with two 1000-w sodium-vapor lamps suspended 2 m
above each row of pools. All transplants were caged
on 4 August by placing acylindrical, clear plastic (cel-
lulose butyrate) mesocosm (22 cm in diameter by 30
cm in height) over each pot. Each mesocosm contai ned
six organdy-covered ports (6 cm in diameter) and was
fitted with an organdy-covered lid.

The vegetation structure treatment was applied by
placing either 25 g or O g of dry, field-collected Spar-
tina thatch onto the bottom of each mesocosm. On 6
August, each mesocosm was stocked with 13 adult,
field-collected planthoppers (10 females and three
males of P. dolus), and the spider treatment (either zero
or five Pardosa per mesocosm) was applied the next
day. Spiders were field-collected in early August and
represented a mix of medium to large immatures of
both sexes (4—6 mm in body length).

Planthopper and spider populations were censused
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on 6 October after aspirating all animals from each
mesocosm. Any reproduction by Pardosa wolf spiders
(females carrying egg sacs) was also assessed. To de-
termine treatment effects on the above-ground biomass
of Spartina (g dry mass per mesocosm), all plantsin
each mesocosm were harvested on 7 October, oven-
dried at 80°C for 48 h, and then weighed. The biomass
of dead plant material (g dry mass of thatch and se-
nescent leaves) remaining in each mesocosm was sim-
ilarly determined.

Initial planthopper and spider densities (13 and five
individuals per mesocosm, respectively, convert to 342
and 130 individuals/m?, respectively) were selected to
represent mean densities that occur naturally on the
marsh (Dobel and Denno 1994, Denno et al. 1996).
Likewise, levels of thatch and nutrient subsidy (fertil-
ization) were selected to produce plants and vegetation
structures that span the naturally occurring range of
these variables (Ddbel and Denno 1994, Denno et al.
1985).

The effects of plant nutrition, thatch, spiders, and
their interactions on the final population size of the
planthopper population (log-transformed density per
mesocosm) were analyzed using ANOVA (SAS Insti-
tute 1995). ANOVA was also used to examine treat-
ment effects on the live biomass of Spartina and the
amount of remaining thatch. Because predator effects
on prey density can cascade down to influence plant
biomass (Gomez and Zamora 1994, Hartvigsen et al.
1995, Moran et al. 1996), we determined the relation-
ship between live Spartina biomass and final planthop-
per density for the two plant-nutrition treatments using
analysis of covariance with planthopper density as the
covariate (SAS Institute 1995). Plant nutrition and
thatch effects on the number of spiders remaining in
mesocosms at the end of the experiment were also eval-
uated using ANOVA, and at test was used to compare
spider reproduction (number of egg sacs per female)
on plants in the two fertilization categories. For all
analyses, normality assumptions were checked and log
transformations were used when necessary to normal-
ize variances across treatments. Means (+1 sg) are
reported untransformed.

Field assessment of bottom-up and top-down forces
on planthopper population growth

To test for the interactive effects of plant nutrition,
vegetation structure, and spider predation on planthop-
per population growth in the field, we conducted a ma-
nipulative experiment on an archipelago of small, un-
caged Spartina islets located in a flooded mud-flat area
on the high marsh at the Tuckerton field site (see Denno
et al. 2000). Islets averaged 1.85 = 0.13 m? in area,
and were separated from each other by 1-3 m. How-
ever, the number of islets was limited at our study site,
so we selected a subset of the eight possible treatment
combinations to explore. From the full factorial design
we used in the lab experiment, we chose those treat-
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ments for which planthoppers were most and least like-
ly to escape natural enemy impact. In all, three bottom-
up treatments (fertilized islets without thatch, nonfer-
tilized islets with thatch, and nonfertilized without
thatch) were each crossed with two spider-predation
treatments (spiders added vs. not).

We expected planthoppers to escape spider suppres-
sion on fertilized islets without thatch, a treatment de-
signed to mimic low marsh conditions (Denno et al.
1996, Denno and Peterson 2000). In contrast, we hy-
pothesized that spiders would be most effective in sup-
pressing planthopper populations on nonfertilized is-
lets, particularly on those with thatch, a treatment de-
signed to simulate the structure and nutrition of Spar-
tina growing on high-marsh meadows (Dobel and
Denno 1994). Each of the six treatment combinations
was replicated nine times, except for the two nonfer-
tilized thatch-free combinations with and without spi-
der augmentation that were each replicated four times
(44 total islets).

All islets were selected on 21 May 1999 and each
was raked repeatedly to remove ambient thatch. To
achieve high and low levels of plant nutrition, Spartina
islets were either fertilized or not with a 3:1 mixture
of granular ammonium nitrate (N-P-K: 34-0-0) and
phosphoric acid (0-46-0). Each ‘“ high-quality islet’ re-
ceived eight applications of the fertilizer mixture at a
rate of 60 g-m~2-date?, applied biweekly from 21 May
to 15 July. Because high-marsh Spartina in general has
alow nitrogen content (Denno 1983, Ornes and Kaplan
1989), “‘low-quality islets’ were achieved by with-
holding fertilizer. The two vegetation-structure treat-
ments were achieved by adding field-collected dry
thatch (700 g dry mass/m?) or not to the appropriate
islets on 4 June.

Prior to the application of the spider treatment, all
islets were defaunated three times (June 10, 16, and
25) to remove ambient planthoppers and spiders and
to equalize initial arthropod densities among treat-
ments. Using a D-vac suction sampler (D-Vac, Ventura,
California, USA), each islet was vacuumed for 10 min
to achieve nearly complete defaunation (Denno et al.
2000). The spider augmentation treatment was initiated
on 30 June, and was applied on five subsequent dates
aswell (8, 15, 21, and 28 July, and 3 August) to insure
intended density levels despite emigration. On each
date, Pardosa wolf spiders were applied at a rate of
100 individuals/m? to those islets calling for spiders.
Spiders (large immatures) for this treatment were ob-
tained by vacuuming neighboring Spartina meadows
with a D-vac suction sampler (Denno et al. 2000).

Planthoppers could freely colonize all islets follow-
ing the final defaunation on 25 June, and all treatments
were in place by 30 June. Subsequently, the effect of
the treatments on planthopper population size (indi-
viduals/m?) was assessed on four dates during the next
6-wk period (30 June, 8 and 28 July, and 17 August).
Populations of planthoppers and spiders were censused
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using a D-vac vacuum sampler (Denno and Roderick
1992, Denno et al. 2000). One sample was taken on
each islet on each of the four sampling dates and con-
sisted of two 10-s placements of the sampling head on
the marsh surface such that 0.2 m? of Spartina was
vacuumed. Arthropods (Prokelisia nymphs, adults of
P. dolus and P. marginata, the pooled adults and im-
matures of Pardosa wolf spiders, and other predators)
were killed in an ethyl-acetate jar, transferred to 95%
ethanol sample bottles, and returned to the laboratory
where they were counted. Nymphs of the two Proke-
lisia species were pooled because sorting them accu-
rately to species is extremely difficult.

To verify the effectiveness of the fertilizer and
thatching treatments, the aboveground biomass (g dry
mass/m?) and nitrogen content (%) of Spartina were
assessed once (25 August) on each islet, as was the
biomass of dead plant material (g dry mass/m? of the
thatch supplement and accumulated senescent leaves).
One vegetation sample was taken on each islet by clip-
ping all aboveground biomass within a 0.047 m? wire
frame (Wiegert 1962). Living vegetation was separated
from dead plant material, the dead fraction was further
sorted into thatch (remainder of original supplement)
and recently senesced leaves, and the three fractions
were oven dried at 80°C for 24 h before weighing. The
nutritional content of the live fraction was determined
by grinding each dried sample to a powder in a Wiley
mill, passing it through a 1-mm mesh screen, and an-
alyzing it for percent nitrogen using a CHN automated
analyzer (Soils Testing Laboratory, University of
Maryland, College Park, Maryland, USA).

Treatment effects on the final population density of
planthoppers and predators were assessed on 17 August
(wolf spiders excepted) using ANOVA (SAS Institute
1995). Treatment effects on the density of stocked wolf
spiders were assessed on samples taken one date earlier
on 28 July to coincide with their peak seasonal abun-
dance and when planthopper nymphs were large and
most vulnerable to spider predation (see Dobel et al.
1990, Dobel and Denno 1994). Moreover, assessing the
abundance of stocked spiders on this earlier date re-
flected a more robust assessment of the predation pres-
surethat potentially influenced the final density of plan-
thoppers on 17 August. Mirid egg predators were as-
sessed on 17 August because ovipositing planthopper
adults and thus eggs were abundant during this time.
Treatment effects on the density of adult planthoppers
were also examined on 8 July to coincide with the time
when planthoppers migrate and colonize new habitats
(Denno et al. 1996). The model design was a factorial
(8 X 2) with three bottom-up treatments (fertilized is-
lets without thatch, and nonfertilized islets with and
without thatch) each crossed with two top-down treat-
ments (wolf spiders added vs. not). Following ANOVA,
treatment means were compared using Tukey-Kramer
hsd tests (SAS Institute 1995).

Our three-by-two field design did not allow us to
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estimate the interactive effects of fertilizer and thatch
with spiders because both bottom-up treatments were
subsumed in the *‘ plant-treatment’’ category. In cases
where the bottom-up plant treatments of both fertilizer
and thatch appeared to influence arthropod densities
(as indicated by Tukey-Kramer hsd tests), additional
two-way ANOVAS (fertilizer by spider and thatch by
spider with Bonferroni adjusted « levels) were per-
formed to specifically elucidate the nature of the bot-
tom-up effect and possible interactions with spiders.

Dependent variables were the density of planthop-
pers (pooled Prokelisia nymphs, and adults of P. mar-
ginata and P. dolus) and predators (pooled immatures
and adults of the lycosid wolf spider Pardosa, pooled
nymphs and adults of the mirid egg predator Tytthus,
and the pool ed total of all other spiderswhich consisted
mostly of Grammonota trivitatta). Preliminary analysis
revealed that even log-transformation of density data
failed to homogenize variances among treatments for
planthoppers and wolf spiders (SAS Institute 1995).
Thus, treatment effects on all planthoppers (pooled
Prokelisia nymphs, adults of P. marginata and P. do-
lus) and the wolf spider Pardosa were assessed using
ANOVA on rank-transformed density data across the
44 islets (Potvin and Roff 1993). Treatment effects on
the mirid bug Tytthus, and on the pooled total of all
other spider species were assessed using ANOVA on
log-transformed densities (N + 1 individuals/m?).
Treatment effects on plant parameters were examined
using ANOVA for each dependent variable: nitrogen
(angular-transformed percentage), live biomass (log-
transformed g/m?), and dead biomass (log-transformed
g/m?), and means were compared using Tukey-Kramer
HSD tests (SAS Institute 1995). All means (=1 sg) are
reported untransformed.

Top-down and bottom-up impacts on planthopper
population size: correspondence between
laboratory and field assessments

Our field assessment was conducted on noncaged
islets of Spartina where both planthoppers and wolf
spiders could freely emigrate and immigrate. Other
planthopper predators such as the mirid bug Tytthus
and the web-building spider Grammonota could col-
onize the islets and possibly confound the impact of
the imposed treatments. These nonmanipulated pred-
ators could directly diminish planthopper populations
or they could serve as intraguild prey and indirectly
reduce the impact of Pardosa wolf spiders on plan-
thoppers (see Finke and Denno 2002). Thus, to assess
if our lab findings scaled up under field conditions, we
compared the relative impacts of the bottom-up and
top-down treatments on final planthopper density be-
tween the controlled laboratory experiment and our
field assessment where other confounding factors might
come into play.

In all, six treatment combinations were common to
both experiments: fertilized islets without thatch, and
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TaBLE 1. Analysis of variance results (F values and significance levels) for the effects of
nutrient subsidy (high or low fertilization rate), vegetation structure (thatch added or not),
spider predation (present or absent), and their interactions on the density of Prokelisia dolus
(log-transformed density per mesocosm), aboveground live biomass (g dry mass per me-
socosm) and the dead plant biomass (g dry mass thatch plus senescent |leaves per mesocosm)
of Spartina alterniflora after 2 mo of growth in the laboratory.
P. dolus Spartina biomass
Source of variation df nymphs Live Dead
Fertilization 1 14.96%**  Q7.01**** 95.02%**
Thatch 1 10.82%* 2.35 721.29%**
Fertilization X Thatch 1 1.61 3.19 31.73***
Spider predation 1 54.26%** 10.73** 0.18
Fertilization X Predation 1 1.45 0.25 7.46%*
Thatch X Predation 1 10.31** 5.99*% 0.25
Fertilization X Thatch X Predation 1 4.7* 0.03 0.66
Error 72
* P = 0.05; ** P =< 0.01; *** P = 0.001; **** P = 0.0001.
nonfertilized islets with and without thatch, each
) crossed with two levels of wolf spider predation. The
7509 A — Spiders absent relationship between the final density of planthoppers
> 5004 1 £zz1 Spiders present i i i
22 in laboratory mesocosms and the final density that ac-
S 8 2507 crued on islets was determined for the six treatment
S 3 combinations using correlation.
28 100+
3 E
g S 50 - ReEsuLTS
e e
- 251 % Laboratory assessment of bottom-up and top-down
10 7 / forces on planthopper population growth
€ 4‘B Host-plant factors, specifically host-plant nutrition
§ § 3 and vegetation structure, legislated the ability of Par-
EQ % dosa wolf spiders to suppress populations of Prokelisia
g g 21 é';: dolus (see Plate 1). The following discussion elucidates
T ? :’}5‘2 ? the details of this complex interactive effect. Plant-
c%g »gg hoppers generally achieved larger populations when
2 > 14 % raised on high-quality Spartina (significant fertilization
i~ %{fé I‘L| effect) when thatch was absent (significant thatch ef-
=~ 075 e —— A= fect) and when spiders were absent (significant pre-
€ 151 dation effect; Table 1, Fig. 1A). There was also a sig-
3 @ I nificant two-way interactive effect of spider predation
22 10
€ § 7.5 ] ? and thatch on planthopper population size, whereby
E °E> 5 spiders suppressed planthopper populations relatively
ts more when thatch was present than when it was absent
%g 9. (Table 1, Fig. 1A). A three-way interactive effect of
§ > plant quality, vegetation structure, and spider predation
Q©T on planthopper population size resulted because the
~ 0.75- . . o % . 2 suppressing effect of spiders in the presence of thatch
Thatch  Thatch  Thatch  Thatch  was relatively greater on low-quality plants than on
absent present absent present  nhigh.quality plants (Table 1, Fig. 1A). Thus, spiders
High fertilization Low fertilization were most able to deter planthopper population growth
Treatment combinations on poor-quality plants with thatch. Under these treat-
Fic. 1. Effects of nitrogen subsidy (high or low fertiliza- ment conditions, populations grew to only 16 * 6

tion rate), vegetation structure (thatch present or absent), and
wolf-spider predation (zero or five per mesocosm) crossed in
a full-factorial design on the (A) population density of the
planthopper Prokelisia dolus, (B) live aboveground biomass
of Spartina (g dry mass), and (C) dead biomass of Spartina
(g dry mass) after two months in laboratory mesocosms.
Means + 1 se are presented.

(mean *+1 sg) planthoppers per mesocosm. By contrast,
planthopper popul ations escaped much of the suppress-
ing effects of spiders on highly nutritious and thatch-
free vegetation, where afinal density of 189 = 79 plant-
hoppers per mesocosm was achieved. In the absence
of predation on high-quality, thatch-free Spartina,



May 2002

PLaTE 1. Planthoppers (Prokelisia marginata and P. do-
lus) feeding on the phloem sap of Spartina alterniflora, a
cordgrass that dominates the vegetation of intertidal marshes
along the Atlantic coast of North America. Plant resources
and spider predation interact in complex ways to impact the
population growth of these planthoppers. The degree that spi-
ders suppress planthopper populations depends on both plant
nutrition and vegetation complexity. Spiders are most likely
to check planthoppers on poor-quality Spartina with an as-
sociated matrix of leaf litter. In this system, bottom-up forces
legislate the strength of top-down impacts. Photo by Hartmut
Dobel.

planthopper populations erupted to 516 *= 140 indi-
viduals per mesocosm (Fig. 1A).

Differencesin planthopper popul ation growth among
treatments containing wolf spiders were not attribut-
able to the differential survival of spiders. Although
the mean number of spiders decreased from 5 to 2.8
+ 0.2 individuals per mesocosm, there was no effect
of either plant nutrition (F, 5 = 0.59, P = 0.45), thatch
(F13 = 0.59, P = 0.45), or their interaction (F,z =
1.05, P = 0.31) on final spider density. There was,
however, a significant effect of plant nutrition on wolf
spider reproduction. Female wolf spiders produced
more egg sacs when they were in mesocosms contain-
ing high-quality Spartina (0.55 + 0.12 per female) than
they did in arenas with nutrient-poor plants (0.10 +
0.14 per female; t = 2.28, df = 38, P = 0.03). The
enhanced reproduction of spiders on high-quality
plants was associated with the higher density of plant-
hopper prey on these plants compared to |ess nutritious
ones (Fig. 1A). It isimportant to note that the egg sacs
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carried by females at the termination of the experiment
had not yet hatched and did not elevate the density of
spiders in mesocosms.

Fertilization and spider predation both influenced the
aboveground live biomass of Spartina in mesocosms.
Strongest were the direct effects of fertilizer level on
plant biomass (significant fertilization effect, Table 1),
where plants in the high-fertilizer treatment attained
greater biomass than plants receiving a low-nutrient
subsidy (Fig. 1B). Spider density also influenced plant
biomass, but to a much lesser degree. In general, the
presence of spiders enhanced the live biomass of Spar-
tina (significant spider effect), an effect that was in-
tensified when thatch was present (significant thatch by
spider interaction; Table 1, Fig. 1B). These predation
effects on plant biomass were most likely indirect and
cascaded down via their influence on planthopper den-
sity. Within a nutrient subsidy level, the greatest bio-
mass of Spartina was attained when both spiders and
thatch were present (Fig. 1B), and it was under these
conditionsthat planthopper popul ations were most sup-
pressed by spiders (Fig. 1A).

Additional analysis further supports that spider ef-
fects on plant biomass were leveled indirectly through
reductions in planthopper density. For instance, there
was a significant negative rel ationship between the bio-
mass of Spartina in mesocosms and the final size of
the planthopper population, a relationship that resulted
on plants receiving both high (y = 0.708 — 0.141x; R?
= 0.17, P = 0.008) and low (y = 0.237 — 0.111x; R?
= 0.23, P = 0.002) fertilizer subsidies (Fig. 2). Anal-
ysis of covariance showed that although there was a

O Spiders absent
® Spiders present
91 <& Spiders absent
7 # Spiders present

| High fertilization

| Low fertilization

Live Spartina mass
(g dry mass./mesocosm)

°
»
2
o

1 5 25 50 100 250500 1000
Prokelisia density (no./mesocosm)

FiG. 2. Relationship between thelive biomass of Spartina
and planthopper (Prokelisia dolus) population size after 2 mo
of growth on plants receiving high (squares) and low (dia-
monds) fertilizer subsidies in laboratory mesocosms. There
was a significant effect of nutrient subsidy (P < 0.001) and
planthopper density on plant biomass (P < 0.0001, ANCO-
VA). The smallest planthopper populations and the highest
values for plant biomass occurred in mesocosms containing
wolf spiders (filled symbols), a pattern that resulted on plants
receiving either fertilizer treatment.
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TaBLE 2. Analysis of variance results (F values and significance levels) for the effects of
three bottom-up plant treatments (fertilized vegetation without thatch augmentation, non-
fertilized vegetation without thatch augmentation, and nonfertilized vegetation with thatch
augmentation), two spider predation treatments (Pardosa wolf spiders added vs. not), and
their interaction on the nitrogen content (angular-transformed percentage), aboveground live
biomass (g dry mass per m?) and dead biomass (g dry mass thatch plus senescent leaves per

Ecology, Vol. 83, No. 5

m?) of Spartina alterniflora on islets at Tuckerton, New Jersey, USA.

Spartina biomass

Nitrogen
Source df content (%) Live Dead
Plant treatment 2 96.27**** 78.96* ** 4.54*
Spider addition 1 <0.01 0.31 <0.01
Plant treatment X Spider addition 2 0.01 0.17 0.29
Error 38

* P = 0.05; *** P < 0.001; **** P = 0.0001.

clear direct effect of fertilizer level on plant biomass
(F17 = 13.57, P < 0.001), there was also a highly
significant effect of planthopper density (F,, = 18.21,
P < 0.0001). Planthopper density and fertilizer level
did not interact to affect the biomass of Spartina (F,
= 0.26, P = 0.61). Notably, the lowest planthopper
populations and the highest associated values for plant
biomass occurred in mesocosms containing spiders
(filled symbols), a pattern that emerged for both fer-
tilizer treatments (Fig. 2).

ANOVA verified the effectiveness of our thatching
treatment as evidenced by a highly significant effect of
thatch addition on the amount of dead plant biomass
remaining in mesocosms at the end of the experiment
(Table 1, Fig. 1C). The small amount of dead plant
material present in those treatments without thatch aug-
mentation resulted from Spartina leaves that senesced
during the course of the experiment. For these treat-
ments, more dead plant material accumulated in me-
socosms receiving a high fertilizer subsidy (significant
fertilizer effect, Table 1), an effect that was linked to
outbreaking planthopper populations (Fig. 1A) and en-
hanced plant senescence. Spiders diminished slightly
the amount of dead plant material on heavily fertilized
plants without thatch, an effect that did not occur on
lightly fertilized plants (significant fertilizer by spider
predation interaction; Table 1, Fig. 1C). This interac-
tive effect was indirect and was associated with the
adverse effects of spider predation on planthopper pop-
ulation size (Fig. 1A), which in turn reduced leaf se-
nescence.

Field assessment of bottom-up and top-down forces
on planthopper population growth

Our resource manipulations were successful in en-
hancing both the nutritional quality and biomass of
Spartina and its physical structure (thatch). Fertiliza-
tion significantly increased the nitrogen content of
Spartina from 1.5% to 2.3% and aboveground live bio-
mass from ~400 g/m? to 950 g/m? (significant plant
treatment effect; Table 2, Fig. 3A and B). Moreover,
neither spider addition nor thatch supplementation af-
fected the nitrogen content or live biomass of Spartina

(Table 2, Fig. 3A and B). Thus, natural enemy effects
did not cascade down to influence either the nutritional
quality or biomass of Spartina in the field.

There was a significant effect of plant treatment on
the biomass of dead plant material (thatch and senes-
cent leaves) present on the Spartina islets, an effect
that resulted entirely from thatch addition (Table 2, Fig.
3C). Of the 800 g/m? of thatch added to nonfertilized
islets in early June, 362 = 73 g/m? and 429 *= 35 g/m?
remained in late August on treatment islets that were
and were not stocked with spiders, respectively. By
contrast, no thatch of the sort we added was present
on the dethatched islets, although some senescent | eaf
material occurred by the end of the experiment (Fig.
3C).

The spider augmentation treatment was effective in
elevating the density of Pardosa wolf spiders on ex-
perimental islets. Within the fertilizer and thatch treat-
ments, wolf spider density was significantly higher on
islets stocked with spiders than on islets not augmented
with these predators (significant spider addition effect;
Table 3, Fig. 4A). Notably, some Pardosa wolf spiders
did colonize nonstocked islets. There was also a sig-
nificant plant-treatment effect on wolf spider density,
an effect that resulted in part from more spiders, both
released individuals and ambient immigrants, remain-
ing on and/or colonizing fertilized islets compared to
nonfertilized ones (Table 3, Fig. 4A). A two-way
ANOVA on only the thatch-free treatments further sup-
ported the fertilizer effect on wolf spider density (F; .,
= 51.8, P < 0.0001). Moreover, on unfertilized islets,
wolf spider density was generally higher on islets sup-
plemented with thatch (157 = 21 individuals/m?) than
on islets not receiving a thatch subsidy (109 = 5 in-
dividuals/m?, Fig. 4A), a pattern corroborated by two-
way ANOVA (significant thatch effect, F,,, = 9.8, P
= 0.005).

Bottom-up treatments influenced the 8 July coloni-
zation density of the two Prokelisia species differently.
Adults of P. marginata (mostly macropters) selectively
colonized fertilized islets in enormous numbers (sig-
nificant plant treatment effect; Table 3, Fig. 5A), where-
as the adults of P. dolus (mostly flightless brachypters)
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Fic. 3. Effects of nutrient subsidy (fertilization), vege-
tation structure (thatch), and spider augmentation on the (A)
nitrogen content (% dry mass), (B) live aboveground biomass
(g dry mass/m?), and (C) dead biomass (g dry mass of thatch
and senescent leaves/m?) of Spartina cordgrass measured (25
August 1999) on experimental islets at Tuckerton, New Jer-
sey, USA. Six treatment combinations were applied to islets:
three host-plant treatments (fertilized isletswithout thatch and
nonfertilized islets with and without thatch) each crossed with
two spider-predation treatments (wolf spiders added vs. not).
Means + 1 st that do not share letters are significantly dif-
ferent (P < 0.05, ANOVA followed by Tukey-Kramer hsd
test).

colonized at much lower densities and were similarly
abundant on all islets regardless of treatment (Table 3;
Fig. 5B). Thedifferencein colonization ability between
the two planthopper species undoubtedly explains why
P. marginata ultimately attained higher densities than
P. dolus on all experimental islets, particularly those
islets that were fertilized (compare axes of Fig. 5C with
5D). During this early stage of islet colonization, nei-
ther the spider-addition treatment nor the thatch treat-
ment had any effect on adult density for either plan-
thopper species (Table 3, Fig. 5A and B).

Despite the initial difference in the impact of the
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fertilization treatment on the colonization density of P.
marginata and P. dolus, the plant and predation treat-
ments had a similar effect on the final population size
of both planthopper species by mid-August (significant
plant and spider-addition effects on adults and nymphs,
Table 3). In general, adults of both P. marginata and
P. dolus and their nymphs were more abundant on fer-
tilized islets than on nonfertilized ones (Fig. 5C-E).
Two-way ANOVA further corroborated a significant
positive fertilizer effect on the adult density of P. mar-
ginata and P. dolus as well as nymphs (F,,, = 21.2,
P = 0.0002, F,,, = 6.2, P = 0.02, F;,, = 85, P =
0.008, respectively). In particular, adults of P. margin-
ata and nymphs erupted to very high densities (2000—
5000 individuals/m?) on fertilized islets. Also, adults
of P. marginata and nymphs generally achieved higher
densities on nonfertilized islets without thatch than on
nonfertilized islets supplemented with thatch (Fig. 5C
and E; significant thatch effect, F,,, = 10.3, P = 0.004
and F,, = 6.1, P = 0.02, respectively).

Bottom-up factors mediated the impact of the spider-
augmentation treatment on planthopper density. Al-
though the addition of wolf spiders to islets resulted
in significant overall reductions in the final density of

TaBLE 3. Analysis of variance results (F values and sig-
nificance levels) for the effects of three bottom-up plant
treatments (fertilized vegetation without thatch augmen-
tation, nonfertilized vegetation without thatch augmenta-
tion, and nonfertilized vegetation with thatch augmenta-
tion), two spider predation treatments (Pardosa wolf spi-
ders added vs. not), and their interaction on the population
size (no. per m?) of wolf spiders, Tytthus vagus egg pred-
ators, other spider species (pooled total), and the plan-
thoppers Prokelisia marginata (adults only), Prokelisia do-
lus (adults only) and Prokelisia nymphs (both species
pooled) on islets of Spartina alterniflora at Tuckerton, New
Jersey, USA.

Source of variation

Plant Spider Plant X
Arthropods treatment  treatment  Spider
Predators
Wolf spiders 42.43***  86.74***  0.14
Tytthus vagus 93.69***  44.33***  4.96*
Other spider species 11.90***  1.22 1.72
Planthoppers
P. marginata adults
8 July 34.91***  0.01 1.25
17 August 41.88***  7.99** 2.91*
P. dolus adults
8 July 0.89 2.53 0.22
17 August 19.73** 7.38** 131
Prokelisia nymphs
17 August 30.79***  8.20** 4.66*
df 2,38 1, 38 2,38

Notes: Treatment effects were assessed twice for Prokelisia
adults, once on 8 July when ambient nymphs were molting
to adults that could colonize islets, and again on 17 August
after six weeks of population growth. Wolf spiders were as-
sessed on 28 July, and other predators were censused on 17
August.

* P =< 0.05 ** P = 0.001; *** P = 0.001.



1452
.\’g [ Spiders withheld
= ZZ2A Spiders added
2
4]
[0
k=]
o
“ b
2 b

c EZ] c

T — f [ T l {

E
o
£
(2]
3>
s
2

bc

[1 e & de
E
o 600 -
£
[
° b ab
2 400+ E
o ab
g
c 2001 bc
o
Z %

0- v r ¢ v
Thatch Thatch Thatch
withheld withheld added

Fertilization No fertilization

FiG. 4. Effects of nutrient subsidy (fertilization), vege-
tation structure (thatch), and spider augmentation on the den-
sity of (A) lycosid wolf spiders, (B) mirid egg predators
(adults and nymphs of Tytthus vagus pooled), and (C) non-
lycosid spider species (pooled) on experimental Spartina is-
lets at Tuckerton, New Jersey, USA. Lycosids were censused
on 28 July, whereas other predators were assessed on 17
August 1999. Treatments and means separation tests are as
in Fig. 3.

planthopper adults and nymphs (significant spider-ad-
dition effect, Table 3), the suppressing effect of spiders
was relatively greater on nonfertilized islets than on
fertilized ones, particularly for adult P. marginata and
nymphs which were mostly this species (significant
plant treatment by spider addition interactions for Pro-
kelisia nymphs and P. marginata adults; Table 3, Fig.
5C and E). The greater suppressing effect of spiders
on nonfertilized islets than fertilized ones was further
documented using two-way ANOVA which found a
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significant interactive effect of fertilization and spider
addition on both Prokelisia nymphs (F,,, = 9.5, P =
0.006) and P. marginata adults (F,,, = 5.2, P = 0.03).
For example, spiders reduced populations of P. mar-
ginata adults and Prokelisia nymphs by 50% and 16%
on fertilized plants and by 81% and 64% on nonfer-
tilized host plants, respectively (compare thatch-free
treatments in Fig. 5C and E). A similar but nonsignif-
icant trend also occurred for P. dolus, whereby the
density of adults was reduced more on nonfertilized
islets (50%) than on fertilized islets (26%; compare
thatch-free treatments in Fig. 5D). These results oc-
curred even though the density of wolf spiders was
significantly higher on fertilized islets (~500 individ-
uals/m?) than on nonfertilized ones (100—200 individ-
uals/m?; Fig. 4A).

Thatch also affected planthopper populations nega-
tively, whereby smaller populations of P. marginata
and P. dolus adults and Prokelisia nymphs occurred on
nonfertilized islets with thatch than on thatch-freeislets
(Fig. 5C-E; significant thatch effect with two-way
ANOVA, F,,, = 151, P = 0.0008, F,,, = 4.3, P =
0.05, F,,, = 10.9, P = 0.003, respectively). Moreover,
a significant interactive effect of spiders and thatch
resulted for adults of P. marginata (F,,, = 6.8, P =
0.016) and Prokelisia nymphs (F,, = 8.8, P = 0.007)
because of the contrasting spider effect on thatched and
nonthatched islets (Fig. 5C and E). Unlike results from
the laboratory experiment (Fig. 1A), spiders showed a
greater negative impact on planthoppers on non-
thatched islets than in thatched ones. This result oc-
curred not because spiders were ineffective at sup-
pressing planthoppersin thatch. Indeed, of all the treat-
ment combinations, planthopper populations were the
smallest on thatched islets augmented with spiders, but
they remained low as well on thatched islets where
spiders were withheld (Fig. 5C-E). This pattern likely
resulted from a significant level of predation from am-
bient wolf spiders and other predators that immigrated
to these thatchy control islets (Fig. 4A-C).

Other nonmanipulated predators colonized the ex-
perimental islets and were affected by the bottom-up
and wolf spider-addition treatments. For the mirid egg
predator Tytthus, the bottom-up and spider-addition
treatments significantly impacted its density (Table 3).
Populations of this predator were generally higher on
fertilized islets than nonfertilized ones, and lower on
isletsaugmented with wolf spiders (Fig. 4B). Thislatter
effect is consistent with theintraguild predation of mir-
ids by wolf spiders. The suppressing effect of spiders
on mirids was relatively greater on nonfertilized islets
than on fertilized islets (Fig. 4B) as evidenced by a
significant fertilizer by spider interaction (F;,, = 5.5,
P = 0.02). Moreover, on nonfertilized islets, thatch
moderated the impact of wolf-spider predation on mir-
ids (significant thatch by spider interaction; F, ,, = 5.3,
P = 0.03). The reduced effect of spiders on mirids on
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FiGc. 5. Effects of nutrient subsidy (fertilization), vegetation structure (thatch), and spider augmentation on the colonizing
density (8 July) of (A) Prokelisia marginata adults and (B) P. dolus adults, and on the late-season density (17 August) of
(C) P. marginata adults, (D) P. dolus adults, and Prokelisia nymphs (both species pooled) on experimental Spartina islets
at Tuckerton, New Jersey, USA. Spider augmentation occurred once before 8 July and five times before 17 August. Treatments

and means separation tests are as in Fig. 3.

thatched islets may have contributed to the overall low
planthopper populations there (Fig. 5C-E).

Other spider species (pooled total of mostly web-
builders) were affected solely by the bottom-up treat-
ments (significant plant-treatment effect, Table 3),
whereby these predators achieved higher densities on
fertilized than on nonfertilized islets (Fig. 4C; signif-
icant fertilizer effect, F,,, = 27.6, P < 0.0001). Wolf
spider augmentation did not significantly influence the
density of these other spider species (Table 3), although
there was atrend toward reduced populations on thatch-
free islets where Pardosa was released (Fig. 4C; mar-
ginally significant spider effect, F,,, = 3.7, P = 0.07).
Thus, any intraguild predation of smaller web-building
spider species by Pardosa appeared to be less pro-
nounced than that incurred by mirids. On nonfertilized

islets, these spiders were generally more abundant on
thatched islets than on islets lacking thatch (Fig. 4C;
significant thatch effect, F,,, = 5.7, P = 0.03).

Top-down and bottom-up impacts on planthopper
population size: correspondence between
laboratory and field assessments

Overall, the relative impact of the six bottom-up and
spider predation treatments on the density of Prokelisia
planthoppers was very similar on openisletsin thefield
and in confined mesocosmsin the lab. Treatment means
in the field and laboratory were significantly correlated
when the density of P. dolus (r = 0.85, P = 0.03) was
used to assess treatment effects (Fig. 6). When the
pooled density of Prokelisia nymphs was used to assess
treatment effects, the relationship was marginally sig-
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Fic. 6. Relationship between the impact of
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ments [wolf spiders added vs. not]) on the den-
sity of Prokelisia planthoppers on open Spartina
islets in the field at Tuckerton, New Jersey,
USA, and the impact of the same six treatments
on the density of planthoppers in confined me-
socosms in the laboratory. Correlation was
based on the final density of Prokelisia dolus
(adults) after three months growth on experi-
mental islets of Spartinain thefield and thefinal
density of P. dolus (adults and nymphs) after
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in the laboratory (r = 0.85, P = 0.03). F =
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nificant (r = 0.78, P = 0.06). In both field and me-
socosm assessments, planthoppers attained their high-
est density on fertilized Spartina plants that lacked
thatch and were not augmented with wolf spiders. The
lowest density of planthoppers occurred on poor-qual -
ity Spartina with thatch and supplemented with wolf
spiders.

DiscussioN

Thereisnow widespread evidence that top-down and
bottom-up forces interact to affect populations of phy-
tophagous insects (Forkner and Hunter 2000). Results
of our experiments also confirm complex interactive
effects between plant-related factors and predators on
the population growth of salt marsh planthoppers (Figs.
1A and 5C-E). In general, the extent to which spiders
suppressed planthoppers depended on both plant nu-
trition and vegetation structure, an interaction that was
demonstrated experimentally both in the field and lab-
oratory. For the most part, spiders restrained plan-
thoppers most effectively on poor-quality Spartinawith
an associated matrix of thatch, and planthopper pop-
ulations generally escaped the suppressing effects of
predation on nutritious plants without thatch (Fig. 5C—
E). Thus, the general paradigm in this system is for
bottom-up primacy whereby predation does not offset
the colonization-enhancing and growth-promoting ef-
fects of host-plant nutrition on planthopper popul ations
under most circumstances. Moreover, when predators
do exert asignificant suppressing effect on planthopper
populations, their impact is mediated to a great extent
by host-plant characteristics, namely plant nutrition
and vegetation structure. Thus, our hypothesis that host
plant-related effects would dominate in this system was
confirmed, as espoused by Hunter and Price (1992) for
phytophagous insects in general. The dominance of
bottom-up impacts on phytophagous arthropods has
been demonstrated by others, both empirically (Auer-

dosa wolf spiders added, O = no treatment ap-
plied. Thus, FOO = fertilized Spartina without
thatch and without spiders added. Means + 1
SE are shown.

600 700

bach et al. 1995, Forkner and Hunter 2000) and using
modeling approaches (Gutierrez et al. 1994). Thus,
plants often set the dynamic stage on which herbivo-
rous insects and their natural enemies interact (Denno
and McClure 1983, Hunter and Price 1992).

Nonethel ess, the paradigm of plant primacy is agen-
eral one, and for salt-marsh planthoppers, thereis im-
portant spatial variation across habitats in the relative
strength of bottom-up and top-down forces. We de-
signed our top-down and bottom-up treatment combi-
nations to mimic naturally occurring spatial variation
in these factorsin the field. Nitrogen-rich Spartina free
of thatch and with few associated spider predators are
characteristics of low-marsh habitats (Denno 1983, Do-
bel et al. 1990). It was this combination of factors that
promoted the largest planthopper populations in our
experiments (Fig. 6), and also fosters outbreaks in the
field (Denno and Peterson 2000). The high nitrogen
content of low-marsh Spartina promotes mass colo-
nization, enhances survival and fecundity, and en-
courages rapid population growth of Prokelisia plant-
hoppers (Olmstead et al. 1997, Denno and Peterson
2000). The paucity of thatch and greater tidal distur-
bance combine to reduce popul ations of many predators
including Pardosa wolf spiders in low-marsh habitats
(Dobel et al. 1990). The rarity of natural enemies, cou-
pled with superior Spartina nutrition and the ability of
planthoppers to induce reductions in plant nitrogen
when they feed (Denno et al. 2000), all contribute to
the boom-and-bust dynamics of planthopper popula-
tionsin low-marsh habitats (Denno and Peterson 2000).
Thus, bottom-up forces generally prevail at lower el-
evations on the marsh.

In contrast, invertebrate predators appear to play a
greater role in planthopper suppression in certain high-
marsh habitats. Our experiments show that wolf spiders
are often most effective in suppressing planthoppers
on nitrogen-poor plants with associated thatch (Fig. 6),
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characteristics typical of Spartina growing on high-
marsh meadows. Other manipulative experiments con-
ducted on the high marsh also demonstrate that thatch
promotes an aggregative response of spidersthat in turn
enhances planthopper suppression on nutrient-poor
Spartina (Dobel and Denno 1994). Thatch was also
shown to foster greater planthopper suppression in lab-
oratory mesocosms, where spiders could not immigrate
from nearby habitats (Fig. 1A). This result suggests
that spiders may capture planthoppers with greater ef-
ficiency in thatchy habitats, perhaps as a result of the
scaffold-like structure of thatch that may provide great-
er access to leaf-feeding planthoppers for a ground-
foraging predator. Thus, increasing vegetation com-
plexity by adding thatch did not apparently provide
hiding sites and thus a refuge from predation, a finding
contrary to the view that heterogeneity enhances en-
emy-free space (Murdoch et al. 1989, Messina et al.
1997). Nonetheless, these experiments confirm our hy-
pothesis that complex vegetation with thatch often in-
tensifies the impact of spider predation both by en-
couraging predator aggregation and by increasing cap-
ture efficiency, aresult shown for other systems as well
(Landis et al. 2000).

Spiders and other invertebrate predators are far more
abundant at higher elevations on the marsh (Dobel et
al. 1990, Denno and Peterson 2000). Thus, there is
substantial spatial variation in the strength of top-down
and bottom-up forces on planthopper populations
across habitats on the marsh. In general, plant quality
diminishes up the elevational gradient (Gallagher et al.
1988, Ornes and Kaplan 1989), and both the abundance
of thatch and invertebrate predators increase (Denno
1983, Dobel et al. 1990). The result is an increase in
the relative strength of predation at higher elevations.

By fertilizing Spartinaisletswe were abletoincrease
both its nitrogen content and biomass (Fig. 3). These
host-plant effects promoted planthopper increases (Fig.
5) that then cascaded to the third trophic level where
invertebrate predators became more abundant. Not only
did more of the Pardosa spiders remain on fertilized
islets (Fig. 4A), but densities of nonmanipulated ene-
mies such as the egg predator Tytthus and other spider
species (Grammonota) were higher on fertilized islets
(Fig. 4B and C). Predator increases on fertilized Spar-
tina islets probably resulted from a combination of in-
creased aggregation, enhanced reproduction, and re-
duced emigration in areas of elevated planthopper den-
sity. Such numerical responses have been shown in-
dependently for Pardosa and Tytthus in other studies
(Dobel and Denno 1994, Finke and Denno 2002). Sim-
ilarly, in our laboratory experiment, Pardosa wolf spi-
ders produced significantly more egg sacs on heavily
fertilized Spartina plants that supported higher densi-
ties of planthoppers. Thus, for Pardosa, both an im-
mediate aggregative response and a time-lagged repro-
ductive response are the cascading results of enhanced
plant quality.
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Others have also shown that increases in host plant
productivity and nutrition elevate the densities of her-
bivorous arthropods which in turn foster increases in
natural enemy populations at the third trophic level
(Hartvigsen et al. 1995, Fraser and Grime 1998, Polis
et al. 1998, Forkner and Hunter 2000). In several cases
involving herbivorous arthropods, bottom-up effects
travel up through the food web where the effect of
enhanced enemy density cascades back down to impact
adversely herbivores at trophic levels beneath (Hart-
vigsen et al. 1995, Stiling and Rossi 1997, Fraser and
Grime 1998, Polis et al. 1998, Forkner and Hunter
2000). These studies support the contention that the
strength of top-down forces increases with enhanced
primary productivity (Oksanen et al. 1981), and for
herbivorous arthropods are consistent with the trophic
view that “‘what goes up must come back down’’ (Fork-
ner and Hunter 2000).

Notably, however, this cascading effect did not occur
in this study, despite the elevated numbers of Pardosa
and other natural enemies on fertilized islets (Fig. 4).
Prokelisia planthoppers, especially P. marginata, es-
caped spider predation more on fertilized Spartina is-
lets than on nonfertilized islets (Fig. 5). We argue that
highly mobile herbivores such as planthoppers colonize
nutritious host plants in very high numbers (Denno
1983, Denno et al. 1996) and in so doing partially
escape natural enemy impact (Denno and Peterson
2000).

The effect of a mobile life style on colonization can
be seen by comparing the early July densities of the
flight-capable P. marginata with those of the more sed-
entary P. dolus on fertilized and nonfertilized islets
(Fig. 5A and B). Soon after islets were available for
colonization, very high densities of P. marginata ma-
cropters (>2000 individuals/m?) selectively settled on
fertilized islets, whereas <500 adults/m? colonized
nonfertilized islets. This pattern contrasted with that
for P. dolus, where the flightless adults were less com-
mon and similarly abundant on all islets regardless of
fertilizer subsidy. The high initial density of colonizing
macropters coupled with the enormous number of eggs
they deposit (Denno and Peterson 2000), undoubtedly
contributed to the escape of P. marginata from spider
suppression on fertilized islets by mid-August (Fig.
5C).

For the less mobile P. dolus, spiders were more ef-
fectivein suppressing populations acrossall plant treat-
ments in the field, although there was a trend toward
greater restraint on nonfertilized compared to fertilized
islets (Fig. 5D). The reduced dispersal ability of this
species (Denno et al. 2000) coupled with its delayed
population increase on nitrogen-rich plants (Denno and
Peterson 2000), diminished escape from spider pre-
dation on fertilized plants in the field.

In general, mobile species of herbivores appear to
be less influenced by top-down forces than are sed-
entary species (Denno and Peterson 2000). When prey
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are more mobile and fecund than their primary pred-
ators, as is the case for P. marginata and Pardosa,
predators often exhibit a weak numerical response to
increasing prey density, predator—prey dynamics un-
couple, and prey populations erupt (Dobel and Denno
1994). We argue that when very mobile and short-lived
herbivores are involved, enhanced plant quality may
promote their escape from top-down forces rather than
cascade back down to adversely affect their local den-
sity via elevated predator abundance (Denno and Pe-
terson 2000). More likely is rapid population growth
followed by density-dependent dispersal, a phenome-
non that occurs frequently in P. marginata (Denno and
Roderick 1992). Because dispersing planthoppers col-
onize high-quality Spartina patches en masse in other
habitats (Denno and Peterson 2000), what goes up in
one habitat may come down elsewhere to adversely
impact plant resources. Thus, local bottom-up effects
on consumers (the mass build-up of migrants in this
case) can influence spatial subsidies across habitats
(colonists) and affect food-web dynamics at a regional
spatial scale (Polis and Hurd 1996). Nonetheless, our
results for Prokelisia planthoppers suggest that the life
history strategy of a species is an important mediator
of top-down and bottom-up impacts.

There has been considerabl e disputein the ecol ogical
literature as to whether the top-down effects of natural
enemies cascade down through the food web to benefit
primary producers (Polis and Strong 1996, Pace et al.
1999, Schmitz et al. 2000, Halaj and Wise 2001). It is
thought that factors such as food-web diversity, om-
nivory, and intraguild predation, buffer communities
against trophic cascades (Strong 1992, Polis and Strong
1996, Fagan 1997, McCann et al. 1998, Schmitz et al.
2000), although exceptions exist (Moran and Hurd
1998, Pace et al. 1999). For terrestrial food webs dom-
inated by phytophagous arthropods, there is support
both for (Moran et al. 1996, Beckerman et al. 1997,
Schmitz et al. 1997, Letourneau and Dyer 1998, Moran
and Hurd 1998, Halgj and Wise 2001) and against
(Forkner and Hunter 2000, Schmitz et al. 2000, Halgj
and Wise 2001) enemy effects that cascade down to
either reduce herbivory or enhance plant biomass.

Results from our experiments are consistent with the
notion that emergent interactions (e.g., intraguild pre-
dation and omnivory) dampen predator-mediated cas-
cades. In laboratory mesocosms, where only spiders
and planthoppers interacted, predator effects traveled
down resulting in increased cordgrass biomass (Fig.
1B). By contrast, we found no experimental evidence
for this cascade in the field where predators other than
wolf spiders were present. Here, the addition of wolf
spiders had no effect on Spartina biomass or nutrition
and neither fertilization nor thatch augmentation al-
tered this pattern (Fig. 3A and B). Other prey, in par-
ticular intraguild prey, were present in the field that
were excluded from the laboratory experiment. Both
mirid egg predators and web-building spiders were
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common on the experimental islets and there was con-
vincing evidence that wolf spiders fed extensively on
mirids as well as planthopper prey. For instance, the
addition of Pardosa wolf spiders significantly reduced
mirid populations, particularly on nonfertilized islets
without thatch (Fig. 4B), atrend that also occurred with
nonwolf spider species (Fig. 4C). We argue that these
smaller predators served asintraguild prey for Pardosa,
partially relaxed Pardosa predation on planthoppers,
and diminished the opportunity for top-predator effects
to cascade down and affect Spartina biomass. Notably,
the intraguild predation of mirids by Pardosa wolf spi-
ders, particularly in thatch-free habitats, has been doc-
umented independently (Finke and Denno 2002). Thus,
our findings are consistent with the view that reticulate
interactions such as intraguild predation buffer food
webs from enemy-driven trophic cascades (Strong
1992, Fagan 1997, McCann et al. 1998, Schmitz et al.
2000).

Alternatively, the use of Spartina transplants may
have promoted the cascading effects of spider predation
on cordgrass biomass in laboratory mesocosms. Field
plants with long-established root systems may have
been more tolerant of elevated planthopper densities
on islets where spiders were withheld. Although we do
not rule out that differences in plant tolerance contrib-
uted to the discovery of a trophic cascade in the lab-
oratory, we argue that the apparent intraguild predation
of mirids by wolf spiders (Fig. 4B) is an equally plau-
sible explanation for the attenuation of top-down ef-
fects in the field.

Key to understanding bottom-up vs. top-down forces
in this system is the life history strategy of the dom-
inant herbivores, whereby mobility and rapid popula-
tion growth tend to uncouple predator—prey dynamics
both spatially and temporally. In an environment of
variable plant nutrition and vegetation structure, plant-
hoppers can both colonize and exploit high-quality host
plants and partially elude their less responsive preda-
tors (Denno and Peterson 2000). The default is strong
bottom-up impact and predator effects that often do not
cascade down to dramatically affect herbivore popu-
lations. Only in certain habitats where predators ag-
gregate and herbivores develop slowly, both dictated
by plant-related factors, do predators exert a significant
adverse effect.

ACKNOWLEDGMENTS

Ted Evans, Bill Fagan, Mark Hunter, Margaret Palmer, and
two anonymous reviewers critiqued earlier drafts of this ar-
ticle and we hope to have incorporated their many insightful
suggestions. Mary Christman provided valuabl e statistical ad-
vice. Ken Able and Bobbie Zlotnik of the Rutgers University
Marine Station facilitated our research at the Tuckerton field
site. We are most grateful to these colleagues for their advice
and support. Thisresearch was supported by National Science
Foundation Grants DEB-9527846 and DEB-9903601 to R. F
Denno.

LITERATURE CITED

Auerbach, M. J., E. E Connor, and S. Mopper. 1995. Minor
miners and major miners: popul ation dynamics of leaf-min-



May 2002

ing insects. Pages 83-110in N. Cappuccino and P. W. Price,
editors. Population dynamics: new approaches and synthe-
sis. Academic Press, San Diego, California, USA.

Beckerman, A. P, M. Uriarte, and O. J. Schmitz. 1997. Ex-
perimental evidence for a behavior-mediated trophic cas-
cadein aterrestrial food chain. Proceedings of the National
Academy of Science, USA 94:10735-10738.

Denno, R. F 1983. Tracking variable host plants in space
and time. Pages 291-341inR. F Dennoand M. S. McClure,
editors. Variable plants and herbivores in natural and man-
aged systems. Academic Press, New York, New York, USA.

Denno, R. F, L. W. Douglass, and D. Jacobs. 1985. Crowding
and host plant nutrition: Environmental determinants of
wing-form in Prokelisia marginata. Ecology 66:1588—
1596.

Denno, R. F, and M. S. McClure. 1983. Variability: a key
to understanding plant—herbivore interactions. Pages 1-12
in R. FE Denno and M. S. McClure, editors. Variable plants
and herbivores in natural and managed systems. Academic
Press, New York, New York, USA.

Denno, R. F, K. L. Olmstead, and E. S. McCloud. 1989.
Reproductive cost of flight capability: a comparison of life
history traits in wing dimorphic planthoppers. Ecological
Entomology 14:31-44.

Denno, R. F, and M. A. Peterson. 2000. Caught between the
devil and the deep blue sea: mobile planthoppers elude
natural enemies and deteriorating host plants. American
Entomologist 46:95-109.

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

Denno, R. F, and G. K. Roderick. 1992. Density-related dis-
persal in planthoppers: effects of interspecific crowding.
Ecology 73:1323-1334.

Denno, R. F, G. K. Roderick, M. A. Peterson, A. F. Huberty,
H. G. Dobel, M. D. Eubanks, J. E. Losey, and G. A. Lan-
gellotto. 1996. Habitat persistence underlies the intraspe-
cific dispersal strategies of planthoppers. Ecological Mono-
graphs 66:389-408.

Dobel, H. G., and R. FE Denno. 1994. Predator planthopper
interactions. Pages 325-399in R. F. Denno and T. J. Perfect,
editors. Planthoppers: their ecology and management.
Chapman and Hall, New York, New York, USA.

Dobel, H. G., R. E Denno, and J. A. Coddington. 1990. Spi-
der (Araneae) community structure in an intertidal salt
marsh: effects of vegetation structure and tidal flooding.
Environmental Entomology 19:1356-1370.

Ehrlich, P R., and L. C. Birch. 1967. The balance of nature
and population control. American Naturalist 101:97-107.

Fagan, W. E 1997. Omnivory as a stabilizing feature of nat-
ural communities. American Naturalist 150:554-567.

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

Forkner, R. E., and M. D. Hunter. 2000. What goes up must
come down? Nutrient addition and predation pressure on
oak herbivores. Ecology 81:1588-1600.

Fraser, L. H. 1998. Top-down vs. bottom-up control influ-
enced by productivity in a North Derbyshire, UK dale.
Oikos 81:99-108.

Fraser, L. H., and J. P Grime. 1998. Top-down control and
its effect on the biomass and composition of three grasses
at high and low soil fertility in outdoor microcosms. Oec-
ologia 113:239-246.

Gallagher, J. L., G. FE Somers, D. M. Grant, and D. M. Sel-
iskar. 1988. Persistent differencesin two forms of Spartina
alterniflora: a common garden experiment. Ecology 69:
1005-1008.

BOTTOM-UP FORCES MEDIATE ENEMY IMPACT

1457

Gomez, J. M., and R. Zamora. 1994. Top-down effectsin a
tritrophic system: parasitoids enhance plant fitness. Ecol-
ogy 75:1023-1039.

Gutierrez, A. P, N. J. Mills, S. J. Schreiber, and C. K. Ellis.
1994. A physiologically based tritrophic perspective on
bottom-up-top-down regulation of populations. Ecology
75:2227-2242.

Hairston, N. G., E E. Smith, and Slobodkin, L. B. 1960.
Community structure, population control, and competition.
American Naturalist 44:421-425.

Halaj, J., and D. H. Wise. 2001. Terrestrial trophic cascades:
how much do they trickle? American Naturalist 157:262—
281.

Hare, D. 1994. Status and prospects for an integrated ap-
proach to the control of rice planthoppers. Pages 615-632
inR. E Denno and T. J. Perfect, editors. Planthoppers: their
ecology and management. Chapman and Hall, New York,
New York, USA.

Hartvigsen, G., D. A. Wait, and J. S. Coleman. 1995. Tri-
trophic interactions influenced by resource availability:
predator effects on plant performance depend on plant re-
sources. Oikos 74:463-468.

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.

Landis, D. A., S. D. Wratten, and G. M. Gurr. 2000. Habitat
management to conserve natural enemiesof arthropod pests
in agriculture. Annual Review of Entomology 42:175-210.

Letourneau, D. K., and L. A. Dyer. 1998. Experimental test
in lowland tropical forest shows top-down effects through
four trophic levels. Ecology 79:1678-1687.

McCann, K. S., A. Hastings, and D. R. Strong. 1998. Trophic
cascades and trophic trickles in pelagic food webs. Pro-
ceedings of the Royal Society of London B 265:205-209.

McNeill, S., and T. R. E. Southwood. 1978. The role of
nitrogen in the development of insect/plant relationships.
Pages 77-98 in J. S. Harborne, editor. Aspects of plant and
animal coevolution. Academic Press, London, UK.

Messina, F J., T. A. Jones, and D. C. Nielson. 1997. Host-
plant effects on the efficacy of two predators attacking Rus-
sian wheat aphids (Homoptera: Aphidae). Environmental
Entomology 26:1398-1404.

Moran, M. D., and L. E. Hurd. 1998. A trophic cascade in
a diverse arthropod community caused by a generalist ar-
thropod predator. Oecologia 113:126-132.

Moran, M. D., T. P Rooney, and L. E. Hurd. 1996. Top-down
cascade from a bitrophic predator in an old-field commu-
nity. Ecology 77:2219-2227.

Murdoch, W. W., R. E Luck, S. J. Walde, J. D. Reeve, and
D. S. Yu. 1989. A refuge for red scale under control by
Aphytis: structural aspects. Ecology 70:1707-1714.

Norton, A. P, G. English-Loeb, and E. Belden. 2001. Host
plant manipulation of natural enemies: |eaf domatia protect
beneficial mites from insect predators. Oecologia 126:535—
542.

Oksanen, L. 1990. Predation, herbivory, and plant strategies
along gradients of primary productivity. Pages 445-474 in
J. B. Grace and D. Tilman, editors. Perspectives on plant
competition. Academic Press, San Diego, California, USA.

Oksanen, L., S. D. Fretwell, J. Arruda, and P. Niemela. 1981.
Exploitation ecosystems in gradients of primary produc-
tivity. American Naturalist 118:240—261.

Olmstead, K. L., R. FE Denno, T. C. Morton, and J. T. Romeo.
1997. Influence of Prokelisia planthoppers on the amino
acid composition and growth of Spartina alterniflora. Jour-
nal of Chemical Ecology 23:303-321.

Ornes, W. H., and D. |. Kaplan. 1989. Macronutrient status
of tall and short forms of Spartina alterniflora in a South



1458

Carolina salt marsh. Marine Ecology Progress Series 55:
63-72.

Pace, M. L., J. J. Cole, S. R. Carpenter, and J. F Kitchell.
1999. Trophic cascades revealed in diverse ecosystems.
Trend in Ecology and Evolution 14:483-488.

Polis, G. A., and S. D. Hurd. 1996. Allochthonous input
across habitats, subsidized consumers, and apparent trophic
cascades: examples from the ocean—land interface. Pages
275-285in G. A. Polisand K. O. Winemiller, editors. Food
webs: integration of patterns and dynamics. Chapman and
Hall, New York, New York, USA.

Polis, G. A., S. D. Hurd, C. T. Jackson, and F. Sanchez-Pifiero.
1998. Multifactor population limitation: variable spatial
and temporal control of spiders on Gulf of Californiais-
lands. Ecology 79:490-502.

Polis, G. A., and D. R. Strong. 1996. Food web complexity
and community dynamics. American Naturalist 147:813—
846.

Potvin, C., and D. A. Roff. 1993. Distribution-free and robust
statistical methods: viable alternatives to parametric sta-
tistics. Ecology 74:1617-1628.

Price, P W., C. E. Bouton., P Gross, B. A. McPheron, J. N.
Thompson, and A. E. Weis. 1980. Interactionsamong three
trophic levels: influence of plants on interactions between
insect herbivores and natural enemies. Annual Review of
Ecology and Systematics 11:41-65.

Riechert, S. E., and L. Bishop. 1990. Prey control by an
assemblage of generalist predators: spidersin a garden test
system. Ecology 71:1441-1450.

Roda, A., J. Nyrop, M. Dicke, and G. English-Loeb. 2000.

ROBERT F. DENNO ET AL.

Ecology, Vol. 83, No. 5

Trichomes and spider-mite webbing protect predatory mite
eggs from intraguild predation. Oecologia 125:428-435.
Rosenheim, J. A. 1998. Higher-order predators and the reg-
ulation of insect populations. Annual Review of Entomol-

ogy 43:421-447.

Rypstra, A. L., P E. Carter, R. A. Balfour, and S. D. Marshall.
1999. Architectural features of agricultural habitats and
their impacts on the spider inhabitants. Journal of Arach-
nology 27:371-377.

SAS Institute. 1995. SAS/STAT user’s guide. SAS Institute,
Cary, North Carolina, USA.

Schmitz, O. J., A. P Beckerman, and K. M. O'Brien. 1997.
Behaviorally mediated trophic cascades: effects of preda-
tion risk on food web interactions. Ecology 78:1388—1399.

Schmitz, O. J., PR A. Hambéck, and A. P. Beckerman. 2000.
Trophic cascades in terrestrial systems: a review of the
effects of carnivore removals on plants. American Natu-
ralist 155:141-153.

Stiling, P, and A. M. Rossi. 1997. Experimental manipula-
tions of top-down and bottom-up factors in a tri-trophic
system. Ecology 78:1602—-1606.

Strong, D. R. 1992. Are trophic cascades all wet? Differ-
entiation and donor-control in specious ecosystems. Ecol-
ogy 73:747-754.

Weigert, R. G. 1962. The selection of an optimum quadrate
size for sampling the standing crop of grasses and forbs.
Ecology 43:125-129.

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



	Western Washington University
	Western CEDAR
	5-2002

	Bottom-Up Forces Mediate Natural-Enemy Impact in a Phytophagous Insect Community
	Claudio Gratton
	Robert F. Denno
	Merrill A. Peterson
	Gail A. Langellotto
	Deborah L. Finke
	See next page for additional authors
	Recommended Citation
	Authors


	ecol_83_507.1443_1458.tp

