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Abstract. Nonlethal (trait-mediated) effects of predators on prey populations, partic-
ularly with regard to prey dispersal, scarcely have been considered in spatial ecological
studies. In this study, we report on the effects of spider predators on the mortality, dispersal,
and spatial population dynamics of Prokelisia crocea planthoppers (Hemiptera: Delphac-
idae) in a prairie landscape. Based on a three-generation survey of host-plant patches
(Spartina pectinata; Poaceae), the density of cursorial and web-building spiders declined
significantly with increasing patch size (a pattern the opposite of that for the planthopper).
Independent of patch size effects, an increase in the density of web-building and cursorial
spiders had a negative effect on planthopper density in one of three generations each.
Finally, the likelihood of extinction of local (patch) populations of planthoppers increased
significantly with an increase in the density of web-building spiders. Planthoppers in small
host-plant patches with high densities of web-building spiders were especially at risk of
extinction. To evaluate whether spider effects on planthopper spatial dynamics were me-
diated by predation and/or spider-induced dispersal, we performed a field experiment in
which host-plant patches were either caged or left open and received one of three spider
density treatments (removal, ambient levels, or high 5 triple ambient levels). For the caged
patches, there was a nonsignificant decline in planthopper recaptures with increasing spider
density, suggesting that mortality effects of spiders on planthoppers were weak. In contrast,
planthopper recaptures in open patches declined by 85% between the removal and high
spider treatments. This significant decline was mostly attributed to spider-induced emigra-
tion. We conclude that, at high spider densities, spiders are likely to have a greater impact
on planthopper densities through induced emigration than consumption. Because small
cordgrass patches support high spider densities and favor high planthopper emigration rates,
the nonlethal effects of spiders may play a very important role in determining critical patch
size, source–sink properties of cordgrass patches, and the spatial distribution and spread
of planthoppers.
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INTRODUCTION

Over the past several decades, theoretical models
have provided a causal link between spatial subdivision
and the stability of predator–prey interactions (re-
viewed in Hanski and Gilpin 1997, Tilman and Kareiva
1997, Hanski 1999, Hassell 2000). In these models, the
possibility of coexistence was often strongly influenced
by predator and prey dispersal abilities (e.g., Hastings
1977, Crowley 1981, McCauley et al. 1996). In one of
the very few empirical evaluations of the effect of spa-
tial subdivision on predator–prey dynamics, Amezcua
and Holyoak (2000) found that the persistence time of
a ciliated protozoan prey and its heliozoan protist pred-
ator was substantially longer in a spatially subdivided,
as compared to undivided, laboratory microcosm.
Longer persistence times in the subdivided habitat were
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attributed to, among other things, higher rates of dis-
persal of the prey than predator (promoting prey rescue
effects).

Spatial studies of predator–prey interactions have fo-
cused only on the direct lethal (mortality) effects of
predators on prey populations. Recent studies, how-
ever, have suggested that predators can also have im-
portant nonlethal (trait-mediated) effects on prey dis-
persal ability (for recent reviews of trait-mediated ef-
fects see Bolker et al. 2003, Dill et al. 2003, Werner
and Peacor 2003). For example, increased predation
risk can elicit the production of wings (Dixon and
Agarwala 1999) or increase emigration rates of prey
(e.g., Sih et al. 1992, Peckarsky 1996, Hakkarainen et
al. 2001). Given the direct connection between dis-
persal rates and predator–prey stability, the impact of
nonlethal predator effects potentially may be very sig-
nificant. Predator density may strongly influence prey
connectivity among patches if the effects of predation
risk on emigration are not trivial relative to the effects
of predation on prey mortality. Furthermore, emigra-
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tion in response to predation risk may vary with fea-
tures of the landscape (e.g., patch size, isolation, or the
composition of the surrounding habitat [or matrix]) if
predator distributions (and risk of predation) are land-
scape dependent.

The planthopper, Prokelisia crocea (Hemiptera: Del-
phacidae), is known to exhibit a mainland–island meta-
population structure in tall grass prairie landscapes
(Cronin 2003a), but to date, nothing is known about
the impact of generalist spider predators on their mor-
tality, movement, and spatial population dynamics.
Based on census data spanning three planthopper gen-
erations, we determined whether the among-patch dis-
tributions of three spider guilds (cursorial, sit-and-wait,
or web-building spiders) were related to characteristics
of host-plant patches (patch size, isolation, and matrix
composition). We also assessed whether planthopper
patch density or likelihood of extinction was related to
spider guild density and patch characteristics. Finally,
we performed a field experiment to quantify the effects
of spider predators on the mortality and emigration of
their planthopper prey. Spiders were released at three
different densities onto planthopper-infested patches
that were either caged (preventing both natural and
predator-induced emigration from occurring) or open
(allowing for both prey consumption and dispersal).
Results from this study are used to reevaluate the mech-
anisms underlying the spatial population structure of
P. crocea in light of its relationship with these abundant
generalist predators.

METHODS

Life history

Prairie cordgrass, Spartina pectinata (Poaceae), is a
common native plant species of hydric grasslands of
North America (Hitchcock 1963). Reproduction in
cordgrass is primarily via rhizomatous growth, which
results in the formation of clonal patches of highly
variable size (Cronin 2003a). The dominant herbivore
of cordgrass is the specialist delphacid planthopper, P.
crocea (Holder and Wilson 1992, Cronin 2003a, b, c).
Planthoppers overwinter as first-instar nymphs, pass
through five instars in the spring, and then mature into
adults in early mid-June. Prokelisia crocea undergoes
two distinct generations per year in the northern Great
Plains (Cronin 2003a, b, c); the second generation of
adults reach a peak in early August. Although adults
are wing-dimorphic, .90% of the females and males
are macropterous (Cronin 2003a).

The suite of natural enemies that attack P. crocea is
typical of most other delphacids (Cronin and Strong
1994, Döbel and Denno 1994). In addition to egg par-
asitism by Anagrus columbi (Hymenoptera: Mymari-
dae) and nymphal–adult parasitism by an undescribed
dryinid (Hymenoptera: Dryinidae), P. crocea is at-
tacked by a large number of arthropod predators, par-
ticularly spiders (Cronin 2003b, c; J. T. Cronin, un-

published data). While no studies have previously re-
ported information on spider mortality within this sys-
tem, high rates of mortality have been reported for an
analogous system in salt-marsh cordgrass (S. alterni-
flora) fed upon by P. marginata and P. dolus (e.g.,
Döbel and Denno 1994, Denno et al. 2002, Finke and
Denno 2002).

Among-patch distribution of spiders
and planthoppers

In a census program initiated in 1999, we have been
monitoring planthopper and parasitoid (A. columbi)
population abundances among 147 cordgrass patches
within a single prairie fragment, Site 104 (Cronin
2003a, c). Site 104 is located adjacent to the Kelly’s
Slough National Wildlife Refuge 16 km west of Grand
Forks, North Dakota, USA. For three generations (gen-
erations I and II in 2001, and generation I in 2002) we
included the collection of spiders in the survey. The
size (square meters), isolation, and the composition of
the matrix surrounding each patch was quantified in
the middle of the summer of each year (see Cronin
2003a, c for details). Patch isolation (I) was determined
from the linear distance to, and size of, the nearest
neighboring patch in each of four quadrats (NE, NW,
SE, and SW). Larger values of I indicated greater patch
isolation. The matrix was characterized as the propor-
tion of a 3-m buffer surrounding the patch that was
composed of mudflat. Emigration and immigration of
P. crocea are significantly reduced when the matrix is
composed of mudflat (Haynes and Cronin 2003).

During peak adult planthopper activity in each of the
three generations, D-Vac samples (Rincon-Vitova,
Ventura, California, USA; 5 s/sample using a 0.08-m2

sampling head) were taken from each patch. The num-
ber of samples increased in proportion to patch size.
For each patch, P. crocea adults were counted and spi-
ders were identified to family. Because there were in-
sufficient numbers for any one species to perform sta-
tistical analyses, spiders were pooled into foraging
guilds as either sit-and-wait (Philodromidae and Thom-
isidae), web-building (Araneidae, Dictynidae, Liny-
phiidae, Tetragnathidae, and Theridiidae), or cursorial
(Clubionidae, Salticidae, and Lycosidae [primarily
Pardosa modica]) predators. Planthopper and spider
counts were converted to densities (number/square-
meter), and cordgrass stem densities were determined
as described by Cronin (2003a).

From these census data, we addressed the following
four questions. First, within each of the three census
periods, did the three spider guilds differ in density per
cordgrass patch? Second, did the densities of each spi-
der guild vary with the landscape variables patch size,
patch isolation, and the composition of the matrix sur-
rounding a patch? Third, was planthopper density per
patch significantly influenced by spiders (each guild as
a separate variable), three landscape variables, and
planthopper density in the previous generation? Final-
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ly, was the likelihood of a planthopper extinction in-
fluenced by spider density (each guild as a separate
variable), planthopper density, and the three landscape
variables? Statistical procedures used to address these
questions are described in Appendix A.

Spider impact experiment

In this field experiment, we quantified the effects of
spiders on planthopper emigration and mortality over
a 48-h period within discrete cordgrass patches. This
study was conducted in two sites, Site 104 and Lime-
house (1 km northeast of Site 104). For this study, we
selected 48 circular cordgrass patches that were com-
parable in size (0.26 6 0.014 m2 [mean 6 1 SE], range:
0.11–0.51 m2) and at least 3 m from any neighboring
cordgrass. Patches of this size and smaller constitute
12% of the cordgrass patches in these field sites. For
each patch, we counted the total number of cordgrass
stems ($3 cm tall).

Planthoppers and all other arthropods were initially
removed from each patch, and a 1-m buffer surrounding
the patch, through repeated vacuuming with a D-Vac
(Cronin 2003a). Arthropod-free patches were assigned
to two fully crossed treatments: a caging treatment
(cage, no cage) and a spider density treatment (removal,
ambient levels, and high 5 triple ambient levels). Ca-
ges were constructed of a polyvinylchloride frame (0.5
m on a side and 1 m tall) and enclosed by mosquito
netting. Given the short-term duration of this study,
caging effects on arthropod survivorship were expected
to be unimportant.

Prior to the application of the spider treatment, all
patches were stocked at a constant density of two plant-
hopper adult females per cordgrass stem. Planthoppers
were collected with a sweep net from nearby cordgrass
habitat and immediately transported on ice to the ex-
perimental patches. Within 10 minutes of their release,
the planthoppers settled and began feeding on the phlo-
em of cordgrass (Haynes and Cronin 2003). Male plant-
hoppers were not included in the study because they
were scarce relative to females and are less important
to the spatial spread of the species (Cronin 2003a). The
lack of males in experimental patches likely did not
bias female movement patterns because mate searching
is primarily a male trait in planthopper species (Lan-
gellotto and Denno 2001). This release density was
moderate based on a four-year census of planthoppers
among cordgrass patches (Cronin 2003a).

Thirty minutes after planthoppers were released, the
spider treatment was implemented. Spiders were col-
lected from nearby cordgrass patches (similar in size
to the experimental patches) using a D-Vac with a 0.08-
m2 sampling head. For the ambient spider density treat-
ment, the D-Vac head was placed at four points for 5
s each; the total area vacuumed was approximately
equal to the size of the experimental patches. D-Vac
samples were field sorted to eliminate vegetation, P.
crocea, and all other non spider arthropods (on average,

#12 nonspiders [$1 mm total length] remained fol-
lowing this procedure; J. T. Cronin, unpublished data),
and then the spiders were carefully released into the
patches. The high spider treatment consisted of spiders
obtained from three times the collection area of the
ambient spider treatment (12 D-Vac samples). The ex-
periment ran for 48 h, after which time, the contents
of the patch were thoroughly vacuumed and the ar-
thropods returned to the laboratory.

To confirm that the spider treatments effectively al-
tered spider abundances at the beginning of the ex-
periment, we applied the spider treatments to an ad-
ditional 15 small, uncaged cordgrass patches (five rep-
licates per treatment; designated ‘‘baseline density
patches’’). After 30 min, the baseline patches were D-
Vacced as above and the spiders collected. For each
experimental and baseline patch, the numbers of P.
crocea adults and spiders (separated into three foraging
guilds) were counted and converted to a density (num-
bers/square meter/patch).

Planthopper emigration from open cordgrass patches
could have been exacerbated by the disturbance as-
sociated with the release and subsequent settlement of
spiders. To evaluate whether this possibility was true,
we visually counted all planthoppers in open cordgrass
patches 30 min after their release and immediately prior
to the release of spiders. Planthoppers also were re-
counted at 1 h and 8 h after release. A significant de-
cline in planthopper counts between 30 min and 1 h
would indicate a strong effect of the spider release on
planthopper emigration (see Appendix A for descrip-
tion of the statistical analysis).

For each spider guild, an ANOVA test was used to
determine whether the spider treatments (removal, am-
bient, and high) were effective in altering spider den-
sities (numbers per square meter) 30 min after their
release into the patches. The effects of spider treatment
and caging (fixed main effects) on either the percentage
of planthoppers recaptured (number recaptured/number
released) or spider density (each guild treated sepa-
rately) 48 h later were determined with ANOVA (see
Appendix A). In this experiment, a decrease in plant-
hopper recaptures with an increase in spider density
can be attributed to predation alone in the caged patches
and a combination of predation and predator-induced
emigration (nonlethal effect) in the open patches. (Note
that because planthopper densities were initially equal
across the spider density treatments, a change in the
percentage of planthoppers recaptured with increasing
spider density in uncaged patches is likely attributable
only to the overall negative effects of spider predators.)
By subtracting the mean percentage of planthoppers
recaptured in uncaged patches from caged patches
(within each spider density treatment), we obtain an
estimate of the mean percentage of planthoppers that
emigrated from the patch (owing to both intrinsic and
spider-induced emigration). If the difference in plant-
hopper recaptures between the caged and uncaged
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FIG. 1. The relationship between patch size (m2) and the
density of spiders (no./m2) from three different foraging
guilds (log–log plot). Data are presented for only one rep-
resentative generation (2001-I). For significant correlations
(P # 0.05), a least-squares regression line is presented.

patches increases with spider density, this would in-
dicate that planthopper emigration is spider dependent.
Additional detail regarding these statistical analyses is
presented in Appendix A.

RESULTS

Among-patch distribution of spiders
and planthoppers

Based on our survey, web-building spiders were nu-
merically the most dominant, averaging 45.1 6 21.0
individuals/m2 (mean 6 1 SE, n 5 3; mean of generation
means). Cursorial spiders were second in abundance
(16.9 6 4.4 individuals/m2), followed by sit-and-wait
spiders (10.3 6 2.2 individuals/m2). The dominance of
web builders was largely caused by the observed pat-
terns of abundance in the first generation surveyed
(2001-I): the density per patch of web builders was
significantly higher than either the density of cursorial
or sit-and-wait spiders (based on separate paired t tests
and Bonferroni-corrected P values; P , 0.001; Ap-
pendix B).

Of the three landscape features, only patch size sig-
nificantly influenced the distribution of spider preda-
tors. For cursorial and web-building spiders, densities
declined significantly with increasing patch size (Fig.
1; statistics in Appendix C). Patch size explained 22%
and 20% of the among-patch variation in densities of
these two guilds, respectively. For each spider guild,
density within a patch varied significantly among gen-
erations (P # 0.011 for all tests; Appendix C). How-
ever, densities per patch of the same guild were not
well correlated between generations (R , 0.30 for all
comparisons).

For all three generations, planthopper density sig-
nificantly increased with patch size and the proportion
of the matrix that was mudflat (P # 0.036 for all tests;
Appendix D). The effect of patch size on planthoppers
is the opposite of that for the spiders; consequently,
spiders and planthoppers tended to be negatively cor-
related (Appendix E). Independent of patch size, an
increase in the density of web-building and cursorial
spiders had a negative effect on planthopper density in
one of three generations each (web builders in 2001-
II: P 5 0.017; cursorial spiders in 2002-I: P 5 0.020;
Appendix D). However, based on a comparison of stan-
dardized regression coefficients, the effect of spiders
was 4.2 and 2.2 times less than the effect of patch size
on planthopper densities in those years, respectively.
Spider and matrix effects on planthopper density were
approximately equal.

Planthopper populations in cordgrass patches went
extinct at a rate of 18.5 6 2.9%/generation. The like-
lihood of extinction increased with an increase in the
abundance of all three spider guilds, but only for the
web-building spiders was this effect significant (P 5
0.002; Appendix F). On average, patches in which local
planthopper populations went extinct had 51.9 6 10.0

vs. only 32.0 6 3.2 web builders/m2; a 38% difference
in density. Planthopper extinctions were also signifi-
cantly more frequent in smaller and less isolated patch-
es and there was a significant web builder 3 patch size
interaction (P 5 0.013; Appendix F). The significant
interaction likely derived from the very high extinction
rate for small patches with high web builder densities
relative to all other combinations of these variables
(Fig. 2).

Spider impact experiment

Thirty minutes after spider manipulations were im-
plemented, we found significant differences among spi-
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FIG. 2. The percentage of local planthopper populations
that went extinct during the three-generation census period
with respect to patch size and web-building spider density.
The median size of patches and density of web builders served
as the dividing point between small and large patches and
between low and high densities of web builders, respectively.

FIG. 3. The percentage of planthoppers in uncaged ex-
perimental patches that were visually detected at 0.5, 1.0, and
8.0 h after release. Percentage means (61 SE) are reported
for each spider treatment (removal, ambient, and high den-
sity). Spiders were added to the patches immediately after
the counts at 0.5 h.

der treatments for all spider guilds (separate one-way
ANOVAs for each guild; all comparisons, P , 0.001;
see Appendix B). On average, densities in the spider
removal patches were 79% lower than in the ambient-
spider patches, and the ambient-spider patches were
58% lower than the high-spider patches. Comparably
sized cordgrass patches from the Site 104 survey (i.e.,
those #0.51 m2) had total spider densities that were
16% higher than in the ambient-spider treatment, but
the difference was not significant (based on patches
from all three generations combined; t36 5 1.46, P 5
0.076; Appendix B). At the end of the study (48 h),
distinctions among spider-density treatments were still
evident. For cursorial spiders, web builders, and all
spiders combined, densities were significantly lower in
the spider removal patches than the high-spider patches
(separate mixed-model ANCOVAs, P # 0.039). How-
ever, there were no significant differences in densities
of sit-and-wait spiders among spider treatments (F2,31

5 2.04, P 5 0.195). Densities from the start to the end
of the experiment (48 h) declined by an estimated 9.1%
for cursorial spiders, 25.0% for sit-and-wait spiders,
27.3% for web builders, and 22.1% for all spiders com-
bined (based on a comparison between baseline-am-
bient density and uncaged-ambient density patches).
Because there was no significant difference in densities
between caged and uncaged patches at the end of the
experiment for all three spider guilds (P $ 0.55), these
losses cannot be attributed to emigration from patches.

Spider densities in the high spider treatment were
within the range of densities found in our three-gen-
eration survey of spiders in natural patches. Based on
the midpoint between the initial (estimated indepen-

dently from the baseline density patches) and final spi-
der densities 48 h later, there was an estimated total of
479.4 6 52.7 spiders/m2/patch in the high spider treat-
ment. Of the natural patches that were comparable in
size to our experimental patches (n 5 33), 21% had
total spider densities equal to or greater than those in
the high experimental treatment (Appendix B).

The release of spiders onto experimental cordgrass
patches did not result in an immediate emigratory re-
sponse by planthoppers. Based on the uncaged cord-
grass patches, planthopper populations declined to an
average of 83% of their initial release numbers after
30 min (Fig. 3). Planthopper populations further de-
clined by only 4% during the first half hour after spiders
were released into those patches. The change in density
between these two time periods was statistically insig-
nificant (repeated-measures ANOVA, F1,21 5 3.35, P
5 0.081) and independent of spider release density
(F2,21 5 1.55, P 5 0.235). Only after 8 h was there
evidence for an effect of spider treatment on plant-
hopper losses per patch, and it was only between the
removal and high spider treatments (Tukey’s hsd, P 5
0.007). We note here that 30 min after their release,
the sit-and-wait and web-building spiders were quite
sedentary, whereas the cursorial spiders were exhib-
iting movement behaviors associated with prey search
(based on 10-min observations of each experimental
patch).

After 48 h, the percentage of released planthoppers
that were recaptured in the experimental cordgrass
patches was strongly affected by both the spider and
caging treatments (Fig. 4; statistics in legend). Plant-
hopper densities were on average 1.5–6.9 times higher
on caged than uncaged patches, and decreased signif-
icantly with increasing spider density. Among spider
density treatments, all pairwise comparisons were sig-
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FIG. 4. The percentage of released planthoppers (61 SE)
that were recaptured 48 h later with respect to spider and
caging treatments. Based on a mixed-model ANCOVA, spider
treatment (F2,33 5 15.36, P , 0.001), caging (F1,33 5 40.59,
P , 0.001), and spider 3 caging interaction (F2,33 5 4.98, P
5 0.013) significantly affected recapture rates. Patch size
(covariate) and release date (block effect) did not significantly
influence planthopper recaptures (patch size, F1,33 5 0.02, P
5 0.880; release date, F7,33 5 2.16, P 5 0.065).

FIG. 5. The effect of spider treatment on planthopper em-
igration. Mean percentages emigrating for each spider treat-
ment level were determined as the difference in the percentage
of planthoppers recaptured between caged and uncaged patch-
es (see Fig. 4). Error bars are 95% confidence intervals de-
termined from 1000 bootstrapped estimates of the mean dif-
ference between caged and uncaged patches (Efron and Tib-
shirani 1993). The 95% confidence intervals that do not over-
lap zero indicate that emigration losses are nontrivial. Means
with different letters are significantly different (i.e., 95% con-
fidence intervals do not overlap).

nificantly different (Tukey’s hsd, P , 0.001) except
between the removal and ambient density treatments
(P , 0.122). There was also a significant nonadditive
effect of caging and spider density treatments on plant-
hopper recaptures (Fig. 4): the caging effect became
significantly more pronounced with an increase in spi-
der density. Most notably, there was a very small per-
centage of planthoppers recaptured in open patches that
had high spider densities.

In the caged patches (planthopper emigration ex-
cluded), there was a gradual, but nonsignificant decline
in planthopper recaptures as spider density increased
(Fig. 4; one-way ANOVA; F2,19 5 1.80, P 5 0.193),
suggesting that mortality effects on planthopper abun-
dance were of minor importance during this two-day
experiment. In contrast, there was a significant decline
in the percentage recaptured as spider density increased
in the open patches (F2,19 5 34.74, P , 0.001). The
effect was due primarily to the difference between the
high-spider patches and the ambient and removal spider
patches (Tukey’s hsd, P , 0.001). The mean difference
in planthopper recaptures between the caged and un-
caged patches (i.e., the total percentage of planthoppers
emigrating) increased significantly with spider density
(based on a comparison of 95% CIs about the means
for the removal and high spider treatment patches),
suggesting that planthopper emigration increased with
spider density (Fig. 5).

DISCUSSION

Predatory and nonlethal effects of spiders
Predatory arachnids are an abundant and integral

component of many terrestrial food webs (e.g., Döbel

and Denno 1994, Spiller and Schoener 1994, Schmitz
1998, 2003, Snyder and Wise 2001) and have been
shown to contribute significantly to the suppression of
pests in agroecosystems (e.g., Agnew and Smith 1989,
Riechert and Bishop 1990, Lang 2003). In prairie cord-
grass patches, spiders averaged .70 individuals/m2,
but densities varied considerably in time and in space.

Our study suggests that a change in spider abundance
has a greater nonlethal (trait-mediated) than predatory
(direct-mortality) effect on the abundance of planthop-
pers among host-plant patches. Within caged patches,
there was no evidence of a significant decline in plant-
hopper recaptures with increasing spider density, sug-
gesting that mortality effects of spiders on planthoppers
were weak. In comparison, planthopper recaptures in
open patches declined by 85% between the removal
and high spider treatments. We attribute much of this
steep, significant decline to predator-induced planthop-
per emigration, a nonlethal effect (at least in the short
term; Fig. 4). Spider-induced planthopper emigration
was density dependent, but an increase in the rate of
emigration (in this case by twofold), was only evident
in the treatment with high spider densities: ;500 total
spiders/m2 (Fig. 5). Such high densities of spiders do
occur in nature, but are generally restricted to the nu-
merous small cordgrass patches. We conclude that at
high spider densities, spiders are likely to have a greater
impact on the rate of planthopper loss (on a per-day
basis) due to emigration than predator consumption.
Whether spider-induced emigration by the planthop-
pers occurred in response to the perceived risk of pre-
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dation (as assumed in most studies of this sort; e.g.,
Beckerman et al. 1997, Schmitz et al. 1997, Schmitz
1998) or was simply a generalized response to the dis-
turbance effects of any arthropod is unknown; however,
the implications for the spatial population dynamics of
the planthopper would be the same regardless of the
underlying mechanism initiating emigration. Other
studies have detected strong negative effects of spiders
on Prokelisia planthopper abundances (e.g., Döbel and
Denno 1994, Denno et al. 2002, 2003, Finke and Denno
2002), but none of them have attempted to separate the
lethal from nonlethal effects of these predators. Given
that total spider densities in this other system often
exceed 500 individuals/m2, it seems very plausible that
nonlethal effects of spiders may be of considerable im-
portance to the spatial population dynamics of Pro-
kelisia species.

Results of this study with P. crocea corroborate the
conclusions from both aquatic and terrestrial studies
that nonlethal effects may significantly add to or over-
ride direct mortality effects on prey populations (re-
viewed in Werner and Peacor 2003). For example, by
using spiders with and without their chelicera glued
together, Beckerman et al. (1997) were able to dem-
onstrate that spiders had little influence on grasshopper
density, but strongly influenced habitat use by the
grasshoppers. The risk of spider predation caused a
dietary shift from grasses to forbs. Beckerman et al.
(1997; see also Schmitz et al. 1997, Schmitz 1998) were
also able to demonstrate that the spider-induced shift
in grasshopper diet had a cascading effect on the host
plants; i.e., in the face of spider predation risk, grasses
received lower levels of grasshopper damage than in
the absence of spider risk. Whereas behaviorally me-
diated trophic cascades are evident in a number of other
systems (see Schmitz et al. 2000), we currently do not
know whether prairie cordgrass benefits from predator-
induced planthopper emigration. In an analogous sys-
tem, Denno et al. (2002, 2003) found no evidence in
the field of top-down trophic cascades among spiders,
Prokelisia planthoppers, and saltmarsh cordgrass. In
their studies, intraguild predation by spiders was
thought to attenuate the top-down effects of these pred-
ators.

Predator-induced emigration has been reported in a
number of species in addition to P. crocea (e.g., Sih
et al. 1992, Peckarsky 1996, Hakkarainen et al. 2001).
How predator-induced emigration impacts the regional
population dynamics of P. crocea is an important con-
sideration, especially in light of the theoretical signif-
icance of predator/prey dispersal to population stability
and persistence (e.g., Hastings 1977, Crowley 1981,
McCauley et al. 1996). Previous studies of ours suggest
that emigrant P. crocea are fully capable of colonizing
new cordgrass patches following their escape from
predators. First, .90% of P. crocea adults are mac-
ropterous and capable of nontrivial flight (Cronin
2003a). Second, the colonization of patches by emi-

grants is not limited by isolation distances up to 50 m,
the maximum separation between patches in our prairie
field sites (Cronin 2003a). Thus, all else being equal,
patch connectivity for P. crocea is likely to be greater
when spider densities are high than when spider den-
sities are low. Consequently, the spatial population
structure for the prairie planthopper may also vary in
a fundamental way in the face of differing spider den-
sities: at low densities the ensemble of local planthop-
per populations may fit a classical metapopulation
structure, whereas at high densities the local planthop-
per populations may coalesce into a single patchy pop-
ulation (see Harrison and Taylor 1997, Thomas and
Kunin 1999).

Presently, we have no information on the potential
trade-offs associated with the emigration from a patch
when planthoppers are at risk to predation. Emigration
costs may be incurred through dispersal mortality (e.g.,
Ward et al. 1998, Hanski et al. 2000, Conradt et al.
2001), the expenditure of energy in flight that otherwise
could be utilized for reproduction (e.g., Zera et al.
1998), or the loss of time for a time-limited forager
(Driessen and Hemerik 1992). If costs exist, predator-
induced emigration may be nonlethal only in the short
term.

Planthopper–spider spatial dynamics

Comparatively little work has been conducted on the
interactions between arachnids and their prey at the
landscape level. Most of the available studies have fo-
cused on predatory spider mites and their prey (e.g.,
Walde 1994, Ellner et al. 2001, Nachman 2001) in-
cluding the seminal work by Huffaker (1958). In gen-
eral, these studies have revealed unstable local dynam-
ics, predator-driven extinctions of prey, and long term
regional (metapopulation) persistence of subdivided
populations.

The three-generation survey of cordgrass patches in-
dicates that spiders may play an important role in the
spatial distribution of their planthopper prey. Web-
building and cursorial spiders, the two most abundant
spider guilds, were unevenly distributed among cord-
grass patches. Densities of both spider guilds were neg-
atively correlated with patch size, a pattern the opposite
of that for the planthopper (Cronin 2003a). One pos-
sible explanation for why small patches have greater
densities of web-building and cursorial spiders than
large patches is because of the close proximity of all
occupants to different vegetation/habitat types. In-
creased vegetational complexity or diversity may pro-
vide access to other prey species, or provide refuge
from their own predators (McNett and Rypstra 2000,
Finke and Denno 2002). Therefore, smaller patches,
with a greater perimeter : area ratio, would have a
proportionately greater influx of spiders than larger
patches. If this were true, then we might expect spider
densities to be higher at the edge than in the interior
of large cordgrass patches. However, a census of the
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distribution of spiders within large patches revealed
that edge densities were only marginally higher than
interior densities (J. T. Cronin and K. J. Haynes, un-
published data). Other factors that may vary with patch
size and affect spider abundances, e.g., thatch accu-
mulation, microclimate, or avian predators, have not
been explored.

The lack of a patch isolation effect on spider guild
densities was not surprising given that the majority of
these spiders are likely generalists. Evidence for a gen-
eralist lifestyle is indicated by the occurrence of all
members of the three guilds in moderate abundances
in brome and native grass habitat, and from feeding
trials in the laboratory with several of the most common
spider species from each foraging guild (J. T. Cronin
and K. J. Haynes, unpublished data). Spiders were
scarcely observed in mudflats (J. T. Cronin and K. J.
Haynes, unpublished data); therefore it was somewhat
unexpected that spider densities within cordgrass
patches were not dependent upon the composition of
the surrounding matrix. In comparison to spider pred-
ators, the density distribution of the planthopper’s pri-
mary parasitoid, A. columbi, was independent of patch
size, and an increasing function of patch isolation and
the proportion of the matrix that was mudflat (Cronin
2003c).

Our census data further suggest that spiders may play
a significant role in the extinction of local patch pop-
ulations of P. crocea. Although we cannot ascribe a
causal link with these data, an increase in web-builder
density per patch (numerically the dominant spider
guild) was associated with an increased likelihood of
planthopper extinction. Planthopper populations in
small patches were particularly prone to extinction
(Fig. 2). Several factors likely contributed to the high
rate of extinction in these smaller patches. First, one
of the strongest patterns in the spatial distribution of
P. crocea is that patch densities are positively corre-
lated with patch size (Cronin 2003a). Second, in the
absence of arthropod predators, the emigration rate for
P. crocea is inversely related to patch size (Cronin
2003a). These two characteristics of small patches are
expected biogeographic patterns that likely result in
high extinction rates (e.g., Burkey 1997, Kindvall
1999, Crone et al. 2001). Finally, spiders likely ex-
acerbate the extinction risk faced by small populations
because smaller patches also support higher densities
of both web-building and cursorial spiders. Through
their effects primarily on planthopper emigration, and
secondarily on planthopper mortality, these spiders
may render it highly unlikely that small patches are
able to support viable planthopper populations without
immigration; i.e., spiders may be causing small patches
to function as population sinks. Therefore, nonlethal
effects, such as the influence of spiders on P. crocea
emigration, may moderate the critical patch size needed
to sustain a planthopper population, influence the patch

incidence function, and limit the spatial spread of plant-
hoppers.

Given the arguments above, it is most likely that
spiders exert the greatest influence on the local dynam-
ics of planthopper populations in smaller rather than
larger cordgrass patches. Patches below the median size
comprise ,1% of the total cordgrass area within any
one of our several field sites. Because these smaller
patches also support lower densities of P. crocea (Cro-
nin 2003a), they may be construed as being unimpor-
tant to the population dynamics of this species. In fact,
we have presented data previously that suggests P. cro-
cea has a mainland–island metapopulation structure
and that large mainland patches (.4 ha) serve as sourc-
es of immigrants for smaller cordgrass patch sinks
(Cronin 2003a). Following this logic, spiders may play
a more influential role in the spatial distribution and
spread of planthoppers than in the regional temporal
dynamics of the planthoppers. However, this assess-
ment may be premature. Large cordgrass patches do
support spiders that clearly can depress local prey pop-
ulations (see Fig. 4). It is also the case that organisms
in sink populations can exert a significant effect on
regional dynamics and persistence (e.g., Amezcua and
Holyoak 2000, Doak 2000, Gundersen et al. 2001). For
example, Crone et al. (2001) found that small ephem-
eral subpopulations of field voles had elevated emi-
gration rates prior to extinction and that those emi-
grants contributed significantly to the persistence of the
whole metapopulation. Furthermore, Amezcua and
Holyoak (2000) found that prey immigration from
source to sink subpopulations may have weakened the
coupling between predator and prey dynamics and con-
tributed to the increase in regional persistence. In the
tall grass prairie, it has been hypothesized that small
cordgrass patches are richer in nutrients than larger
patches (Cronin 2003a) and that offspring derived from
those small patches may be more fecund, vagile, and
have higher survivorship than offspring derived from
larger patches (see also Doak 2000). Emigrants from
these patches may contribute much more to the regional
population than their numbers would indicate—a pros-
pect that is currently under investigation.

In conclusion, we agree with Schmitz’s (1998) as-
sessment that nonlethal effects of predators may be an
important and overlooked process determining com-
munity-level interactions. We would add that because
many of the prey’s traits under the influence of pred-
ators are dispersal related (e.g., emigration rate, move-
ment speed, wing production, and morphology), non-
lethal effects of predators may play a very important
role in the spatial ecology of predator–prey interac-
tions. In our study, an increase in spider density appears
to have a stronger impact on planthopper emigration
than on their survivorship. The nonlethal effects of
spiders may play an important role in determining the
source–sink properties of cordgrass patches and influ-
encing the spatial distributions and temporal dynamics
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of its prey. Clearly, more studies are needed in this
fertile area.
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APPENDIX A

Statistical procedures for the among-patch survey of the distribution of spiders and planthoppers and the spider impact
experiment are available in ESA’s Electronic Data Archive: Ecological Archives E085-064-A1.

APPENDIX B

Spider guild densities in the three-generation survey and spider impact experiment are reported in ESA’s Electronic Data
Archive: Ecological Archives E085-064-A2.

APPENDIX C

Statistical results from separate repeated-measures ANOVAs for the effect of patch size, isolation, and proportion mudflat
on the density of spiders in each of three foraging guilds are available in ESA’s Electronic Data Archive: Ecological Archives
E085-064-A3.

APPENDIX D

The results from a backward stepwise regression analysis for the effect of spider guild density, landscape factors, spider
guild density 3 patch size interaction, and planthopper density at t 2 1 on current planthopper density are provided in ESA’s
Electronic Data Archive: Ecological Archives E085-064-A4.

APPENDIX E

The correlation (and associated P value) between planthopper and spider density in each of three planthopper generations
is provided in ESA’s Electronic Data Archive: Ecological Archives E085-064-A5.

APPENDIX F

The results from backward stepwise logistic regression analyses for the effect of cursorial, sit-and-wait, and web-building
spiders, planthopper density, three landscape variables, and the interaction between patch size and the density of each spider
guild on the likelihood of a local planthopper extinction are provided in ESA’s Electronic Data Archive: Ecological Archives
E085-064-A6.


