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ABSTRACT The literature on herbivorous insects in heterogeneous habitats has addressed insect
population responses to patch size, distance from source populations, habitat edges, and variation in
host stem density. Studies typically conclude that insect colonists respond positively to the area of host
plant patches, but there is little consensus on how insects respond to variation in host density at the
patch level. Although observed variation likely results partially from differences in study species and
focal habitats, deviations from expectations also may reßect the importance of unmeasured habitat
parameters. In this study of colonization by cicada Magicicada cassinii (Fisher) in an experimentally
fragmented old Þeld, we simultaneously examined landscape variation in patch size, distance from the
sources of colonization, and local host plant stem density (at a within-patch scale) and also considered
edge effects. Per stem colonization was positively related to proximity to the population source and
habitat patch size but negatively related to local host stem density. The effect of edge was nonsigniÞcant. When coarser scale estimates of local stem density (calculated by averaging the Þgures for
all quadrats within patches) were used in analyses, fewer signiÞcant main effects were found and
sometimes interactions occurred. Our study highlights the importance of including all potential
explanatory variables in analyses, with what we feel is a novel observation that the explicit consideration of Þne-scale, within-patch variation in local stem density can be important to the interpretation
of insect dispersal and colonization.
KEY WORDS cicadas, colonization, heterogeneous habitats, rough-leaved dogwood, host plant
density

IN THE PAST 20 YEARS, many studies have analyzed the
patterns and mechanisms of insect movement and
dispersal. This topic is key to several areas in insect
ecology, including metapopulation dynamics (Hanski
et al. 1994, Halley and Dempster 1996, Hill et al. 1996,
Kindvall 1999), habitat fragmentation (Cappuccino
and Martin 1997, Golden and Crist 1999, Summerville
and Crist 2001), optimal search strategies (Cain 1985,
Withers and Harris 1996), diffusion models (Kareiva
1983, Marsh 1995, Schneider 1999), and the role of
density dependence in dispersal (Stein et al. 1994,
Herzig 1995). Although the speciÞc question varies
among these studies, each addresses the role of spatial
factors as determinants of insect movements in heterogeneous habitats, including factors such as patch
size, patch quality (e.g., the density of food plants,
species composition within the patch, or the hostÕs
phenological state), distance from the source point of
dispersal, and amount of patch edge. Most studies vary
1 Current address: Department of Biological Sciences, St. Cloud
State University, St. Cloud, MN 56301.
2 Department of Zoology, University of Florida, Gainesville, FL
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one or two of these factors experimentally while keeping the others constant and then measure response
variables such as probability of colonization into different habitat patches, population densities, or local
persistence.
Although the experimental isolation of single factors is an essential starting point, it is also important to
understand the effects of different factors when they
operate jointly in a multivariate world. In this study,
we Þrst brießy review the literature on spatial patterns
of colonization by herbivorous insects. (We restrict
the discussion to this functional group, because the
relevant literature is very large and other well-studied
taxa such as parasitoids face different spatial challenges.) We address the four factors that occur most
frequently in the literature: patch size, distance from
a source, edge effects, and density of host plants.
Because of heterogeneity in spatial scale and target
variables in the studies of this brief review, which also
includes articles focusing on population abundance
and dispersion (not just movements per se), we do not
attempt a formal meta-analysis. We then describe the
results of a Þeld study of cicada Magicicada cassinii
(Fisher) (Homoptera: Cicadidae), which examines
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the joint effects of patch size, host plant density, distance, and edge on colonization in a heterogeneous
landscape. Finally, we suggest an explanation for the
apparent discrepancies in prior literature regarding
the role of host plant density in explaining distributions of insects, namely, the inßuence of Þne-scale
(within-patch) spatial heterogeneity in host densities.
Role of Patch Size. A recent review of the literature
concludes that an increase in patch size increases the
population size of insect herbivores (Connor et al.
2000). These Þndings Þt the theoretical expectation
that patch size increases both the probability of colonization and the likelihood of herbivore persistence
after colonization (MacArthur and Wilson 1967, Wilson and Simberloff 1969). Larger patch size has been
documented to increase the likelihood of colonization
for a diverse array of insect taxa, including grasshoppers (Kindvall 1999), butterßies (Harrison 1989, Hanski et al. 1994, Summerville and Crist 2001), leaf beetles (Bach 1986, Lawrence and Bach 1989), and ßies
(Eber and Brandl 1994, Eber and Brandl 1996). These
studies also have concluded that patch size increases
herbivore population numbers (as was also shown for
a guild of sap-feeding bugs; Raupp and Denno 1979).
By contrast, in some studies isolated host plants (i.e.,
very small habitat patches) were more likely to be
selected for oviposition (a form of colonization) by
butterßies (MacKay and Singer 1982, Shapiro 1984,
Zalucki and Suzuki 1987). However, these authors
indicate that their observations are explained by the
speciesÕ preferences for edge habitats, a related but
distinct phenomenon that is discussed below. High
populations of herbivores also can build up on small
patches if the capacity to disperse is very limited
(Doak 2000a). There are also examples reported of a
null relationship between patch size and abundance of
herbivorous insects (Grez and González 1995); this
may occur if the range of spatial scales in the study is
too small to see the expected effects.
Role of Distance from Source Population. Distance
from the source habitat is negatively associated with
the frequency of colonization or patch occupation in
many insect taxa, including beetles (Matter 1996,
Grevstad and Herzig 1997), sawßies (Stein et al. 1994),
butterßies (Harrison 1989, Hanski et al. 1994), and
grasshoppers (Kindvall and Ahlén 1992), as is predicted by theory (MacArthur and Wilson 1967, Wilson
and Simberloff 1969). In contrast, distance from
source to patch was found to be unimportant in ßies
(Eber and Brandl 1996) and moths (Förare and Solbreck 1997). This type of variation does not necessarily contradict theory, however, because species may
be able to colonize any patch within a range of short
distances (Grevstad and Herzig 1997), especially if
they are strong-ßying species (Dempster et al. 1995).
In addition, in some studies colonization probability is
increased at a distance for mobile species, if far
patches are followed by a hard dispersal barrier (a
“fence effect”); this effect has been found in some
springtail species dispersing between tussocks
(Hertzberg et al. 1994, Hertzberg 1997).
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Edge Effects. Some taxa seem to be attracted to
isolated hosts or those on the edges of habitat patches
(e.g., tingid bugs, Cappuccino and Root 1992; locustboring beetles, McCann and Harman 1990), particularly for mating assemblages (Rodenhouse et al. 1997)
or for oviposition. This edge effect has been especially
noted in the Lepidoptera (Courtney and Courtney
1982, MacKay and Singer 1982, Shapiro 1984, Cappuccino and Martin 1997). Because different insect taxa
have distinct preferences for the center or edges of
habitat patches, responses to edges can lead to induced patch size effects. Given the geometrical relationship of perimeter to area, with relatively more
edge in small patches, a species that is attracted to
edges may treat a very small patch (or single host
plant) as “all-edge” (Shapiro 1984, Courtney and Forsberg 1988). Conversely, other species may avoid edges
and concentrate on the patch interior; this may lead to
small patches being avoided (Matter 1996) or traversed without stopping (Kindvall 1999). It is important to distinguish edge effects from patch size effects,
per se, to develop a mechanistic underpinning for
landscape effects on behavior and population dynamics.
Role of Host Plant Density. Although there is reasonable consensus in the literature over the role of
patch size and isolation in determining the probability
and frequency of insect colonization, there have been
many conßicting reports about the effects of host plant
density. This topic has been the subject of an old
debate; see Stanton (1983) for a historical review.
More recently, Capman et al. (1990) wrote that the
“lack of agreement with theoretical predictions and
the conßicting results of many studies, suggest that
much remains to be learned about the relationships
between dispersion patterns of herbivorous insects
and their host plants.” Many results conclude that an
increase in host plant density leads to an increase in
herbivore populations, for example, in butterßies
(Cromartie 1975, Hanski et al. 1994), lygaeid bugs
(McLain and Shore 1990), and beetles (Bach 1980,
Turchin 1987). A simulation model (Cain 1985) predicted an increase in colonization success with host
density. An interesting variation on this idea is that a
positive relationship could saturate; the colonization
rate may increase with host density but eventually
level off (Rausher 1983). However, there are also
many studies that conclude that although host abundance (total host population size) increases herbivore
density, host density (numbers per area) is inversely
related to herbivore density. This largely unresolved
conßict has been stressed by Capman et al. (1990). An
inverse relationship between host and herbivore density is seen in some of the same broad taxonomic
groups that provide examples of positive relationships;
examples have been noted in butterßies (Hayes 1981,
Courtney and Forsberg 1988, Capman et al. 1990),
bugs (AÕBrook 1973, Smith and Linderman 1974), beetles (Pimentel 1961a, b; Bach 1988b), and ßies (Delobel 1982, Eber and Brandl 1994).
In a series of articles in the 1980s, C. E. Bach (Bach
1980, 1986, 1988a, b) explored the relationships be-
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tween patch size, host density, and herbivore population movements. One of the principal conclusions of
these studies was that the lack of general patterns in
the literature on the effects of plant spatial patterns on
herbivore density was due to confounding effects; the
abundance of nonhost plants and their increasing diversity with patch size can affect the arrangement and
abundance of host plants and thus indirectly inßuence
the ability of herbivores to Þnd and use their hosts.
The role of nonhost plants has been recognized by
Ellingson and Andersen (2002), and studies have
found positive effects of plant diversity on colonization (Morrow et al. 1989), negative effects (Kareiva
1985, Lawrence and Bach 1989), or instead observed
that dispersers simply ignore nonhost plants and
quickly move on (Withers et al. 1997).
These articles recognize that the distribution of host
plants can be affected by the distribution of other
plant species within a patch, which may inßuence the
spatial arrangement of host plants by consuming space
or resources, which then may affect the distribution of
specialist insect herbivores. Nonhost plants are only
one of many factors that can lead to such indirect
effects on the spatial dynamics of herbivores; the important issue for this study is that the local distribution
of host plants, whatever its derivation, is critical to the
understanding of population dynamics in the system
(Capman et al. 1990). However, some studies explicitly assumed that the arrangement of host plants
within the patches was uniform (Matter 1996, Kindvall
1999). This is not always unreasonable, but if host
densities vary widely within patches this assumption
could lead to incorrect conclusions. In a study of
butterßy dispersal in a heterogeneous landscape by
Summerville and Crist (2001), the inclusion of a measure of habitat quality (total cover of ßowering forbs)
for each habitat patch led the authors to the conclusion that habitat quantity (area) and habitat quality
are not necessarily correlated. For example, they suggest that moderately sized patches of high quality may
be equally as enticing to butterßies as large patches of
lower quality, a pattern that would be misinterpreted
without inclusion of a measure of host plant density.
In this article, we reanalyze data from our recent
study of M. cassinii in a fragmented landscape (Cook
et al. 2001, Cook and Holt 2002) to illustrate the interplay of spatial factors in insect dispersal. We document dispersal by cicadas into an experimentally
fragmented and previously uninhabited old Þeld site,
in which suitable habitat for oviposition varied in
patch size, distance from the neighboring forest, and
local host stem density (both within and between
patches). This project adds an additional spatial factor
to those commonly cited in studies of insect dispersal
in heterogeneous landscapes: variation in host densities at the within-patch scale. In general, we expected
that the inclusion of Þne-scale variation in local stem
density in a study design accounting for other commonly studied factors would help to provide a clearer
understanding of cicada responses to other landscape
variables. We expected statistical results to change
with this addition if there are any spatial correlations
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between any stem density and the other variables, and
in particular if within-patch variation in stem density
varies with patch size. These patterns seemed visually
apparent at the study site. We suggest that our results
highlight the importance of jointly assessing the impacts of host density, patch area, edge, and distance in
studies of insect dispersal.

Materials and Methods
Data were collected during and after the cicada
emergence of MayÐJune 1998 at the University of
Kansas Field Station and Ecological Reserves located
in northeastern Kansas (Cook et al. 2001, Cook and
Holt 2002). Cicadas emerged from the woods adjacent
to the study site, within which there was essentially no
prior cicada population (Cook et al. 2001). At the time
of the study, the site exhibited abundant stands of
woody plants, necessary for colonization by cicadas.
The insects opportunistically use a variety of trees,
shrubs, and woody vines (Williams and Simon 1995),
although a few species are avoided (White et al. 1982,
Cook et al. 2001). Our studies document the patterns
and implications of insect colonization into a “new”
habitat.
The study site contains a mosaic of habitat patches
(arranged to represent different degrees of habitat
fragmentation) arrayed within a closely mown interstitial matrix (Fig. 1). The patches occur in three sizes:
large (50 ⫻ 100 m), medium (12 ⫻ 24 m), and small
(4 ⫻ 8 m). The smaller patches are clustered into
groups, with an aggregate area spanned by the cluster
similar to a large patch (Fig. 1). Woody plant densities
vary tremendously over short spatial scales, leading to
high within-patch heterogeneity in all patch types
(Cook et al. 2005). The adjacent forest was determined to be the principal source of dispersing cicadas
(Cook et al. 2001). Multiple cicada species were active
in the region, as is typically the case, but only the single
species M. cassinii was observed in the study site.
[Note that although most recent references, including
those in this article, refer to the species as “M. cassini,”
the spelling in the original description is M. cassinii
(Fisher 1851), which we use in this article.]
Woody plant censuses were conducted at 452 permanent 4 by 4-m quadrats, with two sampling locations
per small patch and 30 per large patch, in which each
tree ⬎2 m is individually tagged and measured (Holt
et al. 1995, Yao et al. 1999). This level of sampling
provides the opportunity to look at plant abundances
at a Þne spatial scale and allows us to examine intrapatch heterogeneity. In the late 1990s, large portions
of the site had a canopy of up to 2.5Ð3.0 m in height,
whereas other areas remained dominated by grasses
and perennial forbs, creating a complex array of microhabitats from which invading periodical cicadas
could select. The dominant tree species in our midsuccessional community is rough-leaved dogwood,
Cornus drummondii C.A. Mey., comprising 93% of all
individuals taller than 2 m in 1998. Given the dominance of dogwoods, it is reasonable for our purposes
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Fig. 1. Diagrammatic map of Kansas Fragmentation Study, Nelson Environmental Study Area, Kansas Field Station and
Ecological Reserves, Jefferson County, Kansas.

to consider the site to consist of a monoculture of this
woody species, at least in areas where woody plants
exist.
A set of woody individuals were selected as potential colonization “targets” for cicadas. Dogwoods were
randomly selected from the 1997 data set of tagged
trees based on distance to the forest (near or far, Fig.
1), size of patch (large or small; medium patches were
omitted from this study), and tree density within the
local 4 by 4-m area (density classes of 1Ð2, 3Ð5, 6 Ð10,
11Ð15, and ⬎15 stems per 16 m2, summed across all tree
species). We selected 10 individuals for each combination of distance, patch size, and density, forming a
sample of 200 dogwoods in a three-way factorial design (Cook et al. 2001). Because we did not have an a
priori hypothesis about how far into a patch cicadas
would perceive the “edge” to extend, we considered
two possible deÞnitions of edge, within 2 m and within
4 m of the patch boundary, and classiÞed all study trees
according to these criteria. We were thus able to test
for an edge effect in large patches (we could not
investigate any such effects on small patches because
all trees occurred within 2 m of the edge). Unfortunately, because the distribution of trees is not even
throughout the site, and because the decision to study
edge effects occurred after the trees were selected,
sample sizes were not equal for this variable: when
edge was deÞned as within 2 m of the boundary, there
were 36 trees on the edge and 64 in the interior, and
when edge was deÞned as being within 4 m of the
boundary there were 81 on the edge and only 19 in the
interior.
Whereas the movement of individual cicadas is difÞcult to quantify directly, egg nests are very easy to
identify and count. Moreover, for colonization, what
matters initially is egg placement not just adult move-

ment because egg placement indicates the establishment of a multigenerational population within the site.
Thus, for purposes of this study we deÞne colonization
as immigration followed by oviposition, and our index
of colonization is the frequency of egg masses. After
mating, females lay eggs in the underside of small tree
branches, by using their ovipositors to make a linear
series of slits, almost always near the tips of branches
where the diameter is 3Ð11 mm (White 1980). A given
female can make multiple slits per stem and oviposit
on more than one stem. For each tree examined, we
selected the longest branch in each of the four cardinal
directions, determined the length of any slit series
within 50 cm of each end, and calculated the mean of
these four measurements. This average is used as the
dependent variable throughout this article.
Statistical Analyses. To explore the importance of
spatial factors in female cicada oviposition (colonization) decisions, we ran a series of general linear models (GLMs) on our cicada oviposition measure, mean
slit damage per woody stem. Although our objectives
were to investigate the interplay between four spatial
factors (patch size, distance, stem density, and edge),
we were not able to consider all four in the same
analysis, because small patches were “all edge,” and
analyses of edge effects were possible when considering large patches only. We thus performed statistical
analyses including data from all patches with patch
size, distance, and stem density as predictor variables
and later performed analyses on data from large
patches only with edge, distance, and stem density as
predictors.
First, we ran a GLM with patch size, distance to the
nearby forest, local stem density, and all possible interactions as predictor variables. In this and all subsequent GLMs, patch size and distance are categorical
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variables and local stem density is a continuous variable, thus creating mixed model analyses where stem
density occurs with one of the other variables. [This
Þrst three-way GLM is similar to that reported in Cook
et al. (2001), excepting that stem density is treated as
a categorical variable there.]
Although this GLM represented the best possible
method of evaluating the statistical importance of
(and the interplay between) patch size, distance, and
stem density, in our literature review we discovered
that most comparable studies of insect populations
considered fewer than three variables simultaneously.
We thus explored whether the inclusion or exclusion
of each variable affected conclusions regarding the
statistical signiÞcance of the others. We also ran all
possible GLMs with two of the above-mentioned variables and their interaction as predictors, and additional GLMs with each spatial measure as a single
predictor, and compared the various analyses to see
which factors were found to be signiÞcant in different
combinations.
Next, because most studies we reviewed used less
detailed stem density data than we had available, most
often as an estimate of stem density per patch, we
twice recalculated each of the above-mentioned
GLMs that included stem density class as a predictor
to compare our results from those in other studies. In
the Þrst such reanalysis, we aggregated our stem density data such that our measure of stem density was
average density over all quadrats within each patch,
rather than density per 4 by 4-m quadrat, and reran the
GLMs. In the second reanalysis, we further aggregated
the stem density data such that our measure of stem
density was average stem density of the entire 50 by
100-m cluster of patches (15 small patches or one large
patch; Fig. 1) and reran the GLMs. This allowed us to
determine whether our conclusions would change if
we had less Þne-scale data available on host plant stem
density.
To test for edge effects on oviposition, we performed two analyses (in each, only woody stems in
large patches are considered because small patches
lack both interior and exterior). 1) We ran a GLM on
cicada slit damage (colonization) on trees in large
patches, by using stem density (Þne scale and a continuous variable, as above), distance to the forest
(near or far), and whether the tree is at the edge of a
patch (within 2 m or not) as predictor variables. 2) We
recategorized trees according to whether they were
within 4 m of the edge and reran the previous GLM.

Results
The three-way GLM testing effects of patch size,
distance from the forest, and (Þne-scale) stem density
found that the magnitude of cicada oviposition (colonization) per stem depended statistically on all three
variables (Table 1). Cicadas were most likely to oviposit on dogwoods when they were near to the forest,
on large patches, and in low-density stands (Fig. 2;
Cook et al. 2001). All three primary variables thus had
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statistically signiÞcant effects, and none of the interaction terms were signiÞcant (Table 1).
Importance of Resolution in Stem Density Data.
The results of most statistical models, including host
stem density, changed with resolution in stem density
data (Table 1). When stem density alone was used as
a predictor, the GLM became nonsigniÞcant when we
used the lowest resolution stem density data. All two
factor models found both variables to be signiÞcant,
with no interaction, by using Þne-scale stem density.
Both two-factor models including stem density lost a
signiÞcant main term effect and gained a signiÞcant
interaction when patch-scale stem density was used,
and had even fewer signiÞcant terms when clusterscale stem density was used (Table 1). When we reran
the three-way GLM using lower resolution host density data, two predictor variables lost statistical significance when using patch-scale stem density, and none
were signiÞcant under cluster-scale stem density (Table 1).
Edge Effects. In the GLM analyses that included
edge as a predictor variable, distance to the forest and
stem density generally had signiÞcant effects (distance was marginally nonsigniÞcant when edge was
deÞned as ⬍4 m from the patch boundary). Edge
categorization did not have a signiÞcant main affect in
either GLM, and no interactions were found to be
signiÞcant at the 0.05 level (Table 2).
Discussion
This study shows that dispersing cicadas responded
to a suite of spatial variables (patch size, distance from
source, and stem density, but possibly not edge). Qualitatively, cicadas were more attracted to near and large
than small and far habitat patches and also to host
plants in thinner rather than denser stands. In our
system, the three primary variables (patch size, distance, and stem density) had statistically independent
effects (there were no interaction terms; Table 1). As
an example, this means cicadas comparatively preferred a large over a small patch when both are near
to the forest, but also when the pair was far from the
forest. Similarly, cicadas preferred trees in less dense
stands both within large patches and within clusters of
small patches, and preferred near to far patches to
some degree both when stem densities are greater in
large patches, or greater in small patches. Generally,
this statistical result indicates that all three preferences were always evident to some degree under all
circumstances, and no preference for one variable
trumped a preference for any of the others.
Although we consider the original three-factor
GLM to be the correct model for interpretation within
our system, the relative importance ascribed to these
factors in explanatory statistical models changed when
we reduced the measured spatial resolution in host
plant stem density by aggregating quadrats. Our reason for this exercise was to make the results from our
study comparable with data used in other studies; we
believe this justiÞes the risk of type I statistical errors
due to the performance of nonindependent analyses.
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Bold values indicate P ⬍ 0.05. Fine-scale host density is stem density per 4 by 4-m plot. Patch-scale stem density is stem density per 4 by 8-m small patch and by 50 by 100-m large patch. Cluster-scale host
density is stem density per 50 by 100-m cluster of patches (15 small patches or ine large patch).
a
All possible two-way interactions and a three-way interaction were considered. None were found to be statistically signiÞcant.
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Fig. 2. Effects of patch size, distance to the nearby forest, and local tree stem density on cicada slit damage on
C. drummondii. Mean slit length per outer 50 cm of branches ⫾ 1 SE are shown. Stem density is treated as a continuous variable
in statistical analyses but is used as a categorical variable here for purposes of clarity and because the study stems were
originally selected categorically.

The effect of this shift in resolution was to lose statistically signiÞcant variables, and sometimes to gain
interaction terms.
When resolution was decreased from the 4 by 4-m
level to the coarser patch level, stem density frequently ceased to be a statistically signiÞcant factor,
although sometimes occurred instead in interaction
terms. Thus, it seemed qualitatively (and artiÞcially)
that the preference for lower stem density was
trumped by the preference for patch size or distance,
or possibly that cicadas only preferred less dense host
stands when choosing among small or among large
patches only, or among near or far patches only. At
neither of the coarser scales of resolution in host stem
density would we have clearly recognized that the
three variables (patch size, distance to the forest, and
stem density) each had important and largely independent effects on cicada oviposition, and we would
have assumed a greater degree of situational dependence than was necessary. Not surprisingly, when we
considered fewer variables, fewer were found to be
important. More importantly, and confusingly, with
only partial information we might have concluded that
a preference for large patches trumped any preference for distance, but with another set of partial information we could have concluded the converse.
Statistically, although it has been suggested that the
loss of signiÞcant factors in the GLMs with changes in
stem density resolution is an effect of decreased sample size, we do not believe this explains our observations. Degrees of freedom used in the GLMs remain
unchanged between analyses with different resolution
in stem density, and in at least some combinations of
variables interaction terms come and go, which would
not occur if only changes in sample size were important. A better interpretation of these patterns is that

the loss of stem density detail in the later GLMs moves
components of variation from main term effects to
interaction and error terms, changing statistical signiÞcance. Thus, explicit recognition of within-patch
variation in stem density facilitates a more accurate
analysis, and helps to optimize the amount of variation
explained by model terms. If we had fewer spatial
variables available or coarser scale stem density information, we would likely have concluded that each
factor might matter, but depending on the exact analysis we could have arrived at conßicting criteria for
their impact on dispersing cicadas. Such differences in
the scale of spatial resolution among studies could
account in part for divergent patterns reported in the
literature.
Given the statistically signiÞcant and independent
effects of the three primary variables included in our
study (in the appropriate three-factor model; Table
1), we can now look at each spatial characteristic of
the landscape separately and suggest mechanisms to
explain the patterns observed. The simultaneous inclusion of all three spatial parameters, especially Þnescale spatial variation in host plant density, provides
useful insight into determinants of insect movements
in heterogeneous landscapes.
Patch Size and Distance Effects. Our results are
consistent with the considerable number of studies
that conclude that large habitat patches and those near
a source are more likely to be colonized by herbivorous insects (Kindvall and Ahlén 1992, Hanski et al.
1994, Hanski and Thomas 1994, Hill et al. 1996, Matter
1996, Withers and Harris 1996, Summerville and Crist
2001), as is predicted by theory (Gustafson and Gardner 1996). Large patches are probably selected due to
the greater abundance of oviposition sites (in our case,
tree biomass) there. Patches near the forest are likely
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Table 2. GLMs testing effects of distance to forest (near or far), local stem density (continuous or fine scale), and edge (at edge or
not) on cicada stem damage (oviposition) in large patches
Source
Edge deÞned as within 2 m of patch edge
Distance
Density
Edge
Distance*density
Distance*edge
Edge*density
Distance*edge*density
Error
Total
Edge deÞned as within 4 m of edge
Distance
Density
Edge
Distance*density
Distance*edge
Edge*density
Distance*edge*density
Error
Total

df

Seq. SS

Adj. SS

Adj. MS

F

P

1
1
1
1
1
1
1
92
99

454.76
1610.86
496.35
4.55
116.18
94.84
264.47
8342.22
11384.23

365.73
986.56
2.05
11.99
330.03
288.49
264.47
8342.22

365.73
986.56
2.05
11.99
330.03
288.49
264.47
90.68

4.03
10.88
0.02
0.13
3.64
3.18
2.92

0.048
0.001
0.881
0.717
0.060
0.078
0.091

1
1
1
1
1
1
1
92
99

454.76
1610.86
185.86
27.59
1.75
287.11
139.32
8676.98
11384.23

261.46
1209.06
20.42
77.18
82.08
289.36
139.32
8676.98

261.46
1209.06
20.42
77.18
82.08
289.36
139.32
94.31

2.77
12.82
0.22
0.82
0.87
3.07
1.48

0.099
0.001
0.643
0.368
0.353
0.083
0.277

preferentially selected because they are encountered
Þrst. Periodical cicadas can ßy 100 Ð200 m or more
(Karban 1981, White et al. 1983), but dispersal gradients have been observed over distances ⬍150 m, similar to our results (Karban 1981, Lloyd et al. 1982).
(The likelihood of dispersal also decreases even at
these short distances for small mammals and woody
plants at our site (Diffendorfer et al. 1995a, b;
Schweiger et al. 1999; Yao et al. 1999.)
Edge Effects. A variety of published studies reveal
a preference for edges for oviposition (Courtney and
Courtney 1982, MacKay and Singer 1982, Shapiro
1984, Zalucki and Suzuki 1987, Cappuccino and Martin
1997). An increase in herbivore numbers at edges has
been variously explained by an ovipositional response
to a shortage of hosts (Courtney and Forsberg 1988),
a statistical artifact (MacKay and Singer 1982), a behavioral response to the eggs of other females (Shapiro 1984), higher incidence of sunlight at edges
(Bowers and Stamp 1987), or other reasons (Cappuccino and Root 1992). In Cook et al. (2001), we hypothesized that periodical cicada oviposition damage
would be greater on small patches, because prior cicada studies found the greatest density of egg nests on
saplings at woodland edges (White 1980), which are
also the site of mating aggregations (Rodenhouse et al.
1997). We did not Þnd that to be the case, and we also
found no direct evidence that cicadas behaved differently within 2 or 4 m of a patch edge than in the
interior. However, it is conceivable that cicadas may
still preferentially colonize patch edges, based on two
lines of reasoning: 1) Given that most trees on the site
are ⬍3.5 m, the cicadas may perceive the entire site as
essentially “all-edge” (Simon et al. 1981; C. Simon,
personal communication), and edge effects could develop later in time. 2) Cicadas may view edges at a
scale other than 2 or 4 m, and thus we could overlook
edge effects because of constraints in our study design.
These possibilities remain speculative, and we must

conclude here that edge effects are probably not important in our system.
Variation in Host Density. The results of our study
shed light on discrepant results in the literature over
the role of host plant density in explaining the distribution of insect herbivores in a heterogeneous environment. Our results are consistent both with studies
that found that herbivore numbers increase with numbers of host plants (Cromartie 1975, Bach 1980,
Turchin 1987, McLain and Shore 1990, Hanski et al.
1994) and also with those that found that there is a
decrease in herbivore density with increasing host
density (Delobel 1982, Bach 1988b, Courtney and
Forsberg 1988, Capman et al. 1990, Eber and Brandl
1994). Controlling for density, the number of host
plants scales directly with habitat area. The apparent
conßict in causality of the two spatial factors is not a
conßict in our study; they each have independent
effects that are both detectable given the appropriate
study design. In this sense, our results are consistent
with those of Summerville and Crist (2001). The
broad, analytical, cross-taxon agreements between our
results and those of many other similar studies indicate
that this idea could be useful in explaining local distributions of herbivorous insects.
This decrease in oviposition per tree with an increase in host density could be explained by the cicadasÕ perception of the habitat as available biomass
rather than numbers of individual trees, because the
density, size, and shape of dogwoods vary considerably both within and between patches (W.M.C., personal observation). Other studies also link insect dispersal decisions to measures of plant size or quality:
sheer size of the plant and its contrast against the
background (Antolin and Addicott 1991), and how
“lush” a patch is, which is not necessarily dependent
on the number of stems (Herzig and Root 1996).
Other sensory cues have been suggested to be important: chemical cues (Ralph 1977, Morrow et al. 1989)
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and the spectral patterns of appropriate foliage
(Prokopy and Owens 1983). In their review of visual
detection of plants by herbivorous insects, Prokopy
and Owens (1983) strongly stressed the differences in
perception by insects at a distance from a habitat patch
(gross spectral contrasts and movement are important
due to the lack of clarity in images from compound
eyes) and at short distances from a patch (individual
trees may be detected rather than a clump). It seems
unlikely that periodical cicadas can distinguish the
number of trees from simple gross biomass from outside a patch. Also, isolated trees or those at the edge
of stands, which tend to have more axial foliage and
spreading branches, may take more damage than do
clumped trees with sparser lower branches, because
periodical cicadas strongly prefer to oviposit near the
ends of thin branches (White 1980, Williams and Simon 1995). Our results are logically consistent with
any of these ideas. Observed lower oviposition in
dense stands is likely not due to behavioral responses
to nearby eggs laid by other females (as it can be in the
Lepidoptera; Shapiro 1984), because Simon et al.
(1981) found cicada egg nests to be aggregated at
small spatial scales.
Our results may seem to be contrary to that of
the resource concentration hypothesis (Root 1973),
which predicts greater density (number per plant) of
specialist herbivores where their host plants are abundant. This issue continually arises when density of
herbivores and their hosts is investigated (Bach 1986,
1988a; Capman et al. 1990; McLain and Shore 1990),
but a simultaneous preference for large habitat
patches (i.e., ones high in resources) and a decrease
of herbivores with host density is possible in any patch
within which the host density varies. Indeed, in landscapes where the smallest patches can be considered
to be all-edge (Shapiro 1984, Capman et al. 1990) such
patches are likely to be too small to have any withinpatch variation and may even consist of only a single
plant (MacKay and Singer 1982). These situations are
highly likely to create an apparent conßict in the data
between preferences for large patches and for isolated
hosts, especially when host densities within large
patches are highly variable but low on average. However, if large habitat patches truly have both greater
abundances of host plants and uniformly higher host
densities than small patches, this will probably result
in a positive relationship of herbivore density with
both variables.
Analytically, it is critical to attempt to determine at
which spatial scales the study organism operates, and
whether behavior seems to vary from small to larger
scales. For example, Simon et al. (1981) found cicada
oviposition to be patchy at the scale of meters, but not
at the scale of tens of meters. Dispersing herbivores
may possibly perceive a heterogeneous “large patch”
as an aggregation of closely associated small patches,
and there the host biomass over the whole large patch
may not be important. The experimental design of our
site allows an investigation of this issue, because clusters of small patches occupy a total area (including
gaps between neighbors) equal to that of a nearby
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large patch (Robinson et al. 1992, Holt et al. 1995, Yao
et al. 1999). Capman et al. (1990) took an experimental
approach to investigate the importance of spatial scale,
when they found the now familiar pattern of simultaneous preference for large patches and less dense
stands. Dispersed patches were brought closer together experimentally, and the patch size effect in
oviposition per stem disappeared. Their insects probably no longer recognized the patches as distinct at
close distances, but instead responded to the distribution of small clusters of plants no matter whether
they were in large or small “patches.” Our system
probably represents for cicadas a comparable spatial
scale to that of two studies of butterßies in patchy
landscapes (Capman et al. 1990, Schultz and Crone
2001): too far apart for animals to move between
patches with no effects of distance, but too close to be
a true metapopulation (Harrison 1991, 1994; Hanski et
al. 1995; Eber and Brandl 1996; Förare and Solbreck
1997).
Movement within Patches. Although we have concentrated on the selection criteria used by individuals
approaching habitat patches, we also suggest that
within-patch movements contributed to the simultaneous patterns of greater colonization in large patches
and in less dense tree stands. Several authors have
discussed mechanisms that could lead to our observed
patterns. Cappuccino and Root (1992) discuss a mechanism where tingid bugs ran randomly into a patch but
then redistribute themselves within the patch by a
series of purposeful movements (also see Holt 1992).
Large patches could receive more cicada oviposition
per stem if the insects moved through habitat patches
more slowly when they contained greater numbers of
the host plant (Ralph 1977, Shapiro 1984, Turchin
1986, Withers et al. 1997) or if emigration was negatively related to patch size (Matter 1996, Kindvall
1999). Cicadas might have responded mechanistically
to simple gradients in host density (Ralph 1977), but
this is probably not the key explanation at our site
because it had a very patchy and complex tree distribution. Alternatively, cicadas searching for oviposition sites could have dispersed via several short ßights
between neighboring plants followed by a single
longer ßight, and then more short ßights (Withers et
al. 1997). Large patches contain more trees than do
small patches, and tree stands can be more continuous
and closer together in large patches. Cicadas dispersing from a stand in a large patch might have been more
attracted to nearby stands in the same patch, rather
than stands in adjacent small patches, which were at
a distance ⬇10 m away. However, this distance between patches is small compared with dispersal distances observed by other studies (Karban 1981, White
et al. 1983), so simple distance might not be much of
an impedance at this scale. Although the exact behavioral mechanism may not be certain, female cicadas
make many short ßights and sometimes multiple egg
nests, sometimes on completely different stems, so the
decisions that lead to a series of movements can affect
the pattern of oviposition (and thus colonization).
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Synthesis. Overall, we can summarize our characterization of the selection criteria used by dispersing
and ovipositing cicadas in a heterogeneous landscape.
Proximity to the source was an important criterion.
Because trees were more common on large patches as
measured both by absolute number and by average
density (Yao et al. 1999), cicadas were apparently
attracted to the greater amount of available woody
habitat found on large patches. Cicadas also were
attracted to isolated trees, but this is not necessarily
contradictory with the patch size preference. Our
interpretation is that cicada site selection operated at
multiple scales: at the coarse scale, the insects Þrst
selected a larger area (i.e., patch) with greater available tree biomass on which to oviposit and then possibly used different criteria while moving at a Þner
scale within the patches. Because local host density
varied greatly within large patches, damage from cicadas was either concentrated or diluted by the number of trees in a particular area. At the smaller scale,
the insects seemed to prefer trees in sparser stands, so
their overall pattern of movements involved the superposition of patch size effects (gross abundance)
onto within-patch heterogeneity (Þne-scale data on
local stem density).
Comparing our results to those of other studies of
insect herbivores in heterogeneous landscapes, we
suggest that our approach of simultaneously accounting for variation in patch size, distance to source areas,
and Þne-scale variation in host stem density is broadly
useful in understanding insect movements. Suggesting
the simultaneous inclusion of additional explanatory
variables, as we do here, is not new but critically
important to the analysis of observed patterns. More
interestingly, Þne-scale variation in host plant occurrence has been suggested as a critical factor explaining
the distribution of strongly dispersal-limited species
(Doak 2000b), but we think our interpretation of cicada movement is novel for species that have freedom
of movement within the scale deÞned by our study.
Apparently contradictory responses to patch size and
interpatch host stem density may be reconciled by
recognizing the scale at which focal individuals perceive stem density or choose to aggregate (Simon et
al. 1981), because behavioral mechanisms may thus
operate differently within habitat patches than between them. The literature on insect distributions in
heterogeneous landscapes includes many trends that
seem to apply across taxonomic groups, and recognition of the impacts of Þne-scale heterogeneity in host
density may help to clarify seemingly disparate results
among other studies.
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