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Competition has been widely discussed as a process that may structure communities 
of plants and animals. Its role in insect communities is less clear, especially as many 
insect species do not appear to compete for resources. However, such communities 
could still be structured by “apparent competition” where the species interact through 
shared natural enemies. We explore recent attempts to assess whether apparent com-
petition may structure herbivorous insect communities. Communities can be described 
by quantitative food webs from which the potential for apparent competition can be 
inferred. We illustrate both the construction of a diverse quantitative food web and a 
field experimental test of apparent competition using our work on leaf-miner commu-
nities in Belize. We consider how a spatial perspective may be incorporated into our 
leaf-miner community research, and speculate about the shape of apparent competition 
kernels and their relevance for the structure of herbivorous insect communities.

Introduction

Are ecological communities haphazard collec-
tions of species with a composition moulded by 
historical accident and contingency, or are they 
shaped by biological interactions such as com-
petition, predation and parasitism? This ques-
tion has been at the heart of community ecology 
since the 1960s when MacArthur and others 
identified resource competition as the key proc-
ess structuring animal communities (MacArthur 
1958, Connell 1961a). Since then the relative 
popularity of contingency and competition have 
fluctuated. The early 1980s saw the introduc-
tion of null models with more prominence being 
given to non-equilibrial and stochastic factors 

(Connor & Simberloff 1979, Wiens 1984, Ches-
son & Case 1986). A much more critical attitude 
to evidence of competition structuring communi-
ties developed, which spurred a series of careful 
studies, particularly in plants, that quantitatively 
documented competition using experimental 
manipulation (e.g. Gurevitch 1986). Today the 
prevalent view may be changing again with the 
development of neutral models of biodiversity 
that argue that many macroecological patterns 
shown by plant communities can be generated 
by models incorporating no biological interac-
tions (Hubbell 2001). However, most ecologists 
now accept that competition has the potential to 
affect the structure of certain ecological commu-
nities some of the time.
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But can competition ever be important in 
structuring communities of species that seldom 
come near to exhausting their resources? Spe-
cifically, our concern in this paper is whether 
competition can structure communities of her-
bivorous insects. This is not a side show: herbiv-
orous insects and the natural-enemy food chains 
based on them may include more than 50% of 
all described species, a large proportion of the 
world’s biodiversity.

Early attempts to address this question were 
influenced by two schools of thought. First, 
Hairston et al. (1960) proposed that “the earth is 
green”. What they meant by this is that competi-
tion could not be the dominant force structur-
ing herbivore communities because there was 
so much uneaten green food in the environment. 
Natural enemies must regulate herbivores below 
their carrying capacity. These ideas were further 
developed into a general theory in which the pro-
ductivity of the environment determines whether 
the natural enemies of herbivores are abundant 
enough to prevent them from competing for 
resources (Fretwell 1977, 1987, Oksanen et al. 
1981). A factor that complicates the application 
of these ideas is the poorly defined trophic struc-
ture of arthropods that feed on insect herbivores, 
and the prevalence of intraguild predation (Polis 
et al. 1989).

The second school was initiated by Murdoch 
(1966) who challenged the idea that “the earth is 
green” because of herbivore control by natural 
enemies and instead emphasised that plants are 
protected by physical and chemical defences. 
Janzen pithily encapsulated this view when he 
said the earth isn’t green, but coloured “quinones, 
tannins and anthocyanins” (Janzen 1979). Like 
the Ancient Mariner surrounded by undrinkable 
water, herbivores are surrounded by poisonous 
or indigestible food. The little that can be eaten, 
perhaps young foliage or certain plant tissues, is 
competed for, but such competition has no effect 
on the bulk of unavailable food that colours the 
earth green. This view is supported by the clear 
specialisation of many insect herbivores on the 
most nutritious tissue, and the prevalence of 
“bottom-up” effects, when herbivore population 
densities are strongly influenced by plant quality 
and nutritional status (Price et al. 1980).

While there is no doubt that some insects 

are specialised on the most nutritious tissue, 
very many have more catholic tastes (Novotny 
& Weiblen 2005). Moreover, it is rare to find 
plant tissue that attracts no herbivorous insects. 
The demonstration of a bottom-up effect of 
plant quality on herbivores does not exclude the 
possibility of top-down forces (through natural 
enemies) also occurring (Haukioja 2005). In fact 
most ecologists now agree that bottom-up and 
top-down forces interact to affect herbivorous 
insect populations (Hunter & Price 1992, Denno 
et al. 2005). So “the earth is green” may be a 
little simplistic, but we believe it still encap-
sulates an important truth: that competition is 
unlikely to be significant for many contemporary 
herbivorous insect communities.

A further factor limits the extent to which 
competition may structure herbivore commu-
nities. The plant trophic level is diverse and 
frequently made up of a large number of spe-
cies. Most herbivores only feed on a subset 
of these, quite often only a single species and 
those that do feed on the same resources often 
exhibit highly diverse feeding modes and spe-
cialisation for different plant parts. Inter-specific 
competition cannot occur if species lack shared 
resources. Of course, the fact that herbivores 
have non-overlapping resources may itself be a 
result of competition — the ghost of competition 
past (Connell 1980). Such structuring could be 
identified by defining an appropriate null model 
and looking for non-random patterns of host use. 
We are not aware of convincing demonstrations 
of past competition in herbivorous insects that 
exclude the alternative hypotheses we discuss 
below, but acknowledge that defining sensible 
null models is very difficult.

Apparent competition

If competition is not a major factor structuring 
the bulk of herbivorous insect communities, is 
there an alternative? If two species are consumed 
by a shared natural enemy then they can interact 
in an indirect manner (Williamson 1957). Holt 
(1977) formalised this theory, calling the process 
“apparent competition” on the grounds that the 
patterns it generated could appear to be caused 
by competition. Apparent competition is defined 
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as a reduction in the population density of one 
species when the population density of a second 
species increases, with the interaction mediated 
by a numerical increase of a third species at a 
higher trophic level (Holt 1977). Short-term and 
long-term apparent competition can be distin-
guished by whether it involves an aggregative 
behavioural response or a reproductive numeri-
cal response of the natural enemy (Holt & Kotler 
1987). Holt (1977) argued convincingly that 
shared natural enemies could structure a commu-
nity in the same way as competition for shared 
resources. In exactly the manner that two species 
cannot co-exist on a single shared resource, two 
species cannot co-exist if they share a natural 
enemy that treats them identically. With com-
petition, the species that wins out is the one that 
can persist on the lower level of resource (the R* 
rule; Tilman 1982); with apparent competition, 
the persistent species is the one that can support, 
in the absence of the other species, the highest 
density of natural enemies at equilibrium (the 
P* rule; Holt et al. 1994). Thus a natural enemy 
may at a particular locality have only one prey or 
host, but this may not be a result of any physical 
or physiological constraint, but a consequence 
of apparent competition. This has been termed 
dynamic monophagy (Holt & Lawton 1993), 
or by analogy to resource competition could be 
referred to as “the ghost of apparent competition 
past”. In competition theory, species can co-
exist if they have sufficiently non-overlapping 
resources, and will evolve to fill vacant niches. 
Similarly, differences in predator or parasite pro-
files will allow co-existence in the face of appar-
ent competition, and it is predicted that species 
will evolve to colonise enemy-free space (Jef-
fries & Lawton 1984).

There are thus marked symmetries between 
competition and apparent competition, but there 
are also differences. In competition theory, 
resources are often, but not always, assumed to 
have very simple dynamics, and intra- and inter-
specific competition tend to lead to the stable 
co-existence of the persistent set of species. This 
is particularly true for plant communities where 
resources are abiotic, or sessile animal com-
munities where the limiting resource is space 
(Connell 1961b, Dayton 1971). For herbivorous 
insects attacked by predators, parasitoids and 

pathogens, the dynamics tend to be oscillatory. 
The two paradigmatic models of natural enemy 
dynamics, the Lotka-Volterra predator–prey and 
the Nicholson-Bailey host–parasitoid, show neu-
tral and divergent oscillations respectively (Has-
sell 2000). Much research over the last thirty 
years has been directed at trying to understand 
how predator–prey and related interactions per-
sist in the face of this inherent tendency for 
unstable oscillations. Theory and experiments 
have shown many different processes may be 
involved, and that it is unlikely that any one is 
predominant (Hassell 2000). As a result, theo-
retical studies of apparent competition are neces-
sarily complicated because of the assumptions 
that are made about how individual interactions 
are stabilised, and how these processes operate 
in a multi-species setting.

Apparent competition can also be viewed in 
the context of a broader class of theories of indi-
rect interactions. If the population density of the 
focal species increases rather than decreases in 
concert with the second species then the result-
ing interaction can be called apparent mutualism 
(Abrams 1987, Abrams & Matsuda 1996). An 
obvious example of this is when a top predator 
attacks the intermediate predator of a herbivore. 
This is a trophic cascade from the top predator to 
the herbivore (possibly also affecting the inter-
mediate predator and the food plant or plants) 
(Polis et al. 2000). More subtle apparent mutu-
alisms occur. Consider two herbivores with a 
shared natural enemy. If one increases in density 
and in consequence the shared predator switches 
to feeding on it, then the other herbivore experi-
ences apparent mutualism. Indirect interaction 
theory also distinguishes between two ways in 
which the indirect effect occurs: by a density-
mediated or a trait-mediated change (Abrams et 
al. 1996, Krivan & Schmitz 2004). The trophic 
cascade discussed above is an example of an 
effect mediated by changes in density of the 
intermediate species. The example of switching 
just given could be a case of a trait-mediated 
interaction where natural enemies interact with 
prey by inducing changes in prey phenotype. 
Other trait-mediated effects may involve modi-
fying traits as diverse as behaviour, morphology, 
and life history (Werner & Peacor 2003). Short-
term and long-term apparent competition men-
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tioned above normally involve trait-mediated 
and density-mediated interactions, respectively 
(Holt & Kotler 1987).

The role of apparent competition in 
structuring communities

How can we assess the possible structuring force 
of apparent competition in herbivore communi-
ties? As with “real” competition we can take 
a macro-ecological approach and try to distin-
guish patterns in actual communities that differ 
from a suitably constructed null model. This has 
proved difficult, particularly because when we 
move beyond herbivores to include their natural 
enemies, we still have relatively little informa-
tion about herbivore-based insect community 
structure. However, while strict quantitative tests 
have remained elusive there is considerable cir-
cumstantial evidence pointing to its significance 
(Jeffries & Lawton 1984, Holt & Lawton 1994).

The second way to demonstrate apparent 
competition is through direct experimentation 
on components of the community. There are 
still relatively few studies that have sought to do 
this with insect herbivores (Chaneton & Bonsall 
2000). The first was not a designed experiment 
but made use of a natural invasion. A species of 
leafhopper feeding on grapevine invaded Cali-
fornia and this led to a reduction in density of a 
resident congeneric species, which also fed on 
grapevine. Of course this decline may have been 
due to direct competition, but Settle and Wilson 
(1990) make a persuasive case that the invader 
precipitated an increase in density of a shared 
egg parasitoid that preferentially targeted the res-
ident leafhopper. Working with aphids, our group 
has shown on several occasions that aphids feed-
ing on different plant species may show short-
term apparent competition mediated by insect 
predators (Müller & Godfray 1997, Rott et al. 
1998), and also that some species are unable to 
invade a community, even though a suitable host 
plant is present, because of the actions of the 
resident predator assemblage (Müller & God-
fray 1999). In the aphid communities we study, 
predators seem to have a far more important 
impact on aphid densities than parasitoids, prob-
ably because the latter are heavily attacked by 

secondary parasitoids (which thus have a posi-
tive effect on the aphids). Secondary parasitoids. 
however, do have an impact on primary parasi-
toids, mediating apparent competition between 
species (Morris et al. 2001). There are also 
some examples of apparent competition between 
herbivorous mites mediated by predatory mites 
(Karban et al. 1994, Hanna et al. 1997, Van Rijn 
et al. 2002).

A spatial perspective on apparent 
competition

The majority of both theoretical and experimen-
tal studies of apparent competition have lacked 
a spatial component (but see Bonsall & Hassell 
2000, Holt & Barfield 2003). How might a con-
sideration of space help us to understand herbiv-
ore communities structured by natural enemies? 
Classical competition theory provides several 
examples of spatial mechanisms and patterns for 
which there are likely to be apparent competi-
tion counterparts. Character displacement occurs 
when two species occupy similar niches in allo-
patry but divergent niches in sympatry (Fenchel 
1975). It has been argued that species that shared 
natural enemies might evolve to occupy different 
regions of enemy-free space in sympatry (Jef-
fries & Lawton 1984). Species that cannot co-
exist locally may co-exist regionally as a mosaic 
with different species exploiting the resource 
at different sites (Shurin et al. 2004). Similarly 
where dynamic monophagy occurs, a natural 
enemy might coexist with a different prey or 
host at different sites (Holt 1984). Such a pattern 
might occur if there was a colonisation/competi-
tion trade-off with one prey or host being able 
to tolerate higher levels of attack (the equivalent 
of a superior competitor), and the other being 
a superior colonist (this assumes a ubiquitous 
predator). The outcome might be a metacom-
munity, a set of local communities linked by 
dispersal of multiple potentially interacting spe-
cies, which can show very different dynamics to 
a local community (Leibold et al. 2004). Central 
to all these examples is the dispersal ability of 
the natural enemies that mediate the indirect 
interactions. At present our knowledge of the 
mobility of these natural enemies is very limited, 
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not only as a result of logistical difficulties in 
measuring insect movement, but also because 
of variation amongst species and the difficulties 
of generalisation (Roland & Taylor 1997, van 
Nouhuys & Hanski 2002, van Nouhuys 2005).

In the remainder of this chapter we describe 
first how we have attempted to explore the 
role of apparent competition using a largely 
non-spatial approach and then return to discuss 
how we might include a spatial perspective, 
and what this might tell us. We begin with ways 
of describing herbivore/natural enemy commu-
nities, and assessing the potential for indirect 
effects, through the construction of quantitative 
food webs. We then describe how the webs can 
be used to generate hypotheses about indirect 
interactions that can be tested by manipulation 
experiments in the field, and illustrate this with 
our field experimental test of apparent competi-
tion in a leaf-miner–parasitoid community. We 
then discuss how we might incorporate a spatial 
perspective into this research and what this might 
tell us, reanalysing our experimental data as an 
example. We finish by introducing the concept 
of apparent competition kernels, and discussing 
their significance for the dynamics and structure 
of herbivorous insect communities.

Quantitative food webs

In order to understand the potential for indirect 
effects to structure communities of herbivorous 
insects and their natural enemies, it is necessary 
to have some means of describing the commu-
nity, ideally in a manner that allows compari-
son across systems. Food webs are an obvious 
means of doing this, although classical food 
webs are a rather blunt tool for this purpose. 
Classical food webs normally only incorporate 
presence/absence data about interactions and 
often agglomerate sets of similar species into 
functional groups or even trophospecies (Polis & 
Winemiller 1996). The lack of quantitative infor-
mation and resolution to species level makes it 
particularly difficult to look for the type of pat-
terns that apparent competition or other indirect 
interactions might generate.

Quantitative food webs, with all species and 
trophic links expressed in the same units of den-

sity, overcome these problems, though at the cost 
of considerably greater labour in their construc-
tion. Indeed, it is probably not possible to con-
struct a quantitative food web resolved at species 
level for a complete ecosystem (the mere attempt 
to collect the data would probably perturb it 
beyond its natural state). But if one is interested 
in the structuring of a guild or module then one 
can argue that at least provisionally it is justifi-
able to restrict the food web to that assemblage.

Over the last ten years, our group and col-
laborators have built quantitative food webs of 
aphids and their natural enemies (Müller et al. 
1999), and of leaf mining insects and their para-
sitoids (Memmott et al. 1994, Rott & Godfray 
2000, Valladares et al. 2001, Lewis et al. 2002). 
Other groups have collected equivalent data for 
lepidopteran folivores (Henneman & Memmott 
2001) and for gall-forming insects (Schonrogge 
& Crawley 2000). To describe the approach in 
more detail we concentrate on our study of leaf 
mining insects in tropical Central America.

How to create a leaf-miner–parasitoid 
quantitative food web

Leaf miners are a taxonomically heterogeneous 
group of insects that all share the same larval 
feeding habit — they feed inside the leaf lamina, 
making a characteristic mine which normally 
appears white or a lighter shade of green than 
the leaf because the chlorophyll bearing tissue 
has been wholly or partly consumed. The leaf 
mining habit is widespread and has evolved a 
number of times in the Lepidoptera, and is also 
common though more taxonomically restricted 
in the Diptera. Leaf mining beetles (Coleoptera) 
are also common, especially in the tropics, and 
there are a few temperate, leaf mining sawflies 
(Hymenoptera: Symphyta) (Hespenheide 1991). 
Virtually all leaf miners are attacked by parasi-
toids that lay their eggs on or in their hosts inside 
the mine. Mortality frequently exceeds 50%, 
and more species of parasitoid are found attack-
ing individual leaf miner species than hosts in 
any other feeding guild (Hawkins 1994). Tax-
onomically, leaf miner parasitoids are almost 
exclusively Hymenoptera, in particular from the 
families Eulophidae and Braconidae. Facultative 
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secondary parasitism is common, that is a para-
sitoid female will often lay an egg on whatever 
already occupies the mine, a host larva or a fully 
or partially fed parasitoid larva. Obligate second-
ary parasitism, where certain species specialise 
as parasitoids of parasitoids, is rare in this feed-
ing guild (unlike, for example, aphid-parasitoid 
assemblages).

Leaf miners have many advantages and a 
few disadvantages as model systems for study-
ing herbivore community structure. First, if their 
communities are structured by natural enemies 
then the overwhelmingly most likely group to 
be responsible is parasitoids, and hence efforts 
can be focused on just one group. Leaf miners 
do suffer from predation, by birds and ants for 
example, but these tend to be relatively minor 
sources of mortality (though see Memmott et al. 
1993, for an exception). Second, the mine forms 
a semi-permanent record of the presence of its 
creator, facilitating quantitative sampling even 
after the insect itself has died or become an adult. 
Mine morphology is also normally sufficient 
for species identification (in combination with 
knowledge of the host plant). Third, rearing leaf 
miners and their parasitoids is relatively simple 
and their small size makes this easier to do in 
bulk in the laboratory. Fourth, the parasitoids of 
leaf miners are almost exclusively restricted to 
hosts within this feeding niche. There are few 
if any links between this host–parasitoid com-
partment and other herbivores and their natural 
enemies. The two main disadvantages are that 
being small insects their taxonomy can be chal-
lenging, especially that of their parasitoids where 
in the tropics very few have been described and 
even morpho-typing is far from straightforward. 
It is also seldom possible to disentangle quanti-
tatively the intraguild predation among the para-
sitoids without extensive dissection and, ideally, 
molecular studies.

Obtaining the data to build a quantitative 
food web is conceptually straightforward and 
can be done in a variety of ways. Typically we 
(1) estimate the density of leaves of different 
host plants at the study site, (2) estimate the 
proportion of leaves of each host plant mined by 
the species that attack it, and (3) rear samples of 
mines to obtain the frequency with which differ-
ent parasitoid species attack each host. There are, 

however, a number of possible sources of bias. 
Estimates of leaf miner densities should be based 
only on tenanted mines, or should be corrected 
for the length of time vacated mines are present. 
For leaf miners with one generation a year on 
a deciduous host plant, sampling for leaf miner 
density may be done most easily immediately 
the last mine is vacated. In estimating rates of 
parasitism, collections for rearing should not be 
made too early to preclude parasitoid attack, but 
even late collections may to some degree under-
estimate parasitism. More specific sampling 
issues are discussed by Memmott et al. (1994), 
Rott and Godfray (2000), Valladares et al. (2001) 
and Lewis et al. (2002).

The Belize leaf-miner–parasitoid 
quantitative food web

An example of a quantitative food web is shown 
in Fig. 1. The data were collected in hurricane-
affected moist tropical forest in the Chiquibul 
Forest Reserve in south-west Belize. The web 
includes all leaf miners found at the 8500 m2 

study site, 93 species of moth, beetle and fly, 
which were attacked by 84 species of parasitoid. 
272 species of plant were found in the study site, 
of which 71 were attacked by leaf miners. For 
clarity, the plants are not included in the food 
web; the majority of leaf miners are monopha-
gous and the majority of host plants are attacked 
by only one leaf miner species.

The two trophic levels, hosts and parasitoids, 
are represented by a series of bars in a lower and 
an upper register, respectively. Each bar within 
a register represents a host or parasitoid species, 
the width of the bar representing that species’ 
abundance. Hosts and parasitoids could be drawn 
at the same scale, but because parasitoids are 
always less abundant than hosts we depict them 
on a magnified scale so that their relative abun-
dance can be discerned more easily. Parasitoids 
are linked with their hosts by “wedges”, their 
relative widths at the parasitoid end denoting the 
fraction of the parasitoid population developing 
on that host.

The web tells us a number of things. First 
it reveals the complexity of the community, the 
extent to which it is interlinked. Let the numbers 
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of host in the web be H and the number of para-
sitoids P. As all parasitoids must develop on at 
least one species of host, the minimum number 
of links in the web is P and the maximum is 
H ¥ P. So if we define the number of observed 
links as L then the statistic C = (L – P)/P(H – 1), 
which must be in the range 0 ≤ C ≤ 1 gives a 
measure of the connectivity. For our web, C = 
0.027, indicating a relatively sparsely connected 
community. How can we assess the robustness 
of this statistic? If we sampled more intensively 
we might discover new species and new links. 
We cannot know this of course, but we can 
use the quantitative information in the web to 
explore what we would have concluded had we 
sampled less thoroughly. In Fig. 2 we plot the 
value of C for a series of webs in which we have 
started by omitting the weakest link and then 
progressively excluded more and more links in 
order of increasing strength (with link strength 
defined as natural logarithms of the number of 
links per m2). The x-axis denotes the threshold 
link strength below which a link is excluded, and 
we allow a parasitoid to “disappear” when all its 
constitutive links are omitted. Removing links 
does lead to a decrease in our connectance sta-

tistic, slowly at first and then more rapidly until 
all remaining parasitoids attack just a single host 
(and hence C = 0). Because C declines slowly at 
first we conclude that sampling more intensely 

Fig. 1. Quantitative leaf-miner–parasitoid food web. The two series of bars represent the abundance of leaf miners 
(bottom) and parasitoids (top), and the width of the links between the two trophic levels represent the relative fre-
quency of each host–parasitoid association. The letters A and B refer to the two species removed in the manipula-
tion experiment (Calycomyza sp. 8 and Pentispa fairmairei respectively), and the bars and links in the two lighter 
shades of grey represent the species predicted to be affected by the manipulation. Letter C refers to Pachychelus 
collaris, the species affected by removal of species B. From Morris et al. 2004.
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Fig. 2. Connectance of the leaf-miner–parasitoid food 
web when links are excluded in order of increasing 
strength. The x-axis denotes the threshold link strength 
(as natural logarithm) below which a link is excluded. 
A parasitoid “disappears” when all its constitutive links 
are omitted.
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would lead to the discovery of further links, but 
not to a substantial increase that would alter our 
conclusion that this is a relatively poorly con-
nected community.

Second we can explore the potential for indi-
rect effects. This increases with connectivity, C, 
but is also influenced by the precise architecture 
of the food web. The web in Fig. 1 consists of 
eight disconnected subwebs, though of the 134 
species of hosts and parasitoids fully 118 are in 
one subweb, the other subwebs consist either of 
single pairs of hosts and parasitoids (five exam-
ples) or of groups of three species (two exam-
ples). Consider all pairs of hosts in the web, of 
which there are H(H – 1)/2 = 1225. Now ask if a 
connection can be traced between each member 
of a pair through intermediate hosts and para-
sitoids. Then classify the pair by the number of 
intermediate parasitoids in the shortest link. Let 
Ai be the fraction of pairs whose shortest con-
necting path contains i parasitoids, and define AØ 
as the fraction of pairs that have no connections 
at all because they are in separate compartments 

(unconnected subwebs). For the Belize web: A1 
= 0.21; A2 = 0.34; A3 = 0.13; A4 = 0.006 and AØ 
= 0.30. Thus despite the relatively low connect-
ance, the vast majority of the hosts in the main 
subweb are linked through either one (30%) or 
two (48%) intermediate parasitoids. This sug-
gests a considerable potential for indirect effects 
to propagate through the web.

There are other statistics and tests for struc-
turing that can be carried out on the web, but its 
other main function is to generate hypotheses 
about indirect effects that can then be tested in 
the field, and it is to this we turn in the next sec-
tion.

Testing for apparent competition 
in a quantitative food web

In order to look more closely at the potential for 
apparent competition occurring in a quantitative 
food web, quantitative parasitoid overlap graphs 
can be constructed (Müller et al. 1999). These 
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each species represent-
ing the potential influence 
of the other species as a 
source of parasitoids.
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show the extent to which hosts are likely to be 
dynamically linked by shared parasitoids. Define 
dij as the probability that a parasitoid attacking 
species i developed on species j (where j may be 
the same species as i). We calculate dij as

 

where aik is the strength of the link between host 
i and parasitoid k. Implicit in this calculation is 
the assumption that parasitoids of one species 
show no host races or spatial segregation within 
the study site. The quantitative parasitoid over-
lap graph for the Belize leaf-miner–parasitoid 
community is shown in Fig. 3 which reveals that 
most leaf miners share parasitoids with at least 
one other leaf miner species. The probability that 
two leaf miner species share parasitoids, in other 
words that their dij is non-zero, is strongly influ-
enced by the abundance of species j. Therefore 
most indirect interactions are likely to be asym-
metric with the common species having a greater 
effect on the rare species than vice versa.

Quantitative food webs and quantitative 
overlap graphs only reveal a snapshot in time 
of a community or assemblage. In order to 
test whether dynamic interactions like appar-
ent competition are occurring we have to carry 
out manipulation experiments. Using the quan-
titative overlap graph for the Belize leaf-miner 
community, we identified two common leaf 

miner species, a fly and a beetle, that had the 
potential to interact with several other species 
through apparent competition. These two spe-
cies, a monophagous dipteran, Calycomyza sp. 
8 (Diptera: Agromyzidae), and an oligophagous 
coleopteran, Pentispa fairmairei (Coleoptera: 
Chrysomelidae), both attacked the same host 
plant, the vine Lepidaploa tortuosa (Asteraceae). 
We eliminated both focal species from the com-
munity by removing L. tortuosa in six replicate 
treatment plots in a 54 000 m2 study site along 
the length of a track through the forest (for details 
see Morris et al. 2004). The treatment plots were 
paired with six control plots (Fig. 4), in which 
we removed a similar amount of vegetation from 
plants that were not attacked by leaf miners. The 
manipulation was repeated 6 months later to pre-
vent re-growth of the host plant in the treatment 
plots, which might have allowed the manipu-
lated herbivores to re-invade the experimental 
plots, and the consequences of the manipulation 
assessed after 10–12 months (approximately 5–6 
leaf miner generations later).

Based on apparent competition theory, we 
predicted that the removal of these species 
would lead to a reduction in the numbers of the 
parasitoid species that attacked them, and that 
this would in its turn increase the abundance 
of those hosts in the web dynamically linked 
to the removal species. Both Calycomyza sp. 8 
and Pentispa fairmairei share parasitoids with 
many leaf miner hosts. We focus on twelve 
common dipteran miners (all Agromyzidae) that 
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Fig. 4. Spatial arrangement of the six pairs of treatment and control plots for the manipulative experiment testing for 
apparent competition in a quantitative food web. Treatment plots are shaded and control plots unshaded. The plots 
were situated along a track, surrounded on either side by forest. For sampling purposes each plot was subdivided 
into five sections each 100 m in length, which were classified as (1) central, (2) near-central and (3) marginal.
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are dynamically linked to Calycomyza sp. 8, and 
one beetle miner, Pachyschelus collaris (Coleop-
tera: Buprestidae) that is dynamically linked to 
Pentispa fairmairei. Detailed results and analy-
sis can be found in Morris et al. 2004. Here we 
show the results for the comparison of the abun-
dance of the two classes of host in treatment and 
control sites.

In both cases the abundance of miners was 
higher in treatment compared with control sites 
(Fig. 5). For the dipteran miners the result was 
significant (F1,48 = 4.24, P = 0.022) while for the 
beetle the trend was not significant (F1,5 = 1.39, 
P = 0.14). Parasitism of the leaf miners was high 
over this period, averaging 51% for the flies and 
88% for the beetle.

The response of the dipteran leaf miners to 
the manipulation provides strong support for our 
predictions from apparent competition theory, 
while that of the coleopteran is weaker but con-
sistent (alternative explanations are discussed 
but considered unlikely by Morris et al. 2004). 
We believe these results are the first experimen-
tal demonstration of long-term apparent com-
petition in a natural community of herbivorous 
insects and they support suggestions that interac-
tions mediated by shared natural enemies may 
be a significant factor in structuring natural com-
munities.

Incorporating spatial scale into 
quantitative food webs

All food webs inevitably summarise informa-
tion collected over a particular spatial scale and 
a particular time scale, and although ecologists 
have been encouraged to document the spatial 
and temporal scales at which they have made 
their observations (Cohen et al. 1993), this is 
not always done. For direct interactions (her-
bivory or predation) we can observe whether 
two species interact. For indirect interactions, 
things are less straightforward: species that 
appear from food webs to be linked indirectly 
may in reality be isolated in time or in space. 
For example, if two hosts share a common para-
sitoid, but occur on spatially isolated host plants 
that rarely grow in close proximity (taking into 
account the mobility of the parasitoid), the 
opportunities for apparent competition between 
these herbivores may be greatly overestimated 
if the food web data are used uncritically. The 
extent to which food webs accurately reflect 
dynamic interactions structuring communities 
will thus depend on the appropriateness of the 
scale over which trophic interactions have been 
recorded.

So far, the scale at which our quantitative 
food web data have been collected has been 
determined as much by practical considerations 
as by consideration of the spatial scale over 
which indirect effects are likely to propagate. 
These considerations suggest some straightfor-
ward modifications of the methods used for 
gathering quantitative food web data to allow the 
webs to be interpreted in a spatial context. This 
might be achieved simply by recording the spa-
tial location of individuals and interactions, and 
arranging the sampling protocol in such a way 
that spatial heterogeneity within plots is not con-
founded with temporal changes in the commu-
nity (as is the case if, for example, a quantitative 
sample is taken along a single transect or within 
a single quadrat at each sampling interval). We 
believe that such a modification could be easily 
incorporated into sampling regimes, and whilst 
this would inevitably increase the necessary 
work, the resulting data would open the way 
for a wide range of spatially explicit analyses of 
direct and indirect interactions.
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Fig. 5. Effect of species removal on leaf miner abun-
dances one year after the manipulation. Estimated 
effects with standard errors are shown for the two 
response groups expressed as difference in density of 
leaf miners per plot caused by treatment, controlling for 
mean effects of plot and species. The null hypothesis is 
no change. From Morris et al. 2004.
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The Belize apparent competition 
experiment: a spatial analysis

Experiments to test hypotheses about apparent 
competition and other indirect interactions must 
be carried out at an appropriate spatial scale. 
Experimental plots should be large enough to 
ensure that the local populations of species in 
adjacent plots are not mixing completely, whilst 
allowing a certain amount of immigration and 
emigration to play a realistic role in within-plot 
interactions. In reality there is always likely to be 
a trade-off here between maximising treatment 
effects, and employing an experimental design 
that is logistically feasible. Although the initial 
analysis of our apparent competition experiment 
was not spatially explicit, we can say something 
about spatial effects because each control and 
treatment site was a 500 m linear stretch of “gap 
vegetation” growing along a track, which we 
divided into 100 m sections for sampling.

We used these data to investigate whether 
there is an edge effect for each plot, predicting 
that individuals nearer to the margins of treat-
ment plots will be less affected by the manipula-
tion than those in the centre. To do this we clas-
sified the 100 m sections as (1) central, (2) near-
central — the two 100 m sections either side of 
the central section, and (3) marginal — the two 
100 m sections at the edges of the plot (Fig. 4). 
Six species of dipteran that shared parasitoids 
with Calycomyza sp. 8 were common enough for 
us to use in this analysis.

There were significantly more leaf miners in 
the near-central parts of treatment plots compared 
with the controls (average increase of miners per 
plot: 7.58 ± 4.57, p = 0.05), and there was a trend 
for the same response in the central areas (2.48 
± 2.18, p = 0.13 — note that the central area is 
smaller than the other two and hence the statisti-
cal power to detect differences is reduced). In 
the marginal areas there was a non-significant 
decrease in leaf-miner density (–1.84 ± 2.23, p 
= 0.20). These results, admittedly rather crude, 
suggest that manipulations at spatial scales of 
more than 100 m will be required to study appar-
ent competition at least in this system. This is 
consistent with the results of our manipulative 
field experiment that provided evidence of appar-
ent competition using plots of 500 m in length. 

We hypothesise that this scale may reflect the 
typical movement patterns of the parasitoids that 
we believe mediate the indirect effects.

Apparent competition kernels

For sessile organisms like plants, competition 
is expected to be most intense when individuals 
are close together, and to decline with distance. 
Competition kernels describe how the strength 
of competition experienced by an individual 
depends on its number of neighbours and their 
distance, and possibly on other factors such as 
species identity and relative size (Law et al. 
2001, Purves & Law 2002). An understanding 
of competition kernels is extremely valuable 
allowing, for example, the prediction of eco-
logical succession and the final make up and spa-
tial structuring of the community (Bolker et al. 
2003). What is the equivalent for phytophagous 
insects? The majority of phytophagous insects 
are relatively monophagous and thus can only 
be influenced by competitors on the same host 
plant species. The competition kernel will thus 
be strongly influenced by plant distribution. In 
a highly diverse environment such as a tropical 
rainforest, where individuals of the same species 
may be widely separated, the resulting competi-
tion kernel may be very narrow.

Extending the notion of a competition kernel 
to include apparent competition changes the pic-
ture. Insect herbivores that previously had no 
effect on the kernel because they fed on differ-
ent host plants (or perhaps were in some other 
way spatially separated, for example in differ-
ent forest strata) can now influence its shape. If 
apparent competition is genuinely an important 
structuring force in insect communities, then 
their dynamics and structure are likely to depend 
critically on the neighbourhood over which 
apparent competition occurs (Morris & Lewis 
2002). This in turn will largely be a function of 
food web structure and natural enemy mobility. 
As mentioned earlier in this chapter, at present 
we have very little information on the mobility 
of parasitoids and other categories of natural 
enemy. Quantifying this, and measuring the scale 
over which indirect interactions can propagate, 
should be a priority for future work.
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Concluding remarks

We have discussed the structuring role of appar-
ent competition in herbivorous insect communi-
ties, and explored how a spatial perspective may 
be introduced. We argue that apparent competi-
tion is as likely as traditional competition to 
produce spatial patterns, and believe that search-
ing for patterns such as mosaic distributions and 
character displacement caused by shared natural 
enemies is very worthwhile. Our work up to now 
on the role of apparent competition in tropical 
leaf-miner communities has involved the con-
struction of quantitative food webs and a large-
scale manipulative experiment, though with a 
largely non-spatial approach. In this chapter we 
have considered the importance of spatial scale 
on the outcome of this experiment and our pre-
liminary analyses indicates the value of explic-
itly taking this into account.

Ecologists naturally start off investigating 
simple trophic interactions at single sites in the 
field. To make their studies more realistic, both 
spatial processes and great community com-
plexity can be introduced. For obvious logistic 
reasons, these two dimensions of added realism 
have tended to be explored independently, at 
least by experimental ecologists. Studying and 
especially manipulating spatially extensive com-
munities will be challenging, but the rewards of 
greater insight into how natural communities are 
structured are likely to be great.
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