
THE SPECIAL NATURE OF 
PLANT-BASED FOOD WEBS

Terrestrial food webs based on living plants
include a high proportion of global biodiversity.
Incorporating worldwide an estimated 310 000
plant species, 360 000 phytophagous insects and
400 000 carnivorous insects, the resulting food
webs contribute about 75% or more of global ter-
restrial biodiversity. Yet, not a single food web, out
of the thousands available for study, is understood
in terms of the mechanistic explanation of dis-
tribution, abundance and dynamics of all com-
ponents. Thus, this conference on ‘Food web
dynamics in spatial heterogeneity under multiple
disturbances’ is the beginning of a major challenge
to ecologists worldwide. In terrestrial food webs

based on plants there are three major points to
keep in mind: 

(1) The sources of heterogeneity.
(2) The size and specificity of the component

species.
(3) The relative strengths of connections between

bottom-up and top-down influences. These
will be discussed briefly in turn.

The sources of heterogeneity

Heterogeneity originates for many different
reasons and at many different scales. As hetero-
geneity is likely to be linked to the size of 
the organisms that experience the variation and
their specificity, these two points are obviously
tightly associated. Heterogeneity becomes extreme
for small, specialized organisms and extreme 
heterogeneity forms an important basis for under-
standing high species richness: an inevitable lock-
step association when the first trophic level is
living plants. A cycle of reciprocating intensity
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builds through the trophic system when species
interact in specific ways, for the interactions create
their own kind of heterogeneity.

Large-scale heterogeneity starts with steep 
gradients of latitude, altitude, precipitation and
temperature on which broad vegetation categories
can be mapped. Within such vegetation types
landscape dynamics create rivers, lakes, valleys,
slopes, mountains, swamps, bogs and marshes. In
this variable landscape plant species grow in zones
and patches depending on soil type, moisture,
aspect and many biotic influences such as compe-
tition, herbivory, mutualism and parasitism. The
‘habitat templet’, as Southwood (1977) called it, is
complex and rich in heterogeneity.

In the first trophic level of plants, the herba-
ceous species are the most diverse and the most
specific in their ecological requirements, and they
have speciated rapidly. This cause-and-effect in-
teraction of specificity, heterogeneity and species
richness is very clear. Shrubs and trees have slower
speciation rates and are less diverse than herbs 
and grasses (Levin & Wilson 1976). Nevertheless,
the plants in one area provide a very rich set of
resources as host plants providing food and shelter
for insect herbivores.

Plant species add an enormous heterogeneity 
of their own, relative to insect herbivores. First,
there are varying mixtures of plants over a land-
scape, some of them food plants, some of them not.
Second, each plant species provides many habitats
and food items such as leaves, stems, flowers, seeds,
fruits and roots, as well as bark and wood in woody
plants. Third, there are wide ranges in size and
chemistry of these plant parts making certain
plants or modules vary relative to the herbivores’
needs from high-quality habitat and/or food to low
quality, or even completely inhospitable.

The size and specificity of the 
component species

Such plant heterogeneity becomes extreme and
understandable when we appreciate the size rela-
tionships in plant-based terrestrial food webs.
Plants are generally large and the insect herbivores
are small. Taking an oak tree as an example, the
individual tree may weigh many metric tons
whereas an individual herbivore may weigh a few
milligrams. A difference in length of five orders of
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magnitude may exist. So the tree provides many
different kinds of places to live and feed, and many
species can coexist and exploit such a multiplicity
of resources. Consequently, an oak tree species 
can support about 300 species of insect herbivore
(Southwood 1961).

These insect herbivores also provide hetero-
geneity for the carnivore trophic level. Many car-
nivores, probably the majority, are smaller than the
herbivores, for the larvae feed as parasites on or in
the host, and these parasitoids are again specialists
on an insect species and on a certain life stage of
the insect: eggs, young larvae, grown larvae or
pupae. Host insects may live in sun or shade or in
moist or dry sites, and parasitoids and arthropod
predators respond to this kind of heterogeneity
also. Each herbivore species may be attacked by
five to 15 or more parasitoid species as well as
many small arthropod predators such as spiders
and insects. However, the system as a whole is
dominated in number of species by those with a
parasitic way of life, feeding in or on another living
organism. This applies to insect herbivores and
their parasitoids, and parasites generally evolve to
be very specialized in their host relationships
(Price 1980).

Emphasizing the size relations in terrestrial food
webs with plants and insects, and the inherent
specificity of most components, makes the contrast
with other food webs clear. In aquatic systems, 
be they freshwater lakes or rivers or marine, pri-
mary producers are very small, in the form of 
phytoplankton, and organismal sizes increase up
the trophic system to zooplankton, small fish and
larger fish. Hence, a single primary producer has
virtually no impact up the trophic web, but large
fish have strong impact down the system. Trophic
cascades are commonly observed (e.g. Carpenter 
et al. 1985). These systems are dominated by 
predation, with large organisms eating small and,
of necessity, being generalized in what they eat.
Even in grazing systems, common in lakes and
rivers, very few specialists exist in terms of what
they eat. In other food webs with vertebrate her-
bivores, grazing and browsing is usual, with large
herbivores eating small grasses and herbs in many
cases, and generalized diets prevail. Other terres-
trial systems not based on living plants as habitat
and food are also dominated by generalist feeders,
with much omnivory, cannibalism and predation,



as exemplified in Polis’s (1991) studies on the
desert community of the Coachella Valley, 
California. Detritivore food webs are similar.

Thus, while terrestrial food webs with plants,
insect herbivores and parasitoids may be viewed as
unusual, or even unique, relative to other types,
they are by far the most common in terms of
numbers of species involved. This is not a paradox,
nor is it unexpected. Yet, I feel that most ecolo-
gists are not aware of the magnitude of difference
between the types of food webs discussed above,
and the consequences for the scales of heterogene-
ity we must appreciate and understand for each
food web type.

The relative strengths of connections
between bottom-up and top-down
influences

Another consequence of large plants supporting
food webs composed largely of parasites is that
bottom-up effects through the trophic system are
likely to be very strong. The plant is the habitat
and food for the herbivores, and it is also the
habitat for the carnivores. Most insect herbivores
are relatively sedentary as immatures and many
live on a single plant, acting as true parasites.
Every herbivore must eat food, so food plants, their
quality variation and heterogeneity impact every
individual of every species and these, in turn,
impact the carnivores. Being largely specialists 
we should anticipate many detailed interactions,
mediated not so much by sight and rapacious
predatory acts, but by subtle aromas, body odors,
chemical signals and stealthy interactions. We
move into a world that is strange to us and hard
to fathom. As dominant large omnivores on this
planet we are particularly ill suited as students of
this world of specialists, extreme heterogeneity
and enormous subtlety.

Because the primary producers are plants, rela-
tively large organisms compared to insect herbi-
vores and carnivores, and because they provide
both food and habitat for higher trophic levels,
they have an inordinately strong impact up the
trophic system. We could remove carnivores or
herbivores in many cases and hardly observe an
effect on plant numbers. But remove the plants
and, of course, the whole food web collapses
(Hunter & Price 1992). Thus, I use the term

‘resource-driven webs’ in the title of this paper
intentionally to indicate that bottom-up effects are
profound, persistent and overbearing on numbers
of individuals in a species and numbers of species
in a community. The strengths of connections up
the food web are much stronger than the influence
down.

COMPLEXITY OF RESOURCES 
AND HABITATS

The constitutive chemicals in plants are composed
of nutrients, structural materials that provide
strength and resilience to soft tissues and metabo-
lites that act towards herbivores as attractants,
repellents, toxins or digestibility reducers. All
these affect herbivores in many ways, too many to
discuss in one short paper, but one figure summa-
rizes many of the interactions (Fig. 1). The effects
move either directly or indirectly up the trophic
system. Many chemicals are volatile and act as
body odor, which attracts some herbivores and 
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Fig. 1. Examples of chemically mediated interactions
known to occur in plant–insect herbivore–parasitoid
communities. Specific examples of interactions 1–26
are provided in Price (1981). Arrows are placed against
the responding organism. Thick solid lines and solid
arrows illustrate attraction to a stimulus (e.g. 1, 4, 11,
24). Thin solid lines and open arrows illustrate repul-
sion (e.g. 3, 13, 17, 26). Thin dashed lines show indi-
rect effects such as interference with another response
(e.g. 2, 12, 19). From Price (1981).



carnivores and repels others, just as humans are
attracted or repelled by certain phytochemicals.
Then, in turn, herbivores may emit odors that
attract or repel enemies, and carnivores may be
attracted to plant volatiles as a mechanism for
finding hosts or prey.

Thus, the term ‘food web’ oversimplifies what
really is a web of multiple interactions in the case
of communities based on terrestrial plants. The
web involves habitat, food, and other chemicals
affecting components of the web in multiple ways.
If we forget the complexity of these multiple com-
ponents of such interactive webs, we cannot pos-
sibly appreciate the dynamics, heterogeneity and
the role of disturbance in such communities.

Living plants, as food and habitat, are not
passive in the interactions but they react to her-
bivory by releasing chemicals and changing defen-
sive metabolites in many cases (e.g. Dicke 1988;
Dicke et al. 1990; Karban & Baldwin 1997). Car-
nivores are attracted to damaged plants, such that
the plants influence directly the numbers of indi-
viduals in a herbivore species and their predators
(e.g. Turlings et al. 1990; Turlings & Benrey 1998;
Turlings & Fritzshe 1999). Damaged plants can
even become repellent to insects other than the
species causing damage (Bernasconi et al. 1998).
This means that the community richness is
depleted relative to one based on a non-reactive
food source. Thus, plants increase heterogeneity 
in response to herbivore damage within indivi-
duals and within populations. Individuals may
show locally induced responses to damage-induced
defenses and induced chemical emissions; and
individuals in a population are likely to vary in the
presence and intensity of induction. Effects pass up
the trophic system.

Physical characteristics of plants also play
important roles in food webs, not just on herbi-
vores but also on carnivores, both directly and
indirectly (e.g. Norris & Kogan 1980). Trichomes
commonly interfere with foraging by small herbi-
vores and carnivores alike. They may even change
evolved herbivore behavior significantly, which
influences the herbivore–carnivore interaction. 
For example, trichome structure influences leaf-
mining behavior, which changes vulnerability to
parasitoids (Gross & Price 1988). Tissue tough-
ness, surface waxes and silica bodies all contribute
to plant resistance and heterogeneity and effects
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pass up the trophic system. As an example, tough
tissues are less digestible so that herbivores must
feed longer in the short term and also take longer
to maturity, making them more vulnerable to 
carnivore attack (e.g. Feeny 1975, 1976). Also, 
the growth of plants, from small to large, from
seedling to maturity, changes habitat structure
enormously and the suitability of plants for herbi-
vores and carnivores (e.g. Price 1976, 1992). In
addition, as plants become larger at maturity, from
herbs to shrubs to trees, so the number of associ-
ated insect herbivore species increases (Lawton &
Schröder 1977), as must also the carnivores. As
geographic range or patch size of plants increases
so do the number of associated herbivores (Strong
1974, 1979; Price 1997).

Plants clearly impact evolved characters of
insect herbivores including the obvious adapta-
tions of physiology and biochemistry involved
with digestion of food, but also evolutionary re-
sponses to feeding, behaviors relating to oviposi-
tion, life-history evolution that favors synchrony
with high-quality food, and the evolution of
crypsis, camouflage or aposematic coloration rela-
tive to the plants’ background pattern. These
evolved characters of insect herbivores in relation
to plant traits have been treated in a huge amount
of literature, so only some general references will
be provided here (Bernays & Chapman 1994; Price
1997; Speight et al. 1999).

LANDSCAPE AND GEOGRAPHIC
VARIATION

For specialized insect herbivores, host plant
density varies over a landscape and geographically,
with concomitant change in habitats for herbivores
and carnivores alike. Interactions will change over
these scales also because each species on each
trophic level has individualistic adaptations and
requirements; the interaction with a herbivore or
carnivore species is only one of many aspects of the
life of the individual. For example, parasitoids may
feed for several weeks in one habitat and then move
to another to find host species. The juxtaposition
of resources in a landscape is significant for many
species components of food webs, a fact well under-
stood in agriculture where crop field and fallow
ground are best left in close proximity. Food web



components are not necessarily fixed in one place
but move over a landscape seeking out their indi-
vidual and extensive needs.

Food web structure changes dramatically over
the geographic range of species. For example, one
parasitoid species, Hoplismenus morulus, is distrib-
uted over most of the USA (Price 1981). In the
northwest, one host herbivore is available which
feeds on 10 plant species in six families, all in
mesic woodland. In the northeast, three host in-
sects are available which feed on 21 plant species
in 12 families, again all in mesic woodland. In the
southwest, three host herbivore species are also
available but are spread over 44 plant species in 17
families and in three habitats: chaparral, mesic
woodland and mesic herbaceous vegetation.
Clearly, the variation in heterogeneity and interac-
tions is extreme, the complexity of food web 
structure changes dramatically even for one para-
sitoid species and then there are many other com-
ponents that vary as much but in different ways.
Comparative studies on such varying food webs
would be rewarding.

On an even larger geographic scale, vegetation
types influence herbivore distribution signifi-
cantly. One example is the bottom-up influence
from plant type to local insect herbivore richness
of gall-inducing species (Price et al. 1998). Sclero-
phyllous components of vegetation appear to favor
the evolution and persistence of gall-inducing
species, with their usually very rich parasitoid
members of the food web. Thus, in vegetations
around the world dominated by sclerophyll or
xerophyll vegetation, local species richness in-
creases dramatically at the herbivore and carnivore
trophic levels. Such vegetation types include
campina, chaparral, cerrado, fynbos, Kwongan,
matorral, maquis and other Mediterranean-type
vegetations. Similar effects are seen in all vegeta-
tion types in relation to certain kinds of insect her-
bivores and carnivores.

Specialized insects and other herbivores such as
fungi, bacteria and viruses, will also be influenced
profoundly by genetic variation in plants at all
scales, from individuals to geographic distri-
butions and such plant variation drives genetic
variation in herbivores. The ‘geographic mosaic of
evolving interactions’ is Thompson’s (1994) phrase
for this interaction among genotypes, which may
well result in coevolution among tightly associated

trophic levels such as plants and specialist insect
and fungal herbivores (e.g. Thompson 1999 and
associated papers). One example of the profound
effect of plant genotype on insects and higher
trophic levels involves hybrid swarms of cot-
tonwoods (Populus angustifolia ¥ fremontii), gall-
inducing aphids, fungi and birds (e.g. Whitham
1989; Dickson & Whitham 1996).

THE MULTIFACETED INTERACTION
WEB

Very briefly, I have addressed seven factors that are
basic to food webs founded on living plants, all
illustrating the very strong and overriding influ-
ences from the bottom up in these resource-driven
food webs (Table 1). (i) Plants as food; (ii) plants
as habitat; (iii) physical properties of plants; (iv)
adaptation of insects to the plant habitat and food;
(v) chemical constituents of plants; (vi) induced
chemical reactions of plants; and (vii) landscape
and biogeographic variation in vegetation types
and food web richness. Can we claim that any other
trophic level has such a multifaceted influence on
the other two or more trophic levels? The answer
is clearly ‘no’, for terrestrial food webs based on
living plants in which the majority of components
are usually specialized in host use. When we argue
that there is a top-down influence it is used in a
very narrow sense, of biomass or number reduction
by a higher trophic level, while forgetting all the
other influences moving up the interaction web.

I use the term ‘interaction web’ advisedly,
because the term ‘food web’ is much too narrow a
term. Thompson’s (1997) term of ‘interaction bio-
diversity’ carries a similar emphasis on the increas-
ing complexity of interactions as life diversifies. If
we are to understand food webs we must under-
stand all facets of the interaction web, with at least
seven major factors involved, as noted above. From
the perspective presented here, interaction webs
based on living plants are clearly dominated by
bottom-up, resource-driven processes.

Thompson (1982) emphasized ‘the interaction
structure of communities’ in the last chapter of his
book, noting that knowing the species structure of
a community or food web tells us little more than
a telephone directory informs us about a city. It 
is the nature of the interactions that shape 
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community components, and those components
providing the most interactive mechanisms will
have the most profound effects. As Hunter (2001)
has implored, if we are to be clear in conveying
ecological ideas our terminology should be exact
and explicit. In this sense, the term ‘food web’
grossly oversimplifies our meaning, our interest
and our study of what really are ‘interaction webs’.
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