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ABSTRACT. Insects that feed on the foliage of trees can influence the quality of forest soils by dropping
frass (feces) and leaf fragments to the floor. They can also modify the chemistry of rainwater that passes
through the forest canopy. The effects of herbivore activity on forest soil processes are poorly understood.
Potentially, insects may change soil fertility and the rates of decomposition of leaves that have fallen to
the ground. This literature review examines our present understanding of these top-down impacts of forest
canopy herbivory on soil processes.
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ecological studies because of the logistic challeng-
es of access and the difficulty of carrying out ex-
periments many meters above the ground (Low-
man et al. 1993, 1996, Lowman 1995a, Reynolds
& Crossley 1995, Rinker et al. 1995). From a per-
spective of sampling design, the components of the
canopy include (1) the tree crown itself, (2) sessile
organisms (e.g., trees, vines, epiphytes and epi-
phylls), (3) mobile organisms (e.g., birds, mam-
mals, and insects), and (4) canopy processes (e.g.,
herbivory and nutrient cycling) (Lowman & Mof-
fett 1993, Lowman & Wittman 1996). Canopy
processes are perhaps the most difficult to study
experimentally because they require measurements
of both sessile and mobile components over time.
The study of canopy processes, however, is crucial
because of the ecological linkages between the
treetops and the forest floor (see Seastedt & Cros-
sley 1984, Lowman & Morrow 1998).

HERBIVORES AS MEDIA TORS OF
FOREST PROCESSES

By consuming plant material, herbivores influ-
ence decomposition and nutrient cycling in com-
munities (Pitelka 1964, Schultz 1964, 1969, Kitch-
ell et al. 1979, Swank et al. 1981, Pastor & Cohen
1997). Experimental studies have confinned the
role of vertebrate herbivores as mediators of de-
composition processes in terrestrial systems
(Mclnnes et al. 1992, Molvar et al. 1993, Pastor
et al. 1993, Ritchie et al. 1998). Both empirical

INTRODUCTION
ECOLOGICAL LINKAGES IN THE CANOPY

To know the forest, we must study it in all aspects,
as birds soaring above its roof, as earth-bound

bipeds creeping slowly over its roots.
(Alexander E Skutch 1992)

The word, canopy, is principally a botanical
term and, for our purposes, refers to all above-
ground vegetation in a plant community (Nad-
karni 1995, Parker' 1995, Moffett 2000). Accord-
ing to scientists in the field, each plant commu-
nity has a canopy (Seastedt & Crossley 1984).
Each tree has a canopy (see Lowman 1995b,
Reynolds & Crossley 1997). A temperate forest
and a tropical forest each have a canopy. Tech-
nically speaking, even an orchard, a lawn, a golf
course, and a kelp forest have canopies. This sys-
tems-wide term includes plants and all their
aboveground associations. Contrast this with the
word "crown" which, in the parlance of profes-
sional forestry, refers exclusively to the upper
part of a tree but not to its attending flora and
fauna (Winters 1977). The term, canopy, denotes
community architecture as well as species com-
position, nutrient cycling, energy transfer, plant-
animal interactions, and conservation issues from
the ground to the community-atrnosphere inter-
face. For the purposes of this article, however, the
term refers specifically to forest systems.

Forest canopies largely have been ignored in
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(Ruess & Seagle 1994, Lovett & Ruesink 1995)
and theoretical studies (Loreau 1995, De Mazan-
court et al. 1998, De Mazancourt & Loreau 2000)
suggest that herbivory, by both vertebrates and in-
vertebrates, can have significant effects on decom-
position and nutrient availability in soils.

Canopy herbivory and soil processes in forest
systems, however, have not yet been linked in
one study. Canopy processes (e.g., defoliation)
are coupled to forest floor processes (e.g., de-
composition) through inputs of leaf and twig lit-
ter, canopy throughfall, and inputs from frass,
the excretory products of insect digestion
(Schowalter & Sabin 1991, Schowalter et al.
1991, Lovett & Ruesink 1995). Defoliation by
insects in forests may impact primary productiv-
ity and nutrient cycling (Mattson & Addy 1975,
Kitchell et al. 1979). Wilson (1987) argued forc-
ibly that insects in forests are vital components
of the ecosystem with effects more pronounced
than those of vertebrates. Although the impact
of insects on forest systems is controversial (Ter-
borgh 1988), it remains largely untested by ex-
perimental manipulation. A considerable pro-
portion of forest canopies can be turned over
annually by insect herbivores (Lowman 1992),
yet the consequences of herbivory for decom-
posers such as soil fauna are largely unexplored.
Schowalter and Sabin (1991) reported increases
in litter arthropod diversity and abundance fol-
lowing defoliation of saplings, but effects of de-
foliator inputs were not distinguished from de-
foliator-induced changes in rnicroclimate.

Evidence exists, however, indicating that de-
foliation can influence forest soil processes. In-
sect herbivory can actually enhance nitrogen ex-
port from forest ecosystems (Swank et al. 1981,
Reynolds et al. 2000). Low-to-moderate defoli-
ation levels by forest insects can have significant
effects on nutrient cycling (Schowalter et al.
1991); Some evidence suggests that nitrogen is
immobilized in frass by fungal decomposers
(Lovett & Ruesink 1995), although a field test
of nitrogen dynamics following defoliation is
sorely needed (Lerdau 1996). Likewise, the ev-
idence is strong that defoliation influences the
chemistry of throughfall (Seastedt & Crossley
1984, Schowalter et al. 1991) and subsequent
nutrient export (Swank et al. 1981 ). Interactions
among canopy herbivores, soil fauna, and the
processes of decomposition, however, remain to
be quantified (Schowalter et al. 1986, Risley &
Crossley 1993, Reynolds & Hunter 2001).

(Hunter 1992). Variation in the phenology of
leaf flush and leaf loss occurs at several spatial
scales with differences among forest types,
among tree species, among different populations
of the same tree species, among individual trees
within the same population, and even among
canopy layers within individual plants (Lowman
1992, 1995a, Heatwole et al. 1997). The origins
of such phenological variation (genetic, onto-
genetic, and/or environmental) and 1he ecologi-
cal consequences for the trees and the commu-
nities within which they live remain matters for
debate (Phillipson & Thompson 1983, Hunter
1992). Phenological variation in leaf flush and
leaf fall, however, clearly provides the kind of
spatial and temporal heterogeneity in resource
availability that determines the form of interac-
tions among organisms in natural communities
(Dajoz 2000). For example, several authors have
suggested that differences among trees in their
budburst dates are related to insect herbivore
performance and population density. In general,
oaks that burst bud early in spring have higher
insect herbivore densities and suffer greater lev-
els of defoliation than those that burst bud late
(Hunter 1990, 1992). Spatial variation in bud-
burst phenology determines herbivore load and,
consequently, influences canopy-wide defolia-
tion levels and the distribution of frassfall and
greenfall to the forest floor. In at least one sys-
tem, variation in the timing of leaf expansion of
forest trees is thought to have a cascading effect
through the trophic system from plants through
insect herbivores to avian predators (Hunter &
Price 1992).

Leaf abscission is another critical event in the
dynamics of a forest. Spatial and temporal var-
iation in the timing of leaf fall influences her-
bivore densities and may determine patterns of
foraging by herbivores within and among trees.
Leaf fall also represents one major pulse of re-
source input into the decomposer community on
the forest floor. Thus, spatial and temporal var-
iations in leaf abscission are reflected in varia-
tion in the activities of decomposers.

LEAF PHENOLOGY AS A REGULATOR OF
INSECT HERBIVORY

Generalities about differences between tem-
perate and tropical forests must first acknowl-
edge the broad variation in a single latitude
(Lowman 1995a). Nonetheless, most broad-
leaved trees in temperate forests produce new
foliage in spring and drop old foliage in fall.
Foliage is largely absent for the rest of the year,
as are insect folivores; and the availability of
young expanding leaves shows a marked peak
in the spring.

PLANT PHENOLOGY AND HERBIVORY

Trees exhibit significant variation in both bud-
burst date and the timing of leaf abscission
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gence of insect folivores that begins with the
rains (Aide 1992). Even in tropical dry forest,
however, more interspecific variability in phe-
nology is apparent than in temperate forests.

The phenological responses of insect herbi-
vores to leaf emergence are arguably even more
pronounced in tropical wet forests than they are
in temperate forests (Dajoz 2000). Most herbiv-
ory on tropical forest leaves occurs very early
during expansion and may be even more skewed
toward young leaves than defoliation in temper-
ate forests (Reichle et al. 1973). The accumu-
lation of herbivory throughout the forest should
still occur more evenly through the year in wet
tropical forests than in temperate forests. Despite
clear pulses of leaf expansion in tropical wet for-
ests, new leaves are still produced over extended
periods. Data presented by Coley and Aide
(1991) suggest, for example, that during eight
months in Oak Ridge, Tennessee, no new leaves
were produced on trees compared with only two
months at La Selva, Costa Rica, and four months
in Semego, Sarawak. Although both tropical wet
forests and temperate forests exhibit seasonal
peaks in leaf expansion, those peaks are broader
in the tropics.

In European temperate forests, dominated by
oaks, the temporal distributions of herbivores
closely track leaf expansion. The work by Feeny
(1970) on the English oak, Quercus robur, dem-
onstrated a spring-skewed species richness of
oak herbivores. A second smaller peak in late
summer/fall includes species that respond to a
second flush of oak foliage resulting from spring
defoliation. Yet more than 95% of the total de-
foliation on Q. robur occurs between budburst
in April and the beginning of June, presumably
because of seasonal declines in foliage quality
(Feeny 1970, McNeil1 & Southwood 1978). As
leaves age, they generally become lower in total
nitrogen and water (Mattson 1980) and are often
higher in fiber, lignin, and polyphenols than are
younger leaves (Cates 1980). Inevitably, exam-
pies occur of insect herbivores that prefer ma-
ture foliage (Cates 1980), but defoliation events
are most usually associated with young leaves
(Dajoz 2000). In rain forests, young leaves are
more extensively grazed by insect herbivores
than are old leaves (Lowman 1984, 1992). In
most deciduous forests in the eastern United
States, folivory also is skewed toward leaf emer-
gence (Reichle et al. 1973).

The tropics are not aseasonal. Most plants in
the tropics produce new leaves periodically rath-
er than continuously, and some synchrony oc-
curs among different plant species, suggesting
adaptive responses to biotic or abiotic variables
(Van Schaik et al. 1993). Nonetheless, leaf
emergence in tropical wet forests does not ex-
hibit the same pronounced seasonal peak as in
temperate forests. Much more interspecific var-
iability in leaf flush and leaf fall exists in trop-
ical wet forests than in temperate forests. For
example, in a French Guianan forest, each de-
ciduous tree species appears to exhibit its own
endogenous periodicity for shedding leaves
(Loubry 1994). A 12-year study of flowering for
173 tree species at La Selva Biological Station
in Costa Rica concluded that tree phenology was
highly diverse, irregular, and complex (News-
trom et al. 1994). The authors also concluded
that many tropical tree species show greater var-
iation in phenology than do temperate species.
Data on fruit fall from the Luquillo Experimen-
tal Forest in Puerto Rico suggest that, despite
strong seasonal pulses in fruit production, a
stand in some part of the forest is always in peak
fruit production (Lugo & Frangi 1993). Tree
species in Australian rain forests show a diver-
sity of leaf flush phenologies from seasonal to
continuous (Lowman 1992). Tropical dry forests
show more seasonal patterns of leaf flush than
do tropical wet forests, and the production of
new foliage appears to peak toward the end of
the dry season, perhaps avoiding the peak emer-

SOIL PROCESSES IN TEMPERATE AND
TROPICAL SYSTEMS

Leaf litter decomposition is a continuous pro-
cess in wet tropical forests (Cuevas & Medina
1988) as opposed to a pulsed process in tem-
perate forests. The annual litter input at the
Coweeta Long- Term Ecological Research
(LTER) site in North Carolina, for example, oc-
curs mostly from November to January (Swank
& Crossley 1986). In other months, a small
amount of greenfall occurs with minor inputs
into nitrogen pools in the forest floor (Risley &
Crossley 1993). Tropical forest leaf litter varies
widely in decomposition rates and resource
quality because of such leaf features as phyto-
chemistry and toughness. Some dominant trees
may respond to droughts by dropping leaves,
thus producing a peak of litter inputs (Cuevas &
Medina 1986). The general pattern for wet trop-
ical forests is one of continual litter inputs, con-
tinual nutrient inputs via throughfall, and contin-
ual herbivory in the canopy (Cuevas & Medina
1986, 1988).

Forest soil fauna may be richer and denser
than previously estimated. Because of selective
sampling, extracting, sorting, and identifying,
we may have considerably underestimated the
numbers of species in forest soils (Andre et al.
1994). Most species are collembolan and mite
(Andre et al. 1994, Coleman & Crossley 1996).
Yet it may be the functional rather than the tax-
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CONCLUSION: FEW STUDIES CONNECT
CANOPY TO GROUND

onomic diversity of microarthropods that im-
pacts ecosystems (Crossley et al. 1992, Hene-
ghan et al. 1999). These "plankton of the soil"
(Johnston 2000) consume fungi and bacteria and
comminute detritus, thereby affecting primary
production, decomposition, nutrient cycling, mi-
crobial structure and activity, and food-web sta-
bility (Moore et al. 1988, Heneghan et al. 1999).
Their effects on decomposition of organic matter
and the maintenance of soil fertility can be sig-
nificant enough that a trophic cascade results
from their influences (see Strong et al. 1996, He-
neghan et al. 1999, Wardle 1999).

Current experiments in North Carolina and
Puerto Rico (e.g., see Reynolds and Hunter
2001) are evaluating the significance of microar-
thropod populations for rates of litter decom-
position. The continual nature of leaf litterfall in
wet tropical forests may be a factor contributing
to somewhat lower microarthropod populations
in those forest floors. Apparently, the numbers
of these soil invertebrates are related to standing
crops of organic matter on forest floors, and wet
tropical forests have minimal standing crops.
One study from Nigeria suggests that collem-
bolan populations are influenced in only minor
ways by climatic variability and that life-history
phenomena dominate their seasonal fluctuations
(Badego & Van Straalen 1993). In contrast, tem-
perate forests support microarthropod densities
that appear to peak in synchrony with leaf flush
and leaf fall or during wet months (Schowalter
& Sabin 1991).

Any pulse of leaf litter inputs contributed by
herbivory may have a significant impact on for-
est floor processes. Nutrient inputs, for example,
may be strongly affected by defoliation. B.L.
Haines and D.A. Crossley (unpubl. data) record-
ed large inputs of ammonium and phosphate to
forest floors via throughfall that were enriched
during an insect outbreak. Lovett and Ruesink
(1995) described experiments in which gypsy
moth frass was added to laboratory incubations,
causing microbial immobilization of N with lit-
tle mineralization after 120 days. Though he did
not specify herbivory as a causal agent, Mc-
Dowell (1998) documented the alteration ofpre-
cipitation chemistry by contact with the forest
canopy where herbivores are active ecological
components. Considering the nutrient limitations
and low soil fertility of some tropical wet for-
ests, the effect of herbivory on nutrient inputs
into forest floor processes may be significant.
This effect may be heightened by overall her-
bivory levels in tropical forests that appear to be
higher than those in temperate forests.

Few studies have directly compared ecologi-
cal processes between tropical and temperate
systems (but see Coley & Aide 1991, Lowman
& Wright 1994). One major difficulty of across-
site comparisons has been the lack of standard-
ized protocols for field measurements. At a re-
cent National Science Foundation (1995) work-
shop on database management, contributors
stressed the value of standardized protocols for
accurate comparisons among sites. Another rec-
ognized difficulty is the strong influence that cli-
mate and vegetation exert on soil properties
(Hobbie 1992). Tropical rain forests are typically
low-nutrient ecosystems, while temperate forests
are generally high-nutrient areas. Rates of nutri-
ent allocation and demand, along with local cli-
mate and soil microbes, make across-site com-
parisons difficult. Plant and animal assemblages
in tropical forests also exhibit various extreme
patterns when compared to those in temperate
forests (MacArthur 1969), compounding any
comparative ecological studies for these biomes.

Another challenge to across-site comparisons
has been the lack of a conceptual model that
links insect herbivory in forest canopies to soil
processes. Defoliation takes two major routes in
influencing decomposition on the forest floor.
First, solid materials drop to the floor during or
following herbivory. Specifically, insect frass,
greenfall (leaf fragments dropped by defolia-
tors), and prematurely abscised leaves represent
major inputs to the soil community resulting
from herbivory (Schowalter & Sabin 1991,
Schowalter et al. 1991, Lovett & Ruesink 1995).
Second, rainfall collects some products of her-
bivory and introduces those products to the soil
in liquid form. This canopy throughfall repre-
sents the combined effects of dissolved insect
frass and modified leachates from damaged fo-
liage. Both pathways result in the input of car-
bon, nitrogen, and phosphorus to the decompos-
er community. Because plant decomposition and
soil respiration are major interdependent pro-
cesses of consequence to detritus ecology (Singh
& Grupta 1977), measurement of soil respiration
is used as an index of soil metabolism. Thus,
tools are available for the development of con-
ceptual models that link forest canopy and soil
processes.

Canopy ecologists are shifting their emphasis
from a descriptive autecology of individuals to
a more complex ecological approach (Lowman
& Wittman 1996, Reynolds & Hunter 2001).
The complexity of forest systems demands such
an interdisciplinary avenue of study. Canopy re-
searchers have predicted for some time that the
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emphasis of their work inevitably would adjust
to address relationships between plants and an-
imals (Schowalter et al. 1986) and between can-
opy and forest floor (Lowman & Wittman 1996).
Ecological studies that link vegetation strata, ad-
dress intrinsic differences in biota and season-
ality, and compare temperate and tropical asso-
ciations are not only timely studies; they are in-
dispensable for a realistic understanding of our
living planet.
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