CHAPTER 18

Insect Herbivory in Tropical Forests
H. Bruce Rinker and Margaret D. Lowman

'The degree to which insects regulate ecosystem pararn~ters remains a key issue and one that
signzjicantb broadens the scope and value oSinsect e c o l o ~ .
-7.0. Schowalter, Insect Ecology: An Ecosystem Approach, 2000

Introduction: The Little Things that Run the World
In z.n address to inaugurate the invertebrate exhibit at the National Zoo, Washington, DC on
Mav 7, 1987, E.O. Wilson called insects "the little things that run the world" (Wilson 1987a). In
terris of their diversity, distribution, and abundance, insects are unrivaled as a global ecolo,gical
and evolutionary force. "It needs to be repeatedly stressed that invertebrates as a whole are even
more important in the maintenance of ecosystems than are vertebrates" (Wilson 1987a). In a single tree in the Peruvian Amazon, Wilson found -13 species of ants (Wilson 1987b). Erwin (1982)
discovered more than 1,000 kinds of beetles on 19 individual trees of a single species, Luehea seemannii, in a seasonal lowland forest in Panama. From this discovery, Erwin extrapolated an estimate of 30 million species of organisms on the planet (Erwin 1982, 1983j.l In terms of biomass,
insects in tropical forests constitute several tons per hectare conlpared to a few kilograms per
hectare for birds and mammals (reviewed in Dajoz 2000). Eight million ants and one million termites per hectare make up more than one-third the animal biomass in Amazonian t e r r a j m a rainforest (Holldobler and Wilson 1990). If we limit this discussion only to their bulk in the treetops,
these humble hymenopterans and associates still represent a significant portion of the total animal biomass for tropical forests. For nearly a quarter-century, we have known that canopy
arthropods are key regulators of ecosystem processes (Reynolds et al. 2000). Insects then are the
little things that run our forests-indeed most terrestrial ecosystems-from top to bottom.

Tropical Insects: Hypotheses for Their High Biodiversity in Equatorial Forests
\Vhy do so many kinds of insects occur in the tropics? Numerous reasons offered in the literature (e.g., MacArthur 1969; Lowman and Nadkarni 1995; Kricher 1997; Dajoz 2000) decant into
four prominent hypotheses that deal with history, structure, dynamics, and energetics. Yet each
one has problematic aspects that point toward a combination of reasons for insect abundance
and diversity in the tropics. As DeVries (1987) aptly wrote, "There have been many theories put
forth, but none has satisfactorily answered the question, because alnlost all of them rely on the

' See apprndix on p.381 for details ahout Enrin's extrapolations.
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circular reasoning: greater diversity generates greater diversity." Researchers may be uncertairl
about the reasons for the large diversity of equatorial insects, but they are confident that tropical regions are the richest reservoir of arthropod species worldwide.
The historical hypothesis focuses on long-term environmental stability, thus fostering long-term
diversification (rerborgh, 1992; Kricher 1997). In tropical forests, where climatic variation is low and
predictable, opportunities for specialization exist, such as frugivoly and unique pollination strategies
(e.g., euglossine bees and canopy orchids). O n the other hand, tropical areas have not been immune
to climatic change. Amazonia may have endured tremendous biological upheaval during the
Pleistocene b u t see Colinvaux 1997). Further, the Andes Cordillera--notorious fbr its geological and
climatic fluctuations manifests extremely high endemism and biological diversity among certain taxa.
A second reason offered for high insect abundance and diversity in the tropics is the structural hypothcsis (Dajoz 2000). This hypothesis states that large leaf-surface area and narrow
niches promote high levels of specialization among insects, especially among phytophagous
species. The breadth of niches for herbivorous insects may be measured by their degree of hostspecificity Uanzen 1983). For example, half the species of Lepidoptera in a Costa Rican forest
feed on a single plant species (Janzen 1983; DeVries 1987). O n the othcr hand, contradictory
data from Borneo, North America, and other locations suggcst that there is a lower host-specificity in the tropics than in temperate regions (Mawdsley and Stork 1997)! Thus, we cannot assert
whether the elevated biodiversity of tropical arthropods is due to host-specificity that might be
higher in the tropics than in temperate regions.
The dynamics hypothesis addresses the intense competition, predation, and parasitism in the
tropics that force biological radiation among insect fauna over time (see hlacarthur 1972; Kricher
1997). These factors regulate the coexistence of species via ecological principles such as competitive displacement (or competitive exclusion) and put a lower ceiling on the abundance of any
given species, thus allowing more species to fit in (MacArthur 1969; 1972). Yet competition seems
rare among phytophagous insects (Schowalter 20001, least observed among free-living, chewing
species and more prevalent among interllal feeders (e.g., miners and borers). If competition does
not structure phytophagous insect communities, then perhaps it is not the robust Darwinian principle as traditionally believed.
Finally, the energetics hypothesis holds that high energy diversity and resource allocation fa\ror
the emergence of different feeding strategies (Wilson 1992; Kricher 1997). In other words, net
primary productivity and species richness are highly correlated. High amounts of productivity in
equatorial regions, along with the synthesis of secondary compounds in plants that deter herbivory, may drive selectio~ltoward rapid species diversification among surviving types of insects.
Once again, the data are inconclusive and suggest a combination of reasons for the abundance
of arthropods in the tropics.
Speculation about the basis for invertebrate diversity, however, may narrow into one simple
explanation--their small size and accompanying small niches (\Vilson 1987a). An insect is N P C ~ S sarib small because of two physiological constraints on its body size. First, though water-soluble,
its brittle chitinous exoskeleton can support only a limited mass of muscle before collapsing
inward. Second, unlike the circulatory system of a vertebrate that delivers both nutriment and
oxygen throughout the body, the circulatory system of an insect carries only fbod molecules.
Oxygen is deliverrd separately and directly to cells \.ia a complex system of minute tracheae. The
shell of an elephant-sized insect would shatter from gra\.ity and stress, and its innermost tissues
would die of oxygen starvation as soon as the animal exerted itsrlf. T h e upper limit for body size
of terrestrial arthropods seems to have been reached by the world's largest species of beetle
(Titanus ,g&anteus),moth (Ihy.tan7a aaqr$pina), wasp (Pepsis heros), scorpion (Pandinus imperator), and spider (Teraphosa Ieblotzdiij-all found in Amazonia, except for the African scorpion. "1Ve don't know
with certainty why invertebrates are so diverse, but a community held opinion is that the key is
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their small size," (lYilson 1992). Their Lilliputian size, allowing insects to divide up the environment into little domains where specialist can co-exist, seems to have guaranteed them broad ecological and evolutionary success in the tropics a n d in just about every other global environment.
Borrowing from MacArthur (1969), the tropical environment is not like a box that \vill hold
only so Inany eggs, but like a balloon that resists further invasion proportionally to its present
contents but can always hold a littlc bit more if necessary. The data clearly suggest that ccological history, structure, dynamics, and energetics arc all important explanations of arthropod divcrsity in the tropics on some level and that small size allows thc metaphorical balloon to distend
with Lilliputian richness.

Tropical Insects: Hypotheses for Their High Biodiversity
in the Rainforest Canopy
But what accounts for thc high species diversity of insects suspected in the upper canopy of equatorial forests? Bassrt et al. (2003) examined vertical stratification, temporal distribution, resource use,
and host specificity of arthropods in tropiral rainforrsts. The high illumination and tempcraturc
in the treetops encouragc foraging and ovipositioning among insects. Leaf flush also pro\ides a
supply of young nutritious leaves that havr not yct developed the defensive toughness of oldcr
leavrs. O n the other hand, plants often srqurster secondary compounds in thcsc same young
leaves that deter herbivory. As an evolutionary barrier? phytochcmicals inadvertently promote biological divcrsification among insects, if thrsc arthropods metabolize the compounds and utilizc thc
byproducts for their own survival. Canopy insects are rrsidrnts of an aerial continent of sugars
held aloft by stems that connect heaven to earth. Forrsts, like gigantic stands of lollipops, pro\idc
nutricnts to those arthropods that are able to defeat thr trres' attendant defensive poisons.
Intcnse fog+g or one species or tree in Panama rcvralrd a rich insect diversity in thc rainfbrcst canopy and led to lively speculations that this rauna is morr diverse in the treetops than any
other environments, including forest soils (Erwin 1982, 1983). Thrse data are controversial, however, with speculation on sampling biases and with comparisons to rrcent fieldwork in other habitats (Andrt: et al. 1994; Kricher 1997; Linsenmair et al. 2001). Data fiom Cameroon, Guyana, and
French Guiana strongly assert that invertebrate densities obtainrd from foliage samples in thc
canopy are higher than in the understory (Basset et al. 1991; Lo\vman et al. 1998; Linsenmair et
al. 2001). Whether those densities are higher in the forest canopy than in forest soils, or in any
other terrcstrial habitat, is also under investigation (Reynolds et al. 2003; Rinkcr, in prep.). Many
invcrtcbratc hcrbivorcs, in particular, havc specific food requirements that rcndcr most rainforest
foliagc unsuitable. Spatial/temporal ph~nolo~gy
such as leaf flush, nectar availability, and fruiting
may be the reason for aggregations of phytophages in the canopy rathcr than simple forest structure. Rinkcr ct al. (2001) rcviewed the ecological linkages bet~veencanopy hcrbivory and soil ecology, shifting emphasis away from a strict a~tecolo~gyof individual species toward a morc
comprehensive ecosystem approach. Speculations about the high inscct di\,ersity in forest canopies
may be overstated, however, due to faulty assumptions by Erwin and others, in sampling biases,
and by recent fieldwork in other habitats (Andre ct al. 1994; Krichen 1997; Linsenmair ct al. 2001).

Plant and Insect Interactions: An Ongoing CoEvolutionary Dance for
Forest Survival
111 a complex co- evolution‘^^) dnncc. insects influcnce, and are infl~~enced
by. plant phytochemistry. Though thcrr is mnrh contro~ers) nbont the ~nagnitudc and setting of global
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species-richncss on earth, the bulk of this biodiversity is found in the canopy arthropods of tropical forests (Stork et al. 19971.Tropical vcgctation is renowned for its high diversity and incidence
of alkaloids, latex, and other secondary metabolites, and also for a diversit)- of counter-adaptations
by phytophagous insects (Novotny ct al. 2003). Of the 32 orders of insects, only nine have mcmbcrs that feed on living plants such as Coleoptera and Lepidoptcra (see Figure 18-1). Plants arc
formidable evolutionary barriers against herbivor) becausc of their irtlpressive arsenal of physical
(e.g., toughness, trichomes, and stinging hairs) and chcrnical (e.g., vanilla, salicylic acid, nicotine,
caffeine, tannins? and pyrethrum) defenses. Research in plant/animal interactions has bccn dominated by investigations into the role of secondary plant compounds in determining thc distribution, abundance, and evolution of phytophago~sir~aects(Huntcr 1992b). For example, hcrbivory
sometimes induces foliar changes that render leaves less suitable for the development of ccrtain
herbivores (Schultz and Bald\rin 1982; Huffaker and Gutierrez 1999). Once the barriers are surmounted, howcver, phytophagous insect groups radiate extensively (see Romoser and Stoffolano
1998). Most of this complex radiation has occurred in the treetops of tropical rainforests.
Evcn if they survi\.e the phytochcmical barriers, insects are beleaguered by predators and parasitcs. (e.g., Romoser and Stofolano 1998, Huffaker and Gutierrez 1999; Schowaltcr 2000).
Predation pressure and parasitic interactions, subjcct to local rnicroclimatc and structure of
canopy foliage, modify thc behaviors of prey species and, thereby, influence their evolutionary
developmerit (e.g., Koike and Nagarnitsu 2003); ho~re\.er,the latter tend to be more effectivc
than predators in responding to and controlling eruptions of their host populatons (Schowalter
2000). In the flow of nutrients in forest ecosystems, herbivores are "midstrcam" components.
Prcssed above and below in thc trophic pyramid, insects bcar enormous ecological and cvolutionary weight in tempcrate and tropical forests. Thc physical and chemical dcfcnscs or plants
against herbivor), plus thc limiting influence of parasites and predators 011 insect expansion, are
two important components for the long-term health of forcsts.
But a third element exists in the ever-fluctuating trophic equation. Ground rneasurcmcnts historically sho~redthat phytophages typically consurne about 5-10 percent of the total nct primary productivity in forest ecosystems (Mattson and Addp 1975). Coincidentally, this figure makes an
interesting comparison to the estimated amount of ener,gy that reaches succcssivc levels in a trophic
pyramid, also 10 pcrcent (Raven and Johnson 1996). Insects in the tropics munch through an estimated 680 kg haply-' or leaves compared to 100 to 300 kg ha-ly-' of leaves by vcrtcbrates (Dajoz
2000). Janzen (1983) examined patterns of hcrbi\.ory among insects and vcrtcbrates and concluded that leaf-cating insects are a much grcatcr threat as defoliators of forcsts than vertebrate
megafauna. Although 5-10 percent has bccn a rule of thumb for forest hcrbivory, the degree of
defoliation can vary greatly between sitcs (Lowman 1987, 1995b; Schowalter 2000). Causes for
this variation include phenology, agc class oS leaves, vegetation strata, forest type, and the natural histor) of local arthropod herbivores, including the demographics of thcir predators arid parasites. IYith 10 percent as a good averagc for the amount of organic mattcr that reaches a given
trophic level, the remainder is dissipated as heat production and waste (Ravcrl and Johnson
1996). And, given thcir great abundarlce and diversity, herbi\.orous insects gencratc a substaritial
amount of wastc.
In addition to the phytochemicals arid the predators/parasites, thc third component of the
trophic equation is frass or insect droppings. 'I'he excreta of terrestrial arthropods are "upstrearn"
from microbes and other dccornposers waiting on the forest floor. Though \vork has just bcgun
to quantify arthropod feces in tcrrestrial ecosystems, it is already clear that frass plays a significant role in nutrient cycling. "'I'he standing crop of arthropod feces has not been quantificd in
any tcrrestrial ecosystem; howcvcr, this component is much largcr than any of those mentioncd
previously. The standing crop of fccal pellets from rn;icroarthropod detriti\.ores such as millipcdcs
rnay locally excecd anriual litterfall inputs" (Seastedt and Crossley 1984; sce also Ohmart et al.
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Figure 18-1 P1iyroph;tgous insect orders (from Romoscs arid Sroffolano 1'3!18!. Illusrsarion by Bsonn-yn CofTrr11 and uscd mill1 pcsrniisioll.
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1983). Frass then is the third component in the equation for forest survival, a product of her[,ivory that subsequently feeds the decomposers on the fbrest floor below that, in turn, nourish
thc forcst. These ancient canopy invertebrates represent a uniting thread in the nutrient cycling
through forcsts via the influence of their waste stream on soil processes and organisms as well
their impact on phytochcmistr)i, parasites, and predators.

The Role of Herbivory in Canopy Processes
Herbivory, the fccding on l i ~ i n gplant parts by animals, is a key ecological process (Schowaltcr
2000) that afyects all canopy components either directly (primary consumption) or indirectly (sccondary consumption). Leaves senesce and then dccompose via bacteria, fungi, and microarthropods
on thc forcst floor. Hcrbivory and senescence comprise path~vaysthat link herbivory to nutrient
cycling in thc forcst ecosystem. Foliage that is partially grazcd by herbivores is called herbivory,
whereas foliage that is grazcd in its cntirety (or grazed extensively, leading to scncscence) is classified as defoliation. It is important to recognize that herbivory is the direct cffcct of grazing xvhereas
defoliation results in mortality that may be partially a consequence of the grazing mechanism.

Figure 18-2 Canopy componenr and pmccsscs that arc aff'cctcd by herbivory in a forrst stand (Srom Idowman I!l95h;
used with prrmission).
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MEASURING FOREST HERBIVORY LEVELS USING CANOPY CRANES
Kristina A. Ernest
Comparing levels of herbivory among forest types poses many challenges for canopy scientists. One obvious difficulty is access into the canopy. Another is the time-consuming
nature of measuring herbivory at many different spatial scales, from the leaf to the forest
plot, to scale up estimates to the forest stand (Lowman 1985). T o complicate matters,
researchers have used a variety of approaches to measuring herbivory rather than using a
single standardized protocol (Lowman 1995; Lowman 2001). T o help solve these problems,
a team of canopy researchers with diverse expertise (David C. Shaw, H. Bruce Rinker,
Margaret D. Lowman, and myself) joined forces. We developed a novel technique for estimating the levels of herbivory in forest stands by sampling random locations within the
three-dimensional canopy space of a forest (see Figure 1). This three-dimensional randomization avoids the complicated sub-sampling imposed by the traditional method of scaling
up. For each randomly chosen XYZ coordinate with accessible foliage of any vascular plant
species, we measured percent of leaf area consumed by herbivores on 10 randomly chosen
leaves (or 50 conifer needles) within a 25 x 25 x 25 cm subplot (see Figure 2). Canopy
cranes provided us rapid access to these sample locations. We tested this new method in
two structurally and functionally dissimilar forests (tropical rainforest at Cape Tribulation,
Queensland, Australia, and temperate conifer forest at Wind River, WA, USA).

Figure 1 Spatial distribution of 104 actual sample locations at Wind River, WA.

We recorded an average herbivory level of 8.6 percent for 93 sample locations in tropical rainforest at the Australian Canopy Crane site, compared with 1.6 percent for 104
sample locations in temperate conifer forest at the Wind River Canopy Crane Research
Facility. Although this method has limitations (e.g., not all random locations are accessible from the gondola of the crane), the advantage of fairly rapid access to all vertical
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MEASURING FOREST HERBIVORY LEVELS USING CANOPY CRANES-cont'd
I

I

1

F~gure2 Subplot (25 x 25 x 25 cm) to randomly sample 10 leaves (or 50 needles) at each sample location.
Photograph by D. Shaw.

levels within the forest allows researchers at any canopy crane site to compare forest
stands around the globe in a standardized way.
We believe this method has the potential to make important advances in forest and herbivory research. First, we hope it w
ill become a standard protocol for rapidly assessing the
extent of herbivory in forest stands, and we plan to apply it at all canopy crane sites. Second,
data collected using this protocol will help set baseline numbers for one of the key processes
regulaling ecosystem function. Primary productivity may be regulated by herbivory, yet we
sorely lack measurements of herbivory at the stand level due to the difficulty in logistics and
the extensive sampling required. Additionally, global climate change and increasing atmospheric COP are likely to affect rates of herbivory (Coley 1998; McNaughton 2001).
Standardized, quantitative data on rates of herbivory can be used in predictive models about
how forest productivity will change under future climate scenarios.
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The study of herbivol-) as an integrated proccss throughout a forest stand requires information on many aspects of forest bioloLgyincluding plant phenology, demography of insect populations, leaf growth dynamics, tree architecture, foliage quality and density, physical environmc~~t,
nutrient cycling, and plant succession. Intercst in insect-plant relationships has emphasized interactions among a few species rather than within an entire ecosystem. It has also ccntcred on studies of shrubs and herbaceous plants. Few studies exist on insect-tree interactions, and even fewer
involving forest stands. Yet forest canopies comprisc an ecological arena where some of the most
complex insect-plant interactions occur in terms of spatial, taxonomic, and structural factors.
The consumption of plant materials by herbivores is a subject of great economic and ecological importance (Barbosa and Schultz 1987; Price et al. 1991; Schowalter 2000; Ribeiro 2003).
Because forest canopies contain the bulk of terrestrial photosynthetic material involvcd in the
maintenance of global biogeochcmical cycles (e.g., carbon dioxide sequestering), the processes
affecting canopy foliage have direct consequenrcs on the health of our planet. Leaf predation is
an example of herbivory. The loss of foliage by insect predators can occur by direct consumption or by less oh\-ious impacts such as leaf mining, sap-sucking, and leaf tying. Herbivory affects
foliage during all stages in the life of a leafi over time, plants rcsponci accordingly with the evolution of dcknses against predation. Levels of herbivol-) range from negligible grazing to mortality of leaves, branches, whole crowns, and entire forest stands.
Herbivore populations fluctuate in the canopy and, in turn, affect the populations of other
ir~vertebratesand of vcrtcl~ratessuch as birds and mammals that feed on thc herbivorous organisms (e.g., M'oinarski and Cullen 1984). This fluctuation rcsults from a legion of systcm variables
including weather (Readshaw 1965), disturbances (Smith 19821, historical processes (Southwood
1961), topography (\.Ward 19791, tree density (Morrow and Fox 1980), plant structure (Lawton
and Schroder 1977), plant secondary compounds (AIacauley and Fox 1980), or even random
processes (Clark 1962). Stand growth and dynamics Inay ultimatcly be affected by hcrbivory and
by thc susceptibility of a specics to grazing (rc~icwedin Schowaltcr et al. 1986). The impact of
leaf consumption on herbs, sccdlings, and shrubs has been quantified in terms of mortality, succession, and compensatory growth (Lowman 1982; Colcy 1983; Marquis 1991). Such factors are
more difficult to measurc for tall trees and across forest stands. Examples of hcrbivory that have
bcen integrated with othcr aspects of forest dynamics include studies on the spatial distribution
of canopy insect populations in the Australian rainforest tree Argyrodendron actinophyllum (Basset
1991), nutrient cycling via frassfall or littcrfall pathways (Lowman 1988), pest outbreaks and stand
mortality (Lowman and Heatwole 1992), and herbivory in relation to stand phcnolo,q (Schultz
and Baldwin 1982). Underlying the variability between insect taxa and locations are discernible
patterns to phytophagous insect distribution (Woinarski and Cullen 1984).

History of Herbivory Studies in Forest Canopies
Forests arc not vast expanses of homogeneous green tissue. As we walk through woodlands, we
usually focus our observations on a narrow band of foliage from ground level to 2 m in height.
This represents, at most, 10 pcrcent of the plant life in mature forcsts with the majority high
al~ovcour heads and normally beyond our immediate observations. Because herbivore-plant
interactions occur in the foliage, herbivol-) as a forest process rcmained relatively unknown until
wc developed safe and efficient methods of canopy access. Today we rnay best view forcsts, not
as uniform cxpanses of grccn, but as mosaics of holes in leaves (Lowman 1995b).
Historically, most herbivory studies involved the measurement of lcvels of defoliation in forests
at one point in time. Foliage was sampled typically near the ground level in temperate dcciduous forcsts where annual losses of 3 to 10 percent leaf surface area were reported (Bray 1964;
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Bray and Gorham 1964; Landsberg and Ohmart 1989). Most studies were extrapolated, however, to evergreen rainforests for three reasons: temperate deciduous forests have a comparatively
simple phenology with an annual turnover of leaves; measuremrnts were sometimes made from
senescent leaves retrieved born the forest floor; and replicated stratificd sampling was rarely
atteniptcd. In short, defoliation was treated as a discreet snapshot evcnt (Diamond 1986);
accounting for neither temporal nor spatial variability.
More recent studies expanded in scope to include temporal and spatial factors to explain the
heterogeneity of herbivory throughout the canopy. Thcrc are five noteworthy discoveries in the
history of hcrhivory research:
1. An important attribute affecting levels of foliage consumption is agc of leaf tissue with soft,
young leaves preferred over old, tough leaves (Coley 3983; Lowman 1985).
2. The most abundant herbivores in forests arc insects in terms of both numhers and estimated
impacts (reviewed in Scho\ralter et al. 1986; TJowman and Moffett 1993). In some ecosystems,
however, mammals arc also important (e.g., monkeys, koalas, and trcc kangaroos, as revicwcd
in Montgomery 1978).
3. Canopy grazing levels arc hctcrogeneous betroeen f'orcsts, ranging from negligible losses to total
foliage losscs, and rr'itllin forests, varying with plant and herbivore species, hright, light regions,
phenology, age of leaves, and individual crown (Lowman 199'21.
4. 'I'hc assumptions commor~in the 1960s tie., that herbivc~ryaveraged 5 to 10 percent annual
leaf area loss and was homogeneous throughout forests) \rere oversimplified and undcrestimated, particularly for evcrgrccn forests (e.g., Fox and Morrow 1983).
5 . Foliage fccdcrs are featured in thc ecological literature as the most common tl-pc of herbivorc. Sapsuckers may also bc important, however, although they have not hccn as well studied. Rcputcdly, foliage consumption is easier to mcasurc than sap c:onsumption yet, even for
measurement of folilvry, standard protocols are not well established (see Lowman 1984).
These discovcrics were facilitated by thc development of efficient and safe access methods that
expanded the scope of foliage sampling into the canopy. Subsequentl?-, studies of herbivory in cvergrcen tropical forests increased and revcalcd the heterogeneous naturc of plant/animal interactions.

A Comparison of Forest Herbivory
Thc texture, age class, and nutritional value of leaves vary considerably within and between individual trees. Phenological events. along with species composition and rarity along a latitudinal

Table 18-1 Stand-Level Herbivory (%) in Forests around the World
Forcst T>ye

% Herbivory

Australian D n Fc)r(.st
Australian \lret I:ores~
'1,emperate Deciduous Forest
Pacific North!\.est
C:loud Forcat
Sul~~l~opical
Forcst
\V;11-m 'l'emperntc Forcst
TI-vl>icnl1:oresL

LO 300"/~(T.owmnn and Hear\\olc lS!IL'I
8.6% :SII;IW, Ernest, Rinkcr, and I.v\cman, pers. comm.)
1
1L.awman 1999)
1.6"<,(Sharv, Erncst, Rinker, and Lowman, pc1.s. comm.)
26" IT,owrnan 19921
l6'%,!Lo\\man 1987)
21"io (Lowman 1987;
12 to 3O0'c (Lowman l!lY5al

gradient, likcwise fluctuate. All thesc variables result in patchy susceptibilities of trccs to insect
herbivorcs. Consequently, forest canopies support complex assemblages of phytophagous insects,
usually inconspicuous except whcn population outbreaks produce widespread defoliation
(Schoivalter et al. 1986; Reynolds et al. 2000; Linsenmair et al. 2001). Herbivory studies that
mcasure defoliation at a single point in time, historically the rnost common type of research
(Lowman 1995b), provide only a limited window of understanding for plant-animal interactions
in forests. Thc complex temporal and spatial patterns of leaves in forest canopies thcn ncccssitate long-term approaches to studies of inscct hcrbivory.
Herbivory in canopies ranges from 1 to 5 percent of total leaf area production in tcmpcratc
forests (Schowalter et al. 1981) to more than 300 perccnt in Australian eucalypt forests where
trees re-foliated several successive times aftcr lcaf loss (Lowman 1992; Lowman and Heatwolc
1992). Several studies (e.g., Seastedt and Crossley 1984; Lowman et al. 1998) and literature
revicws (e.g., Schowalter et al. 1986; Lowman 1995b; Schowaltcr 2000) give details on herbivory
rates at specific sites in tropical areas. Table 18-1 provides a summary of two researchers' fieldwork.
Arthropods are the most abundant herbivores in many tcrrcstrial ecosystems (Erwin 1983;
Seastedt and Crossley 1984; Lowman and Morrow 1998). Of the nine herbivorous insect ordcrs,
the three most important leaf-consuming taxonomic groups are Coleoptera (beetles), Lcpidoptcra
(hutterflics and moths), and Hymcnoptera (bees, wasps, and ants) (Reichlc ct al. 1973; Lowman
and Morrow 1998). The capacity of their populations to causc rapid, often dramatic change in
forest dynamics such as tree growth and sur\ival, e\rapotranspiration, and rilitrient cycling speaks
unequivocally about the significance of thcir connections to overall ecological proccsscs
(Schowaltcr 2000). Surprisingly, those links are poorly understood, especially thosc that connect
fbrest canopies to forest soils.
Herbivory lcvels vary significantly betivcen species and between forest types, as illnstratcd by
long-term studies in Australian rainforests (sce Figure 18-3). Lowman (1982) originally hyyothesized that evergreen forests with lowcr diversity would have higher herbivory lcvcls than ncighboring evergreen forests with higher diversity. The cool temperate rainforcst, where .tb/l~!~/a~gu.r
moorei dominated over 75 pcrcent of the canopy, averaged an annual 26 percent leaf area loss
to grazing insects (Selman and Lowman 1983). The majority of this was due to a host-specific
ch~ysomelidbeetle that fed exclusively on the young leaves of .A: moorei during the spring flush.
In contrast? the subtropical rainforests, where no species occnpicd morc than 5 percent of the
canopy within a stand (Lowman 1985), averaged only 15 percent annual lcaf area loss to insect
grazers. Herbivory also varied significantly among species. Toona australis (Meliaceae), which is
relatively rare and is annually deciduous, average less than 5 percent loss, whereas neighboring
canopies of Dendrocnide ercelsa (Urticaceae) that colonizes gaps averaged over 40 percent annual
leaf loss (Lowman 1992).
In addition to \lariation in Lgrazinglevels between spccics and stands, herbivory is variable
within individual crowns. The heterogeneity of defoliation is a consequence of a lcafs cnvironment and phenology with different leaf cohorts exhibiting different susccptibilities to grazing (.ren.tu
FVhittam 1981). From long-term studies, Lowman successfully pinpointcd "hot spots" in the
canopy where grazing ivas high (see Figure 18-4). Thcse hot spots included areas of predictable
susceptibility to herbivores such as new leaf flushes, soft tissues for colonization, lo\\. shade regions
of the canopy where insects aggregate to feed in the absence of predators, and canopy rcgions
with flowers, epiphytes, and vines (Lowman 1992; Lowman et al. 1993). Long-term mcasurcmcnts
of Nothofagus moorei (Nothofagaceae) showed crowns that exhibited different grazing lcvels with leaf
age, different stands, and time (Selman and Lowman 1983). .l.bt/1oji7gus moolei had approximatcly
eight cohorts of leaves present in the canopy at one point in time (see Figure 18-5), cach with
varying levels of susceptibility to insect attack. Young lcavcs that emerged during the spring
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Figure 18-4 Schematic representation of canopy "hot spots" whcrr herbivores are attracted to suscrptil~lrColiagr (liroin Lowrnarl 1995b; uscd with permission)

Figure 18-5 Leal' survi\orship cuncs for leaves of h'othofi~gw rnoorei ,Fagaceaej in .4ustralia'\ cool temperate rainforests
durina a t\vo-yc,ar pcriod ISrptember 1979 to September 1981), cxprcsscd on a Loglo scale (from Lowman 1995h; u r ( d
with pt'rnlissi~~ll.

iOctobcr and Novcmber) were the most preferred hy the beetle larvae that emerged synchronously
with flushing, whereas old leaves igreatcr than one year) from summer flushcs and from the previous year were highly resistant to grazing. In addition, herbivory varied significantly between
branches and individual crowns but not with light re~irnenor height (Selman and Lowman 1983).
More comparisons bctween forests are needed to understand the impact of herbivory on thesc
ecosystems, though some progress \vas made during thc last decade or so. For example, thc
annual levels of defoliation in Australian trees ranged from as low as 8 to 15 percent in subtropical rainforests to as high as 300 percent in dry sclerophyll (Euca&tus spp.) stands (Lowman
1992; Lowman and Heatwole 1992). In this case, different mechanisms arc clcarly regulating
insect defoliators and subsequel~tfoliage responses in two forests. Gcntry (1990) cited the need
for comparisons betwecn Ccntral and South American forests as thc stimulus for a syrnposiurrz
sponsorcd by the Association for Tropical BioloLgyand his subsequent production of a \.olurrzc

on four neotropical forests. Similarly, a session for the American Institute of Biological Sciences
was held to stimulatc comparisons between ncotropical and paleotropical forests (Lowman 1993).
The prospect of increased ecological comparisons between forests, cspccially from different floristic zones, is an incentive to develop bctter protocols for field-sampling of events such as inscct
grazing. Fl'hat species are appropriate to sample? Is thcrc greater variation within or bcttvcen
forests? And how do we tackle thcsc questions with statistical and biological rigor?

Herbivores as Mediators of Forest Processes
Herbivorcs have a variety of dircct and indirect effects on plant communities (Seastcdt and
C:rossley 1984; Ritchie et al. 1998). By consuming plant material, herbivores influence decomposition and nutrient cycling in communities (Pitelka 1964; Schultz 1964; Kitchell et al. 1979;
Swank et al. 1981; Pastor and Cohen 1997). Experimental studies havc confirmed the role of
vertchrate herbivores as mcdiators of decomposition processes in terrestrial systems iMc1n11cs et
al. 1992; Molvar et al. 1993; Pastor et al. 1993; Ritchic ct al. 1998). Both empirical (Rucss and
Scagle 1994; Lovett and Ruesink 1995) and thcorctical studies (Loreau 1995; Dc Mazancourt et
al. 1998; De Mazancourt and Loreau 2000) suggcst that herbivory, by both vcrtebrates and
invertebrates, can have significant effects on the rates of decomposition and nutrient availability
in soils.
Canopy processes (e.g., herbivory and defoliation) are coupled to forest floor processes (e.g.,
decomposition) through inputs of lcaf and twig litter, canopy throughfall, and frass, the cxcrctory
products of insect digestion (Schowalter and Sabin 1991; Schowalter et al. 1991; Lovett and
Ruesink 1995). Defoliation by insccts in forests may impact primary productivity and nutrient
cycling jhlattson and Addy 1975; Kitchell et al. 19791. Phytophagous insects in forcst canopies
drop materials into the soil community through two major pathways. First, defoliators introduce
frass, greenfall (fragmented lcaf tissue dropped during herbivory), and leaves abscised prematurely
to the forest floor (e.g., Risley and Crossley 1993). Second, throughfall (rainwatcr modified by its
passage through the forest canopy) is altered by the combination of dissolvcd frass and modified
leachates from damaged leaves je.g., Stadler and Michalzik 2000; Reynolds and Hunter 2001).
These pathways combine to introduce increased amounts of carbon (C:), nitrogcn (N), and phosphorus (P) into the soil community (Reynolds ct al. 2000; Reynolds and Hunter 2001). Increased
activity by mitcs and springtails, comminuting these herbivore-derived inputs in the soil, will
result in increased levels of decomposition.
Wilson (1987a) argued forcibly that insects in forests are vital components of the ecosystcm
\vith c8'ects more pronounced than those of vertebrates. Although the impact of insects on forest systems is controversial iTerborgh 1988), it remains largely untested. A considerable proportion of forcst canopies can be turned ovcr annually by insect-herbivorcs (Lotvman 19921, yet thc
consequences of herbivory for decomposers such as soil mesofauna are largcly unexplored.
Schowalter and Sabin (1991i reported incrcases in litter arthropod diversity and abundance following defbliation of saplings in a 10-ycar-old Douglas-fir forest, but thc effects of defoliator
inputs were not distinguished from defoliator-induced changcs in microclimate.
As mentioned previously, evidence exists that herbivory can influence soil processes. Inscrt
grazing can actually enhance nitrogen export from forest ecosystems (Swank ct al. 1981;
Reynolds et al. 2000). Low to moderate defoliation lcvels by forest insects can havc significant
effects on nutrient cycling (Schowalter et al. 199 1). Some evidence suggests that nitrogen is immobilized in frass by filngal decomposers (Lovett and Rucsink 1995), although a field tcst of nitrogcn dynamics following dcfoliation is sorely needed (Lcrdau 1996). Likewise, the cvidcnce is
strong that defoliation influences thc chemistry of throughfall (Scastcdt and Crossley 1984;
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THE LElPZlG CANOPY CRANE PROJECT BIODIVERSITY, ECOLOGY, AND
FUNCTION IN A TEMPERATE DECIDUOUS FOREST

Wilfred Morawetz and PeBr J. Horchler
The last decades' run on the biological investigation of forest canopies rarely included longterm studies on biodiversity in temperate forests. One exception is the Leipzig Canopy
Crane Project, situated in a species-rich, near-natural deciduous forest in central-eastern
Germany (Morawetz and Horchler 2002). The tower crane (Liebherr 71 EC), established
in 200 1, runs on rail tracks 120 rn long (see Figure I).
With its 45-m long jib, it covers an area of approximately 1.6 ha. With a gondola, scientists can reach almost any site in the three-dimensional forest space up to a height of 32
m. The project aims to identify spatio-temporal patterns of biodiversity and to link them
functionally to environmental factors such as structure and microclimate. Since it is still in
the pilot phase, only preliminary results are reported here.

m
Figure 1 Aerial photo of crane and rail track. Courtesy UFZ Leipzig-Halle AG.

Figure 2 Map of the canopy topography in the crane plot. Note: The ellipsoid represents the area reached by
the gondola (2 10 m x 90 M).The central depression (dark green and grey bar) reflects the rail track position, the
other ones natural canopy gaps.

Stand Structure

-

-

The forest stand shows a variety of different stem classes and heights, and thus resembles a
natural forest with a well-structured outer canopy, including natural tree fall gaps. The
canopy topography has been measured in detail (see Figure 2), and some first vertical light
(PAR) measurements allowed us to identify three distinct zones in the canopy similar to those
found in an old Douglas-fir/western hemlock stand by Parker (1997). A very dark zone at
the forest floor is followed by a zone of highly varying light conditions and leads to an upper
zone of bright light.

Phenology
A detailed study of the trioecious tree species Frcucinu excelsior L. revealed a striking spatial
and temporal variability in generative and vegetative phenology in the distribution of its
three flower types as well as in its leaf and branching pattern and morphology. The investigation of this focal species will be continued and will include more detailed studies on
reproductive ecology and population genetics.

Herbivory
Two preliminary studies aimed to assess the degree of stand-level herbivory revealed very low
values (< 1 percent) in the range of coniferous forests. The data showed inter-specific W e r ences (trends) in herbivory with high intra-specific variation. Some species also showed differences (trends) in herbivory at different heights (e.g., upper canopy vs. lower canopy).

Arthropods
Arthropods were collected by flight interception traps, barber traps, emergence traps, and
trunk and branch traps. Preliminary results indicate a different fauna at the ground vs. the
canopy, especially in the groups Carabidae, Lepidoptera, and Araneae. Arthropods mostly
found in the canopy are often considered to be rare and threatened species in Germany.
The majority of the collected animals still await identification.

Cryptograms
Lichens, which are very species-poor in Leipzig due to its dry climate and formerly bad air
quality, are now colonizing the canopy, including some very rare species. Fungi are quite diverse
(> 76 spp.), and some species show tendencies to settle in distinct canopy zones. Also, 15 species
of s h e molds (Myxomycota) were encountered in the canopy in a preliminary survey.

Bats
Preliminary studies of the flight activities of bats in the canopy revealed very complex adaptations to the habitat structure, with some tendency to use the upper canopy zone more frequently. Some completely new discoveries were also made simply due to the fact that
formerly, almost no one reached this canopy habitat. The most notable finding has been the
presence of the greenback frog (Hylaarborea L.) in the upper canopy (Schmidt et al. 2003).
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Schowalter et al. 1991) and subsequent nutrient export (Swank et al. 1981). Interactions among
canopy herbivores, soil mesofauna, and the processes of decomposition, however, remain to be
quantified (Schowalter et a]. 1986; Risley and Crossley 1993; Reynolds and Hunter 2001;
Reynolds et al. 2003).
Thus, herbivory 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, and prematurely abscised leaves represent major inputs to the soil community resulting from
herbivory (Lovett and Ruesink 1995; Schowalter and Sabin 1991; Schowalter et al. 1991).
Second, rainfall collects some products of herbivory and introduces those products to the soil in
liquid form. This canopy throughfall represents the combined effects of dissolved insect frass and
modified leachates from damaged foliage. Both pathways result in the input of carbon, nitrogen,
and phosphorus to the decomposer community.

Forests as Regulators of Herbivory
Not only do herbivores affect plant communities, but the forests themselves influence herbivores
through complcx fccdback mechanisms. Lcaf cmcrgcncc can havc a "bottom-up" trophic cffcct
on an ccosystcm. Lcaf abscission and lcaf fall, too, can affcct inscct hcrbivorcs. Soil biologists
have long recognized the influence of plant communities on ccosystcm proccsscs, but only
recently have forest ecologists attemptrd to quantify those linkages (Wardle 2002).
Generalities about differences in leaf phenological patterns between temperate and tropical
forests must first acknowledge the broad variation in a singlc latitudc (Lowman 1995a).
Nonetheless, most broad-leaved trees in temperate forests produce ncw foliage in spring and drop
old foliage in fall. Foliagc is largcly abscnt for thc rcst of thc ycar, as are insect folivores; and the
availability of young expanding leavcs shows a markcd pcak in thc spring.
Trces exhibit significant variation in both budburst date and thc timing of' Icaf abscission
(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 individual trees within the
same population: and cvcn among canopy layers within individual plants (Lowman 1992, 1995a;
Heatwole et al. 1997). The origins of such phenological variation (genetic, ontogenetic, and/or
environmcntal) and thc ecological conscqucnccs for the trees and the communities within which
they live remain matters for dcbate (Phillipson and Thompson 1983; Hunter 1992). Phenological
variation in leaf flush and leaf fall, however, clearly provides the kind of spatial and temporal
hctcrogenrity in resource availability that determines the form of interactions among orgariisms
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in natural communities (reviewed in Da-joz 2000). For example, several authors have suggested
that differences among individual trees in their budburst dates are related to insect herbivore performance and population densities and suffer greater levels of defoliation than those that burst
bud late (Hunter 1990, 1992). Spatial variation in budburst phenology determines herbivore load
and, consequently, influences canopy-wide defoliation levels and the distribution of frassfall and
greenfall to the forest floor.
of
Though general agreement among aquatic ecologists exists for the widespread sig~~ificarlce
trophic cascades (the efrects of predators on the biomass of organisms at least two links away), the
issue of whether cascades are similarly important in terrestrial communities is debatable (Pace et
al. 1999; Holt 2000; Polis et 31. 2000; Power 2000; Wardle 2002; Prcisser 2003). In at least one
system, variation in the timing of leaf expansion for forest trees is thought to have a cascading
effect through the trophic system from plants through insect herbivores to avian predators (Hunter
and Price 1992). In this case, the budburst phenology of Quercus robur varies spatially and temporally and drives the population dynamics of two spring lepidopterans. These herbivorous insects
usually maintain populations below competitive le\.els; however, when competition does occur, the
reverscs its competitive advantagc it would have
sensitivity of one species to budburst phenol~~gy
otherwise over the second species. Avian predators (e.g., Parus spp.) track the yearly changes in
defoliator populations, exhibiting large clutches in years of' high lepidopteran density.
Leaf abscission is another critical event in the dynamics of a forest. Spatial and temporal
variation in the timing of leaf fall influences herbivore densities and may determine patterns
of foraging by herbivores within and among trees. Leaf fall also represents one major pulse
of resource input into the decomposer community on the forest floor. Thus, spatial and
temporal variations in leaf abscission are reflected in variation in the activities of decomposers.
In European temperate forests, dominated by oaks, the temporal distributions of herbivores
closely track leaf expansion. Feeny's (1970) work on the English oak, Quercus roblir, demonstrated
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 percent of the total defoliation on Q robur occurs between budburst in April
and the begnning of June, presumably because of seasonal declines in foliage quality (Fccny
1970; hlcNcill and Southwood 1978). As leaves age, they generally become lower in total nitrogen and water (hlattson 1980) and are often higher in fiber, lignin, and polyphenols than arc
youngrr leaves (Catcs 1980). Inevitably, examples occur of insect-herbivores that prefer mature
foliage (Cates 1980) but defoliation events are most usually associated with young leaves
(Lowman 1992; Schowalter 2000). In rainforests, young leaves are more extensively grazed by
insect-herbivores than are old leavcs (Coley 1983; Lowman 1981, 1992; Coley and Aide 1991).
In most deciduous forests in thc eastern United States, folivory also is skewed toward newly
emerged leaves (Reiehle et al. 1973).
The tropics are not aseasonal. Most plants in the tropics produce new leaves pcriodically
rather than continuously, and some synchrony occurs among different plant species, suggesting
adaptive responses to biotic or abiotic variables (Van Schaik ct al. 1993). Nonetheless, leaf cmcrgnlce in tropical wet forests does not exhibit the same pronounced seasonal peak as in tcmperate forests. Much more inter-specific variability in leaf flush and leaf fall exists in tr.opica1
wet fbrests than in temperate forests. For example, in a French Guianan forest, eac'h deciduous
tree spccies 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 (Newstrom et al.
1994). The authors also concluded that many tropical tree species show greater variation in phenology than do temperate species. Data on fruit fall from the Luquillo Expcrimental Forest in
Puerto Rico suggest that, despite strong seasonal pulses in fruit production, a stand in some part
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of the forest is always in peak fruit production (Lugo and Frangi 1993). Tree species in
Australian rainforest show a diversity of leaf flush phenologirs from seasonal to continuous
(Lowman 1992). Tropical dry forests show more seasonal pattrrlls of leaf flush that1 do tropical
wet forests, and the production of new foliage appears to peak toward the end of thc dry season, perhaps avoiding the peak emergence of insect fblivores that begins with the rains (Aidc
1992). Even in tropical dry forest, however, morc inter-specific variability in phenoloLgyis apparent than in tcnsperate forests.
The responses of insect herbivores to leaf emergencc arc arLpably even more pronounced in
tropical wct forests than they are in temperate forests (Dajoz 2000). Most herbivory on tropical forest leaves occurs vety early d u ~ i n gexpansion and may be even more skewed toward young leaves
than defoliation in temperate forests (Reichle et al. 1973). The accumulation of herbivo~ythroughout the forest should still occur morc evenly through the year in wet tropical forests than in
temperate forests (see Schowalter 2000). Despite clear pulses of leaf expansion in tropical wet fbrests,
new leaves are still produced over cxtelldcd periods. Data presented by Coley and Aidc (1 99 1) suggest, for example, that during eight mol~thsin Oak Ridge, Tennessee, no new leaves were produced on trees compared with only hvo mol~thswithout new leaf production at La Selva, Costa
Rica, and fbur months in Semego, Sarawak. Although both tropical wet fbrests and temperate
forests exhibit seasonal peaks in leaf rxpnllsion, thosc pcaks are broader in the tropics.

Methodologies to Assess Herbivory: Are They Accurate?
'lhe turnover of photosynthetic tissues has direct impact on the growth and maintenance of the
trees, vines, epiphytes, and herbaceous layers of forests (scc Figure 18-6). The production of green
tissue is also indirectly responsible for the maintenance of all animal life in the canopy. The ability of biologists to measure foliage and to predict photosynthetic activity has become an important topic for forcst conse~vation.Obviously, it is important to make accurate measurements of
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both the production of foliagc in a forest and of the removal of leaf material b>- herbivores to
assess forest prodr~cti~ity.
'The methods and spatial scales used to determine herbivory havc direct conseqrlenccs on our
understanding of hcrbivore dynamics (see Figure 18-7). It should be noted fbrthbvith that thc
sorlrcc of variability in defoliation lcvcls within and between forest sites might bc a residu:il effect
of different methodologies employed by researchers. South\vood ( 1 96 1) cxamined insect species
in tree canopics in Great Britain. For several spccics oi' temperate dcciduous trees, he found that
more diversity \vas associated bvith trees that had bccn established over a long period of' time as
compared to species introduced more recently. His insecticidal knockdown procedure has since
been altered to include misting (Kitching ct al. 1993), fbgging (Erwin 19821, and restricted canop)foggitlg (Basset 1992) as more biologists become curious about the variety and numbers of insects
in tree canopies. Similar to the artihcts of sampling fhr foliage consumption measurements, the

3 VINE FOLIAGE
4 DOM

Figure 18-7 Schematic diagram of the componcrrr.; of a forest canopy to samplc, including cpiph\tc\ \ c . q , orchi'
I,romcliad\. ferns), tree fi~liugc,vines, and DOLI (drad nr-~anic~nattcrj(iio~nI.own~an1995b; used \\-ititll permission).
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variability in methodologies to assess the diversity of insects in trees also leads to discrepancies
in our estimates of herbivorous insects.
As biologists became interested in defoliation historically, a plethora of literature on herbivory
emerged, much of which utilized different, but not entirely compatible, methodologies. For example, the techniques used to measure foliage losses included visual estimates (Wint 1983), graph paper
tracings (Lowman 1984), templates in the field (Coley 1983), and leaf area meters (Lowman 1984).
Similarly, the sampling designs varied dramatically, including collected leaves in litter traps (Odum
and Ruiz-Reyes 1970), undefined leaf selection (Bray 1964), marked leaves in the understory (Coley
1983) and upperstory (Lowman 1985), marked leaves along a vertical transect (Lowman 1992), and
collected frass (Ohmart et al. 1983). Obviously, such sampling designs may be adequate for a particular hypothesis, but they are not conducive to inter-site comparisons (Lowman 1987). In some
cases, literature reviews have misquoted herbivory levels, perhaps because it is so difficult to interpret the various methodologies employed in different studies (Landsberg and Ohmart 1989).
Comparison of discrete versus long-term measurement techniques in rainforest canopies
revealed discrepancies up to fivefold, with long-term studies producing significantly higher measurements than short-term ones. For example, estimates of herbivory levels in neotropical saplings
were three times higher than in previous studies that used discrete harvested leaves (21 percent
in Coley 1983 versus 7 percent in Odum and Ruiz-Reyes 1970). Similarly, long-term measurements of coral cay shrubs produced estimates of 21 percent missing area (Heatwole et al. 1981)
compared to levels of 2 to 3 percent measured by discrete sampling (Lowman 1984). Grazing in
some plant communities may be higher than previously recorded from discrete measurements of
missing leaf area, resulting in an under-estimation of the impact of herbivory. Temporal variability in levels of herbivory further complicates our ability to monitor this canopy process.
In addition to the potential areas from methods that do not account for heterogeneity of
foliage throughout the canopy, other methods must be used with caution. Daily rates of defoliation are useful but can be misleading if measured only over short durations, as they will not
include seasonal differences. Ranking and other grazing categories are useful for rapid assessment, but such information is not transformable into statistical analyses. Further, the assumption
that the absence of leaf petioles indicates 100 percent defoliation may be misleading because
physical factors are also responsible for loss of leaf blades. The extent to which methods may
alter results remains a critical issue in the literature on herbivory.

Conclusion: The Little Things vs. the Big Things that Sustain Forest Health
Aldo Leopold, an eloquent American pioneer for conservation, wrote in his now-famous A Sand
CounB Almanac (1 949):
Land, then, is not merely soil; it is a fountain of energy flowing through a circuit of soils,
plants, and animals. Food chains are the living channels that conduct energy upward; death
and decay return it to the soil. The circuit is not closed; some energy is dissipated in decay,
some is added by absorption from the air, some is stored in soils, peats, and long-lived forests;
but it is a sustained circuit, like a slowly augmented revolving fund of life.
That sustained circuit is the life-blood of forest systems around the world.
In 1988, one year after E.O. Wilson inaugurated the invertebrate exhibit at the National Zoo,
an article by John Terborgh appeared in Consemation B i o l o ~that seemingly disputed the previous
argument by Wilson. Terborgh, then professor in Princeton University's biology department, reasoned that hunting out top carnivores and herbivores, while fragmenting the landscape into patches
too small to maintain the whole interlocking ecological system, would erode biodiversity at all levels.

-

'

-

"111 the end, this would work to the detriment of many of Professor Wilson's 'little things.' The essential point is that the big things are important, too; what is worrisome in these changing times is that
they are so much more vulnerable" (Terborgh 1988). The "little things" may run the world, but the
. - "big things" provide a stabilizing function in regional ecosystems via their functional longevity
(Redford 1992). Yet, according to Terborgh, the "big things" are more susceptible to environmental perturbations and human exploitation than are fast-breeding, but short-lived, arthropods and
worms. Thus, both the "little things" and the "big things" are indispensable to sustain the health
and integrity of forest systems.
Terborgh's assertion seems almost disingenuous, or at least unconvincing, in the light of thc
sheer diversity, distribution, and abundance of arthropods. If there are indeed 30 million species
of insects and just about 4,600 species of mammals, then beetles, bugs, ants, and flies far outweigh
peccaries, pacas, and agoutis in both their biomass and their ecological significance to global food
webs. If the "big things" were to disappear overnight, ine\;itably there would be short-term disruption of global ecosystems; however, after a geological flash, another kind of stability would
probably settle across the planet. One need only remember the readjustment of woodland ecosystems after the rapid, poignant demise of the passenger pigeon, arguably a one-time keystone
species for the forests of eastern North America. (e.g., see Wilcove 1989; Shaw 1995). O n the other
hand, if the "little things" were to vanish, one suspects that the ecological link between forest
canopies and soils might be disrupted and, consequently, that both the health and integrity of the
energy circuit be diminished. This chapter arcpes that insect herbivores in forest canopies and soil
mesofauna are some of Leopold's little "cogs and wheels" that sustain this complex system.

Acknowledgments
The authors wish to thank the National Science Foundation (DEB-9815133), the Global Canopy
Programme, and the Triad Foundation (Ithaca, Nelz York) for their generous support for field
research apropos to this chapter.

Appendix: Numbers of Estimated Host-Specific Beetle Species per Trophic
Group on Luehea semannii (from Erwin 1983)
Trophic Group
Herbivores
Predators
Fungivores
Sca~~engerr
Total

Number of Species

Percent Host-Specific

Number Host-Specific

682
296
69
96
1200+

Erwin's Estimation of 30 Million Species:
1.
2.
3.
4.
-- 5.
6.

Luehea = 163/ 1200 = 13.6 percent host-specific species
Average Tropical Forest = 70 trees/ha
163 x 70 = 11,410 host-specific beetle species/ha
1200 total beetle species = 163 host-specific + 1037 transient species for one Luehea
1 1,410 host-specifidha + 1037 transients = 12,447 beetle species/ha
Beetles = 40 percent all insect species, 31,118 insect speciedha in canopy of tropical forest
(1 2447/0.40)
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7. Canopy species twicr as rich as species on forest floor, add one-third more species to canopy
figurr: 3 1,118 + 10,373 = 41,491 inscct spccics/ha of tropical forest
8. 41,491 insect species/70 trers/ha = 593 inscct spccies/tree
9. 593 insect species/tree x 50,000 sprcies of tropical trccs = approx. 30 million species
Arcas of LTnccrtainty fhr Erwin's Calculations (see Andre rt al. 1994):
1. \\'hat fraction of the hcctlc fauna on a given tree species is effrctively specialized to it?

2. Do bcctlc spccics coristitutc the same fraction of insect fauna in thc tropics that they do in
better-studied tcmpcratc regions?
3. For each insect species in the canopy, how many othcr spccies are found else\vhere in or
around a trcc?
4. How do we scale up from the number of insect spccics associated with a given tree in a given
place to a global total?
5. \Vhat is the relationship between insrct fauna and trcc phenoloLgy?
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