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Herbivore populations are influenced by a combination of food availability and predator pressure, the relative 
contribution of which is hypothesized to vary across a productivity gradient. In tropical forests, treefall gaps are 
pockets of high productivity in the otherwise less productive forest understory. Thus, we hypothesize that higher 
light availability in gaps will increase plant resources, thereby decreasing resource limitation of herbivores relative 
to the understory. As a result, predators should regulate herbivore populations in gaps, whereas food should limit 
herbivores in the understory. We quantified potential food availability and compared arthropod herbivore and 
predator densities in large forest light gaps and in the intact understory in Panama. Plants, young leaves, 
herbivores and predators were significantly more abundant per ground area in gaps than in the understory. This 
pattern was similar when we focused on seven gap specialist plant species and 15 shade-tolerant species growing 
in gaps and understory. Consistent with the hypothesis, herbivory rates were higher in gaps than the understory. 
Per capita predation rates on artificial caterpillars indicated higher predation pressure in gaps in both the dry and 
late wet seasons. These diverse lines of evidence all suggest that herbivores experience higher predator pressure in 
gaps and more food limitation in the understory. 

Herbivore populations are controlled by a combination 
of available food sources (bottom-up) and by predators 
(top-down). The relative importance of bottom-up and 
top-down controls have been studied and disputed for 
decades. Initially the biomass in one trophic level was 
viewed as a simple function of the biomass in the level 
below it (bottom-up) (Lindeman 1942). The debate 
began with Hairston et. al.'s (Hairston et al. 1960) 
seminal paper that introduced the concept of top-down 
control, in which predators controlled herbivore popu- 
lations allowing plant biomass to accumulate. Since 
then, much effort has focused on quantifying and 
modeling the relative roles of top-down and bottom-up 
forces in different communities (Price et al. 1980, 
Power 1992, Hunter et al. 1997, Stiling and Rossi 
1997, Dyer and Letourneau 1999, Walker and Jones 
2001). 

Primary productivity is thought to be an important 
determinant of the strength of top-down and bottom- 
up effects on a community (Rosenweig 1971, Fretwell 
1977, Oksanen et al. 1981, Polls 1999). It is hypothe- 
sized that as productivity increases there is a shift from 
bottom-up control to top-down control. When pro- 
ductivity is low, plant resources limit herbivores, which 
secondarily affect predators. In contrast, when plant 
productivity is high, herbivore populations increase to 
levels that can support a substantial predator popula- 
tion, hence their numbers become more limited by 
predators. In these ideal scenarios, a trophic cascade 
may be detected, where increases in predator popula- 
tions suppress herbivore populations and enhance plant 
productivity (Pace et al. 1999). Support for this theory 
has been found in some aquatic systems and in several 
experimental terrestrial systems (Carpenter et al. 1985, 
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Wootton and Power 1993, Fraser and Grime 1997, 
Fraser and Grime 1998, Forkner and Hunter 2000). 
Generally, experimental studies of this hypothesis have 
come from simple food webs combined with fertilizer 
applications to increase productivity (Hartvigsen et al. 
1995, Stiling and Rossi 1997, Fraser and Grime 1998, 
Sipura 1999). There are several studies that have 
examined the relative roles of top-down and bottom- 
up forces in terrestrial systems with natural variation in 
productivity (Fraser and Grime 1997, Letourneau and 
Dyer 1998, Uriarte and Schmitz 1998, Mazia et al. 
2004). However, it is still undetermined how natural 
variation in productivity would affect a diverse forest 
community, such as tropical forests. 

Treefall gaps are dynamic sources of heterogeneity 
in productivity on the forest floor. In rainforests, light 
is the most limiting factor for growth in the understory, 
which receives as little as one percent of the total 
sunlight (Chazdon et al. 1996). In contrast, treefall 
gaps have higher light and temperature, in addition to 
an initial influx of nitrogen and phosphorus from the 
fallen tree (Vitousek and Denslow 1986, Denslow et al. 
1998). These changes lead to higher productivity in 
gaps through an increase in seedling establishment, 
survival and growth (summarized by Denslow 1987). 
For this reason treefall gaps play an important role in 
tropical forest species composition (Hubbell et al. 
1999, Schnitzer and Carson 2001). In addition to 
higher productivity, gaps harbor a suite of specialist 
plant species that require high light (Brokaw and 
Scheiner 1989). The leaves of these gap species are 
higher in nitrogen and lower in tannins than leaves 
from shade-tolerant understory species (Gates and 
Orians 1975, Coley 1983). Thus, gap species are a 
high quality food resource for herbivores and suffer 
higher herbivory rates than shade-tolerant species 
(Coley 1983). 

In this paper, we compare the relative influences of 
predator pressure and food availability on the commu- 
nity of herbivores in the naturally more productive 
treefall gaps and the neighboring understory of a 
lowland moist forest in Panama. Specifically, we make 
seasonal and habitat comparisons to determine the 
differences in food resources for herbivores, herbivore 
and predator densities and predation rates to address 
the question "how does food availability and predator 
densities interact to control herbivores?" 

Material and methods 

Study site 

This study took place in the lowland moist forest of 
Barro Colorado Island (BCI) in Panama (9.08°N, 
79.50°W), a field station operated by the Smithsonian 

Tropical Research Institute. On average, rainfall is 
2.6 m year" , which mainly falls in the wet season 
from May to November. Leaves flush with the onset of 
the wet season and there is a mid-season flush in 
September. We collected data in various seasons from 
2001 to 2003, years with average rainfall (2.33 m, 
2.30 m and 2.89 m respectively). 

Treefall gaps were selected and paired with neigh- 
boring understory sites. We selected medium to large 
gaps (200—500 m ) that were one to two years old, 
with regrowth 1—2 m high (Brokaw 1982). Paired 
understory sites were established 100 m away. We did 
not use the same gaps every season since some grew past 
the requirements we established. In these cases, other 
gaps were subsituted. 

Abiotic and biotic differences across habitats 

We quantified light availability, the major limiting 
resource for tropical rainforest plants (Chazdon et al. 
1996), by taking hemispherical photos near dusk in the 
middle of the gaps and understory sites. We analyzed 
the photos using the computer software Hemiview 
(Hemiview 2.1, Delta-T Devices Ltd, Burwell, Cam- 
bridge, UK), which calculates the global site factor 
(GSF). GSF incorporates both direct and indirect light 
that reaches the site. GSF is a number between 0 and 1; 
in which 0 is no light and 1 is 180 degrees of full sun. 
A large area gap may receive less light than a medium 
area gap if the surrounding canopy is taller. Therefore, 
the total light availability is a better estimate of the 
effective gap area (Whitmore 1996). 

We quantified community level trends in densities 
of plants, herbivores and predators using a transect 
method. We recorded densities within 1 m on each 
side of a 10 m transect in similar orientation in gaps 
and their neighboring understory sites. Transects were 
surveyed in paired gap and understory sites between 
10 and 15 o'clock and during the dry (8 pairs), early 
wet (9 pairs) and late wet season (10 pairs) in 2003. 
Along the transects, we counted all plants up to 2 m 
tall and all the young leaves (leaves prior to full 
expansion and increased toughness). In tropical 
forests, the vast majority of herbivory occurs on 
young leaves (Marquis and Braker 1994, Coley and 
Barone 1996). Therefore, we used young leaf density 
as an indicator of resource availability to herbivores. 
Each plant was carefully surveyed and all arthropods 
were counted and recorded. The arthropods were 
categorized into large taxonomic groups, which 
included Lepidoptera, Homoptera, and Orthoptera 
for the herbivores and ants, spiders and Hemiptera 
for the predators. This approach should be quite 
sensitive to detecting the effect of habitat hetero- 
geneity as  arthropod densities  respond to  both the 
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density and diversity of plants. The data were 
analyzed with ANOVA to test the effect of habitat 
(gap and understory) and season (dry, early wet and 
late wet). 

Species functional groups 

Since plant species composition and densities are 
different in gaps than in the understory, we examined 
a group of focal species (Table 1). These species 
included shade-tolerant species and gap species creating 
three functional groups: gap species, shade-tolerant 
species growing in gaps and shade-tolerant species 
growing in the understory. By looking at these func- 
tional groups we took into account differences in 
species, life histories and plant densities between gaps 
and the understory. 

We recorded arthropod, young leaf and mature leaf 
abundance on five to 15 plants from each species in 
each functional group. Arthropods were categorized 
into large taxonomic and trophic groups. We used the 
leaf area data mentioned earlier, which included 
separate measurements for shade-tolerant species grow- 
ing in gaps and the understory, to calculate the 
arthropod density per m leaf area. We analyzed the 
data using ANOVA to test for the effect of functional 
group (gap vs shade-tolerant species), habitat (gap vs 
understory) and seasonality (dry, early wet, late wet), as 
well as the interaction between functional group and 
season and between habitat and season. These measure- 
ments allowed us to determine how functional group 
contributes to differences in arthropod densities. Data 
were collected in early wet season 2002, dry season and 
late wet season 2003. We did not count densities on 
Annona spraguei in the dry season because it is 
deciduous. Cecropia plants were saplings and did not 
have resident ant colonies. 

We measured mature leaf herbivory rates during the 
wet season of 2003 to determine the differences 
between each functional group. With the onset of the 
wet season, we marked three to five recently matured 
leaves of five to 15 plants of each species in each 
functional group and recorded any previous herbivory. 

We revisited the leaves at the end of the rainy season 
and recorded herbivory. Herbivory was measured by 
tracing total leaf area and areas of damage on a piece of 
paper in the field and quantifying this with a leaf area 
meter (LI-COR Biosciences, Lincoln, Nebraska). 
We used a paired t-test to compare shade-tolerant 
conspecifics growing in gaps and understory and used a 
t-test to compare gap species to shade-tolerant species 
growing in gaps. 

Predation on artificial caterpillars 

We used artificial clay caterpillars to measure potential 
predation rates on undefended caterpillars. Coley 
(unpubl. data) found that attack rates on clay cater- 
pillars were indistinguishable from attack rates on 
apparently undefended real caterpillars (lacking spines, 
hairs or warning colors). This method has been used to 
compare predation between the understory and canopy 
(Loiselle and Farji 2002). We acknowledge that clay 
caterpillars do not possess many characteristics real 
caterpillars have, which are used in defense or by 
predators in detecting prey. However, this method does 
document a potential interaction between a predator 
and its prey. In addition, it documents a comparable 
rate in which an herbivore would interact with a 
possible predator. Clay caterpillars (2 x 20 mm) were 
made using a large-hole garlic press and green Sculpty 
II® clay. They were placed randomly on the upper side 
of mature leaves and attached with a small dab of 
rubber cement. After 24 h, we measured attack rates by 
recording mandible and chew marks left in the clay. 
Ten clay caterpillars were placed on ten random plants 
in paired gap and understory sites. Each pair was always 
measured in the same 24-h period. We collected data 
on potential predation rates over multiple days during 
four weeks in the late wet season of 2001 and 2003, 
early wet 2002 and dry season 2003 (see Fig. 4 for 
sample sizes). The data (presence or absence of 
predation) were tested for the main effects of habitat, 
season and their interaction with SAS software catego- 
rical model (Proc catmod). 

Table 1. Focal species and families of functional groups. 

Gap species Shade-tolerant species 

Acalypha diversifolia 
Alchornea costaricensis 
Annona spraguei 
Cecropia insignis 
Luehea seemannii 
Miconia argentea 
Spondias radlkoferi 

Euphorbiaceae 
Euphorbiaceae 
Annonaceae 
Moraceae 
Tiliaceae 
Melastomataceae 
Anacardiaceae 

Alseis blackiana 
Coussarea curvigemmia 
Faramea occidentalis 
Garcinia edulis 
Hybanthus prunifolius 
Mouriri myrtilloides 
Pouteria stipitata 
Protium tenuifolium 

Rubiaceae 
Rubiaceae 
Rubiaceae 
Clusiaceae 
Violaceae 
Melastomataceae 
Sapotaceae 
Burseraceae 

Psychotria marginata 
Psychotria acuminata 
Psychotria furcata 
Psychotria horizontalis 
Rinorea sylvatica 
Tachigali versicolor 
Tetragastris panamensis 

Rubiaceae 
Rubiaceae 
Rubiaceae 
Rubiaceae 
Violaceae 
Fabaceae 
Burseraceae 
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Results 

Food resources available to herbivores in gaps and 

the understory 

Gaps had twice as much light as the understory sites 
(GSF values 0.268 + 0.011 compared to 0.122 + 0.005, 
Mann-Whitney U, Z= -6.210, p<0.001). There 
were no significant differences in GSF among seasons. 
There were also higher densities of plants and young 
leaves in gaps (Fig. 1A). Young leaf density was five 
times higher in gaps than in the understory and there 
were strong seasonal and interaction effects (habitat 
Fj 48 =58.468, season F2>48 = 12.989, habitat x season 
interaction F2j48 =5.630, p <0.01). This was because 
plants were twice as abundant (2.615 + 0.263 plants 
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Fig. 1. (A) Young leaf densities measured along transects in 
gaps and the understory through out the year, there were 8, 9 
and 10 paired transects in the dry, early wet and late wet 
respectively. (B) The number of young leaves per plant on 
three functional species groups in three different seasons. 
These data are the mean for 7 gap species and 15 shade- 
tolerant species in gaps (G) and understory (U) for each 
season. Significant effects are indicated (2-way ANOVA, 
p <0.05). *H represents habitat effects between gap and 
understory. *S represents seasonal effects. *H x S represents 
an interaction effect. Letters indicate differences between 
seasons (LSD, p <0.05). 

m in gaps, 1.202 + 0.113 plants m in understory, 
F1>48 =87.587, p <0.001) and had higher leaf produc- 
tion per plant. 

For the focal species surveys, we also found more 
young leaves per plant in gaps than in the understory 
(FUOi =29.348, p<0.001 Fig. IB). However, there 
was no significant effect of functional group on the 
number of young leaves per plant between gap species 
and shade-tolerant species (F110i =0.624, p= 0.624). 
Similar to the results from the transects, there was an 
effect of season on young leaf densities of focal species 
(F2,ioi = 11.336, p<0.001, Fig. IB). In addition to 
more young leaves, shade-tolerant species in gaps tend 
to have larger leaf areas than their understory counter- 
parts (62.1 + 12.7 cm in gaps, 44.7 + 5.6 cm in 
understory, paired t-test, ti4 =2.057, p =0.059). There 
was no difference in the average number of mature 
leaves per plant between the three functional groups 
(F2 101 =2.16, p >0.05). However, there was a 
seasonal difference (F2> 101 =6.351, p<0.01). LSD 
post hoc tests indicate that the average number of leaves 
per plant was significantly higher in the late rainy 
season than in the early wet or dry season (p <0.01 in 
both seasons). 
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Fig. 2. Herbivore (left) and predator (right) densities in gaps 
and understory during the dry, early wet and late wet seasons. 
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Herbivore densities and herbivory rates 

In community transects, we found higher herbivore 
densities in gaps (Fig. 2). All herbivore densities showed 
a dramatic difference between gap and understory sites 
(Table 2). The habitat difference became greater 
through the seasons, with the greatest difference in 
the late wet season as indicated by a significant habitat 
by season interaction on herbivore densities. 

Even when species identity and plant biomass were 
controlled, we found higher herbivore densities in gaps 
(Fig. 3). Herbivore densities were affected by functional 
group, habitat and seasonality (Table 3). Similar to 
findings in the community transects, there was a habitat 
by season interaction. There was no habitat effect on 
Homoptera densities, however there were significantly 
more on gap species (Fig. 3, Table 3). 

Rates of herbivory on mature leaves were higher in 
gaps and mirrored herbivore densities. Within gaps, 
rates of damage were higher on gap species (0.38% per 
day) than on shade-tolerant species (0.16% per day, 
t-test,  t2o = — 2.983,  p <0.01).  However,  herbivory 
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rates did not differ greatly between shade-tole- 
rant species in gaps (0.16% per day) and on paired 
understory conspecifics (0.14% per day, paired 
t-test, ti4 =0.752, p >0.05). There were no differences 
in missing leaf area before the recording period 
between gap species and shade-tolerant species in 
gaps (t2o = — 0.358, p>0.05) and between shade- 
tolerant species growing in gaps and in the understory 
(ti4 =0.799, p>0.05). Initial leaf damage was not 
related to subsequent herbivory rates in gap species, nor 
in shade-tolerant species in gaps or in the understory 
(r2 =0.001, 0.023, and 0.005, respectively, p >0.071). 

Predator densities and rates of predation 

In all seasons, predator densities were significantly 
higher in gaps than in the neighboring understory 
(Fig. 2, Table 4). This result held when each of the 
predator groups was examined separately (Table 4). 
Spiders and Hemiptera had a seasonal effect and there 
was a significant habitat by season interaction for 
spiders. 

Total predator densities on focal species of the 
functional groups did not differ significantly between 
gap and understory (Fig. 3, Table 5). Likewise, in the 
late wet and dry season there was no difference between 
shade-tolerant species in gaps and in the understory. 
However, there was a habitat by season interaction in 
predator densities on focal species. This is because there 
were more predators in gaps in the early wet season. 
This pattern differs from that found for the community 
survey, in which predator densities were higher in gaps 
in the late wet season. Predaceous hemipteran and 
spider densities showed seasonably (Table 5), but ants 
were aseasonal (Fig. 3). Ants densities were higher on 
plants in gaps than in the understory. 

In order to be conservative, the results above do not 
include ants and homopterans involved in mutualistic 
interactions. We calculated the mean number of plants 
in each transect in which ant-homopteran interactions 
were observed and found an effect of habitat and 
seasonality (F^g =21.158 F2j46= 5.431 respectively 
p <0.01). There were more interactions in gaps than 
in the understory (0.025 ±0.005, and 0.001+0.001 
interactions plant- , respectively). There were very few 
interactions seen during the dry season compared to the 
early and late wet season (LSD, p <0.05). The only 
focal species that had ant-homopteran interactions were 
Acalypha, Alchornea, Luehea, Miconia (gap species) and 
Mouriri (shade-tolerant species). 

All the clay caterpillars placed in the field were 
recovered. Typical marks left by predators on the clay 
caterpillars were small slits from mandibles and small 
scrape marks. Since an immeasurable amount of clay 
was removed from the artificial caterpillar, it is unlikely 
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that attack rates measured were due to arthropod 
use of clay. None of the attack marks were characteristic 
of bird beaks. Predation rates on clay caterpillars were 
40% higher in gaps than in the understory 
during the late wet season (%1=5.20, p =0.023, 
Fig. 4). There was no significant effect of season 
(%3 =3.87, p =0.276) and no interaction (habitat x 
season %; =2.18, p =0.536). However there was no 
difference in predation rates in the early wet season 
(Fig. 4). Predation rates in the late wet season were not 
significantly different between 2001 and 2003 (%i = 
0.44, p =0.506) and were higher in gaps. 

Discussion 

Herbivores appeared to be tracking the greater food 
availability in gaps with up to nine times higher 
densities in gaps than in the understory. This pattern 
held true even when we accounted for species and leaf 
area. In addition, the presence of early successional gap 
species contributed greatly to the higher herbivore 
densities in gaps, particularly in the wet season. Higher 
herbivory rates on mature leaves of gap species reflect 
higher food quality for herbivores and are consistent 
with previous studies (Coley 1983). Thus, there are 
both more young leaves and higher quality mature 
leaves for herbivores in gaps than in the understory. 

Our results were similar to previous studies compar- 
ing sun and shade habitats, in which they found higher 
insect herbivore abundance in the sun (Shure and 
Phillips 1991, Louda and Rodman 1996, Jokimaki 
et at. 1998, Sipura and Tahvanainen 2000). In contrast, 
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Shelly (1988) found higher abundances of flying insect 
herbivores and predators in the understory on BCI. The 
differences between Shelly's findings and ours indicate 
that flying insects may be more susceptible and able to 
avoid abiotic stress of sunny and drier gaps than the less 
active insects we included in this study (Richards and 
Windsor, in press). Orthoptera are very mobile and 
may be preferentially feeding in gaps rather than in the 
understory. In comparison, lepidopteran larvae are less 
mobile and their locations are dictated by oviposition 
preference of the adults. Thus, higher lepidopteran 
larvae densities in gaps likely reflect differences in 
oviposition by adults, as demonstrated by the interac- 
tion between habitat and seasonality in lepidopteran 
density. In the dry season, larvae densities were low 
throughout the forest and there was no difference 
between gaps and understory. However, throughout the 
wet season the lepidopteran larval density increased 
dramatically in gaps and actually decreased in the 
understory. 

Predator densities were higher in gaps for all seasons 
and for all taxonomic groups. Ants are a major 
invertebrate predator in the tropics and were one of 
the main predator groups in our study. Although 
Feener and Schupp (1998) found no differences in 
ant abundance between gaps and understory, we found 
significantly higher ant densities in gaps, on both gap 
and shade-tolerant species. Higher prey densities and 
extra-floral nectaries of gap species (Schupp and Feener 
1991) may contribute to these higher ant densities. 
Three of the focal gap species had a variety of nectaries, 
but ant densities were no higher on these species than 
on species without nectaries. In addition, our ant 
densities were conservative as we excluded ants observed 
in mutualistic interactions with Homoptera. These 
interactions were primarily in gaps at both the com- 
munity and focal plant level. The high light conditions 
and higher young leaf densities in gaps would allow 
high exudate production by homopteran herbivores 
(Garsed et al. 1987), which would support mutualistic 
interactions with ants. These ant interactions may have 
contributed to the higher predation rates measured on 
artificial caterpillars in gaps. 

If the greater plant productivity in gaps caused 
proportional increases in both herbivores and predators, 
we would not expect to find the differences in per capita 
predation rates that we did. Predation rates were higher 
in gaps despite the fact that compositional and 
structural heterogeneity should have increased the 
difficulty of finding prey. However, a previous study 
found that habitat complexity increased the impact of 
spiders on planthoppers in cordgrass communities 
(Denno et al. 2002). These data supported our 
hypothesis that predator pressure would be most 
pronounced in the productive gap sites. In comparison, 
the availability of food in the understory was low. Thus, 
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there appears to be greater top-down control in gaps 
and bottom-up control in the understory. 

The seasonal rhythms of young leaf production, 
coupled with a lag time in the response of predators to 
increased prey, appeared to be responsible for the 
seasonal shifts in the relative impacts of top-down and 
bottom-up effects. We observed a strong top-down 
effect in the late wet season and dry season, but not in 
the early wet season. In the dry season, there were few 

young leaves and herbivore populations were low in 
both habitats. This may be due to lower food 
availability as well as stressful abiotic conditions 
(Richards and Windsor, in press). In comparison, 
predator densities do not decline as much, causing 
higher predator to herbivore ratios and higher per capita 
predation rates in gaps in the dry season. However, 
when young leaves flushed with the onset of the wet 
season, herbivore densities responded quickly, especially 
in gaps. In contrast, predator densities lagged behind. It 
was not until the late wet season, when predator 
densities peaked, particularly in gaps, that we saw an 
increase in predation in gaps over the understory. Even 
though ants are an important predator, and are much 
more abundant in gaps, they show very little seasonal 
variation. Thus, other predators must have influenced 
seasonal changes in per capita predation. 

Overall, our study detected a lower availability of 
food in the understory and a significant increase in per 
capita predation in gaps. This suggests significant 
predator influences on herbivores that were tied to 
pockets of increased productivity. In addition, we 
showed that the differences in light availability across 
short spatial distances could lead to dramatic changes in 
trophic interactions, with herbivores likely being lim- 
ited by food in the understory and by predators in 
adjacent gaps. Thus, the fine-scale heterogeneity in 
productivity found in tropical forests may affect the 
balance between top-down and bottom-up control as 
hypothesized by early workers (Oksanen et al. 1981). 

Acknowledgements — We thank Egbert Leigh and Thomas 
Kursar for stimulating conversations throughout the study, 
and Denise Dearing and Fred Adler for their helpful 
comments on the manuscript. We gratefully acknowledge 
funding from STRI and Sigma Xi (LAR) and NSF grant DEB 
0234936 (PDC). 

References 

Brokaw, N. and Scheiner, S. M. 1989. Species composition in 
gaps and structure of a tropical forest. — Ecology 70: 
538-541. 

Brokaw, N. V. L. 1982. Treefalls: frequency, timing, and 
consequences. — In: Leigh, E. G., Rand, A. S. and 
Windsor, D. M. (eds), The ecology of a tropical rain- 

forest.    Seasonal    rhythms    and    long-term    changes. 
Smithsonian Inst, pp. 101-108. 

Carpenter, S. R, Kitchell, J. F. and Hodgson, J. R. 1985. 
Cascading  trophic  interactions   and  lake  productivity. 
- BioScience 35: 634-639. 

Cates, R. G. and Orians, G. H. 1975. Successional status and 
the   palatability   of  plants   to   generalized   herbivores. 
- Ecology 56: 410-418. 

Chazdon, R. L., Pearcy, R. W., Lee, D. W. et al. 1996. 
Photosynthetic response of tropical forest plants to 
contrasting light environments. — In: Mulkey, S. S., 
Chazdon, R. L. and Smith, A. P. (eds), Tropical forest 
plant ecophysiology. Chapman & Hall, pp. 1 — 55. 

Coley, P. D. 1983. Herbivory and defensive characteristics of 
tree species in a lowland tropical forest. - Ecol. Monogr. 
53: 209-233. 

Coley, P. D. and Barone, J. A. 1996. Herbivory and plant 
defenses in tropical forests. — Annu. Rev. Ecol. Syst. 27: 
305-355. 

Denno, R. F., Gratton, C, Peterson, M. et al. 2002. Bottom- 
up forces mediate natural-enemy impact in a phytopha- 
gous insect community. - Ecology 83: 1443-1458. 

Denslow, J. S. 1987. Tropical rainforest gaps and tree species 
diversity. - Annu. Rev. Ecol. Syst. 18: 431-451. 

Denslow, J. S., Ellison, A. M. and Sanford, R. E. 1998. 
Treefall gap size effects on above- and below-ground 
processes in a tropical wet forest. - J. Ecol. 86: 597-609. 

Dyer, L. A. and Letourneau, D. K. 1999. Relative strengths of 
top-down and bottom-up forces in a tropical forest 
community. - Oecologia 119: 265-274. 

Feener, D. H. and Schupp, E. W. 1998. Effect of treefall gaps 
on the patchiness and species richness of Neotropical ant 
assemblages. — Oecologia 116: 119—201. 

Forkner, R. E. and Hunter, M. D. 2000. What goes up must 
come down? Nutrient addition and predation pressure on 
oak herbivores. - Ecology 81: 1588-1600. 

Fraser, L. H. and Grime, J. P. 1997. Primary productivity and 
trophic dynamics investigated in a North Derby shire, 
UK, dale. - Oikos 80: 499-508. 

Fraser, L. H. and Grime, J. P. 1998. Top-down control and 
its effect on the biomass and composition of three grasses 
at high and low soil fertility in outdoor microcosms. 
- Oecologia 113: 239-246. 

Fretwell, S. D. 1977. The regulations of plant communities 
by the food chain exploiting them. — Persp. Bio. Med. 20: 
421-425. 

Garsed, S. G., Galley, D. J. and Mueller, P. W. 1987. The 
effect of light on the relationship between Aphis fabae 
Scop, and its host plant, Viciafaba L. - New Phytol. 107: 
63-75. 

Hairston, N. G., Smith, F. E. and Slobodkin, L. B. 1960. 
Community structure, population control, and competi- 
tion. - Am. Nat. 94: 421-425. 

Harrvigsen, G., Wait, D. A. and Coleman, J. S. 1995. Tri- 
trophic interactions influenced by resource availability: 
predator effects on plant performance depend on plant 
resources. - Oikos 74: 463-468. 

Hubbell, S. P., Foster, R. B., O'Brien, S. T. et al. 1999. 
Light-gap disturbances, recruitment limitation, and 
tree diversity in a neotropical forest. — Science 283: 
554-557. 

39 



Hunter, M. D., Varley, G. C. and Gradwell, G. R. 1997. 
Estimating the relative roles of top-down and bottom-up 
forces on insect herbivore populations: a classic study 
revisited. - Proc. Nad Acad. Sci. 94: 9176-9181. 

Jokimaki, J., Huhta, E., Itamies, J. et al. 1998. Distribution of 
arthropods in relation to forest patch size, edge and stand 
characteristics. - Can. J. For. Res. 28: 1068-1072. 

Letourneau, D. K. and Dyer, L. A. 1998. Experimental test in 
lowland tropical forest shows top-down effects through 
four trophic levels. - Ecology 79: 1678-1687. 

Lindeman, R. L. 1942. The trophic-dynamic aspect of 
ecology. - Ecology 23: 399-417. 

Loiselle, B. A. and Farji, B. A. G. 2002. What's up? An 
experimental comparison of predation levels between 
canopy and understory in a tropical wet forest. 
- Biotmpica 34: 327-330. 

Louda, S. M. and Rodman, J. E. 1996. Insect herbivory as a 
major factor in the shade distribution of a native curcifer 
(Cardamine cordifolia A. Gray, bittercress). — J. Ecol. 84: 
229-237. 

Marquis, R. J. and Braker, H. E. 1994. Plant-herbivore 
interactions: diversity, specificity, and impact. — In: 
McDade, L. A., Bawa, K. S., Hespenheide, H. A. et al. 
(eds), La Selva ecology and natural history of a neotropical 
rain forest. Univ. of Chicago Press, pp. 261—281. 

Mazia, C. N., Kitzberger, T. and Chaneton, E. 2004. 
Interannual changes in folivory and bird insectivory along 
a natural productivity gradient in northern Patagonia 
forests. - Ecography 27: 29-40. 

Oksanen, L., Fretwell, S. D., Arruda, J. et al. 1981. 
Exploitation ecosystems in gradients of primary produc- 
tivity. - Am. Nat. 118: 240-261. 

Pace, M. L., Cole, J. J., Carpenter, S. R. et al. 1999. Trophic 
cascades revealed in diverse ecosystems. - Trends Ecol. 
Evol. 14: 483-488. 

Polls, G. A. 1999. Why are parts of the world green? Multiple 
factors control productivity and the distribution of 
biomass. — Oikos 86: 3—15. 

Power, M. E. 1992. Top-down and bottom-up forces in food 
webs: do plants have primacy. — Ecology 73: 733—746. 

Price, P. W., Bouton, C. E., Gross, P. et al. 1980. Interactions 
among three trophic levels: Influence of plants on 
interactions between insect herbivores and natural ene- 
mies. - Annu. Rev. Ecol. Syst. 11: 41—65. 

Richards, L. A. and Windsor, D. M. in press. Seasonal 
variation of arthropods in gaps and the understory of a 
lowland moist forest in Panama., J. Trop. Ecol. 

Rosenweig, M. L. 1971. Paradox of enrichment: destabiliza- 
tion   of   exploitation   ecosystems   in   ecological   time. 
- Science 171: 385-387. 

Schnitzer, S. A. and Carson, W. P. 2001. Treefall gaps and 
the maintenance of species diversity in a tropical forest. 
- Ecology 82: 913-919. 

Schupp, E. W. and Feener, D. H. 1991. Ant-defended plants 
in a Panamanian forest. — In: Huxley, C. R. and Cutler, 
D. F. (eds), Ant-plant interactions. Oxford Univ. Press, 
pp. 175-197. 

Shelly, T. E. 1988. Relative abundance of day-flying insects in 
treefall gaps vs shaded understory in a neotropical forest. 
- Biotropica 20: 114-119. 

Shure, D. J. and Phillips, D. L. 1991. Patch size of forest 
openings and arthropod populations. — Oecologia 86: 
325-334. 

Sipura, M. 1999. Tritrophic interactions: willows, herbivor- 
ous insects and insectivorous birds. — Oecologia 121: 
537-545. 

Sipura, M. and Tahvanainen, J. 2000. Shading enhances the 
quality of willow leaves of leaf beetles-but does it matter? 
- Oikos 91: 550-558. 

Stiling, P. and Rossi, A. M. 1997. Experimental manipula- 
tions of top-down and bottom-up factors in a tri-trophic 
system. - Ecology 78: 1602-1606. 

Uriarte, M. and Schmitz, O. J. 1998. Trophic control across a 
natural productivity gradient with sap-feeding herbivores. 
- Oikos 82: 552-560. 

Vitousek, P. M. and Denslow, J. S. 1986. Nitrogen and 
phosphorus availability in treefall gaps of a lowland 
tropical rainforest. - J. Ecol. 74: 1167-1178. 

Walker, M. and Jones, T. H. 2001. Relative roles of top-down 
and bottom-up in terrestrial tritrophic plant-insect herbi- 
vore-natural enemy systems. - Oikos 93: 177—187. 

Whitmore, T. C. 1996. Tropical rain forest seedling ecology. 
- In: Swaine, M. D. (ed.), The ecology of tropical forest 
tree seedlings. The Parthenon Publishing Group, pp. 
3-39. 

Wootton, J. T. and Power, M. E. 1993. Productivity, 
consumers,  and  the  structure  of a  river  food  chain. 
- Proc. Nad Acad. Sci. 90: 1384-1387. 

40 


