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Insect Outbreaks in Tropical Forests: 
Patterns, Mechanisms, and Consequences

Lee A. Dyer, Walter P. Carson, and Egbert G. Leigh Jr.

11.1 Introduction

“First of all, the statement that there are no outbreaks in tropical forests (Elton 
1958) is wrong.” Wolda (1983) issued this verdict when he demonstrated that 
over six-year periods, tropical insect populations fluctuated as strongly as 
temperate ones. Nevertheless, the paradigm that tropical forests are free of 
outbreaks (Elton 1958) has persisted in the face of strong evidence to the contrary 
(Nair 2007). In fact, the term “tropical outbreaks” is usually associated with 
disease outbreak literature or, to a lesser extent, with insect outbreaks in 
agricultural ecosystems or tree plantations (Nair 2007). However, as studies of 
insect natural history and population dynamics in the tropics accumulate, it is 
clear that insect outbreaks occur in most natural tropical terrestrial ecosystems 
and that these outbreaks may occur moderately frequently (Table 11.1). Our goal 
is to review what is currently known about the frequency, causes, and consequences 
of outbreaks both within and among tropical forests worldwide.

In this chapter, we do the following: (1) define an outbreak, identify different 
general types of outbreaks, and outline challenges associated with quantifying 
and detecting outbreaks in tropical forests; (2) point out potential biotic linkages 
between outbreaks in managed landscapes and those in more natural forests; 
(3) identify taxa that are known to outbreak and traits that make species prone 
to outbreak; (4) predict where outbreaks are likely to occur both within a stand 
and across gradients from dry to wet forests; (5) discuss the consequences of 
outbreaks for plant communities and species coexistence; (6) make predictions 
about how global climate change will alter the frequency and severity of 
 outbreaks; and, finally, (7) propose a series of testable hypotheses concerning 
outbreaks in the tropics to serve as a guide for future research. We focus mostly 
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226 Insect Outbreaks Revisited

on natural systems and native herbivores. Nair (2007) provides a thorough 
review of outbreaks in tropical agriculture, and the Food and Agriculture 
Organization (FAO 2011) of the United Nations provides an extensive review 
and database of introduced and indigenous pest outbreaks in natural and planted 
forests throughout the tropics (http://www.fao.org/forestry/pests/en/).

11.2  Defining, categorizing, and detecting tropical 
insect outbreaks

11.2.1 Definitions and types of insect outbreaks

We define a tropical insect outbreak the same as a temperate outbreak, specifically 
a high-population density relative to long-term mean densities or ecosystem-
wide densities (Berryman 1999, Nair 2007, Singh and Satyanarayana 2009). 
Here we focus on differences in the patterns and scales of tropical versus 
temperate outbreaks and examine mechanisms that cause population changes 
leading to outbreaks. We utilize the definitions provided by Berryman (1999) for 
two major categories of tropical outbreaks: (1) eruptive outbreaks are population 
explosions that re-occur in time and space because they are regulated by positive 
feedback or density-dependent processes (these outbreaks often spread to 
adjacent patches or ecosystems), and (2) gradient outbreaks are driven by local 
environmental conditions (e.g., temperature, precipitation, host plant availability, 
and quality) and track changes in these conditions in time or space. These 
outbreaks are typically confined to patches within an ecosystem.

Density-dependent processes with time lags are typically responsible for 
predictable cycles between herbivore outbreaks and low population densities, 
thus outbreaks can be characterized either by the presence of cycles or by pulses, 
which are short-lived increases in insect abundances. The eruptive-gradient and 
the pulse-cycle dichotomies are often combined to characterize different types 
of outbreaks throughout the outbreak literature (reviewed by Singh and 
Satyanarayana 2009, Nair 2007), and yield these main classes of outbreaks: pulse 
eruptive, cyclical eruptive, pulse gradient, and cyclical gradient. Other 
classifications consider the length of the cycle or the persistence of the outbreak 
(Berryman 1999, Singh and Satyanarayana 2009), thus terms such as “sustained 
gradient outbreak” refer to sites within an ecosystem that experience persistently 
high levels of herbivory compared to other sites. There is a perception that most 
outbreaks in tropical forests are pulse gradient. This suggests that disturbances or 
clear changes in resource availability are putatively responsible for tropical 
outbreaks that are ephemeral, unpredictable, and occurring unseen during a 
short-term nutrient flux or high up in forest canopies (Wolda 1978, Wolda and 
Foster 1978, Lowman 1997, Singh and Satyanarayana 2009).

We argue that when considering outbreaks, it is critical to consider both the 
temporal and spatial scales of outbreaks and perhaps most importantly to take a 
phytocentric view. As Strong et al. (1984) made clear, rare events such as 
 outbreaks cannot be ignored because they may greatly influence plant diversity 
and relative abundance. Indeed, an outbreak that occurs once every 40–50 years 
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 Insect Outbreaks in Tropical Forests 227

and causes major defoliation might seem infrequent or rare, yet it would occur 
 several times in the life span of an individual tree that has managed to reach the 
canopy (Carson et al. 2004). Outbreaking insects that cause major defoliation or 
mortality on abundant species can be keystone species in plant communities (e.g., 
Carson and Root 2000) and occur in nearly all biomes (Carson et al. 2004). 
Additionally outbreaks in tropical forests may be as frequent as in temperate 
regions but go unnoticed because they are highly localized on a subset of patches 
or individuals of a fairly common species (Janzen 1981), they occur on uncom-
mon and sparsely distributed species (Nair 2007), or they are out of sight, high 
in the canopy (Lowman 1997). We note that some pulse gradient outbreaks can 
occur at very small spatial and temporal scales, and even eruptive outbreaks can 
involve rare insect species that increase substantially in abundance. However, 
these outbreaks may never cause major defoliation or seriously injure host 
 populations. Thus, our focus below is primarily on outbreaks that lead to major 
defoliation, host mortality, or both (Table 11.1).

11.2.2 Quantifying and detecting insect outbreaks

Some authors have suggested that cyclical gradient and cyclical eruptive  outbreaks 
do not exist in tropical ecosystems (Wolda 1978, Myers 1988, but see Bigger 
1976). Long-term cyclical outbreaks are well documented in temperate ecosys-
tems (e.g., the larch bud moth experienced dramatic outbreak cycles from 800 to 
1980 CE; Johnson et al. 2010), thus it is premature to dismiss their importance. 
They are difficult to detect in tropical ecosystems for three reasons. First, detec-
tion of most natural outbreaks, cyclical or otherwise, is very difficult because on 
average tropical herbivores are more specialized (Dyer et al. 2007), resulting in 
more localized outbreaks on one or a few species (Janzen 1981). Consequently, 
dismissing cyclical outbreaks is not possible without consistent (e.g., weekly) 
monitoring of entire populations of host plant genera over a number of years. 
Second, detection of cyclical outbreaks in particular requires very detailed time 
series of population data (e.g., weekly) to reveal cycles (Haines et al. 2009) 
because most tropical insects are multivoltine. This means that the standard cycle 
periodicity common in temperate systems should be longer than in the tropics 
because both population changes and time lags take longer for univoltine popula-
tions that go through a long seasonal quiescent phase. Third, outbreak detection 
methods that utilize tree rings are less useful because only a few tropical trees 
have annual growth rings; this diminishes the possibility of recording cyclical 
histories of defoliation (e.g., Buntgen et al. 2009). Thus, quantifying cyclical 
population dynamics will require years of data (e.g., Roland 1993) on focal host 
genera or species, long time series that may require weekly censuses of marked 
plants, and selection of plant–herbivore study systems that might be more 
 susceptible to outbreaks.

While documenting and verifying outbreaks in the tropics in some regards are 
more difficult than in temperate regions, they may also be easier under certain 
conditions. The diversity of plants and insects, and the increase in the number of 
insect generations per year, may improve a tropical ecologist’s ability to detect 
outbreaks over shorter periods of time and for many species simultaneously. 
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Indeed, Wolda (1983) was able to monitor population fluctuations of numerous 
species of Auchenorrhyncha (formerly known as Homoptera) using a single light 
trap. Thus the task, although challenging, is not daunting.

11.2.3 Monitoring insect population dynamics versus defoliation

Overall, an outbreak can be quantified by monitoring either the population 
dynamics of the insects, or defoliation as an indicator of an outbreak, including 
percentage of leaf removal or percentage of tree or shrub mortality (reviewed by 
Nair 2007). However, while high levels of damage often occur during outbreaks, 
it is problematic to use the degree of damage as an indicator of outbreaks when 
testing hypotheses generated by mathematical models or other theory and it is 
problematic when attempting any comparison of tropical and temperate 
 outbreaks. This is because there are many factors that decouple measures of 
 herbivory from herbivore population dynamics, including difficulties in measur-
ing herbivory at multiple scales, inability to measure defoliation by specific her-
bivores (particularly when entire leaves are removed), error variance introduced 
by compensatory growth, changes in damage associated with herbivore density, 
and rapid leaf growth which can obscure damage. All of these problems can 
 prevent accurate parameter estimates in models and can make it difficult to com-
pare tropical outbreaks with quantitative studies of temperate outbreaks that 
focus on insect populations rather than herbivory (e.g., larval counts in Johnson 
et al. 2010). Nevertheless, both metrics of quantifying outbreaks have value, and 
typically the most common measure is the degree of defoliation or host mortality 
associated with an outbreak (e.g., Janzen 1981). Indeed, the degree of defoliation 
and its timing with other stressful abiotic factors (e.g., drought) may be the best 
metricd for evaluating the impact of the outbreak on plant population and 
 community dynamics.

Useful models have been developed for defining and characterizing outbreaks, 
and have yielded relevant hypotheses about the patterns and causes of out-
breaks. For example, Johnson et al. (2010) utilized a tritrophic discrete-space, 
discrete-time model to examine population densities of larch bud moths, host 
plant  quality, and parasitoid population densities. Their modeling approach 
revealed that the elevation of outbreak epicenters for larch bud moths has been 
increasing with mean winter temperatures since 1870 CE, yielding a clear 
 hypothesis that the disruption of long-term cyclical eruptive outbreaks is caused 
by limits to how far the moth distribution can shift upslope in response to 
 warming temperatures. However, most traditional models for insect outbreaks 
focus on such population cycles and delayed density dependence (Myers 1988, 
Logan 2003, Turchin 2003). These models may be useful for generating testable 
hypotheses for  tropical insect herbivores that exhibit cyclical outbreaks linked 
with density dependence (Godfray and Hassell 1989, Ray and Hastings 1996, 
reviewed by Wallner 1987), but there are still very few documented examples of 
cyclical outbreaks in the tropics (Wolda 1983, 1992, reviewed by Wallner 1987). 
Outbreaks are characterized by large departures from equilibrium with consider-
able spatial variation, thus models that assume fluctuations around equilibrium 
(i.e., cyclic outbreaks) without spatial structure may not provide relevant insight 
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into the causes and consequences of outbreaks (Hastings 1999). Several 
 spatial-modeling techniques explicitly incorporate the role of spatial structure, 
including metapopulation models, reaction–diffusion models, and cellular 
automata approaches. These models address important questions, such as the 
role of dispersal or resource patchiness in the spread of outbreaks (Hastings 
1999). In a tropical forest, where many host plants are rare and resources can be 
very patchy, metapopulation models, which examine subpopulations at scales as 
small as a single tree, can be useful for examining determinants of tropical 
 outbreaks. Thus, if local outbreaks are common in tropical forests, the 
 metapopulation approach (e.g., Kondoh 2003) is best suited for examining the 
causes and consequences of dynamics such as an outbreak on a single tree or in 
one patch. Such outbreaks can spread to other patches, or, alternatively,  dynamics 
across the entire ecosystem can remain stable (Hastings 1999).

11.2.4 Knowledge of outbreaks in the tropics is often anecdotal

Many examples of tropical forest outbreaks are only known through anecdote or 
personal observations (reviewed by Nair 2007; D. Janzen, D. Wagner, V. Novotny, 
H. Morais, H. Greeney, and G. Gentry, personal communication). For example, 
Grogan (2001) described his encounter in Brazilian Amazonia with an unidenti-
fied Thysanoptera that “appeared by the tens of millions during the 1997 dry 
season in a 500-m2 patch of forest, which was completely defoliated.” Torres 
(1992) qualitatively described an eruption of larvae of Spodoptera eridania 
(Lepidoptera, Noctuidae) in Puerto Rico, following Hurricane Hugo in 1989. 
The larvae erupted and invaded nearby human habitats, whereby they “crossed 
forest roads in the Luquillo Mountains when their food was exhausted. USDA 
Forest Service personnel assigned to the Luquillo Mountains observed larvae 
feeding on tomatoes, potato skins, and lettuce inside trashcans. Larvae entered 
houses in the forest and even fed on dog food.” Beyond these types of descrip-
tions, few studies of tropical outbreaks were designed to parameterize mathemat-
ical models or test hypotheses that underlie outbreaks. For example, outbreaking 
Hylesia spp. (Saturniidae) caterpillars are a common and noticeable feature of 
forests and managed landscapes across the Neotropics (Janzen 1981, 1984, 
Pescador 1995, Specht et al. 2006, Hernandez et al. 2009). These caterpillars 
have urticating spines as larvae and urticating scales as adults. Studies on this 
genus therefore have focused on the human impacts resulting from these out-
breaks, particularly the widespread cases of painful dermatitis they cause (e.g., 
Iserhard et al. 2007, Moreira et al. 2007). We searched for Hylesia on ISI Web of 
Science in August 2010 and found that only 6 of 34 studies of this genus were 
ecological and none used quantitative data to examine causes and consequences 
of the outbreaks. Nevertheless, there are a growing number of observational and 
experimental studies that document outbreaks of tropical insect herbivores 
though the bulk of these come from managed ecosystems (reviewed by Nair 
2007; Table 11.1). Consequently, while future research on tropical outbreaks 
should be hypothesis driven (see Section 11.8), we argue that the simple docu-
mentation of the occurrence of outbreaks remains important. Indeed, these 
occurrences need to make their way into the peer-reviewed literature as short 
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communications where the identity of the herbivore, its hosts, its location, and 
other salient aspects of the outbreak are reported.

11.3  Outbreaks in managed systems have biotic linkages 
to intact forests and vice versa

The best documented cases of outbreaks are in agricultural landscapes 
(e.g., Azerefegne et al. 2001), but these outbreaks are not isolated from natural 
ecosystems because the arthropod communities often have host plants in both 
places (e.g., arthropods on Heliconiaceae in forests near banana plantations, 
Matlock and de la Cruz 2002; see also Azerefegne and Solbreck 2009). Tropical 
forests are likely to affect outbreaks in nearby agroecosystems (and vice versa) 
by serving as sources of outbreaking insects or natural enemies, or by more com-
plex pathways (Azerefegne and Solbreck 2009, Vandermeer et al. 2010). In fact, 
tropical forests act as reservoirs for many pests in tropical agriculture and vice 
versa, and it can sometimes be difficult to distinguish native forest herbivores 
from exotic pests that may have immigrated from adjacent agroecosystems (Nair 
2007, Azerefegne and Solbreck 2009). For example, in Costa Rican banana 
plantations that were formerly lowland rainforest, frequent outbreaks by 53 
native species of lepidopteran defoliators occurred for over twenty years 
(1950–1973). These  outbreaks followed aerial applications of the insecticides 
dieldrin and carbaryl to the plantations (Lara 1970, Ostmark 1974, Stephens 
1984). In 1973, these  applications were stopped and lepidopteran larvae have 
rarely exceeded their economic thresholds since (Stephens 1984, Thrupp 1990), 
presumably due to control by parasitoids that were susceptible to insecticide 
treatments (Dyer et al. 2005). These caterpillars are all species that occur in 
nearby wet forest fragments (Stireman et al. 2004, Dyer et al. 2005, Dyer and 
Gentry 2010), but they have not been documented to outbreak in natural for-
ests. Although speculative, it is likely that natural forests are the original source 
of these eruptions and that when they occur in plantations they probably spill 
back into natural forests.

Can outbreaks within managed landscapes cause smaller-scale outbreaks in 
nearby intact forests? Trophic relationships suggest this possibility. Specifically, 
experimental and observational studies (Stireman et al. 2004, Dyer et al. 2005, 
Dyer unpublished data) indicate that most interactions between these caterpillars 
and their host plants and enemies are similar in their natural and managed 
 settings. For example, parasitism and predation rates in low-pesticide banana 
plantations and in wet tropical forest at the La Selva Biological Station were 
identical for two of the most common outbreak Lepidoptera, Caligo memnon 
and Opsiphanes tamarindi (both Nymphalidae) (Stireman et al. 2004). Thus, 
indirect evidence suggests that large-scale outbreaks of these banana pests may 
spill back and cause outbreaks at small scales, perhaps on relatively dense patches 
of host plants or under conditions when natural enemy populations are depressed 
by climatic events or disturbances (e.g., in response to flooding, droughts, strong 
El Niño weather, or other disturbances; van Bael et al. 2004, Stireman et al. 
2005). If spill-back of insect outbreaks from agriculture to forest isn’t a rare 

Barbosa_c11.indd   230Barbosa_c11.indd   230 12/8/2011   4:41:09 AM12/8/2011   4:41:09 AM



 Insect Outbreaks in Tropical Forests 231

 phenomenon, then outbreaks may increase in intact forests as fragmentation 
becomes more and more widespread.

11.4  What taxa are likely to outbreak, and which traits 
predispose species to outbreak?

Lepidoptera accounted for 73% and Coleoptera for 19% of the outbreaks listed 
in Table 11.1; together they accounted for 92% of these outbreaks. Similarly, 
Carson et al. (2004) found that 94% of outbreaks of native insects in natural 
habitats worldwide were caused by species in these two orders (Lepidoptera 58% 
and Coleoptera 36%). This may simply represent the high diversity and abundance 
of herbivores within these two orders. Specialists (herbivores feeding on plants 
within one family) comprised 56% of these taxa whereas 44% were generalists. 
Leaf chewers, wood borers, and shelter builders were the most important guilds 
(58%, 17%, and 12.5% respectively). Outbreaks occurred in all major tropical 
forest areas including Asia (21%), India (15%), Africa (3%), and the mainland 
Neotropics (42%). Only two outbreaks were documented in South America 
(Ecuador and Brazil) whereas 17% of all outbreaks were recorded from Puerto 
Rico. Thirty one percent of all outbreaks were documented in Panama and Costa 
Rica. These results must be interpreted with a big grain of salt because of the 
small sample size and the various means used to documenting outbreaks. Still, 
they do show that outbreaks occur in nearly all tropical forest regions, are most 
often documented in areas where numerous researchers have been active for 
years (Panama, Costa Rica, and Puerto Rico) and that specialists cause rather 
more outbreaks than generalists, especially as generalist outbreaks are more likely 
to be noticed.

A number of authors have compiled key life history traits that may make 
certain temperate taxa prone to outbreak, including high mean densities, efficient 
dispersal, large size, high intrinsic rates of increase, and polyphagous diets (see 
citations in Table 11.2). These generalizations are generated primarily from 
temperate studies, and it is worth considering whether or not outbreaking 
tropical herbivores possess these traits. Among these attributes, high mean density 
is a trait that is the most consistent characteristic of outbreak species (Table 11.2) 
because insect populations that fluctuate around high mean abundances are also 
more likely to exhibit wide fluctuations. One might expect abundance and 
variability to be linked in some cases (Root and Capuccino 1992) because it is not 
unusual to observe data where the variance increases with the mean. Abundant 
species, however, can be stable whereas rare species can hardly be given to 
outbreaks because wide population fluctuation could cause their extinction (Root 
and Capuccino 1992). Common species, whether they have narrow or broad diet 
breadths, have the potential to reach outbreak levels whenever ecosystem 
parameters or microhabitats are favorable (Table 11.2).

Other putative outbreak traits are not as well supported by empirical data on 
tropical outbreaks and research here could help clarify the effects of these traits 
on propensity to outbreak. For example, Redfearn and Pimm (1988) conclude 
that diet breadth is not tightly linked to propensity to outbreak. Thus, just because 
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Table 11.2 Attributes of outbreaking insect populations and relevance to tropical 
ecosystems. Selected references have proposed these attributes as conducive to 
 outbreaks or have provided empirical evidence demonstrating the roles of these 
 attributes in creating outbreaks.

Life history trait of pest or ecosystem 
parameters Relevance to tropical ecosystems

High density (Hunter 1991, but see Root 
and Cuppuccino 1992)

More common in dry forests (Janzen 1993)

Gregarious larvae (Nothnagle and Schultz 
1987, Hunter 1991)

Common for many tropical insects 
(Dyer and Gentry 2010)

Large clutch size (Hunter 1991) Present in many tropical herbivores 
(Nair 2007)

Single large egg mass (Hunter 1991) Present in many tropical herbivores 
(Nair 2007)

High intrinsic rate of increase (Nothnagle 
and Schultz 1987, Root and Cappuccino 
1992)

True for all tropical ecosystems

Large size (Hunter 1991) Common for many tropical insects
High dispersal (Greenbank 1956) Unknown for most outbreaking herbivores 

in tropical forests
Polyphagous (Nothnagle and Schultz 
1987, Hunter 1991, but see Redfearn and 
Pimm 1988)

Tropical herbivores are more specialized, 
but highly polyphagous species are present 
(Dyer et al. 2007)

Well defended (Hunter 1991, Veldtman 
et al. 2007)

Tropical herbivores may be better 
defended (Gauld et al. 1992)

Overwinter as eggs (Hunter 1991) Relevant to dry forests
Reduced wings (Hunter 1995) Not true for most outbreaking herbivores 

in tropical forests (Nair 2007)
Capital breeders (Tammaru and Haukioja 
1996)

The most damaging tropical herbivores 
feed as immatures (Nair 2007)

Disturbance (Schowalter and Lowman 
1999, Torres 1992)

Common in gaps and fragmented tropical 
forests

Favorable climate for population growth 
(Greenbank 1956, Roland 1998, 
McCloskey et al. 2009)

True for all tropical ecosystems

Low diversity at all trophic levels (Pimentel 
1961, Root 1973, Letourneau 2009)

 Only true in tropical agroecosystems or in 
highly disturbed areas

temperate herbivores have higher mean diet breadth than tropical ones (Scriber 
1973, Dyer et al. 2007), does not necessarily indicate that temperate herbivores 
are more likely to outbreak. In fact, the outbreaks reported by Janzen (1981) 
were mostly specialists and Janzen argues that most outbreaking tropical 
 herbivores are either specialists or only consume a small proportion of available 
plant species. While this assertion is not supported by the documented cases of 
generalist outbreaks in Table 11.1, it is clear from those empirical examples that 
numerous tropical specialists do not abide by the temperate paradigm that 
 polyphagous herbivores are more likely to outbreak.

Barbosa_c11.indd   232Barbosa_c11.indd   232 12/8/2011   4:41:10 AM12/8/2011   4:41:10 AM



 Insect Outbreaks in Tropical Forests 233

11.5  Likelihood of outbreaks within a stand and across 
transitions from dry to wet forests

11.5.1  Patchiness and scale of insect outbreaks 
within tropical forests

A number of studies have examined determinants of high levels of herbivory or 
high arthropod abundances within a forest and most have concluded that high 
density of new leaves and high light availability are two key factors predicting 
higher herbivore abundance (Basset 1992, Itioka and Yamauti 2004, Richards and 
Coley 2008). Furthermore, Eveleigh et al. (2007) argue that diversity across trophic 
levels should be a potent stabilizing mechanism, preventing outbreaks, and they 
demonstrated that outbreaks were more likely in less diverse forest plots, which 
is likely due to resource concentration and other mechanisms that are responsible 
for higher herbivory in less diverse communities (Pimentel 1961, Root 1973, 
Letourneau et al. 2009, Long et al. 2003, Carson et al. 2004). There is compelling 
evidence that outbreaks, whether in temperate or tropical systems, are more likely 
when host species become aggregated or dense at either neighborhood or regional 
spatial scales (reviewed by Carson et al. 2004, Nair 2007). Nair (2001) found that 
in Indonesian forests outbreaks were generally restricted to tree species that 
occurred “gregariously” and that a high host density could  precipitate outbreaks 
even in natural assemblages (see also Nair 2000). For example, an outbreak by a 
Noctuid moth (Eulepidotis phrygionia) in the Amazonian rainforest caused severe 
defoliation of a leguminous tree (Peltogyne gracilipes) within monodominant 
stands versus those in nearby mixed stands where this tree species was less frequent 
(Nascimento and Proctor 1994). Furthermore, the famous outbreak of a lepidop-
teran in Panama occurred on the most abundant woody species on Barro Colorado 
Island (Wolda and Foster 1978). In addition, high insect herbivore densities and 
outbreaks might be more frequent in gaps or edges, where new growth and light 
availability are greatest (Richards and Coley 2008) and where hosts are aggregated 
or relatively abundant. Localized outbreaks within the intact understory have been 
documented as well (Table 11.1), but it is likely that they are smaller in scale and 
shorter in duration, and only outbreaks on the commonest understory species 
attract attention. The relationship of most outbreaks to host concentration typi-
cally remains unknown but a recent meta-analysis found a significant reduction in 
herbivory in more diverse forests (Jactel and Brockerhoff 2007).

Local outbreaks could also occur if the impact of enemies on herbivores is 
interrupted. Experimental removal of ants from Piper ant-plants cause local out-
breaks of both specialist and generalist herbivores on these plants; these  outbreaks 
decrease Piper density in the understory and spill over onto plants of other  species 
(Letourneau 2004).

11.5.2  Predicting outbreaks across broad gradients: 
the dry-to-wet forest transition

We predict that outbreaks will be more likely to occur in more seasonal tropical 
forests than in wet forests, with an increase in frequency as precipitation decreases 
and seasonality increases. As total annual rainfall increases and the length of the 
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dry season decreases, tropical forests generally have higher plant species richness 
(Hall and Swaine 1976, Huston 1980, Gentry 1982, 1988, Leigh et al. 2004), 
greater primary productivity (Philips et al. 1994), less seasonal production of 
new vegetation (Opler et al. 1980, van Schaik et al. 1993), higher levels of anti-
herbivore defense (Coley and Aide 1991), higher levels of predation and parasit-
ism (Stireman et al. 2005, Janzen, Coley, and Dyer, unpublished data), and lower 
herbivore densities. These changes will alter the nature of tritrophic interactions 
across these gradients for at least three reasons. First, plant investments in quali-
tative anti-herbivore defenses, such as alkaloids, often increase with nutrient 
availability, whereas quantitative defenses, such as polyphenols and fiber increase 
with leaf lifetime (reviewed by Massad et al. 2011); thus, plant defenses should 
increase with rainfall in tropical forests (Coley and Aide 1991). Second, enhanced 
plant defenses with increasing rainfall will lead to significantly lower leaf damage 
and herbivore densities in wet tropical forests (Janzen 1993; Coley and Barone 
1996). Third, rates of parasitism tend to increase with rainfall and variance in 
precipitation (Stireman et al. 2005; Dyer, Coley, Janzen, unpublished data). 
Parasitoids may be less abundant in dry forests because the hotter, drier condi-
tions often may make it difficult for small-bodied insects to survive, and increased 
seasonality of herbivore abundance in drier forests makes it harder for parasi-
toids to track them (e.g., Janzen 1983, 1993; Parry et al. 2003, Stireman et al. 
2005). Overall, the top-down impact of natural enemies and the bottom-up 
effect of plant defenses increase with greater rainfall, both of which make for 
lower annual herbivore densities in wetter tropical forests. As higher densities are 
correlated with greater incidence of outbreak (Hunter 1991), outbreaks should 
be most common in dry forests. Though it remains untested, the frequency and 
severity of herbivore outbreaks should decrease from dry to wet tropical forests. 
In fact, Janzen (1981) found that insect herbivores caused greater than 90% damage 
on numerous individuals of 25 tree species during just two growing seasons in a 
dry tropical forest in Costa Rica. We are not aware of the same extent of defolia-
tion occurring in any wet forest. Probably no one has bothered to look, because 
outbreaks may be so hard to detect in wetter forests!

11.6  The consequences of outbreaks for plant communities 
and species coexistence

The long-term effects of outbreaks are more intense than gradient or eruptive 
increases in mean levels of herbivory (Carson and Root 2000). The effects of 
outbreaks can be comparable to abiotic disturbances such as storms, fires, floods, 
droughts, or other disturbances (Schowalter and Lowman 1999). Because 
outbreaks rarely occur within the lifetime of a single research grant, the large 
number of studies examining tropical community structure, such as tests of the 
Janzen-Connell hypothesis (Carson et al. 2008), tests of trophic cascades 
hypotheses (Knight et al. 2005), or tests of niche hypotheses (Wiens et al. 2010), 
have not included the impact of outbreaks as part of theoretical considerations, 
observational methods, or experimental design. As Carson and Root (2000) 
point out, most hypotheses in community ecology assume that outbreaks are rare 
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or exceptional. An outbreak, however, can have long-lasting effects with profound 
impacts on its community. We suggest that the roles of outbreaks in tropical 
ecosystems could be particularly important for the maintenance of diversity. 
Outbreaks of insect herbivores in many systems worldwide commonly occur on 
dominant plant species that are widespread and reach high abundance both 
locally and regionally (Carson and Root 2000, Carson et al. 2004). These 
outbreaks tend to substantially reduce the abundance and performance of these 
species, thereby opening up forest canopies, promoting the growth of other 
species and plant species richness, making these insect herbivores classic keystone 
species (Carson and Root 2000, Carson et al. 2004, Nair 2007). For example, in 
India, outbreaks of the wood borer Hoplocerambyx spinicornis (Cerambycidae) 
have been documented for more than a century in tropical deciduous Sal forests 
of India (Nair 2007, Ghimre and Dongre 2001). These wood borers prefer to 
attack the largest sal trees (Shorea robusta) and can kill millions of individuals 
over vast areas (500,000 ha); outbreaks are thought to be triggered at least in part 
by high host concentrations (Ghimre and Dongre 2001, Nair 2007). Overall, if 
outbreaks are more likely to occur when tree species in tropical forest become 
locally or regionally abundant or aggregated, then this will decrease the 
performance and competitive ability of the common trees and promote local 
species richness. This possibility deserves serious consideration at both small and 
large spatial scales.

11.7 Global change, disturbance, and outbreaks

Empirical studies and models predict intensified insect outbreaks in response to 
climate change, invasive species, habitat fragmentation, and other global changes 
(Roland 1993; Coley 1998; Logan et al. 2003; Stireman et al. 2005; Moreau 
et al. 2006). Insect populations respond rapidly to a wide variety of disturbances 
and environmental changes, and outbreaks are one common response to such 
changes (Schowalter and Lowman 1999). Massad and Dyer (2010) utilized meta-
analysis to quantify increases in herbivory in response to major categories of 
global change and concluded that increases in temperature, CO2, nutrient inputs, 
and decreases in diversity all create favorable conditions for herbivores, particu-
larly for generalist insects, which can be important for outbreaks (Table 11.1). 
Fossil evidence suggests that global warming increases herbivory: might it also 
enhance the frequency or severity of outbreaks? For example, Currano et al. 
(2008) examined fossil records of herbivory and found that abrupt increases in 
the partial pressure of CO2 and in temperature, comparable to current rates and 
levels of increase, were associated with distinct increases in herbivory.

For over a decade, models of global climate change have consistently predicted 
that temperature increases over the next century in the tropics will be relatively 
moderate, but extreme weather events, such as droughts and floods, will become 
more frequent (e.g., Hulme and Viner 1998, Easterling et al. 2000). These 
extreme weather events could trigger outbreaks in tropical forests via disrupting 
natural enemy control of herbivores and altering host plant abundance and 
quality. Stireman et al. (2005) found that parasitic wasps were particularly 
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vulnerable to extreme weather events; they concluded that increases in climatic 
variation could lead to higher frequencies and intensities of outbreaks via 
diminished control by parasitoids, possibly due to phenological asynchrony 
between the parasitoids and herbivores. Empirical studies in the tropics have 
demonstrated that outbreaks do increase with climatic changes associated with El 
Niño Southern Oscillation (ENSO) events (Van Bael et al. 2004, Srygley et al. 
2010). For dry or moist tropical forests that are strongly seasonal, early onset of 
rainfall and increased precipitation in El Niño years can cause outbreaks via 
increased leaf flushing early in the season (Jaksic 2001). Srygley et al. (2010) 
documented such outbreaks for Aphrissa statira (Pieridae) butterflies in 
Panama in response to an increase in dry season rainfall and greater leaf flushing 
due to ENSO.

In addition to these global changes, increases in fragmentation are likely to 
enhance conditions for outbreaks via creating patches of high herbivore density, 
limiting movement of natural enemies (Schowalter and Lowman 1999) and 
increasing the abundance of well-lit edge habitats that favor more edible pioneers. 
Tropical ecosystems are subject to all of these changes and are likely to experience 
more outbreaks. Furthermore, in the tropics, the projected increases in extreme 
weather events due to climate change are potentially more important for plant 
insect interactions because outbreaks are also predicted as a result of disruption 
of parasitism (Stireman et al. 2005).

11.8  Critical hypotheses need to be tested: A guide 
for future research on outbreaks

Tropical insect outbreak research has been limited mainly to applied research in 
agricultural (Nair 2007) or reforested (Massad 2009) ecosystems and observational 
studies in natural forests. Future research in natural systems should incorporate 
careful models, a strong experimental approach, a focus on multiple mechanisms 
that cause outbreaks, and details of how key herbivore populations change 
throughout a forest (Myers 1988). The modeling approach used for tropical 
outbreaks should not always mirror approaches used for outbreaks in temperate 
forests (Turchin 2003). In particular, a focus on metapopulation models or 
spatially explicit models may be more useful for examining the potential dynamics 
and consequences of outbreaks at small spatial and temporal scales across a 
heterogeneous forest landscape. It is likely that low-density specialists on patches 
of host plants within a forest that have the appropriate population fluctuations 
necessary for local outbreaks will also experience local extinctions (Hunter 
1991). Such dynamics, combined with dispersal from patch to patch, are perfectly 
suited for metapopulation models. On the other hand, for generalist herbivores, 
whose dynamics may mimic temperate outbreaks but with shorter periodicity, 
traditional models may be most appropriate.

While mathematical models will be useful for exploring theoretical  possibilities 
and posing additional hypotheses, the existing literature, reviewed here, is also 
rich enough to provide hypotheses to drive observational and experimental 
research approaches to tropical forest outbreaks. Here we provide a series of 

Barbosa_c11.indd   236Barbosa_c11.indd   236 12/8/2011   4:41:10 AM12/8/2011   4:41:10 AM



 Insect Outbreaks in Tropical Forests 237

hypotheses that can be addressed via quantitative observational or careful 
 experimental approaches. The first four hypotheses focus on where outbreaks 
are hypothesized to occur and assume that plant chemistry and natural enemies 
are important factors in preventing outbreaks. These are followed by several 
hypotheses about the impacts of outbreaks on tropical ecosystems.

Hypothesis 1. Outbreaks that are more localized and shorter in duration will 
occur in tropical wet forests (compared to dry forests and temperate forests) due 
to greater levels of plant defense.

Leaf quality declines with leaf lifetime, which is longer in wet forests. There is 
considerable preliminary evidence that a gradient of increasing chemical defense 
from dry to wet forests exists, which could lower frequency and amplitude of 
outbreaks. Testing this hypothesis will require appropriate methods for quantify-
ing particular defensive compounds and their efficacy, long-term field experi-
ments that manipulate leaf age and levels of chemical defenses, and assessment of 
effects on herbivore densities or incidence of outbreaks.

Hypothesis 2. Lower incidence of outbreaks in wet forests is the result of higher 
rates of parasitism or predation, which may interact with plant defenses.

If parasitism is higher in wet forests than in dry forests, this may lower the 
density of herbivores. The following approaches could help assess how predation 
or parasitism rates vary among forest types: (1) analyze life table data derived 
from following cohorts of insect herbivores over their larval lifetimes at multiple 
sites; (2) manipulate leaf age, defenses, and exposure to natural enemies and 
evaluate herbivore responses or outbreak incidence; and (3) model the dynamics 
of the focal outbreak system with parameters from rearing data and field 
experiments.

Hypothesis 3. Lower incidence of outbreaks in wet forests is the result of reduced 
tree species aggregation and higher tree species diversity.

Long-term monitoring studies of herbivore population abundance would be a 
first step in testing this hypothesis. It would be especially valuable to examine 
incidences of defoliation of individuals within a species that vary in abundance at 
multiple spatial scales both within a region and across rainfall gradients. 
Multivariate techniques that can distinguish the effects of the degree of host con-
centration from other explanations (enemies and defenses) would be required. 
We note here that theories that predict outbreaks based upon host concentration 
are more parsimonious than those based upon enemies or plant defenses because 
only aggregation predisposes a population to an herbivore outbreak whether it 
be on a local or regional scale.

Hypothesis 4. The absence of a distinct and forest-wide pulse in new leaf production 
in wet forests reduces food quantity and quality, thus limiting herbivore density 
and outbreaks.
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In dry forests new leaf production is concentrated forest-wide at the beginning 
of the wet season, whereas in wet forests new leaves are produced at much lower 
rates throughout the year. This minimizes large, high-quality food pulses and 
hence outbreaks. Seasonality of new leaf production is intermediate in moist 
forests. Leaf quality parallels patterns in food quantity. Both the seasonal abun-
dance and high quality of food in dry forests should work together to generate 
seasonal peaks in herbivore population densities, some of which may reach out-
break levels. This hypothesis can be tested via documenting the seasonality of 
new leaf production for selected plant species and examining correlations and 
partial correlations between the number of new leaves, leaf quality, the relative 
density of herbivores per host plant, and the incidence of outbreaks in sites that 
vary in precipitation and seasonality.

Hypothesis 5. In dry tropical forests, the short, sharp peaks in larval densities at 
the beginning of the wet season are difficult for parasitoids to track and regulate, 
resulting in lower parasitism rates in dry forests than wet forests.

This is best addressed via observational data (long-term rearing and popula-
tion studies on focal plants), simulation models, and analytical models followed 
by careful long-term experiments designed to determine the population-level 
consequences of leaf quality and abundance, and parasitoid density on herbivore 
population dynamics.

Hypothesis 6: Outbreaks in tropical forests represent significant nutrient inputs, 
affecting plant physiology and growth and enemy dynamics.

Resource pulses are not commonly reported for tropical forests (Yang et al. 
2010), presumably for the same reasons that outbreaks are not commonly 
reported – small spatial and temporal scales. Nevertheless, the resource pulse cre-
ated by outbreaks, including greater nutrient availability from insect feces and 
mortality as well as greater prey availability for predators, is likely to have meas-
urable effects on plant and natural enemy communities (reviewed by Yang et al. 
2010).

Hypothesis 7. Outbreaks in managed habitats (e.g., plantations) will spill over 
into intact forests, cause localized outbreaks on shared hosts, and increase with 
fragmentation.

As deforestation and fragmentation continue to increase, outbreaks in these 
managed landscapes are also likely to increase and these herbivores may colonize 
shared hosts within intact forests. Thus the frequency of outbreaks in natural for-
est stands nearby may also increase, particularly at the scale of individual and 
patches of host plants.

Hypothesis 8. Outbreaking insects can function as keystone species and thereby 
increase plant diversity at many scales.
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We need to go beyond studies that only documented the occurrence of 
outbreaks (though this remains important) and document the consequences of 
outbreaks for forest regeneration and the maintenance of diversity (Carson 
et al. 2008). As Schowalter (1996) concluded, outbreaks of insect herbivores 
that attack abundant trees in many temperate systems reduce dominance, 
thereby enhancing diversity. They likely do the same thing in tropical forests 
though at much smaller spatial scales of local tree species aggregation. 
Nonetheless, the relevant studies remain to be done. A first and basic step 
would be to evaluate whether the host plants attacked are relatively common 
forest-wide and then evaluate patterns of regeneration in the understory 
following these events.

11.9 Conclusions

Outbreaks of herbivorous insects do occur in tropical forests and may be far 
more frequent than previously thought. Nonetheless, documentation of out-
breaks in the tropics remains scant and it remains important that such events 
find their way into the peer-reviewed literature. Outbreaks usually occur in 
restricted areas on sets of a few related plant species, but sometimes spread to 
other species. Outbreaks often follow disturbances. These disturbances typically 
increase light ability, abundance of new leaves, or the abundance of pioneers 
with tastier leaves, all of which may precipitate outbreaks, particularly at smaller 
spatial scales.

Outbreaks appear to attack the commonest species or uncommonly large 
aggregations of individual species. Whatever the scale and duration of such 
outbreaks, they may act as keystone species by influencing the diversity and 
relative abundance of species by opening space for rarer, or better defended, less 
competitive species. A variety of global changes, including global warming, 
increases in extreme weather events, and habitat fragmentation will likely 
enhance the frequency and magnitude of outbreaks in natural forests by opening 
abundant opportunities for pioneers.

We know little about the relationship between tropical climate and insect 
outbreaks. Wetter forests, however, are more diverse, and have longer lived, 
better defended leaves and parasitoids that are better able to track their herbivore 
prey. This suggests that insect outbreaks will be more frequent in dry forest, 
where new leaves flush in overwhelming abundance early in the rainy season. We 
ended this chapter by outlining a series of testable hypotheses to address the large 
number of unknowns that currently surround the prevalence and impact of insect 
outbreaks in tropical forests.
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