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Complex links between phenology, the ecological interactions between species, and climate 
will determine the fate of species and ecosystems under climate change, but they are still 
poorly understood for the tropical Andes. In this chapter we use generalizations from 
temperate regions along with studies from the Andes and other tropical areas to discuss 
effects of climate on the phenology and interspecific interactions of tropical organisms, and 
to explore potential effects of climate change.  
 Phenology describes the timing of transitions between stages in organisms' life cycles. 
Phenology can be directly affected by climate (arrow 1 in Figure 4.1), for instance when 
organisms can only reproduce under certain climatic conditions because of physiological 
constraints (Morin 1999). Phenology plays a crucial role in the carbon balance of terrestrial 
ecosystems (Cleland et al. 2007) and vegetation feedback into the atmosphere (Schwartz 
2003b). 
 Ecological interactions between species may affect the "fitness" of organisms, 
measured as their genetic contribution to the next generation, or they can affect population 
size (Futuyma 1998). Such ecological interactions include predation, competition, herbivory, 
parasitism, detritivore-detritus interactions, and mutualism (Ricklefs and Miller 2000). These 
interspecific interactions can be affected by climate in multiple ways (arrow 2 in Figure 4.1) 
when climate affects behavior (e.g., predator search efficiency) or physiology (e.g., herbivore 
metabolic rate). Interactions such as mutualisms between plants and mycorrhizal fungi play 
important roles in ecosystem carbon cycling (Pendall et al. 2004). Indeed, the functioning of 
virtually all ecosystems, and thus their impact on the atmosphere, depends on coevolved 
interspecific interactions (Thompson 2009). 
 Phenology can affect interspecific interactions (arrow 3, Figure 4.1) by altering the 
time overlap between interacting phenophases (Morin 1999), such as that between flowering 
or fruit set and pollinators or seed dispersers. Interspecific interactions can in turn affect 
phenology (arrow 4, Figure 4.1) because predators, competitors, herbivores, parasites, and 
mutualists exert pressures on the life cycle stages of other species (Morin 1999). Both 
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phenology and interspecific interactions can to some extent also affect local climate (arrows 5 
and 6 in Figure 4.1), for instance through transpiration which depends on leaf activity. Water 
dynamics in the Amazon basin are largely influenced by forest cover (Chagnon and Bras 
2005), and thus forest phenology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Graphical representation of a general structural equation model (Grace 2006) for the relationships 
among phenology, interspecific ecological interactions, and climate. Each box represents an observed variable 
related to phenology (e.g., flowering time), interspecific ecological interaction (e.g., frequency of visits to 
flowering plant by pollinators), and climate (e.g., monthly precipitation). Arrows between boxes represent 
causal relationships between the observed variables. E1, E2, and E3 represent error terms subsuming all factors 
that affect the observed variables and are not explicitly considered. 
 
 
 
Effects of Climate on the Phenology of Tropical Organisms 
 
To examine how climate affects phenology we distinguish between "proximate" and  
"ultimate" causes (van Schaik et al. 1993). Proximate causes are the environmental stimuli as 
well as the genetic and physiological mechanisms that determine the function of a phenotype. 
Ultimate causes are the evolutionary forces that shape a phenotype, which is the physiology, 
morphology, and behavior of an individual organism. For example, the rapid flower closure 
in Andean plants of the genus Gentianella is proximately caused by climatic stimuli such as 
temperature and pressure changes that result in turgor loss and bending of plant organs (Claus 
1926, Sibaoka 1991). The ultimate cause of this rapid flower closure may be evolution by 
natural selection as plants with rapid flower closure may better protect floral organs and 
pollen from damage by rain and other factors (He et al. 2006).  
 The ultimate causes of tropical plant phenology may be related directly to climate 
(arrow 1, Figure 4.1) in two ways. First, climate can limit plant production by lack of water 
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and sunlight (van Schaik et al. 1993). For instance, many tropical woody plants lose their 
leaves during the dry season (Sanchez-Azofeifa et al. 2003) and show peaks of foliage 
production and flowering at the onset of the rains (Reich and Borchert 1982, Morellato 2003). 
Water availability may also regulate leaf production in some understory plants of a lowland 
Neotropical forest (Aide and Angulo-Sandoval 1997). Second, climate can determine the 
abiotic conditions for dispersal or survival of particular phenophases (van Schaik et al. 1993). 
Plants pollinated and dispersed by wind tend to produce flowers and seeds during the 
windiest part of the year (Foster 1982, Charles-Dominique et al. 1981, Stevenson 2004). In 
areas with strongly seasonal water availability, the fruiting time of species may coincide with 
the onset of the rains (Foster 1982, Garwood 1983), presumably timing seed germination to 
the season with adequate moisture.  
 The ultimate causes of plant phenology may also be related indirectly to climate 
through its effects on interspecific interactions (arrows 2 and 4 in Figure 4.1). Climate can 
determine seasonality in the abundance of pollinators, seed dispersers, and other mutualists 
which, in turn, may support selection for a particular phenological schedule (van Schaik et al. 
1993). Determining cause and effect is often difficult because the reverse direction of 
causality is possible: the abundance of animal mutualists may be determined by the 
availability of plant resources. For example, the Amazonian ant species Allomerus 
octoarticulatus breeds at the time of highest availability of nests provided by the hollow stem 
chambers (domatia) in the plant Cordia nodosa, which in turn seems to be determined by 
insolation (Frederickson 2006). Climate may also determine the seasonal abundance of 
natural enemies, selecting for plants that time their phenology to avoid herbivores (van 
Schaik et al. 1993). For instance, herbivores in seasonal forests may be less abundant during 
the dry season, and plants producing new leaves at that time may experience reduced 
herbivory (Aide 1988). 
 Proximate causes of tropical plant phenology sometimes also relate to climate. Trees 
with shallow roots occurring in forest with strongly seasonal rainfall patterns drop their 
leaves and arrest growth in response to water stress during the dry season, and flush leaves, 
flower and resume growth in response to the rainy season (Borchert 2004). However, some 
deciduous species drop their leaves before water stress occurs and start producing new leaves 
before the onset of rains, suggesting that water availability may not be the proximate cause of 
vegetative phenology, although it may well be its ultimate cause (van Schaik et al. 1993). 
Severe dry seasons during El Niño years may serve as proximate cues for tropical plants to 
increase reproductive efforts in anticipation of abiotic environments conducive to seedling 
establishment (the ultimate cause) during a milder dry season the following year (Wright et 
al. 1999). Supra-annual climatic oscillations such as El Niño may provide cues for supra-
annual phenological patterns, synchronized across single or multiple species, which may 
serve to satiate predators or attract pollinators (Wright et al. 1999, Kelly and Sork 2002, 
Sakai et al. 2006, Brearley et al. 2007). In those cases the proximate cause is climatic, but the 
ultimate cause is related to biotic effects. Bamboo species of the genus Chusquea are 
conspicuous elements of several habitats across the tropical Andes and have supra-annual 
flowering phenology (Judziewicz et al. 1999), which may be triggered by cues related to El 
Niño (Jaksic and Lima 2003). High inter-annual variance in the phenology of tree species 
may be more common in the Neotropics than previously thought and could be associated to 
climatic cues (Norden et al. 2007). 
 Other factors than rainfall also provide ultimate and proximate causes of tropical plant 
phenology (Figure 4.1; Ratchcke and Lacey 1985, Borchert 2004). Drought tolerant plants 
with deep root systems, small leaf area, or low xylem resistance to water flow, for instance, 
may not be limited by seasonal water availability. For such species, and in areas with little 
seasonality in water availability, insolation may be a more important ultimate cause of 
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phenology (Wright and van Schaik 1994). This is because young leaves are most efficient at 
photosynthesis and plants may maximize fitness by producing them during times of highest 
insolation. Flowers may also be produced at this time because it is more efficient to transfer 
the products of photosynthesis directly to growing organs than to store and mobilize them 
later. Consistent with this idea, leaf flush and flowering in forests with weak rainfall 
seasonality reach a maximum during months with little cloud cover and highest insolation 
(Wright and van Schaik 1994, Huete et al. 2006). Similarly, leaf flush and flowering of 
drought tolerant species in strongly seasonal forests is timed for maximal insolation (Wright 
and van Schaik 1994). Seasonal variation in solar radiation is thought to be an important 
proximate cause for synchronized flowering in tropical plants that allows cross pollination 
(Rivera et al. 2002, Borchert et al. 2005, Yeang 2007, Rivera and Cozza 2008). Although 
variation in solar radiation is small in the tropics relative to temperate areas, plants are able to 
use it as a cue. The mechanism of this sensitivity to photoperiod is not well-understood 
(Renner 2007).  
 Inter-specific staggering of phenologies may evolve as a response to non-climatic 
factors such as competition for pollinators and dispersers, or to avoid interspecific pollination 
and hybridization (van Schaik et al. 1993, Morin 1999). Competition for pollinators was 
indicated in a study showing that fertilization of plant ovules in diverse tropical communities 
is limited by pollen availability (Vamosi et al. 2006). Thus it may play a role in the flowering 
times of Bombacaceae species (Lobo et al. 2003) or the temporal patterns of fruit production 
in Piper species (Thies and Kalko 2004).  Phenological studies of trees in the tropical Andes 
(Bendix et al. 2006, Gunter et al. 2008) and elsewhere in the tropics (Stevenson 2004, 
Chapman et al. 2005) illustrate the wide range of phenological patterns exhibited by different 
species, and indicate that multiple proximate and ultimate causes are at play at any single site.   
 Strong seasonal variation in activities like reproduction and migration is well known 
for birds in temperate regions, where variations in climate are pronounced. By contrast, 
Neotropical birds generally exhibit much less seasonality in their phenology (review by 
Stutchbury and Morton 2001). Within a given community, Neotropical birds may breed at all 
times of the year, frugivores often in the dry, insectivores in the wet season. The breeding 
seasons of individual species are 2-3 times longer than those of temperate zones. However, 
one cannot conclude that aseasonal breeding patterns are typical for the tropics based on a 
few single-species studies from lowland rain forest localities (see Stutchbury and Morton 
2001). Detailed studies of the spotted antbird (Hylophylax n. naevioides) in a lowland forest 
of Panama, for instance, have documented strongly seasonal breeding, starting at the 
beginning of the rainy season (Wikelski et al. 2000). Gonad enlargement in this species 
responds to small variations in photoperiod, allowing spotted antbirds to anticipate the rainy 
season (Hau et al. 1998). Further experimental work showed that these birds fine-tune the 
timing of gonad growth and reproductive behavior using additional proximate cues, including 
the opportunity to "handle" or see live insect prey (Hau et al. 2000). These studies 
documented proximate causes of breeding phenology, but the ultimate causes remain largely 
unknown. Such synchronous breeding at the onset of the rainy season may be explained by 
selective pressures associated with food availability, reduced predation risk, and the need to 
avoid molting and breeding simultaneously (Wikelski et al. 2000). In contrast, breeding 
activities of birds that live in unpredictable habitats, such as small ground finches (Geospiza 
fuliginosa) in the Galapagos archipelago, may not be triggered by photoperiod, but rather by 
cues that are more directly related to reproductive success, such as rainfall or barometric 
pressure (Hau et al. 2004). These detailed studies on selected species illustrate what might be 
common proximate causes of bird phenology, and hint at possible ultimate causes as well. 
 Very little has been published on the phenology of bird reproduction in the tropical 
Andes. A study in the Andes of Colombia (Miller 1963), where rainfall is bimodal with peaks 
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of precipitation in March-May and October-November, revealed a reproductive peak at the 
community level during the first rainy season of the year, but some species bred throughout 
the year independent of rainfall, and a few species bred during the dry season. Some thrushes 
(Turdidae) breed during the first and molt during the second rainy season of the year (Beltrán 
and Kattan 2001). A recent study (S.K. Herzog, unpubl.) in inter-Andean dry valleys in 
Bolivia showed that avian reproduction is highly seasonal and largely restricted to the austral 
spring and summer, showing similar degrees of synchronization as temperate bird 
communities. The overriding factors for the timing of breeding are precipitation and insect 
biomass, which itself is highly correlated with precipitation. This makes sense intuitively, 
because inter-Andean dry forests have a more seasonal climate than lowland rainforests. 
Therefore, avian phenology in the tropical Andes can be expected to become increasingly 
seasonal with increasing seasonality in climatic parameters, especially in drier habitats where 
greater seasonal variation in precipitation can be expected to have a pronounced impact. 
 Even less is known about migration in Andean birds. Species in the Andes can 
generally be divided into three categories of migration systems: (1) Long-distance Nearctic-
Neotropical migrants that spend the northern-hemisphere winter in the tropics; (2) Austral 
migrants that breed in the southern temperate zone and spend the Austral winter in the 
tropical Andes; and (3) intratropical migrants that are either year-round residents migrating 
altitudinally or latitudinally within the tropical Andes, or breeding Austral summer residents 
that migrate to lowland areas at the end of the Austral summer. Several species also perform 
more nomadic long-range movements to track patchy food resources such as mass-seeding 
bamboo. Intra-Andean migrants, especially altitudinal migrants, are perhaps the most relevant 
group in the present context. The extent and magnitude of altitudinal migration in Andean 
birds is largely unknown, and so are the environmental cues that determine migration timing. 
As with reproductive phenology, climatic factors such as precipitation may play an important 
role. In some cases, avoidance of temporal overlap and resulting competition for food 
resources between Nearctic-Neotropical and intra-Andean migrants (e.g., Catharus ustulatus 
and Turdus nigriceps, respectively) may be important. 
 Climate, particularly precipitation, is related to the phenology in many other 
vertebrates. The phenology of bats in montane forests between 1300-1750 m of the eastern 
Andean slopes in Bolivia (Montaño 2007) showed various seasonal reproductive peaks per 
year. This was related to resource availability which, in turn, was linked to precipitation, so 
that most females are pregnant at the time of maximum rainfall. During the dry season 
Andean amphibians are exceedingly hard to find, but with the first rains they burst out into an 
impressive chorus that ranks among the most spectacular biological phenomena in the Andes. 
Reproductive activity of Agalychnis tree frogs and microhylids are known to be extremely 
seasonal related to rainfall patterns (Gottsberger and Gruber 2004; Stuart et al. 2008). 
Ground-dwelling amphibians and reptiles may respond to seasonal variations in soil 
humidity. Reproductive cycles of tropical freshwater fishes, particularly in mountain streams, 
remain poorly understood, but are likely to be tightly linked to stream flow and rainfall 
changes. Whereas lowland fish species inhabiting floodplain rivers are thought to primarily 
spawn during the wet season (reviewed by Munro et al. 1990), several fish species inhabiting 
mountain streams have been shown to spawn during dry periods (Torres-Mejia and Ramírez-
Pinilla 2008 and references therein). Climate-induced variations in river flow, in terms of 
timing, duration, and magnitude of high and low flow events, could provide cues to migratory 
species that live, feed, or spawn in Andean piedmont rivers (e.g., Prochilodus magdalenae, P. 
reticulatus, P. nigricans, Salminus affinis). 
 The abundance and diversity of several Neotropical insect groups show marked 
seasonal variation, often low during the dry season and increasing at the onset of the rainy 
season (Wolda 1978, 1983, 1992; Smythe 1982; Janzen 1984; Wolda and Wong 1988; Brown 
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1991; DeVries et al. 1997). For instance, ant breeding flights peak at the onset of the rainy 
season in a lowland forest in Panama (Kaspari et al. 2001). The beginning of the rainy season 
may be the proximate cause of this pattern if it serves as a cue to synchronize breeding within 
species, and may also relate to ultimate causes because rainfall is thought to provide higher 
food availability and more suitable microclimates for breeding and colony foundation 
(Kaspari et al. 2001). Climate events such as rainfall also trigger the synchronized and 
extremely short-lived swarming events of termites in Atlantic rainforest of Brazil (Medeiros 
et al. 1999). Likewise, insect biomass and abundance closely correlate with precipitation in 
an inter-Andean dry forest of Bolivia (A.C. Hamel-Leigue and S.K. Herzog, unpubl.). Dung 
beetles (Scarabaeidae: Scarabaeinae) also show significant seasonal variations in species 
richness at the same site (A.C. Hamel-Leigue, D.J. Mann and S.K. Herzog, unpubl.). This 
indicates that reproductive cycles of many insects may be closely tied to climatic variables.  

However, not all insect species respond to the same environmental cues or share 
similar ultimate causes of phenology. Some Panamanian ants perform breeding flights 
throughout the year (Kaspari et al. 2001). While most Atlantic rainforest termites swarm 
during the rainy season, dry-wood termites (Kalotermitidae) swarm in the dry season 
(Medeiros et al. 1999). Some species of dung beetles in the Bolivian Andes show patterns 
that contrast with the overall trend of minimum abundance during the height of the dry 
season. Compared to the Bolivian seasonal deciduous forest, dung beetle abundance and 
species richness varies little over the year in more tropical, evergreen forests in Peru (T. 
Larsen, pers. comm.). Thus, analogous to the timing of breeding in tropical Andean birds, 
insects can be expected to become increasingly seasonal with increasing seasonality in one or 
more climatic parameters. 
 Temporal variation in the life cycle stages of Neotropical fungi relates to variation in 
precipitation. Mycelial activity and abundance of fruiting bodies of leaf litter fungi in tropical 
forests is related to seasonal variation in water availability (Hedger 1985). High temporal 
turnover in species suggests that different fungi species in lowland tropical forests show 
strong seasonality related to rainfall (Lodge and Cantrell 1995). Variation in mycorrhiza 
spore abundance is also correlated to rainfall seasonality (Janos et al. 1995, Guadarrama and 
Álvarez-Sánchez 1999). At shorter time scales, the cumulative rain during three days was 
positively related to the diversity of fungal fruiting bodies in leaf litter of a central 
Amazonian forest (Braga-Neto et al. 2008). Deposition of endophyte hyphal fragments and 
spores on lowland tropical understory leaves is high just after rainfall events and decreases 
markedly as hours pass (Arnold 2008). In general, the temporal and spatial distribution of 
tropical forest fungi suggests that different species are adapted to different climate or weather 
conditions (Lodge and Cantrell 1995), but rigorous studies aimed to understand proximate 
and ultimate causes of the phenology are scarce. 
 Cycles of macroinvertebrate abundance in forest leaf-litter vary with precipitation and 
moisture content of the litter (Kattan et al. 2006, Levings and Windsor 1996). Abundance of 
bacteria in tropical forest leaf-litter is affected by water availability (Cornejo et al. 1994, 
Lodge et al. 1994, Yavitt et al. 2004). The life cycles of many parasites are affected by 
climate. Temperature affects the emergence of free swimming stages of trematode parasites 
from their snail hosts (Poulin 2006), and determines development and survival of 
Apicomplexan protistan organisms such as Cryptosporidium parvum (Fayer et al. 1998), a 
parasite of mammalian intestines causing cryptosporidiosis. Abundance of the causative 
agent of human malaria, Plasmodium falciparum, is similarly climate dependent (Paaijmans 
et al. 2009). A complete review of these patterns across taxonomic groups is outside the 
scope of this chapter, but it is clear that the phenology of Neotropical organisms is linked to 
climate, and to precipitation in particular.  
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Effect of Climate on Interspecific Interactions of (Neo)tropical Organisms 
 
Climate may determine the nature of interspecific interactions in multiple ways and at a 
variety of temporal and spatial scales, as seen in the examples in previous paragraphs. Here 
we examine just a few ways that seem particularly important in the context of future climate 
change in the tropical Andes. Spatial variation in climate can affect the outcome of ecological 
interactions. For instance, climate often determines the geographic range of species (Gaston 
2003, Sexton et al. 2009; see also Larsen et al. Chapter 3, this volume) and thus where 
species overlap geographically and interact. Altitudinal species turnover in the tropical Andes 
has been argued to result from interactions in which some species are excluded from 
particular elevations by competitively superior species, while the elevational range of the 
latter species is limited by climatic factors (Terborgh and Weske 1975, Remsen and Cardiff 
1990, Remsen and Graves 1995). Recent empirical support for this hypothesis derives from 
studies of Andean birds and mammals (Anderson et al. 2002, Cadena and Loiselle 2007, 
Herzog et al. 2009). Likewise, inter-annual variation in precipitation may determine the 
geographic range of specialized parasitoid wasps, creating a spatial gradient of parasitism in 
caterpillars (Stireman et al. 2005). Even within the geographic range of a species climate can 
alter ecological interactions through its effects on phenotypes. Flight performance of Andean 
hummingbirds is influenced by climatic factors that change with elevation, with 
consequences for territorial behavior and competitive interactions (Altshuler 2006). 
 Temporal variation in climate can also have major effects on ecological interactions. 
Temporal variation in incidence of diseases such as malaria, influenza, and West Nile virus 
has been correlated to climate, although the causal structure underlying these correlations can 
be complex (Lafferty 2009). Prolonged drought can reduce habitat size in tropical forest 
streams, potentially increasing the strength of interspecific interactions due to crowding 
(Covich et al. 2003). El Niño southern oscillation has affected plant phenology in a 
Neotropical forest (see above) and thereby the population dynamics of fruit and seed eating 
animals (Wright et al. 1999). Pronounced drought during an El Niño year in a Borneo 
lowland rainforest lead to failure in the production of flowers by fig trees (Ficus spp.), 
resulting in local extinction of their Agaoninae wasp pollinators (Harrison 2000). Species of 
these wasps require fig trees to reproduce and vice versa, and fruits of fig trees are important 
resources for many vertebrates (Herre et al. 2008). Thus, local extinction of fig-pollinating 
wasps could potentially trigger changes in the composition of vertebrate frugivore 
communities (Harrison 2000). 
 The effect of climate on interspecific interactions played over long evolutionary time 
may have had a major impact on the nature of tropical ecosystems, including those in the 
tropical Andes. For instance, the contrast between tropical dry and rain forest in rainfall 
seasonality results in major differences in temporal patterns of foliage availability for 
herbivores and may have resulted in stronger selection pressures for increased plant defense 
in rain forest plants (Dirzo and Boege 2008). Moreover, little variation in temperature at 
seasonal (Vazquez and Stevens 2004) and geological (Imbrie et al. 1993, Weaver et al. 1998) 
time scales may have allowed interspecific ecological interactions to be more important 
selective pressures in the tropics than in temperate regions. Evidence supporting this idea 
derives from a variety of sources (Schemske et al. 2009). For instance, the effects of 
herbivores on plants (Coley and Aide 1991, Dyer and Coley 2002), effects of predators and 
parasitoids on herbivores (Dyer and Coley 2002), predation pressure from ants on other 
insects (Novotny et al. 2006), and bird nest predation rates (Schemske et al. 2009) appear to 
be higher in the tropics than in temperate latitudes. The frequency of animal pollinated (Regal 
1982) and animal dispersed (Moles et al. 2007) plants is much higher in the tropics than in 
temperate regions. About 90% of tropical plants depend on animals for pollination or seed 



 75 

dispersal (Jordano 2000; see Krömer et al. 2006 for a tropical Andean example). Interactions 
in which symbiotic ants live in specialized plant structures are far more common in the 
tropics (Davidson and McKey 1993). Endophitic fungi can provide plants with herbivore 
defenses (Herre et al. 2007) and their incidence is higher in the tropics (Arnold and Lutzoni 
2007). These patterns suggest that interspecific ecological interactions are particularly 
important for the structure and function of tropical ecosystems, and that disruption of such 
interactions due to climate change may have far-ranging consequences. 
 
 
Potential Effects of Future Climate Change on Phenology and Interspecific 
Interactions of Andean Organisms 
 
 
Scenarios of Future Change in Climatic Parameters Correlated to Phenology of 
Andean (or Neotropical) Organisms  
 
The studies mentioned in previous sections suggest that proximate and ultimate causes of the 
phenology of many Andean organisms relate to the spatial and temporal distribution of 
precipitation. This is consistent with studies showing that precipitation drives general 
phenology in several Neotropical biomes (Reich 1995, Asner et al. 2000, Morellato 2003, 
Sanchez–Azofeifa et al. 2003). A prominent exception is the effect of temporal variation in 
solar insolation on plant phenology (see above). But even in this case, in many (but not all) 
sites temporal variation in insolation is associated with cloud cover and thus related to 
temporal variation in precipitation (Wright and van Schaik 1994, da Rocha 2004). Thus we 
focus on temporal and spatial patterns of precipitation as key abiotic drivers of phenology in 
the tropical Andes, while acknowledging that other abiotic factors may also be important. 
Ideally, we would like to know which particular parameters of the distribution of 
precipitation (e.g., amplitude of rainfall peaks, length of the dry and rainy seasons) determine 
phenological patterns of Andean organisms overall, and the future trends of such parameters. 
Some of the climatic data available allow the estimation of many detailed descriptors of 
rainfall seasonality (Figure 4.2) that would allow to test different possibilities, but 
phenological data for the tropical Andes are scant (Morellato 2003, see above). To overcome 
this limitation, below we point out three kinds of future changes in climate that might have 
important impacts on the phenology of tropical Andean organisms. 
 First, total annual precipitation may change, with increasing trends in some regions 
and decreasing in others such as inter-Andean valleys (Marengo et al. Chapter 7, this 
volume). Effects on phenology are likely to be non-linear and depend on relative rather than 
absolute change. For instance, a 200 mm decrease from currently 1,000 mm of annual 
precipitation (Figure 4.3) may result in a shift from moist forest to dry forest life zones 
(Holdridge 1947) while a change of the same magnitude in a place receiving 3,000 mm 
would maintain a wet forest. A similar case could be made for areas that currently receive 
around 100 mm of monthly precipitation during the driest month (Figure 4.4). Second, 
although there are no studies in the tropical Andes, in the south of the continent the amplitude 
of the annual precipitation cycle may be increasing (IPCC 2007). This may cause increased 
seasonality in phenology (see above). Third, warming trends will affect elevation profiles of 
relative humidity, shifting the location of orographic cloud banks that supply significant 
amounts of water to Neotropical mountain forest (Pounds et al. 2005; Ruiz et al. Chapter 12, 
this volume). In some areas these shifts may increase the number of dry days per year, 
lengthening the dry season or interrupting the wet season (Pounds et al. 2005). This would 
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likely create seasonally stressful environments and a more seasonal phenology (Ruiz et al. 
Chapter 12, this volume).  
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Figure 4.2. The daily mean precipitation rate over the July-June hydrological year at Cusco over the 42-year 
period 1963-2004 shown as daily values, 7-day running averages and monthly means. The abrupt intensification 
of wet season rainfall is a common characteristic for many locales in the central Andean region, yet is 
unrecognized in the scientific literature where monthly statistics are mostly presented to characterize rainfall, 
rather than the daily resolution required to capture such high-frequency behavior. The ecological significance of 
such behavior is unknown, though it may act to trigger phenological responses in and among species. (Data 
analysis by A. Seimon). 
 
 
 
 Beyond the three changes highlighted above, other future climatic changes are likely 
(Anderson et al. Chapter 1 and Marengo et al. Chapter 7, this volume), primarily associated 
with the behavior of the Pacific High, the Bolivian High, and the Intertropical Convergence 
Zone (see Martínez et al. Chapter 6, this volume). Although some trends can be suggested 
based on extrapolation of already observed changes in temperature and precipitation, it would 
be useful to develop studies specifically on variables likely to affect the phenology of tropical 
Andean organisms, including descriptors for the seasonality and inter-annual variation of 
precipitation. 
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Figure 4.3. Geographic distribution of areas with annual precipitation <900 mm (gray), 900 mm – 1,000 mm 
(red), and >1,000 mm (blue). From Worldclim (http://www.worldclim.org/methods.htm). 
 
 
 
 
 

 
 
Figure 4.4. Geographic distribution of areas with precipitation of the driest month <90 mm (gray), 90 mm – 100 
mm (red), and >100 mm (blue). From Worldclim (http://www.worldclim.org/methods.htm). 
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Potential Impacts of Climate Change on Phenology of Andean Organisms 
 
We are unaware of studies on the effect of ongoing climate change on the phenology of 
tropical Andean organisms, so we use examples from elsewhere to explore possible 
scenarios. Responses to climate change depend on how climate relates to proximate and 
ultimate causes of phenological patterns. When climate is closely related to both the 
proximate and ultimate causes of phenological patterns, climate change may be expected to 
have immediate effects on phenology. Likely examples of such instances are seasonally 
deciduous trees (Borchert 2004, see above) or birds that time their breeding using climatic 
cues (Hau et al. 2004, see above). In these cases phenological adaptation may ameliorate 
negative impacts of climate change on fitness (Parmesan 2006). 
 When climate is closely related to ultimate but not proximate causes of phenological 
patterns, climate change may decrease fitness due to a mismatch between the cues triggering 
phenological events and the factors determining survival and reproduction. For instance, 
plants that drop leaves anticipating the water stress characteristic of the dry season may be 
using non-climatic cues (van Schaik et al. 1993, see above). Likewise, spotted antbirds use 
changes in photoperiod to gradually enlarge gonads in preparation for breeding during the 
rainy season (Hau et al. 2000, see above), when high availability of invertebrate prey is 
conducive for successful reproduction (Wikelski et al. 2000). If climate change alters the 
correlation between cues such as photoperiod and the factors that determine fitness such as 
water or prey availability, a decrease in fitness may result. Temperate plants and birds 
provide examples of this. In eastern North America, plants' ability to shift flowering time 
with climate change affects abundance, with species that have not shifted their phenology 
decreasing in abundance (Willis et al. 2008). Migratory bird species that have not shifted 
their arrival time at their breeding grounds in response to climate change appear to be 
declining in abundance too (Both et al. 2006, Miller-Rushing et al. 2008, Møller et al. 2008). 
Decreasing fitness, however, creates selective pressures that may result in evolution of 
responses to environmental cues, as documented for organisms as diverse as insects, birds, 
and mammals (Bradshaw and Holzapfel 2006). Such evolutionary responses may or may not 
be enough to halt population decline.  
 When climate is closely related to proximate but not ultimate causes of phenological 
patterns, climate change will likely result in phenological change, but the impact on fitness 
may be particularly difficult to predict. For instance, climatic cues may synchronize 
flowering or fruiting across one or several species. Such synchrony may increase fitness by 
increasing pollinator attraction or predator satiation (van Schaik et al. 1993, see above). As 
long as the climatic cue still occurs, organisms may still be able to synchronize their 
phenology and climate change may have little impact on their fitness. On the other hand, if 
different climatic cues are used by different species to stagger their phenologies and avoid 
interspecific competition for pollinators and seed dispersers (see above), climate change may 
result in more overlapping phenologies and decreased fitness. Species may then evolve 
responses to the changes in cues and thus adjust their life cycles according to the fitness 
consequences. We emphasize that this section is only an exploration of possible scenarios, 
and that predicting consequences of climate change for phenology and fitness is notoriously 
difficult due to the complexity of the relationships between climate, phenological patterns, 
and ecological interactions (Figure 4.1). 
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Potential Effects of Climate Change on Interspecific Interactions of Andean 
Organisms 
 
Responses to climate change are species-specific because species differ in their ecological 
tolerances, life-history strategies, and dispersal and evolutionary abilities (Parmesan 2006). If 
species differ in their responses to a changing climate, ecological interactions may be affected 
in several ways. Here we discuss three potential outcomes: alteration of the timing of the 
interaction (temporal mismatch), shifts in geographic ranges (spatial mismatch), and changes 
in phenotypes or abundances of interacting species. 
 First, interacting species may differ in their phenological responses to new 
environmental conditions, altering the timing of the interactions. We know of no examples 
from the tropical Andes, but there are many examples elsewhere. Effects of climate on plant 
phenology (Cleland et al. 2007) can temporally decouple mutualistic interactions with animal 
pollinators (Memmott et al. 2007), as mentioned above for fig trees and wasps (Harrison 
2000). Changes in phenology can also alter mutualistic relationships between plants and seed 
dispersers (Jordano 2000, Ness and Bresmer 2005), and antagonistic interactions between 
plants and insect herbivores (Visser and Holleman 2001, Visser and Both 2005, Musolin 
2007, van Asch and Visser 2007). The latter can further propagate through trophic levels 
resulting in bird reproduction that is no longer synchronous with the abundance of their 
herbivore insect prey (Visser et al. 2004) as well as reproduction of top predators that does 
not match the abundance of their bird prey (Both et al. 2009). Effects of climate on 
phenology can alter the timing of interspecific interactions through the so called “priority 
effects” in which the order of species arrival to a local community inhibits or facilitates the 
arrival of other species (Morin 1999). For example, winter warming in Britain resulted in 
earlier breeding in newts (Triturus spp.) but no similar response occurred in frogs (Rana 
temporaria), so that early developmental stages of the latter species are exposed to higher 
predation pressure by newts (Beebee 1995). Climate can play a role in priority effects that 
seem common in the infection of tree roots by mychorrhizal fungi, with implications for the 
performance of both symbionts (Kennedy et al. 2009). 
 Second, species may respond to climate change by shifting their geographic ranges 
(Jackson and Overpek 2000, Parmesan 2006, Moritz et al. 2008), thereby affecting 
interactions. For instance, ongoing climate change is likely to contract the geographic range 
of leaf spurge (Euphorbia esula), an invasive plant now dominating ecosystems west of the 
Mississippi River, thus potentially releasing many species from a negative interspecific 
interaction and creating opportunities for the recovery of ecosystems (Bradley et al. 2009). 
Climate change is likely to expand the range of other introduced species resulting in opposite 
effects, as illustrated by experimental work on native (Eriopis connexa) and exotic 
(Hippodamia variegate) ladybird beetles in the Andes of central Chile (Molina-Montenegro 
et al. 2009). Climate change is also likely to result in spatial mismatch between a 
monophagous butterfly species (Boloria titania) and its larval plant host (Polygonum 
bistorta) in some European regions (Schweiger et al. 2008). Just as shifts in geographic 
ranges may interrupt interactions, they may result in new interactions among species. Avian 
malaria in Hawaii restricts native bird species to higher elevations (van Riper et al. 2003) 
where temperature halts appropriate development of the malaria pathogen inside its mosquito 
vector (Culex quinquesfasciatus, LaPointe et al. 2005). Yet, the incidence of avian malaria at 
higher elevations has increased over the last decade in association with increasing 
temperatures (Freed et al. 2005). High elevation Andean avifaunas may be similarly at risk 
from expansion of the geographic ranges of pathogens due to climate change (LaPointe et al. 
2005). Vampire bats, Desmodus rotundus, are recognized reservoirs for the rabies virus, and 
their distribution is generally restricted to areas of warmer climates (McNab 1973, Greenhall 
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et al. 1983). They seem to have moved upslope in Costa Rica during the last decades (LaVal 
2004), extending the altitudinal range of their interaction with hosts and the rabies virus. 
 Third, species may remain in place and synchronized, but climate change can alter the 
phenotype (physiology, behavior, and morphology) or abundance of interacting species, 
thereby changing the outcome of the interaction. Temperature and humidity affect nectar 
concentration and secretion rate, which in turn affect pollinator behavior and, potentially, 
plant and pollinator fitness (Petanidou 2007). Climatic variation can directly affect the 
behavior of top predators, with repercussions through trophic cascades. Changes in winter 
climate related to the North Atlantic Oscillation caused Isle Royal wolves (Canis lupus) to 
hunt in larger packs, resulting in higher predation of moose (Alces alces) and consequent 
decreased hervibory and increased growth of balsam fir (Abies balsamea, Post et al. 1999). 
Climate variation directly affects the population dynamics at each tropic level in Isle Royal 
(wolves, moose, and fir), most strongly at the top and bottom trophic levels, and has the 
potential to threaten the persistence of the ecological community (Post and Forchhammer 
2001). The negative impact of decreased water availability on the abundance of herbivore 
parasitoids and subsequent increase in herbivory rates may be one of the major effects of 
future climate change on tropical forests (Coley 1998). The effect of climate on species 
abundance can affect species interactions as diverse as mutualisms between plants and their 
pollinators or plants and ants, as well as antagonistic interactions between fish and metazoan 
parasites or mammals and fleas (Vásquez et al. 2007), because abundance determines the 
frequency of encounters among individuals of the different species which determines the 
strength of interactions.  
 Although there seems to be little documentation of the impacts of climate change on 
ecological interactions in the tropical Andes, there are reasons to believe that these impacts 
may be at least as important as in temperate regions. First, experimental studies of 
Neotropical organisms show the existence of strong effects of biotic interactions, such as the 
effect of herbivory on species distribution across habitats (Fine et al. 2004) and strong 
tritrophic interactions (Boege and Marquis 2006). Likewise, other studies of Neotropical 
organisms demonstrate that disrupting interspecific ecological interactions results in major 
impacts on the abundance and distribution of organisms. Studies of forest fragments that have 
lost predators of vertebrates document decreased availability of pollinators and seed 
dispersers, increased density of invertebrate predators, rodents, and herbivores, higher tree 
sapling mortality, and lower sapling recruitment (Terborgh et al. 2001, Terborgh and Feeley 
2008). Local extinction of large vertebrates affects tree regeneration in other Neotropical 
forests as well (Dirzo and Miranda 1990, Terborgh et al. 2008). Indeed, ecological 
interactions may be particularly important in the structure and function of tropical ecosystems 
over both ecological and evolutionary time scales (Schemske et al. 2009, see above). 
 Second, specialization in ecological interactions may be more common in Neotropical 
than temperate ecosystems, as exemplified by the number of host plant species used by 
herbivore insects (Dyer et al. 2007, but see Novotny et al. 2006, Ollerton and Cranmer 2002). 
Specialization, however, is a major constraint that hinders response to temporal 
environmental change and thus contributes to extinction risk (Colles et al. 2009). In contrast 
to specialized ecological interactions, interactions may occur in diffuse networks involving 
multiple species. For example, the fruits of trees and shrubs are consumed by many different 
species of birds which disperse their seeds, and conversely, each bird species will feed on 
many different fruits (Figure 4.5). While bird species may differ in their role in seed 
dispersion due to differences in both the consumption and subsequent deposition of viable 
seeds (Schupp 1993), the multiple interacting species provide a redundancy of ecological 
roles that make the system robust to the extinction of individual seed dispersers (Loiselle and 
Blake 2002). 
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Figure 4.5. Network describing interactions between 65 plant species (green points) and 14 bird species (red 
points) that fed on their fruits in Trinidad from August 1960 through September 1961 (Snow and Snow 1971). 
Data available at the Interaction Web Database (http://www.nceas.ucsb.edu/interactionweb/index.html), hosted 
by the National Center for Ecological Analysis and Synthesis. 
 
 
 
Conclusions 
 
Further work to understand impacts of climate change on phenology should examine 
alternative hypotheses about how abiotic factors (e.g., precipitation and insolation) and 
ecological interactions determine phenological patterns. Examining such hypotheses for the 
tropical Andes may be hampered by the paucity of phenological data for the region 
(Morellato 2003), although climate data available for some areas may allow estimation of 
relevant parameters in some detail (Figure 4.2). Future phenological studies can draw from a 
wide range of tools to challenge the predictions of different hypotheses, including 
“phenological networks” aiming to gather long-term observations of phenophases of wild 
species across regions (see chapters in part 2 of Schwartz 2003a), remote sensing, airborne 
pollen data, manipulative experiments, and spatial models to predict phenology (Cleland et 
al. 2007). The distinction between ultimate and proximate causes, as emphasized in this 
chapter, is crucial to the understanding of phenological patterns (van Schaik et al. 1993) and 
the prediction of the impacts of climate change (Bradshaw and Holzapfel 2006). Studies 
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regarding not only the relationship between phenology, climate, and other possible causal 
factors, but also regarding spatial and temporal variation in fitness will be helpful. Where 
ultimate and proximate causes of phenology are reasonably well understood, it would be 
useful to examine how climatic parameters related to both kinds of causes are likely to 
change. Analysis of observed tendencies and future scenarios, and predictive models of 
phenology and fitness under climate change are needed.  Finally, the study of ecological 
interaction networks (Bascompte 2009) seems particularly useful because it focuses on 
properties describing the overall structure of networks of interacting species (e.g., Figure 
4.5), such as the distribution of the number of interactions per species and the degree to 
which the network is nested (Figure 4.6). These characteristics of the overall structure of 
networks can be used to estimate the importance of different species for the persistence of 
ecological communities (Allesina and Pascual 2009), and to forecast the impact of multiple 
drivers of global change on biodiversity (Rezende et al. 2007, Tylianakis et al. 2008). 
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Figure 4.6. Illustration of interaction networks between plant (green dots) and animal (red dots) species with 
nested (A) and compartmentalized (B) structures. These networks are shown in plot form in C and D, 
respectively. This illustration is not based on real data. The robustness of networks of interacting species to 
temporal environmental change may depend on whether they are nested (Tylianakis et al. 2008). In nested 
networks generalist species interact with each other and with specialized species, while specialized species 
interact mostly with generalist species (A, C). Nested networks are relatively robust to disturbance because they 
depend on generalist species that can limit the effects of random species loss. In contrast, compartmentalized 
networks are composed of groups of species that interact strongly among them and only weakly with others (B, 
D), and are more susceptible to random species extinction. Mutualistic networks describing plant-pollinator or 
plant-seed disperser interactions may generally be nested and characterized by weak and asymmetric links 
(Jordano et al. 2003, Vázquez and Aizen 2004, Bascompte et al. 2003, 2006), while antagonistic interactions 
may be more compartmentalized and characterized by stronger links (Lewinsohn et al. 2006). Yet, networks of 
more intimate (i.e., symbiotic) interactions such as those between ants and myrmecophytes can also be highly 
compartmentalized (Guimaraes et al. 2007) and thus potentially more vulnerable. 
 
 
 

A B 

C D 



 84 

Literature cited 
 
Aide, T. M. 1988. Herbivory as a selective agent on the timing of leaf production in a tropical 

understory community. Nature 336:574-575. 
Aide, T. M., and P. Angulo-Sandoval. 1997. The effect of dry season irrigation on leaf 

phenology and the implications for herbivory in a tropical understory community. 
Caribbean Journal of Science 33:142-149. 

Allesina, S., and M. Pascual. 2009. Googling food webs: can an eigenvector measure species’ 
importance for coextinctions? PLoS Computational Biology 5:E1000494. 

Altshuler, D. L. 2006. Flight performance and competitive displacement of hummingbirds 
across elevational gradients. American Naturalist 167:216-229. 

Anderson, R. P., A. T. Peterson, and M. Gomez-Laverde. 2002. Using niche-based GIS 
modeling to test geographic predictions of competitive exclusion and competitive 
release in South American pocket mice. Oikos 98:3-16. 

Arnold, A. E. 2008. Endophytic fungi: hidden components of tropical community ecology. 
Pp. 254-272 in Tropical forest community ecology, edited by W. P. Carson and S. A. 
Schnitzer. Oxford: Wiley-Blackwell. 

Arnold, A. E., and F. Lutzoni. 2007. Diversity and host range of foliar fungal endophytes: are 
tropical leaves biodiversity hotspots? Ecology 88:541-49. 

Asner, G. P., A. R. Townsend, and B. H. Braswell. 2000. Satellite observation of El Niño 
effects on Amazon forest phenology and productivity. Geophysical Research Letters 
27:981-984.   

Bascompte, J. 2009. Mutualistic networks. Frontiers in Ecology and the Environment 7:429-
436. 

Bascompte, J., P. Jordano, and J. M. Olesen. 2006. Asymmetric coevolutionary networks 
facilitate biodiversity maintenance. Science 312:431-433. 

Bascompte, J., P. Jordano, C. J. Melian, and J. M. Olesen. 2003. The nested assembly of plant 
animal mutualistic networks. Proceedings of the National Academy of Sciences of the 
United States of America 100:9383-9387. 

Beebee, T. J. C. 1995. Amphibian breeding and climate change. Nature 374:219-220. 
Beltrán, J. W., and G. H. Kattan. 2001. First record of the Slaty-backed Nightingale-Thrush 

in the Central Andes of Colombia, with notes on its ecology and geographical 
variation. Wilson Bulletin 113:134-139. 

Bendix, J., J. Homeier, E. Cueva Ortiz, P. Emck, S.-W. Breckle, M. Richter, and E. Beck. 
2006. Seasonality of weather and tree phenology in a tropical evergreen mountain rain 
forest. International Journal of Biometeorology 50:370-384. 

Boege, K., and R. J. Marquis. 2006. Bottom-up and top-down forces mediated by plant 
ontogeny: consequences for herbivores and plants. Oikos 115:559-592. 

Borchert, R. 2004. The phenology of tropical trees and its environmental control. Available 
at: http://www.biology.ku.edu/tropical_tree_phenology/. 

Borchert, R., S. S. Renner, Z. Calle, D. Navarrete, A. Tye, L. Gautier, R. Spichiger, and P. 
von Hildebrand. 2005. Photoperiodic induction of synchronous flowering near the 
equator. Nature 433:627-629. 

Both, C., M. van Asch, R. G. Bijlsma, A. B. van den Burg, and M. E. Visser. 2009. Climate 
change and unequal phenological changes across four trophic levels: constraints or 
adaptations? Journal of Animal Ecology 78:73-83.  

Both, C., S. Bouwhuis, C. M. Lessells, M. E. Visser. 2006. Climate change and population 
declines in a long-distance migratory bird. Nature 44:81-83. 

Bradley, B., M. Oppenheimer, and D. Wilcove. 2009. Climate change and plant invasions: 
restoration opportunities ahead? Global Change Biology 15:1511-1521. 



 85 

Bradshaw, W. E., and C. M. Holzapfel. 2006. Evolutionary response to rapid climate change. 
Science 312:1477-1478. 

Braga-Neto, R., R. C. C. Luizao, W. E. Magnusson, G. Zuquim, and C. V. de Castilho. 2008. 
Leaf litter fungi in a central Amazonian forest: the influence of rainfall, soil and 
topography on the distribution of fruiting bodies. Biodiversity and Conservation 
17:2701-2712.  

Brearley, F. Q., J. Proctor, N. L. Suriantata, G. Dalrymple, and B. C. Voysey. 2007. 
Reproductive phenology over a 10-year period in a lowland evergreen rain forest of 
central Borneo. Journal of Ecology 95:828-839. 

Brown Jr., K. S. 1991. Conservation of Neotropical environments: insects as indicators. Pp. 
449-504 in The conservation of insects and their habitats, edited by N. M. Collins and 
J. A. Thomas. London: Academic Press. 

Cadena, C. D., and B. A. Loiselle. 2007. Limits to elevational distributions in two species of 
emberizine finches: disentangling the role of interspecific competition, autoecology, 
and geographic variation in the environment. Ecography 30:491-504. 

Chapman, C. A., L. J. Chapman, T. T. Struhsaker, A. E. Zanne, C. J. Clark, and J. R. Poulsen. 
2005. A long-term evaluation of fruiting phenology: importance of climate change. 
Journal of Tropical Ecology 21:31-45. 

Charles-Dominique, P., M. Atramentowicz, M. Charles-Dominique, H. Gerard, C. M. 
Hladick, and M. F. Prevost. 1981. Les mamiferes frugivores arboricoles nocturnes 
d'une foret Guyanaise: interrelations plantes-animaux. Revue d'écologie (La terre et la 
vie) 35:341-345. 

Claus, G. 1926. Die Blütenbewegungen der Gentianaceen. Flora 120:198-226. 
Cleland, E. E., I. Chuine, A. Menzel, H. A. Mooney, and M. D. Schwartz. 2007. Shifting 

plant phenology in response to global change. Trends in Ecology and Evolution 
22:357-365. 

Coley, P. D. 1998. Possible effects of climate change on plant-herbivore interactions in moist 
tropical forest. Climate Change 39:455-472. 

Coley, P. D., and T. M. Aide. 1991. Comparison of herbivory and plant defenses in temperate 
and tropical broadleaved forests. Pp. 25-49 in Plant-animal interactions: evolutionary 
ecology in tropical and temperate regions, edited by P. W. Price, T. M. Lewinsohn, 
G. W. Fernandes, and W. W. Benson. New York: JohnWiley & Sons. 

Colles, A., L. H. Liow, and A. Prizing. 2009. Are specialists at risk under environmental 
change? Neoecological, paleoecological and phylogenetic approaches. Ecology 
Letters 12:849-863. 

Cornejo, F. J., A. Varela, and S. J. Wright. 1994. Tropical forest litter decomposition under 
seasonal drought: nutrient release, fungi and bacteria. Oikos 70:183-190.  

Covich, A. P., T. A. Crowl, and F. N. Scatena. 2003. Effects of extreme low flows on 
freshwater shrimps in a perennial tropical stream. Fresh Water Biology 48:1199-1206. 

da Rocha, H. R., M. L. Goulden, S. D. Miller, M. C. Menton, L. D. V. O. Pinto, H. C. de 
Freitas, and A. M. S. Figueira. 2004. Seasonality of water and heat fluxes over a 
tropical forest in eastern Amazonia. Ecological Applications 14:S22-S32. 

Davidson, D. W., and D. McKey. 1993. Ant-plant symbioses: stalking the Chuyachaqui. 
Trends in Ecology & Evolution 8:326-332. 

DeVries, P. J., D. Murray, and R. Lande. 1997. Species diversity in vertical, horizontal, and 
temporal dimensions of a fruit-feeding butterfly community in an Ecuadorian 
rainforest. Biological Journal of the Linnean Society 62:343-364. 

Dirzo, R., and K. Boege. 2008. Patterns of herbivory and defense in tropical dry and rain 
forest. Pp. 63-78 in Tropical forest community ecology, edited by W. P. Carson and S. 
A. Schnitzer. Oxford: Wiley-Blackwell. 



 86 

Dirzo, R., and A. Miranda. 1990. Contemporary Neotropical defaunation and forest structure, 
function, and diversity – a sequel to John Terborgh. Conservation Biology 4:444-447. 

Dyer, L. A., and P. D. Coley. 2002. Tritrophic interactions in tropical and temperate 
communities. Pp. 67-88 in Multitrophic level interactions, edited by T. Tscharntke 
and B. Hawkins. Cambridge: Cambridge University Press. 

Dyer, L. A., M. S. Singer, J. T. Lill, J. O. Stireman, G. L. Gentry, R. J. Marquis, R. E. 
Ricklefs, H. F. Greeney, D. L. Wagner, H. C. Morais, I. R. Diniz, T. A. Kursar, and P. 
D. Coley. 2007. Host specificity of Lepidoptera in tropical and temperate forests. 
Nature 448:696-699. 

Fayer, R. J., M. Trout, and M. C. Jenkins. 1998. Infectivity of Cryptosporidium parvum 
oocysts stored in water at environmental temperatures. Journal of Parasitology 
84:1165-1169. 

Fine, P. V. A., I. Mesones, and P. D. Coley. 2004. Herbivores promote habitat specialization 
by trees in Amazonian forests. Science 305:663-665. 

Foster, R. B. 1982. The seasonal rhythm of fruitfall in Barro Colorado Island. Pp. 151-172 in 
The ecology of a Neotropcial forest, edited by E. G. Leigh, A. S. Rand, and D. M. 
Windsor. Washington, DC: Smithsonian Institution.   

Frederickson, M. E. 2006. The reproductive phenology of an Amazonian ant species reflects 
the seasonal availability of its nest sites. Oecologia 149:418-427. 

Freed, L. A., R. L. Cann, M. L. Goff, W. A. Kuntz, and G. R. Bodner. 2005. Increase in avian 
malaria at upper elevation in Hawaii. Condor 107:753-764. 

Futuyma, D. J. 1998. Evolutionary Biology. Third edition. Sunderland, MA: Sinauer 
Associates, Inc. 

Gaston, K. J. 2003. The structure and dynamics of geographic ranges. Oxford: Oxford 
University Press.  

Gottsberger, B., and E. Gruber. 2004. Temporal partitioning of reproductive activity in a 
Neotropical anuran community. Journal of Tropical Ecology 20:271-280. 

Grace, J. B. 2006. Structural equation modeling in natural systems. Cambridge: Cambridge 
University Press. 

Greenhall, A. M., G. Joermann, and U. Schmidt. 1983. Desmodus rotundus. Mammalian 
Species 202:1-6. 

Guadarrama, P., and F. J. Alvarez-Sanchez. 1999. Abundance of arbuscular mycorrhizal 
fungi spores in different environments in a tropical rain forest, Veracruz, Mexico. 
Mycorrhiza 8:267-270.  

Guimaraes Jr., P. R., V. Rico-Gray, P. S. Oliveira, T. J. Izzo, S. F. dos Reis, and J. N. 
Thompson. 2007. Interaction intimacy affects structure and coevolutionary dynamics 
in mutualistic networks. Current Biology 17:1797-1803. 

Günter, S., M. Cabrera, M. L. Diaz, M. Lojan, E. Ordoñez, M. Richter, and M. Weber. 2008. 
Tree phenology in montane forests of southern Ecuador can be explained by 
precipitation, radiation and photoperiodic control. Journal of Tropical Ecology 
24:247-258. 

Harrison, R. D. 2000. Repercussions of El Niño: drought causes extinction and the 
breakdown of mutualism in Borneo. Proceedings of the Royal Society of London B, 
Biological Sciences 267:911-915. 

Hau, M., M. Wikelski, H. Gwinner, and E. Gwinner. 2004. Timing of reproduction in a 
Darwin’s finch: temporal opportunism under spatial constraints. Oikos 106:489-500. 

Hau, M., M. Wikelski, and J. C. Wingfield. 1998. A Neotropical forest bird can measure the 
light changes in tropical photoperiod. Proceedings of the Royal Society of London B, 
Biological Sciences 265:89-95. 



 87 

Hau, M., M. Wikelski, and J. C. Wingfield. 2000. Visual and nutritional cues stimulate 
reproduction in a Neotropical bird. Journal of Experimental Zoology:286:494-504. 

He, Y.-P., Y.-W. Duan, J.-Q. Liu, and W. K. Smith. 2006. Floral closure in response to 
temperature and pollination in Gentiana straminea Maxim. (Gentianaceae), an alpine 
perennial in the Qinghai-Tibetan Plateau. Plant Systematics and Evolution 256:17-33. 

Hedger, J. 1985. Tropical agarics, resource relations and fruiting periodicity. Pp. 41-86 in 
Developmental biology of higher plants, edited by D. Moore, L. A. Casselton, D. A. 
Wood, and J. C. Frankland. Cambridge: Cambridge University Press. 

Herre, E. A., L. C. Mejía, D. A. Kyllo, E. Rojas, Z. Maynard, A. Butler, and S. A. Van Bael. 
2007. Ecological implications of anti-pathogen effects of tropical fungal endophytes 
and mycorrhizae. Ecology 88:550-558.   

Herre, E. A., K. C. Jander, and C. A. Machado. 2008. Evolutionary ecology of figs and their 
associates: recent progress and outstanding puzzles. Annual Review of Ecology and 
Systematics 39:439-458. 

Holdridge, L. R. 1947. Determination of world plant formations from simple climatic data. 
Science 105:367-368.  

Huete, A. R., K. Didan, Y. E. Shimabukuro, P. Ratana, S. R. Saleska, L. R. Hutyra, W. Yang, 
R. R. Nemani, and R. Myneni. 2006. Amazon rain forest green-up with sunlight in dry 
season. Geophysical Research Letters 33:L06405. 

Imbrie, J., A. Berger, E. A. Boyle, S. C. Clemens, A. Duffy, W. R. Howard, G. Kukla, J. 
Kutzbach, D. G. Martinson, A. McIntyre, A. C. Mix, B. Molfino, J. J. Morley, L. C. 
Peterson, N. G. Pisias, W. L. Prell, M. E. Raymo, N. J. Shackleton, and J. R. 
Toggweiler. 1993. On the structure and origin of major glaciation cycles 2. The 
100,000-year cycle. Paleoceanography 8:699-735. 

IPCC. 2007. Climate change 2007: the physical science basis. Pp. 1-996 in Contribution of 
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change, edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, 
K. B. Averyt, M. Tignor, and H. L. Miller. Cambridge: Cambridge University Press. 

Jackson, S. T., and J. T. Overpeck. 2000. Responses of plant populations and communities to 
environmental changes of the late Quaternary. Paleobiology 26:194-220. 

Jaksic, F. M., and M. Lima. 2003. Myths and facts on ratadas: bamboo blooms, rainfall peaks 
and rodent outbreaks in South America. Austral Ecology 28:237-251. 

Janos, D. P., C. T. Sahley, and L. H. Emmons. 1995. Rodent dispersal of vesicular-arbuscular 
mycorrhizal fungi in Amazonian Peru. Ecology 76:1852-1858. 

Janzen, D. H. 1984. Two ways of being a tropical big moth: Santa Rosa saturniids and 
sphingids. Oxford Surveys in Evolutionary Biology 1:85-140. 

Jordano, P. 2000. Fruits and frugivory. Pp. 125-66 in Seeds: the ecology of regeneration in 
natural plant communities, edited by M. Fenner. Oxon, UK: CABI Publications. 

Jordano, P., J. Bascompte, and J. M. Olesen. 2003. Invariant properties in coevolutionary 
networks of plant–animal interactions. Ecology Letters 6:69-81. 

Judziewicz, E. J., L. G. Clark, X. Londoño, and M. J. Stern. 1999. American bamboos. 
Washington, DC: Smithsonian Institution Press. 

Kattan, G. H., D. Correa, F. Escobar, and C. A. Medina. 2006. Leaf-litter arthropods in 
restored forests in the Colombian Andes: a comparison between secondary forest and 
tree plantations. Restoration Ecology 14:95-102. 

Kelly, D., and V. L. Sork. 2002. Mast seeding in perennial plants: why, how, where? Annual 
Review of Ecology and Systematics 33:427-447. 

Kennedy, P. G., K. G. Peay, and T. D. Bruns. 2009. Root tip competition among 
ectomycorrhizal fungi: are priority effects a rule or an exception? Ecology 90:2098-
2107. 



 88 

Lafferty, K. D. 2009. The ecology of climate change and infectious diseases. Ecology 90:888-
900. 

LaPointe, D., T. L. Benning, and C. Atkinson. 2005. Case study: avian malaria, climate 
change, native birds of Hawaii. Pp 317-324 in Climate change and biodiversity, 
edited by T. E. Lovejoy and L. Hannah. New Haven, CT: Yale University Press. 

LaVal, R. K. 2004. Impact of global warming and locally changing climate on tropical cloud 
forest bats. Journal of Mammalogy 85:237-244. 

Levings, S. C., and D. M. Windsor. 1996. Seasonal and annual variation in litter arthropod 
populations. Pp. 355-388 in The ecology of a tropical forest: seasonal rhythms and 
long-term changes, edited by E. G. Leigh, A. S. Rand, and D. M. Windsor. 
Washington, DC: Smithsonian Institution Press.  

Lewinsohn, T. M., P. I. Prado, P. Jordano, J. Bascompte, and J. M. Olesen. 2006. Structure in 
plant–animal interaction assemblages. Oikos 113:174-184. 

Lobo, J. A., M. Quesada, K. E. Stoner, E. J. Fuchs, Y. Herrerías-Diego, J. Rojas, and G. 
Saborío. 2003. Factors affecting phenological patterns of bombacaceous trees in 
seasonal Costa Rica and Mexico. American Journal of Botany 90:1054-1063.   

Lodge, D. J., W. H. McDowell, and C. P. McSwiney. 1994. The importance of nutrient pulses 
in tropical forests. Trends in Ecology and Evolution 9:384-387. 

Lodge, D. J., and S. Cantrell. 1995. Fungal communities in wet tropical forest: variation in 
time and space. Canadian Journal of Botany 73:S1391-S1398. 

Loiselle, B. A., and J. G. Blake. 2002. Potential consequences of extinction of frugivorous 
birds for shrubs of a tropical wet forest. Pp. 397-405 in Seed dispersal and frugivory: 
ecology, evolution and conservation, edited by D. J. Levey, W. R. Silva, and M. 
Galetti. Wallingford, U.K.: CABI Publishing.   

McNab, B. K. 1973. Energetics and the distribution of vampires. Journal of Mammalogy 
54:131-144. 

Medeiros, L. G. S., A. G. Bandeira, and C. Martius 1999. Termite swarming in the 
northeastern Atlantic rain forest of Brazil. Studies of Neotropical Fauna and 
Environment 34:76-87. 

Memmott, J., P. G. Craze, N. M. Waser, and M. V. Price. 2007. Global warming and the 
disruption of plant–pollinator interactions. Ecology Letters 10:710-717. 

Miller, A. H. 1963. Seasonal activity and ecology of the avifauna of an American equatorial 
cloud forest. University of California Publications in Zoology 66:1-74. 

Miller-Rushing, A. J., T. L. Lloyd-Evans, R. B. Primack, and P. Satzinger. 2008. Bird 
migration times, climate change, and changing population sizes. Global Change 
Biology 14:1959-1972. 

Moles, A. T., D. D. Ackerly, J. C. Tweddle, J. B. Dickie, R. Smith, M. R. Leishman, M. M. 
Mayfield, A. Pitman, J. T. Wood, and M. Westoby. 2007. Global patterns in seed size. 
Global Ecology and Biogeography 16:109-116. 

Molina-Montenegro, M. A., R. Briones, and L. A. Cavieres. 2009. Does global warming 
induce segregation among alien and native beetle species in a mountain-top? 
Ecological Research 24:31-36. 

Møller, A. P., D. Rubolini, and E. Lehikoinen. 2008. Populations of migratory bird species 
that did not show a phenological response to climate change are declining. 
Proceedings of the National Academy of Sciences of the United States of America 
105:16195-16200. 

Montaño, F. A. 2007. Fenología reproductiva de murciélagos tropicales en Bolivia. Pp. 23-27 
in Historia natural, distribución y conservación de los murciélagos de Bolivia, edited 
by L. F. Aguirre. Santa Cruz de la Sierra: Editorial Centro de Ecología y Difusión 
Simón I. Patiño. 



 89 

Morellato, L. P. 2003. South America. Pp. 75-92 in Phenology: an integrative environmental 
science, edited by M. D. Schwartz. Dordrecht: Kluwer Academic Publishers. 

Morin, P. J. 1999. Community ecology. Malden, MA: Blackwell Science, Inc. 
Moritz, C., J. L. Patton, C. J. Conroy, J. L. Parra, G. C. White, and S. R. Beissinger. 2008. 

Impact of a century of climate change on small-mammal communities in Yosemite 
National Park, USA. Science 322:261-264. 

Munro, A. D., A. P. Scott, and T. J. Lam. 1990. Reproductive seasonality in teleosts: 
environmental influences. Boca Raton, FL: CRC Press, Inc. 

Musolin, D. L. 2007. Insects in a warmer world: ecological, physiological and lifehistory 
responses of true bugs (Heteroptera) to climate change. Global Change Biology 
13:1565-1585. 

Ness, J. H., and K. Bressmer. 2005. Abiotic influences on the behaviour of rodents, ants, and 
plants affect an ant-seed mutualism. Ecoscience 12:76-81.  

Norden, N., J. Chave, P. Belbenoit, A. Caubère, P. Châtelet, P.-M. Forget, and C. Thébaud. 
2007. Mast fruiting is a frequent strategy in woody species of eastern South America. 
PLoS ONE 2:e1079. 

Novotny, V., P. Drozd, S. E. Miller, M. Kulfan, M. Janda, Y. Basset, and G. D. Weiblen. 
2006. Why are there so many species of herbivorous insects in tropical rainforests? 
Science 313:1115-1118. 

Ollerton, J., and L. Cranmer. 2002. Latitudinal trends in plant-pollinator interactions: are 
tropical plants more specialised? Oikos 98:340-350. 

Paaijmans, K. P., A. F. Read, and M. B. Thomas. 2009. Understanding the link between 
malaria risk and climate. Proceedings of the National Academy of Sciences of the 
United States of America 106:13844-13849. 

Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change. Annual 
Review of Ecology, Evolution and Systematics 37:637-669. 

Pendall, E., S. Bridgham, P. J. Hanson, B. Hungate, D. W. Kicklighter, D. W. Johnson, B. E. 
Law, Y. Luo, J. P. Megonigal, M. Olsrud, M. G. Ryan, and S. Wan. 2004. Below-
ground process responses to elevated CO2 and temperature: a discussion of 
observations, measurement methods, and models. New Phytologist 162:311-322. 

Petanidou, T. 2007. Ecological and evolutionary aspects of floral nectars in Mediterranean 
habitats. Pp. 343-376 in Nectaries and nectar, edited by S. W. Nicolson, M. Nepi, and 
E. Pacini. Dordrecht: Springer Verlag. 

Post, E., and M. C. Forchhammer. 2001. Pervasive influence of large-scale climate in the 
dynamics of a terrestrial vertebrate community. BMC Ecology 1:5. 

Post, E., R. O. Peterson, N. C. Stenseth, and B. E. McLaren. 1999. Ecosystem consequences 
of wolf behavioral response to climate. Nature 401:905-907. 

Poulin, R. 2006. Global warming and temperature-mediated increases in cercarial emergence 
in trematode parasites. Parasitology 132:143-51. 

Pounds, J. A., M. P. L. Fogden, and K. L. Masters. 2005. Responses of natural communities 
to climate change in a highland tropical forest. Pp. 70-74 in Climate change and 
biodiversity, edited by T. E. Lovejoy and L. Hannah. New Haven, CT: Yale 
University Press. 

Rathcke, B., and E. P. Lacey. 1985. Phenological patterns of terrestrial plants. Annual Review 
of Ecology and Systematics 16:179-214. 

Regal, P. J. 1982. Pollination by wind and animals: ecology of geographic patterns. Annual 
Review of Ecology and Systematics 13:497-524. 

Reich, P. B. 1995. Phenology of tropical forests – patterns, causes, and consequences. 
Canadian Journal of Botany 73:164-174. 



 90 

Reich, P., and R. Borchert. 1982. Phenology and ecophysiology of the tropical tree, Tabebuia 
neochrysantha (Bignoniaceae). Ecology 63:294-299. 

Remsen Jr., J. V., and S. W. Cardiff. 1990. Patterns of elevational and latitudinal distribution, 
including a “niche switch” in some guans (Cracidae) of the Andes. Condor 92:970-81. 

Remsen Jr., J. V., and W. S. Graves. 1995. Distribution patterns of Buarremon brush-finches 
(Emberizinae) and interspecific competition in Andean birds. Auk 112:225-36. 

Renner, S. S. 2007. Synchronous flowering linked to changes in solar radiation intensity. New 
Phytologist 175:195-97. 

Rezende, E. L., J. E. Lavabre, P. R. Guimaraes Jr., P. Jordano, and J. Bascompte. 2007. Non-
random coextinctions in phylogenetically structured mutualistic networks. Nature 
448:925-28. 

Ricklefs, R. E., and G. L. Miller. 2000. Ecology. Fourth edition. New York: W. H. Freeman 
and Company. 

Rivera, J., and J. Cozza. 2008. Reduced photoperiod induces partially synchronous flowering 
time in an understory forest herb, Begonia urophylla, in Costa Rica. Biotropica 
40:363-65. 

Rivera, G., S. Elliot, L. S. Caldas, G. Nicolossi, V. T. R. Coradín, and R. Borchert. 2002. 
Increasing day-length induces spring flushing of tropical dry forest trees in the 
absence of rain. Trees – Structure and Function 16:445-456.  

Sakai, S., R. D. Harrison, K. Momose, K. Kuraji, H. Nagamasu, T. Yasunari, L. Chong, and 
T. Nakashizuka. 2006. Irregular droughts trigger mass flowering in aseasonal tropical 
forests in Asia. American Journal of Botany 93:1134-1139. 

Sanchez-Azofeifa, A., E. Kalacska, M. Quesada, K. E. Stoner, J. A. Lobo, and P. Arroyo-
Mora. 2003. Tropical dry climates. Pp. 121-138 in Phenology: an integrative 
environmental science, edited by M. D. Schwartz. Dordrecht: Kluwer Academic 
Publishers. 

Schemske, D. W., G. G. Mittelbach, H. V. Cornell, J. M. Sobel, and K. Roy. 2009. Is there a 
latitudinal gradient in the importance of biotic interactions? Annual Review of 
Ecology and Systematics 40:245-269. 

Schupp, E. W. 1993. Quantity, quality and the effectiveness of seed dispersal by animals. 
Vegetatio 107/108:15-29. 

Schwartz, M. D. (ed.). 2003a. Phenology: an integrative environmental science. Dordrecht: 
Kluwer Academic Publishers. 

Schwartz, M. D. 2003b. Phenoclimatic measures. Pp. 331-345 in Phenology: an integrative 
environmental science, edited by M. D. Schwartz. Dordrecht: Kluwer Academic 
Publishers. 

Schweiger, O., J. Settele, O. Kudrna, S. Klotz, and I. Kühn. 2008. Climate change can cause 
spatial mismatch of trophically interacting species. Ecology 89:3472-3479. 

Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice. 2009. Evolution and ecology of 
species limits. Annual Review of Ecology and Systematics 40:415-436.  

Sibaoka, T. 1991. Rapid plant movements triggered by action potentials. Journal of Plant 
Research 104:73-95.  

Smythe, N. 1982. The seasonal abundance of night-flying insects in a Neotropical forest. Pp. 
309-318 in The ecology of a tropical forest, edited by E. G. Leigh Jr., A. S. Rand, and 
D. M. Windsor. Washington, DC: Smithsonian Institution Press. 

Snow, B. K., and D. W. Snow. 1971. The feeding ecology of tanagers and honeycreeperes in 
Trinidad. Auk 88:291-322. 

Stevenson, P. 2004. Phenological patterns of woody vegetation at Tinigua National Park, 
Colombia: methodological comparisons with emphasis on fruit production. Caldasia 
26:125-150. 



 91 

Stireman III, J. O., L. A. Dyer, D. H. Janzen, M. S. Singer, J. T. Lill, R. J. Marquis, R. E. 
Ricklefs, G. L. Gentry, W. Hallwachs, P. D. Coley, J. A. Barone, H. F. Greeney, H. 
Connahs, P. Barbosa, H. C. Morais, and I. R. Diniz. 2005. Climatic unpredictability 
and caterpillar parasitism: implications of global warming. Proceedings of the 
National Academy of Sciences of the United States of America 102:17384-17387. 

Stuart, S. N., M. Hoffmann, J. S. Chanson, N. A. Cox, R. Berridge, P. Ramani, and B. E.  
Young. 2008. Threatened amphibians of the world. Barcelona: Lynx Ediciones. 

Stutchbury, B. J. M., and E. S. Morton. 2001. Behavioral ecology of tropical songbirds. 
London: Academic Press. 

Terborgh, J. and K. Feeley. 2008. Ecosystem decay in closed forest fragments. Pp. 308-321 
in Tropical forest community ecology, edited by W. P. Carson and S. A. Schnitzer. 
Oxford: Wiley-Blackwell. 

Terborgh, J., L. Lopez, P. Nuñez, M. Rao, G. Shahabuddin, G. Orihuela, M. Riveros, R. 
Ascanio, G. H. Adler, T. D. Lambert, and L. Balbas. 2001. Ecological meltdown in 
predator-free forest fragments. Science 294:1923-1926.   

Terborgh, J., G. Nuñez-Iturri, N. C. A. Pitman, F. H. C. Valverde, P. Alvarez, V. Swamy, E. 
G. Pringle, and C. E. T. Paine. 2008. Tree recruitment in an empty forest. Ecology 
89:1757-1768. 

Terborgh, J., and J. S. Weske. 1975. The role of competition in the distribution of Andean 
birds. Ecology 56:562-576. 

Thies, W., and E. K. V. Kalko. 2004. Phenology of Neotropical pepper plants (Piperaceae) 
and their association with their main dispersers, two short-tailed fruit bats, Carollia 
perspicillata and C. castanea (Phyllostomidae). Oikos 104:362-376. 

Thompson, J. N. 2009. The coevolving web of life. American Naturalist 173:125-150. 
Torres-Mejia, M., and M. P. Ramírez-Pinilla. 2008. Dry-season breeding of a characin in a 

Neotropical mountain river. Copeia 2008:99-104. 
Tylianakis, J. M., R. K. Didham, J. Bascompte, and D. A. Wardle. 2008. Global change and 

species interactions in terrestrial ecosystems. Ecology Letters 11:1351-1363. 
Vamosi, J. C., T. M. Knight, J. A. Steets, S. J. Mazer, M. Burd, and T. Ashman. 2006. 

Pollination decays in biodiversity hotspots. Proceedings of the National Academy of 
Sciences of the United States of America 103:956-961. 

van Asch, M., and M. E. Visser. 2007. Phenology of forest caterpillars and their host trees: 
the importance of synchrony. Annual Review of Entomology 52:37-55. 

van Riper, C., S. G. van Riper, M. L. Goff, and M. Laird. 2003. The epizootiology and 
ecological significance of malaria in Hawaiian land birds. Ecological Monographs 
56:327-344. 

van Schaik, C. P., J. W. Terborgh, and S. J. Wright 1993. The phenology of tropical forests: 
adaptive significance and consequences for primary consumers. Annual Review of 
Ecology and Systematics 24:353-377 

Vázquez, D. P., and M. A. Aizen. 2004. Asymmetric specialization: a pervasive feature of 
plant-pollinator interactions. Ecology 85:1251-1257. 

Vázquez, D. P., and R. D. Stevens. 2004. The latitudinal gradient in niche breadth: concepts 
and evidence. American Naturalist 164:E1–E19. 

Vázquez, D. P., C. J. Melián, N. M. Williams, N. Bluthgen, B. R. Krasnov, and R. Poulin. 
2007. Species abundance and asymmetric interaction strength in ecological networks. 
Oikos 116:1120-1127. 

Visser, M. E., and C. Both. 2005. Shifts in phenology due to global climate change: the need 
for yardstick. Proceedings of the Royal Society of London B, Biological Sciences 
272:2561-2560. 



 92 

Visser M. E., C. Both, and M. M. Lambrechts. 2004. Global climate change leads to 
mistimed avian reproduction. Advances in Ecological Research 35:89-110. 

Visser, M. E., and L. J. M. Holleman. 2001. Warmer spring disrupt the synchrony of oak and 
winter moth phenology. Proceedings of the Royal Society of London B, Biological 
Sciences 268:289-294. 

Weaver, A. J., M. Eby, A. F. Fanning, and E. C. Wiebe. 1998. Simulated influence of carbon 
dioxide, orbital forcing and ice sheets on the climate of the last glacial maximum. 
Nature 394:847-853. 

Wikelski, M., M. Hau, and J. C. Wingfield. 2000. Seasonality of reproduction in a 
Neotropical rain forest bird. Ecology 81:2458-2472. 

Willis, C. G., B. Ruhfel, R. B. Primack, A. J. Miller-Rushing, and C. C. Davies. 2008. 
Phylogenetic patterns of species loss in Thoreau’s woods are driven by climate 
change. Proceedings of the National Academy of Sciences of the United States of 
America 105:17029-17033. 

Wolda, H. 1978. Fluctuations in abundance of tropical insects. American Naturalist 
112:1017-1045. 

Wolda H. 1983. Spatial and temporal variation in abundance in tropical animals. Pp. 93-105 
in Tropical rain forest: ecology and management, edited by S. L. Sutton, T. C. 
Whitmore, and A. C. Chadwick. Oxford: Blackwell. 

Wolda, H. 1992. Trends in abundance of tropical forest insects. Oecologia 89:47-52. 
Wolda, H., and M. Wong. 1988. Tropical insect diversity and seasonality. Sweep samples 

versus lighttraps. Proceedings of the Koninklijke Nederlandse Akademie van 
Wetenschappen, series C 91:203-216. 

Wright, S. J., and C. P. van Schaik. 1994. Light and the phenology of tropical trees. American 
Naturalist 143:192-199. 

Wright, S. J., C. Carrasco, O. Calderón, and S. Paton. 1999. The El Niño southern oscillation, 
variable fruit production, and famine in a tropical forest. Ecology 80:1632-1647. 

Yavitt, J. B., S. J. Wright, and R. K. Wieder. 2004. Seasonal drought and dry-season 
irrigation influence leaf-litter nutrients and soil enzymes in a moist, lowland forest in 
Panama. Austral Ecology 29:177-188. 

Yeang, H.-Y. 2007. Synchronous flowering of the rubber tree (Hevea brasiliensis) induced 
by solar radiation intensity. New Phytologist 175:283-289. 

 
 
 


