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ABSTRACT 

 

Understanding the factors that drive community structure and ecosystem processes are a 

relevant goal in ecology. One factor is environmental heterogeneity that alters 

communities through changes in habitat and available resource for species; however, it 

is unclear if those effects can change according to the spatial scale. Another factor is 

climate change, which affects community composition and ecosystem functionality 

through the loss of particular predator species; although, it is unknown if rainfall 

variability can alter the community and energy and nutrient flux in temporal 

ecosystems, such as ponds or phytotelmata. 

We used the community within two phytotelmata, bromeliads and tree holes, as an 

ecological model system in order to assess effect of spatial scale and hydrological 

regime on communities and ecosystem processes. First, we studied the invertebrate 

community associated to Guzmania multiflora (André) André ex Mez. (Bromeliaceae) 

and their biological traits. We assessed the relation between biological traits and habitat 

complexity and resource availability. We found that habitat complexity not only alters 

the taxonomical diversity of invertebrates in bromeliads, but also their functional 

diversity through changes in the abundance and richness of biological traits. In this 

regard, biological traits provide an approach to ecosystem processes and invertebrate 

adaptations to environmental conditions. Second, we investigated the effects of spatial 

scale dependence of habitat and detritus on community and decomposition. We found 

that species turnover of invertebrates associated with tree holes depended on a spatial 

scale and that there was a scale-dependent effect of habitat and litter on the community 

and litter decomposition. Third, we assessed the relationship between the amount and 

frequency of precipitation and bromeliad community and functioning. We found that 
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the magnitude of precipitation rather than rainfall frequency affected invertebrate 

communities, decomposition, and primary productivity. Finally, we analyzed the energy 

and nitrogen flux in a bromeliad invertebrate food web and its interaction with the loss 

of an intraguild predator. We found that the interaction between shifts in the amount of 

precipitation and the presence/absence of the predator altered the energy and nitrogen 

flow in the bromeliad food web.  
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OBJETIVES 

GENERAL OBJETIVES 

 

Assess the effects of the hydrological regimen and spatial scale on invertebrate 

communities and ecosystem processes of phytotelmata. 

 

SPECIFIC OBJETIVES 

 

 Characterize the invertebrate community associated to Guzmania  

multiflora  (Bromeliaceae) in Cloud Mountain. 

 Assess the scale dependence of habitat and litter type effects on tree 

holes communities.  

 Assess the scale dependence of habitat and litter type effects on 

decomposition processes. 

 Determine the changes in community and ecosystem processes produced 

by a change in the frequency and magnitude of rainfall. 

 Assess the effects of rainfall magnitude and trophic structure on energy 

and nutrient flux. 
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CHAPTER 1.  INTRODUCTION 

 

Phytotelmata are small aquatic habitats formed by different plant structures such as leaf 

axils, fruits, flower parts, or tree trunks and branches (Fish, 1983; Kitching, 2000). 

Examples of phytotelmata include pitcher plants, bamboo internodes, tree holes, and 

tank bromeliads (Kitching, 2001). Bromeliads and tree holes are the most abundant 

phytotelmata in the Neotropics; the rosette disposition of bromeliad leaves creates a 

tank that allows accumulation of rainwater and detritus from the canopy. The rainwater 

reserve, however, is not constant throughout the bromeliad, thus, the bromeliad provides 

two habitats for fauna: the young leaf axils maintain water in their interior forming an 

aquatic habitat, whereas water is lost by older or mature leaves in the outer part of 

bromeliad provides a terrestrial habitat (Araujo et al., 2007; Montes de Oca et al., 2007; 

Frank, 1983). Tree holes are formed by the rainwater catchment of decomposing 

cavities or depressions in the woody portions of trees (Kitching, 1971). Tree holes 

receive organic material from trapped dead leaves and inorganic ions from stem flow 

(Eaton et al., 1973).  

 

Overall, phytotelmata contain small volumes of water and detritus that allow the 

maintenance of associated communities (Fish, 1983; Maguire, 1970; Srivastava et al., 

2004). The chemical features of water are influenced by decomposing plant material 

and the metabolic activity of organisms (Ngai and Srivastava, 2006); therefore, water in 

phytotelmata has low oxygen concentration and an acidic pH (Laessle, 1961). 

 

Phytotelmata are characterized by a defined area as a discrete and replicable unit 

(Srivastava et al., 2004) that limits the inhabiting species and allows manipulation of the 
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community on a temporal and spatial scale (Kitching, 1971). They contain fauna with 

short life cycles (Srivastava et al., 2004) and, in some cases, only a part of the life cycle 

is developed in the phytotelmata, allowing species dispersion and energy flux between 

phytotelmata and terrestrial ecosystems (Giller et al., 2004). Phytotelmata have lower 

species richness than macroecosystems, allowing a clearly defined food web. These 

characteristics have led to an increase in phytotelmata studies focused on ecosystem, 

community, and population ecology, showing the relevance of these microecosystems 

in ecology. 

 

The first studies on bromeliads and tree holes focused on species reports, especially of 

taxonomic groups such as damselflies and mosquitoes (Frank, 1983; Galindo et al., 

1950, 1951, 1955;  Kitching, 1971;Laessle, 1961; Lounibos et al., 1987; Picado, 1913;  

Pittendrigh, 1948 ). These studies and others have reported that communities in 

bromeliads and tree holes are characterized by bacteria (Brighigna et al., 1992 ;Goffredi 

et al., 2011a,b; Vega-Sepulveda, 2009), algae, flagellates, ciliates (Carrias, 2001; 

Durán-Ramírez et al., 2015), arthropods, and vertebrates (Neill, 1951). Arthropods 

show high diversity and abundance in bromeliads and tree holes (Kitching, 2000; Liria, 

2007; Ospina-Bautista et al., 2004; Ospina-Bautista et al., 2008; Richardson et al., 

2000; Williams, 2006; Yanoviak et al., 2006a), with the orders Diptera (Cranstron, 

2007;  Derraik, 2005; Epler and Janetzky, 1998; Frank and Lounibos, 2009; Wagner et 

al., 2008), Odonata (Corbet, 1983; De Marmels and Garrison, 2005; Melnychuk and 

Srivastava, 2002), Hemiptea (Polhemus and Polhemus, 1991), Coleoptera  (Blake et al., 

2008; Ospina–Bautista et al., 2004), Collembola, Orthoptera (Frank et al., 2004), 

Blattodea, and Dermaptera (Frank and Lounibos, 2009). Moreover, diplopods, 

chilopods, micro and macro crustaceans, spiders (Romero and Vasconcellos-Neto, 
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2005), mites (Frank et al., 2004), scorpions, and pseudo scorpions (Frank et al., 2004; 

Richardson, 1999) have been reported. 

 

These organisms are important for nutrient cycling and ecosystem processes. Terrestrial 

fauna that visit the bromeliad, such as ants, spiders, and frogs, may contribute to 

nitrogen cycling by depositing nitrogen to the bromeliad through their feces (Leroy et 

al., 2009; Romero et al., 2010; Romero and Srivastava, 2010). Moreover, predation 

activity of damselflies (Mecistogaster modesta) retains the nitrogen that can be lost 

through detritivorous emergence on bromeliads; therefore, damselflies are an important 

element of the nitrogen flux from leaf litter to the bromeliad (Ngai and Srivastava, 

2006). Predators in bromeliads and their interactions may affect the carbon cycle 

through their influence on carbon dioxide concentrations in bromeliads; for example, 

damselflies reduce carbon dioxide concentration, but their interaction with another 

predator (Copelatus sp.) eliminates top-down influences on the carbon cycle (Atwood et 

al., 2014). In addition, bacteria such as Methanomicrobiales, Methanocelales, and 

Metanosarcinales release methane as a result of decomposition processes, turning the 

bromeliad into a methane source (Goffredi et al., 2011b).  

 

Bromeliad and tree holes communities have been used to assess the abiotic and biotic 

factors that determine communities and populations. Overall, researchers have found 

that habitat characteristics are the most relevant factors determining populations and 

community structure. For instance, habitat size determines spider assemblages, 

protozoa, algal, and invertebrate communities (Goncalves-Souza et al., 2011; Carrias et 

al., 2001; Carrias et al., 2014; Frank, 2004;), as well as the population density of 

Mecistogaster modesta in bromeliads (Srivastava et al., 2004), Microvelia cavicola in 
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holes (Yanoviak, 1999), and Culex biscaynensis in exotic bromeliads (O’Meara et al., 

2003). Tree hole depth and height determine mosquito distribution (Copeland and 

Craig, 1990) and relevant characteristics of oviposition selection (Sinsko and 

Grimstand, 1977). In addition, habitat complexity, measured through leaf number, 

determines algal, protozoa, and invertebrate communities, showing a positive relation 

with protozoa richness and invertebrate communities, and a negative relation with algal 

communities (Armbruster et al., 2002; Carrias, 2001; Carrias et al, 2012; Jabiol et al., 

2009). Moreover, bromeliad leaf architectures affect the presence of Psecas chapoda 

(Salticidae) (O’mena and Romero, 2008). Finally, habitat location influences the 

abundance and richness of invertebrates associated with tree holes and is related to 

habitat selection by adults (Fincke and Yanoviak, 1997). 

 

Likewise, water volume and its physicochemical features can affect populations or 

communities. Water volume in phytotelma has a positive relation with invertebrate and 

algal richness and abundance (Araujo, 2007; Carrias et al., 2014; Dézerald et al., 2014; 

Jabiol et al., 2009; Kitching, 2001;Yanoviak et al., 2006a), as well as Chironomidae 

abundance (Sodré et al., 2010) and Culicidae assemblages (Marques et al., 2012). 

Variation in pH appears to be a relevant condition for bacteria and insects; in this 

regard, Alphaproteobacteria, Acidobacteria, Planctomycetes, Bacteroidetes, 

Betaproteobacteria, Firmicutes, and Bacteroidetes of bromeliads in Costa Rica show a 

positive or negative relation to water pH according to the bacterial species (Goffredi et 

al., 2011a); for example, a low pH leads to slow growth of Helodes pulchella (Paradise, 

1999, 2000). 

 



19 
 

Detritus is the main base resource in tree holes and bromeliads, and strongly influences 

freshwater faunal communities (Dézerald et al., 2014). Studies have found that low 

quality and quantity of this resource leads to lower invertebrate richness and abundance 

(Fish and Carpenter, 1982; Richardson, 1999). However, Srivastava and Lawton (1998) 

found that an increase in detritus leads to more species, but not greater abundance in 

tree holes. Detrital variations shift oviposition of mosquitoes such as Aedes albopictus 

and Aedes aegypti (Fader and Juliano, 2014). Detrital quantity alters the growth and 

survival of Helodes pulchella, which shows slower growth when fed less detritus, but 

reduced survival under high detrital amounts in tree holes (Paradise, 1999). 

Chironomidae and Tricoptera growth in bromeliads is limited by the nutrients in leaf 

litter (Gonzalez et al., 2014). Moreover, high values of fine particule organic matter 

(FPOM) lead to an increase protozoan richness (Carrias et al., 2012).  

 

Bromeliads and tree holes communities have been used to assess the effects of 

predation, herbivory and facilitation on species and communities. Aquatic predators 

reduce the abundance and richness of invertebrates (Yanoviak, 2001a), rotifers, and 

protozoa (Kneitel and Chase, 2011) in tree holes, whereas spiders regulate abundance 

and diversity of invertebrates that carry out their entire life cycle in bromeliad water 

(Romero and Srivastava, 2010). Predation also affects population dynamics; for 

instance, a top predator (Toxorhynchites rutilus) reduces survivorship of prey species 

and intermediate predators (Corethrella appendiculata), changing prey composition in 

tree holes (Griswold and Lounibos, 2006).  Mecistogaster modesta (top predator) shows 

a similar effect on Chironomidae emergence (collector-gatherer) (Starzomski et al., 

2010) and mosquitos in bromeliads (Hammill et al., 2015), while the feeding activity of 

Aedes triseriatus reduces bacterial abundance (Walker et al., 1991).  Herbivory caused 
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by the bromeliad-eating weevil (Metamasius callizona) decreases the abundance of 

Tillandsia utriculata in the canopy, reducing available aquatic habitats for communities 

(Cooper et al., 2014). 

 

Facilitation processes have been reported for bromeliads and tree holes. In bromeliads, 

detritivory facilitates the emergence of Chironomidae (Starzomski et al., 2010); 

furthermore, ciliate communities change with the loss of detritivore diversity when the 

top predator is extinct (Srivastava and Bell, 2009). The presence of ants (Camponotus 

femoratus) produces greater richness and abundance of protists (Carrias et al., 2012), 

and frogs and snakes help to disperse ostracods (Serramo et al., 1999). In tree holes, 

feeding by Scirtidae beetles indirectly facilitates mosquito production through the 

microbial community (Daugherty and Juliano, 2003; Pelz-Stelinski et al., 2011).  

 

Climatic conditions and anthropogenic effects lead to habitat loss and altered water and 

nutrient cycles and availability of bromeliads and tree holes. Climatic conditions such as 

hurricanes decrease the alpha and beta diversity of associated invertebrates, since 

hurricanes reduce bromeliad density and rare species (Richardson et al., 2015). Drought 

has the greatest effects on diversity and abundance of tree holes insects within forest 

patches and bromeliads (Amundrud and Srivastava, 2015; Srivastava, 2005), while 

anthropogenic effects such as deforestation, land use, and pollution produce shifts in 

communities. For instance, deforestation increases the abundance of mosquitoes in tree 

holes (Yanoviak et al., 2006b), land use leads to different community composition 

(Yanoviak et al., 2006b); and pollutant as pentachlorophenol alters the bacterial 

community (Ager et al., 2010). 
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In summary, phytotelmata are micro-aquatic ecosystems in terrestrial ecosystems with 

special features that allow them to harbour an important diversity of bacteria, protists, 

invertebrates, and vertebrates that support ecosystem processes; therefore, phytotelmata 

could be used as an ecological model (Srivastava et al., 2004). As phytotelmata, 

bromeliads and tree holes could be relevant to assess the effect of the hydrological 

regimen and spatial scale on phytotelmata communities. 
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CHAPTER 2. INVERTEBRATE COMMUNITY ASSOCIATED TO GUZMANIA 

MULTIFLORA (BROMELIACEA) IN CLOUD MOUNTAIN:  HABITAT 

COMPLEXITY AND AVAILABLE ENERGY AFFECTS BIOLOGICAL 

TRAITS. 

2.1. ABSTRACT 

 

 

Habitat complexity and available energy are among the most important factors 

structuring communities. Moreover, these factors could determine the biological traits 

of organisms in a community, thus, altering ecosystem processes. We studied the 

relation between habitat complexity and resource availability and the biological traits of 

the invertebrate community in Guzmania multiflora (André) André ex Mez. 

(Bromeliaceae), using leaf number and the amount of litter contained as measures of 

habitat complexity and available energy, respectively.  We collected the inhabiting 

invertebrates and determined their biological traits (habitat, stage, functional group, and 

dispersal type). We found that habitat complexity not only alters the taxonomical 

diversity of invertebrates in bromeliads, but also their functional diversity through 

changes in the abundance and richness of biological traits. In conclusion, biological 

traits provide an approach to ecosystem processes and invertebrate adaptations to 

environmental conditions; therefore, the study of changes in the abundance and richness 

of biological traits could contribute key tools to study the effects of climate change and 

anthropogenic disturbances on ecosystems.  

 

2.2. INTRODUCTION  

 

Habitat complexity and available energy are among the most important factors 

structuring communities (Hurlbert, 2004). Habitat complexity alters the richness and 

abundance of organisms, leading to an increase in species number and abundance in 
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more complex habitats (Kovalenko et al., 2012). This tendency has been explained 

through the niche space hypothesis, which states that complex habitats give more niche 

space to species (Willis et al., 2005), and through the resilience hypothesis where 

habitat complexity could lead to an increased efficiency in utilizing resources and 

providing greater resilience to communities from disturbances (Kovalenko et al., 2012). 

On the other hand, energy availability could determine the number of species in 

communities (Species-energy theory, Wright, 1983; Tittensor et al., 2011) by increasing 

the number of individuals in the community, reducing the stochastic risk of species 

extinction, and supporting more species (Srivastava and Lawton, 1998; Hurlbert, 2006), 

or by a high resource abundance that can promote the occurrence of specialist species 

increasing richness and reducing competition (Evans et al., 2005).  

 

Moreover, habitat complexity and resource availability can alter ecosystem processes. 

The effect of habitat complexity on ecosystem processes is poorly known (Tokeshi and 

Arakaki, 2012) in spite of the potential of habitat complexity to alter food webs, energy 

flux, and resilience and resistance of ecosystems to perturbations (Kovalenko et al., 

2012; Floater, 2001). On the contrary, the effects of resource availability on ecosystem 

processes is well known, such as on decomposition, food webs, and primary 

productivity (Davis et al., 2000; Moore et al., 2004; Fretwell, 1987). 

 

Habitat complexity and resource availability could determine the biological traits of 

organisms in a community; therefore, altering ecosystem processes. Biological traits are 

organism characteristics at a morphological, physiological, biochemical, phenological, 

or behavioral level, which are relevant to the response of organisms to the environment 
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(Violle et al., 2007) and include body size, locomotion, reproduction, dispersion, and 

trophic group (Heino, 2005). Organisms and biological communities influence 

ecosystem processes though functional traits (Bello et al., 2010). For example, leaf 

traits such as specific leaf area, tensile strength, leaf chemistry, and macroinvertebrate 

traits such as body size of detritivores are related with decomposition process (Birouste, 

et al., 2012; Gurvich et al., 2003); aerial respiration of invertebrates is related with 

oxygen depletion (Dolédec et al., 2006); body size, dispersal ability, and mobility of 

invertebrates are related with pest regulation; body size of soil invertebrates is related 

with soil stability and fertility (Bello et al.,  2010); and, finally, body size is related with  

structure and dynamics of food webs (Woodward et al., 2005). 

 

Bromeliad and their fauna can be relevant to assess the effects of habitat complexity and 

energy availability on communities and their biological traits, since bromeliads show 

variation in both complexity and energy inputs. In terms of complexity, bromeliads 

have interlocking leaves where litter and rainfall are accumulated. Moreover, algae, 

bacteria, protists, and arthropods live in bromeliad tanks (Benzing, 1990; Brouard et al., 

2012), creating a food web based on detritus and algae (Brouard et al., 2011). Habitat 

complexity in bromeliads is measured through leaf number that is related with the 

available tank or well number and size of the bromeliad; leaf number joint two aspect of 

the habitat complexity the quantitative and qualitative (Stoners and Lewis, 1985). The 

amount of litter of allochthonous origin is the principal detrital energy input in 

bromeliads (Frank and Lounibos, 2009).   

 

 



38 
 

In this paper, we explored the relation between habitat complexity and resource 

availability and the biological traits of the invertebrate community in bromeliads. We 

tested the hypothesis that habitat complexity and resource availability not only affect 

diversity, but also the functional traits of invertebrates such as stage, functional groups, 

and dispersal ability. A complex habitat and high resource availability is predicted to 

support more species and affect the diversity of biological traits. Moreover, we 

predicted differences in abundance and richness between categories of biological traits, 

due to adaptations of invertebrates related to colonizing this microecosystem. 

 

2.3. METHODS 

 

2.3.1. Study Area 

 

The study was conducted at the Reserva Forestal Protectora of the Rio Blanco and 

Quebrada Olivares Hydrographical Basins. The 4932-ha reserve is located on the 

western slope of the Central Mountain Range in Colombia (05°3’ 96.7’’ N; 

75°26’’88.4’’ W), with a secondary forest and an Alder plantation between 2150 and 

3700 m.a.s.l. The maximum annual average temperature is 19°C and the minimum is 

6.9°C and the annual mean precipitation is 2500 mm.The most abundant plant families 

are Araceae, Actinidaceae, Boraginaceae, and Cyatheaceae. 

 

2.3.2. Methods 

 

We collected individuals of Guzmania multiflora (André) André ex Mez between one 

and four meters aboveground. We measured leaf number and the amount of litter 

contained in the bromeliad; the litter was dried at 55
o
C for 48 hours and weighed. 
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Bromeliad leaves were removed and the water was filtered to collect the inhabiting 

invertebrates. The invertebrates were preserved in 70% alcohol and taxonomically 

identified to the highest taxonomic level possible using general references: Merrit and 

Cummins, 2008; Dominguez and Fernandez, 2009; Stehr, 2005. The biological traits 

assessed for the invertebrates were determined by direct observation and the literature. 

The biological traits and categories used were: habitat (aquatic, terrestrial), stage (adult, 

larvae), functional group (predators, shredders, filter feeders, scrapers, and piercers), 

and dispersal type (aerial active, terrestrial active, and aerial passive). Trait abundance 

was calculated as the number of individuals per category in each trait, while richness 

was calculated as the number of species that had in a given category of a biological trait.  

The data was transformed as log (x + 1) for richness and abundance and as log (x) for 

leaf number and litter mass. 

 

2.3.3. Statistical analysis 

 

Multiple linear regressions (LM) were used to assess the relation between resource 

availability and habitat complexity on taxonomical and biological traits diversity. The 

models predicted either richness or abundance of invertebrates associated to bromeliads 

or a category of functional trait. We performed a linear regression with all of the 

possible combinations of the leaf number and litter amount variables; subsequently, we 

selected the best model by the AIC criterion. To compare abundance and richness of the 

categories for each biological trait, we conducted a student t-test or ANOVA, if the 

traits had more than two categories, by previously verifying assumptions.  The 

statistical analyses were conducted with the R statistical program.  

  



40 
 

2.4. RESULTS 

 

We found 4375 macroinvertebrate individuals distributed in 62 morphospecies, of 

which 41.93% were aquatic and 61.53% consisted of immature stages. The order 

Diptera dominated the community associated to Guzmania multiflora, with the families 

Culicidae, Chironomidae, and Syrphidae; however, the most abundant morphospecies 

was Scirtes sp. (Coleoptera) with 2439 individuals. Formicidae, Aranea, and Ligidae 

were the most frequent terrestrial fauna in Guzmania multiflora (Table 2.1, Figure 2.1). 

Abundance and richness differed in relation to habitat complexity; bromeliads with 

greater leaf number harbored a higher macroinvertebrate abundance (LM: F2,28= 5.222, 

p= 0.011, r
2
=0.219; log (leaf number) t= 2.344, p= 0.026; log (litter mass) t= 0.762, p= 

0.452 and richness (LM: F 2,28= 6.601, p= 0.004, r
2
=0.271; log (leaf number) t= 3.485, 

p= 0.001; log(litter mass) t= -0.843, p=  0.406) (Figure 2.2 A,B).  

 

The categories of biological traits differed in their abundance and/or richness.  We 

found more abundance of aquatic (t-student; t= -7.084, p= 1.42e
-9

, df= 63) and 

immature invertebrates (t–student; t= -7.094, p= 1.36e
-9

, df= 63) associated to 

Guzmania multiflora, but not more richness of these (richness of adult-larvae t = 0.108, 

p= 0.913, df = 63; richness of aquatic-terrestrial t = -0.593, p= 0.555, df = 63). 

Regarding the functional groups, the shredders’ group, had mainly by Scirtes sp. and 

Chironomidae, showed high abundance in regards to other functional groups, and 

richness was high for shredders and predators (ANOVA; abundance: F4, 315= 76.9, p 

<2e
-16

; ANOVA richness F4, 315= 158.4, p <2e
-16

 (Figure 2.3). Abundance and richness 

differed between dispersal types (ANOVA abundance: F2, 186= 64, p <2e-
16

; ANOVA 

richness: F4, 315 = 87.67, p <2e
-16

, as a greater richness and abundance was found for 

aerial active dispersal (Figure 2.3). In addition, habitat complexity affects functional 

traits more than resource availability. More complex bromeliads have more terrestrial 
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and predator individuals and aerial active dispersion, as well as a greater richness of 

terrestrial, adult, and shredder individuals and aerial and terrestrial active dispersion. On 

the contrary, the resource (litter amount) present in bromeliads is negatively related to 

richness of filter feeders and terrestrial active dispersion (Table 2.2). 

 

 

2.5. DISCUSION 

 
 

Habitat complexity and resource availability determines community structure in 

bromeliads (Jocque and Field, 2014; Marino et al., 2013; Srivastava, 2006); moreover, 

these factors could determine biological traits. Our study sought to determine the 

relation between habitat complexity and resource availability and biological traits of 

invertebrates associated to Guzmania multiflora. We predicted that bromeliads with 

high leaf number and litter amount supported more invertebrate species and abundance, 

as well as more abundance and richness of a particular category of biological traits. Our 

results showed that habitat complexity not only alters the taxonomical diversity of 

invertebrates in bromeliads, but also the functional diversity of invertebrates through 

changes in the abundance and richness of biological traits. 

   

2.5.1. Taxonomical diversity  

 

As we expected, arthropods were the most diverse and abundant group in the bromeliad 

Guzmania multiflora, with a high abundance of immature stages of Diptera and high 

diversity of functional groups such as shredders, filter feeders, and predators (Merrit and 

Cummins, 2008; Stehr, 2005). Immature stages of Diptera have special adaptations to 

resist the temporary water condition in bromeliads, such as siphons and spiracles to take 
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oxygen from the air and support the low oxygen concentration. Bibionidae (Mestre et 

al., 2001), Anisopodidae (Kitching, 1971), Ceratopogonidae (Atrichopogon sp.  and 

Stilobezzia sp.),  Pychodidae (Pericoma sp.) (Campos et al., 2011; Frank et al., 2004), 

Chironomidae (Cranston, 2007; Frank, and Lounibos, 2009), and Culicidae have been 

reported in bromeliads and/or treeholes. The latter were the most abundant Diptera 

families in Guzmania multiflora. Chironomidae is common in bromeliads, where they 

have a high abundance and are relevant in energy flow through the ecosystem (Tokeshi, 

1995). Culicidae have been well studied given they are vectors of tropical diseases such 

as malaria and yellow fever, and most are filter feeders and browse on small particles, 

such as Culex sp. and Wyeomyia sp. (Porter and Wolff, 2004). In Guzmania multiflora, 

we found the predator Toxorhynchites sp., which is a common predator in treeholes 

(Fincke, 1999; Lounibos et al., 2001) and in the bromeliad Aechmea mertensii in French 

Guiana (Céréghino et al., 2011).  

 

On the other hand, some morphospecies are a novel record for bromeliads; for instance, 

Dixidae individuals feed on small particles in the water column and little is known 

about these species in tropical regions (Wagner et al, 2008). In addition, Systelloderes 

sp. (Hemiptera: Enicocephalidae) is a predator that lives on the ground or in places 

where organic matter in decomposition is accumulated (Schuh and Slater, 1995), and 

has been reported in Vriesea inflata and Tillandsia spp. (Bromeliaceae) of Brazil and 

Peru (Mestre et al., 2001; Parker et al., 2012). Finally, Oreiallagma oreas (Odonata: 

Coenagrionidae) is the only species of Oreiallagma for which its adult stage was 

reported in Colombia (department of Valle del Cauca) at 2300 m.a.s.l. in 1918 (von 

Ellenrieder and Garrison, 2008), and the biology and ecology of adults and larvae are 

poorly known.  
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Habitat complexity increases richness and abundance of invertebrates in Guzmania 

multiflora, given that bromeliads with high leaf number are bigger than bromeliads with 

low leaf number. As a consequence, bigger bromeliads have more habitats available to 

biota, reducing interspecific and intraspecific competition through providing more niche 

space (Cérénghino et al., 2012; Singer et al., 2010), more tanks for retaining more water 

and reducing the susceptibility to drought, more canopy litter that is divided among 

tanks offering more habitat heterogeneity, and, finally, more adults using the bromeliad 

for oviposition (Sota et al., 1994).  Litter is a food resource for phytotelmata biota; its 

quantity and quality are factors that control population dynamics as well as richness and 

abundance of invertebrates (Daugherty and Juliano, 2001). Nevertheless, in our study, 

leaf number, rather than litter amount, was a relevant factor on the community, because 

fauna chose the tank according to the space available for survivorship and growth of 

larvae. 

 

2.5.2. Biological traits diversity 

 

The persistence of species in an ecosystem depends on appropriate morphological, 

physiological, and behavioral characteristics that result from species adaptations to 

environmental conditions imposed in the ecosystem (Reiss et al., 2009; Paradise, 1998). 

For bromeliads, the majority of fauna develops only a part of their life cycle in the 

bromeliad; therefore, the immature stage of insects live in the bromeliad by feeding, 

moulting, and interacting with other species. Although we found high abundance and 

richness of aquatic larvae belonging to the immature stage of Diptera families and 

Scirtidae (Scirtes sp.), these were unaffected by habitat complexity and resource 

amount, thereby, suggesting that other factors such as environmental conditions in 
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bromeliads or discontinuity in water inputs could determine the diversity of aquatic and 

immature fauna.  

 

Nevertheless, richness and abundance of terrestrial invertebrates and adult richness was 

altered by leaf number, since the oldest leaves of the bromeliad offer semiaquatic and 

terrestrial habitats for terrestrial organisms, which use the bromeliad to consume insects 

that arrive to colonize, insects that emerge, and detritus. For instance, Dermaptera and 

other terrestrial shredder benefit from leaf litter accumulated in dry leaves; for example, 

spiders build webs over the bromeliad or wait at the underside of leaves to predate 

insects (obs. per.).   

 

Predators had high richness in the bromeliad and their abundance was related with 

habitat complexity, as has been found in other studies (Burlakova et al., 2011; 

Langellotto and Denno, 2004). Habitat complexity alters the predator-prey relationship 

because habitat complexity reduces predation risk (Saha et al., 2009). However, the 

interaction between predators is favored in more complex habitats by increasing 

predation efficiency (Grabowski et al., 2008).  

 

Moreover, shredders facilitate other organisms inhabiting the bromeliad through 

breaking leaf litter; for instance, shredders regulate the FPOM (fine particule organic 

matter) concentration for filter feeders (Heard and Richardson, 1995; Paradise and 

Kuhn, 1999;). Although these showed high abundance in bromeliads, shredder 

abundance was unaffected by habitat complexity and resource availability, similar to 

that found by Paradise (2004), with the most abundant shredder family Scirtidae 

(Helodes pulchella) in tree holes (Paradise, 2004). However, shredder richness is related 
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to leaf number; more leaves can accumulate more abundance and diversity of food 

resources (litter) that can be used by shredders, reducing the predation risk by 

damselflies and other aquatic predators, and reducing competition for food resources 

and space (McCann and Rooney, 2009).  

 

Other studies have found an increase in the abundance of other functional groups such 

as collectors and scrapers in more complex habitats (Burlakova et al., 2011); however, 

in our study, scrapers and filter feeder were unaffected by leaf number. On the contrary, 

filter feeders richness was reduced where the bromeliad has more litter; due to the litter 

decomposition process alter the water pH, which would regulated the presence of filter 

feeder, for instance, high litter amount stimulate the detritivores decomposition 

(fragmentation) activity over leaves that lead to facilities the presence of Culex sp. and 

Wyeomyia sp.  through change in the pH (Paradise, 2000; Torreias et al., 2010); 

moreover, litter decomposition increase the organic matter available in the bromeliad, 

which  is essential resource for filter feeder (Kitching,  2001). 

 

Invertebrate with aerial active dispersion are more abundance give that animals with this 

dispersion can select and colonizer a new habitat more efficiently those others. 

Moreover, the abundance and richness of insects with aerial active dispersion is affected 

by habitat complexity, due to insects with aereal active dispersion select the habitat 

where ovopositar according to space available for development of immature stage 

(Yanoviak , 1998); then insects with aereal active dispersion would select bromeliads 

with more leaf number that would receive more  detritus and rainwater as a resource for 

the survival and develop of the larvae stage (Gename and Monge-Nájera,  2012). 
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In conclusion, biological traits provide an approach to ecosystem processes and 

invertebrate adaptations to environmental conditions; therefore, studying changes in 

abundance and richness of biological traits could contribute key tools to studying the 

effects of climate change and anthropogenic disturbances on ecosystems, such as 

flooding, drought, land use, water pollution, and climate change. Moreover, habitat 

complexity, rather than resource availability, determines the diversity of biological traits 

of invertebrates in bromeliads.  
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 Table 2.1.  Taxonomy of the invertebrates associated to Guzmania multiflora. Information about the abundance and some biological 

charactertistics Habitat: T: Terrestrial, A: Aquatic; Stage: Ad: Adult, L: Larvae, P: Pupa.  

 

CLASS ORDER FAMILY GENUS HABITAT STAGE ABUNDANCE 

Arachnida 

 

Aranea   T Ad 40 

Subclass Acari   A Ad 45 

Opilion Zimoxidae  T Ad 5 

Chilopoda 
 

Scolopendridae Scolopendra sp. T Ad 12 

  T Ad 5 

Citellata Haplotaxida Lumbricidae  T Ad 33 

Malacostraca Isopoda Ligidae  T Ad 77 

Maxillopoda-Subcl.Copepoda   A Ad 30 

Diplopoda 
 

  T Ad 36 

Gasteropoda 
 

  T Ad 35 
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CLASS ORDER FAMILY GENUS HABITAT STAGE ABUNDANCE 

Insecta 

Coleoptera 

Coccinellidae  T Ad 1 

Elatelidae  T L 1 

Scirtidae Scirtes sp. A L 2439 

Staphylinidae  T L 1 

Cantharidae  T L 8 

 T Ad 1 

Chrysomelidae  T Ad 1 

Chrysomelidae-Tribe Alticini T Ad 2 

Curculionidae  T Ad 11 

Hydrophilidae  A L 4 

Ptiilidae  T Ad 3 

Ptilodactylidae  T Ad 1 

Staphylinidae  T Ad 19 

Collembola 
Entomobryidae  T Ad 28 

Isotomidae  T Ad 3 

Dermaptera 
Forficulidae  T Ad 45 

Labiduridae  T Ad 1 

Dictyoptera Blattidae  T Ad 34 
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CLASS ORDER FAMILY GENUS HABITAT STAGE ABUNDANCE 

 Diptera Anisopodidae  A L 2 

  Bibionidae  T L 36 

  Ceratopogonidae Atrichopogon sp. A L 7 

   Stilobezzia sp. A L 17 

  

Chironomidae Subf. Chironominae A L 782 

Chironomidae Subf. Tanypoidinae A L 36 

Culicidae 

Culex  sp. A L 64 

Haemagogus sp. A L 8 

Toxorhynchites sp. A L 6 

Wyeomyia sp. A L 83 

 A P 3 

Dixidae  A L 2 

Muscidae  A L 15 

Mycetophilidae  T L 9 

Psychodidae 
Pericoma sp. A L 18 

 A L 2 

Sciaridae  T L 17 

Stratiomyidae  A L 8 
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CLASS ORDER FAMILY GENUS HABITAT STAGE ABUNDANCE 

 

 

Syrphidae Eristalis sp. A L 150 

Tephritidae  T L 1 

Tipulidae 
Ormosia sp. A L 4 

Tipula sp. A L 3 

Diptera_subcl. Brachicera  A L 1 

Hemiptera 

Enicocephalidae             Systelloderes sp. T Ad 2 

Gelastocoridae  A Ad 2 

Lygaeidae  T Ad 1 

Reduvidae  T Ad 9 

Hymenoptera 

Formicidae  T Ad 97 

Tenthredinidae  T L 2 

  T L 1 

Lepidoptera 
Noctubidae  A L 2 

Pyralidae  T L 8 

Odonata Coenagrionidae Oreiallagma oreas A L 55 

Orthoptera   T Ad 1 

TOTAL                                                                                                                                     4335 
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Table 2.2 Relation of Leaf number and litter weight with abundance and richness for categories of biological traits of invertebrate into Guzmania 

multiflora.  

 

Trait Categories Abundance Richness 

Habitat Terrestrial -0.542 + 0.789 Leaf number  -0.309Litter weight 

F2, 28= 2.218 (0.128), r
2
= 0.075 

 

Leaf number  t= 2.436(0.021) 

Litter weight   t=-1.817 (0.08) 

 

-0.448 + 0.700 Leaf number  – 0-303 Litter weight 

F 2,28= 3.21 (0.055), r
2
=0.128 

 

Leaf number    t= 2.742 (0.027) 

Litter weight     t= 1.814 (0.081) 

 

 Aquatic 0.021 + 0.785 Leaf number  + 0.287 Litter weight 

F2, 28= 2.374 (0.111), r
2
= 0.083 

 

Leaf number       t= 1.327  (0.195) 

Litter weight        t= 0.838  (0.409) 

 

0.080  + 0.277Leaf number  + 0.102Litter weight 

F2, 28= 2.318 (0.117), r
2
= 0.080 

 

Leaf number       t= 1.307 (0.202) 

Litter weight        t= 0.833 (0.412) 

 

Stage Adult -0.304 + 0.672 Leaf number  -0.280 Litter weight 

F2,28= 1.714 (0.198), r
2
= 0.045 

 

Leaf number     t= 1.794 (0.083) 

Litter weight      t= -1.291 (0.207) 

-0.145+ 0.602 Leaf number   -0.328 Litter weight 

F2,28= 3.479 (0.044), r
2
= 0.1418 

 

Leaf number      t= 2.349 (0.026) 

Litter weight       t=2.210  (0.035) 

 

 Larvae 0.02689 + 0.748 Leaf number  + 0.318 Litter weight 

F2, 28= 2.228 (0.1265), r
2
= 0.075 

 

Leaf number     t= 21.215 (0.235) 

Litter weight      t=0.892  (0.380) 

 

-0.05  + 0.271 Leaf number  + 0.13Litter weight 

F3, 28= 2.291 (0.119), r
2
= 0.079 

 

Leaf number       t= 1.172 (0.251) 

Litter weight        t= -0.969 (0.341) 
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Trait Categories Abundance Richness 

Functional 

groups 

Shredder  0.3104 + 0.7847Leaf number  + 0.2415 Litter weight  

F3, 27=3.816 (0.034), r
2
= 0.158 

 

Leaf number     t= 1.781 (0.085) 

Litter weight      t= -0.945 (0.352) 

 

-0.299 + 0.606 Leaves number -0.143 Litter weight 

F2, 28=3.648 (0.039, r
2
= 0.150 

 

Leaf number      t= 2.687(0.012) 

Litter weight       t= -1.098 (0.282)  

 Predator -1.5780  + 0.7306 Leaf number  -0.1048 litter weight 

F3, 27=3.011(0.065), r
2
=0.118 

 

Leaf number      t= 2.358 (0.025) 

Litter weight       t= -0.583 (0.564) 

-6.393 + 1.905 Leaf number  + 1.625 Litter weight  -0.437 

Leaf number  * litter weight 

F3, 27=2.835 (0.056), r
2
= 0.155 

 

Leaf number                           t= 1.964 (0.059) 

Litter weight                            t= 1.341 (0.191) 

Number leaves* litter weight   t= -1.421 (0.166) 

 

 Filter feeder -1.5745  + 0.4186 Leaf number  + 0.171Litter weight  

F2, 28=2.389(0.110), r
2
= 0.084  

 

Leaf number      t= 1.277 (0.212) 

Litter weight       t= 0.902 (0.375) 

  

-0.92   + 0.162 Leaf number  -0.189 Litter weight 

F2, 28=5.007 (0.013), r
2
= 0.2108 

 

Leaf number      t= 1.037 (0.308) 

Litter weight       t= 2.076 (0.047)   

 Piercer  -0.079 -0.043Leaf number  + 0.085 Litter weight  

F2, 28=1.51(0.238), r
2
= 0.030 

 

Leaf number      t= -0.521(0.607) 

Litter weight       t= 1.697 (0.101) 

  

-0.050 -0.027 Leaf number  + 0.052Litter weight  

F2, 28=1.51(0.234), r
2
= 0.037 

 

Leaf number      t= -0.521(0.607) 

Litter weight       t= 1.697 (0.101) 

 

 Scraper 0.012   + 0.079 Leaf number  -0.074Litter weight 

F2, 28=0.845 (0.44), r
2
= 0.01 

 

Leaf number      t= 0.801 (0.430) 

Litter weight            t=-1.287 (0.209) 

 

-0.029   + 0.065 Leaf number  -0.049Litter weight 

F2, 28=0.696 (0.501), r
2
= 0.02 

 

Leaf number      t= 0.862 (0.308) 

Litter weight            t=-1.128 (0.269)  
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Trait Categories Abundance Richness 

Dispersion  Aerial active  -0.3582  + 0.953 Leaf number  + 0.244 Litter weight 

F2, 28=3.906 (0.032), r
2
= 0.162 

 

Leaf number     t= 2.158  (0.040) 

Litter weight      t= 1.687  (0.103) 

-5.251 + 1.722 Leaf number  +1.682 Litter weight -0.405 

Leaf number * Litter weight 

F2, 28=5 (0.007), r
2
= 0.285 

 

Leaf number                          t= 2.158  (0.040) 

Litter weight                           t= 1.687   (0.103) 

Leaf number *Litter weight    t= -1.602   (0.120)  

 

 Terrestrial 

active 

0.080   + 0.517 Leaf number  -0.274Litter weight 

F2, 28 = 1.165 (0.3267), r
2
= 0.010 

 

Leaf number                          t= 1.375 (0.180) 

Litter weight                           t= -1.259 (0.218) 

Leaf number *Litter weight    t= -0.406  (0.688) 

  

-0.025 + 0.572Leaf number   -0.376Litter weight 

F2, 28 = 3.991 (0.029), r
2
= 0.166 

 

Leaf number                           t= 2.280 (0.030) 

Litter weight                            t= -2.583 (0.0153) 

Leaf number * Litter weight    t= -0.406  (0.688) 

 

 Aerial 

passive 

-0.412 + 0.131Leaf number  +0.098Litter weight -

0.030Leaf number * Litter weight 

F3, 27 = 0.246 (0.863), r
2
= -0.081  

 

Leaf number                        t= 0.557 (0.582) 

Litter weight                         t= 0.336 (0.740) 

Leaf number *litter weight    t= -0.406 (0.688) 

 

 

-0.412  + 0.131 Leaf number  + 0.098 Litter weight -0.030 

Leaf number * Litter weight 

F3, 27 = 0.246 (0.863), r
2
= -0.081  

 

Leaf number                           t= 0.557 (0.582) 

Litter weight                            t= 0.336 (0.740) 

Leaf number * Litter weight     t=-0.406  (0.688) 

 

 

 

 



 
 

 

 

Figure 2.1. Number of species per invertebrate order found in Guzmania multiflora.  
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A        B 

 

 

Figure 2.2. Relation between leaf number and abundance (A) and Number of species (B) of macroinvertebrates associated to Guzmania 

multiflora. 

0.0

0.5

1.0

1.5

2.0

2.5

2.5 3.0 3.5 4.0 4.5
Log (Leaf number)

L
o

g
 (

N
u

m
b
e

r 
o

f 
s
p

e
c
ie

s
) 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

2.5 3.0 3.5 4.0 4.5
Log (Leaf number)

L
o

g
 (

A
b
u
n

d
a

n
c
e

)



66 
 

                             

 

Figure 2.3. Abundance and richness of biological traits of macroinvertebrates associated to Guzmania multiflora A. Abundance of habitat; B. 

Abundance of stage; C. Abundance of dispersion; D. Richness Functional groups; E. Abundance of Functional groups. 
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3.  CHAPTER 3: SCALE DEPENDENCE OF HABITAT AND LITTER TYPE 

EFFECTS ON TREE HOLES COMMUNITIES  

3.1. ABSTRACT 

  

The balance between stochastic and determinist patterns drives community structure; 

nevertheless, factors such as habitat and resource type could shift this balance. 

Moreover, little is known about the importance of spatial scale in determining the effect 

of these factors.  In this study, we used a tree hole community as a model system to 

investigate the effects of spatial scale dependence of habitat and detritus on the 

community. We conducted three experiments where we used litter treatments with 

either mixtures or monocultures of litter, in addition to habitat treatments at a micro 

(canopy and understory) to macro scale (elevation gradient). At the micro scale, species 

composition was affected by habitat type, litter type, and time; whereas beta diversity 

was similar across these treatments and total abundance was affected only by habitat 

type.  At the meso and macro scales, any effect of litter was lost, while habitat type was 

the only factor that affected species composition, beta diversity, and abundance. We 

concluded that the species turnover of invertebrates associated with tree holes depended 

on a spatial scale and that there was a scale-dependent effect of habitat and litter on the 

community. At all three spatial scales studied, habitat was the variable with the 

strongest effect on tree hole communities. Furthermore, the percentage of variation 

explained by habitat increased with the scale.  

 

3.2. INTRODUCTION  

 

Understanding the processes that control the richness and composition of communities 
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is particularly important now as human activities are changing the environment at 

multiple spatial scales. A process can be stochastic with reference to the birth, death, 

dispersal, and speciation of species in the community (Hubbell, 2001) or deterministic 

when associated with environmental conditions and interspecific interaction (Chesson, 

2000; Silvertown, 2004). It is now clear that the balance between stochastic and 

determinist patterns drives the structure of communities (Gravel et al,, 2006 Continuum 

hypothesis; Tilman, 2004; Stochastic niche theory) and this balance can shift according 

to factors as primary productivity (Chase, 2010), drought (Chase, 2007), fertilization 

(Yang et al., 2013), habitat, and resource heterogeneity (Yeager et al., 2011). 

 

The habitat where a community develops could be an important factor in regulating the 

community, by creating specific environmental conditions and by offering different 

levels of habitat heterogeneity to the community (Ricklefs and Schluter, 1993). In 

forests, differences between understory and canopy community composition are 

associated with shifts in the temperature, wind velocities, and humidity shift between 

canopy and understory and creation of different microhabitats by the branch structure in 

the canopy (Parker, 1995). Differences in the composition of species between 

plantations and forests are associated with differences in habitat structure and diversity, 

management practices, preceding land use and planted tree species (Bremer and Farley, 

2010). The turnover of species over elevation gradients reflects temperature and 

precipitation reductions through the elevation gradient and the specialization of species.  

 

Detritus is important nutritional resource to aquatic communities (Richardson, 1999; 

Richardson et al., 2000; Yanoviak, 1999a, 1999b), therefore changes in the plant 

species that make up the detritus could affect the community structure of detrtivores 
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(Daugherty and  Juliano, 2002; Yee and Juliano, 2006). The chemical and physical 

condition of detritus from one plant species (no mix) can sometimes differ from the 

detritus from more that one plant species (mix) ( Gartner and Cardon, 2004; Ostrofsky, 

1997; Webster and Benfield, 1986). Ecological stoichiometry theory predicts that 

detrital mixtures with low C/N ratios have higher decomposition rates and therefore 

support more detritivore than detrital mixtures with higher C/N ratios (Hattenschwiler et 

al., 2005). Moreover, in mixtures, the nutrients could be transferred from leaves rich in 

nutrients to leaves poor in nutrients so increased the decomposition rate (Handa et al., 

2014).  However, it is also possible that detrital mixtures allow high fungal growth 

whose efficiency in using the detritus reduces, for fungi interactions (Costantini and 

Rossi, 2010). Similarly, one plant species in the detrital mixture can produce asecondary 

metabolites inhibitors and reduce the decomposition rate (Nilson et al., 1999).  

 

Nevertheless, the habitat and resource effects on diversity would be affected by spatial 

scale through shift in the environmental heterogeneity, turnover of species and risk of 

extinction (Stein et al., 2014; Whittaker et al., 2001;); little is known about the 

importance of spatial scale in determining the effect of these factors on the balance 

between stochastic and deterministic processes. In this study we use the tree hole 

community as a model system to investigate if the importance of habitat and detritus 

type to regulate the processes that control the community change with the scale. Tree 

hole communities give a good opportunity to evaluate the effect of factors over the 

relative importance of deterministic and stochastic processes in regulate the 

communities. Tree holes are abundance in most parts of the world (Kitching, 1971) and 

the tree hole detritus is allochtonous origin, therefore the detritus type will depend on 

the forest where the tree hole is located. We did three experiments where we used litter 
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treatments with either mixtures or monocultures of litter and habitat treatment from 

micro (canopy and understory) to macro scale (elevation gradient). We expected that 

abundance and composition would be similar among habitats and detrital types if 

stochastic processes control the treehole community. Conversely, community 

abundance and composition would change with habitat and litter type if deterministic 

processes control the community. However, it is possible the both processes interact to 

regulate the community; we would predict that the deterministic effect of habitat would 

increase and the deterministic effect of litter would decrease as the spatial scale 

increases. 

 

 

3.3. METHODS 

 

3.3.1. Model system  

 

We used tree holes built with black plastic containers of one-liter capacity. Each tree 

hole had 250 ml of sterile water to ensure the absence of any organism, a wooden stick 

(20 cm) as an oviposition site for macro-invertebrates (Yanoviak, 1999a) and litter 

fragments according to treatment (see below). We standardized the initial litter mass 

and area, drying it in the laboratory at 70°C for 48 h before cutting it in fragments of 3,5 

x 2,5 cm, without the petiole. Moreover, each tree hole had a 1,5 mm mesh placed 10 

cm above the opening to prevent falling leaves from entering each container and 

inflating litter amounts.  We performed three experiments to test the importance of 

habitat in the balance between deterministic and stochastic process in tree hole 

community; each experiment manipulated a specific type and scale of habitat.  
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3.3.2. Experiment 1. Micro scale (Canopy vs. understory) 

 

3.3.2.1. Study area:  

The study was conducted in a Chinese Ash plantation (Fraxinus chinensis) at the 

“Reserva Forestal Protectora de la Central Hidroeléctica de Caldas - CHEC (by its 

spanish acronym)”, Manizales, Caldas (5
0
01´35.58” N, 75

0
26´32.08” W). We used a 

factorial design where the factors were the habitat strata and the litter treatment. The 

habitats were canopy (10 m aboveground) and understory (1,5 m). We used two litter 

treatment: mixture (“mix”) and monoculture (“no mix”); the mix treatment had a 6 g of 

the tree species Fraxinus chinensis, Oleaceae, Hedyosmum bonplandianum, 

Chloranthaceae y Morus insigne, Moraceae in the same proportion, the no mix treatment 

consisted in 6 g of F. chinensis leaves fragments. One tree hole of each litter treatment 

was placed in each habitat strata (canopy vs. understory) on 22 Fraxinus chinenses tree 

separated by at least 2 meters.  

 

3.3.3. Experiment 2. Meso scale (Forest vs. plantation) 

 

3.3.3.1. Study area:  

The study was conducted in an Andean alder plantation (Alnus acuminata) and 

secondary forest at the “Reserva Forestal Protectora de la Central Hidroeléctica de 

Caldas - CHEC (by its spanish acronym)”, Manizales, Caldas 5
0
01´35.58” N, 

75
0
26´32.08” W). The 3890 ha reserve is located on the western slopes of the Central 

Mountain Range in Colombia, in an altitude between 2000 and 3000 m.a.s.l. the annual 

rainfall is 2500 mm and bimodal distributed, the annual medial temperature is 13
o
C . 

 

We used a factorial design where the factors were the habitat type and the litter 

treatment. The two habitat types were the Andean alder Plantation and the secondary 
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forest. In each habitat we established four plots of 50 x 20 m, with three subplots in 

each plot. In each subplot there were 4 pairs of tree holes, 2 m apart (to ensure that the 

macroinvertebrate arrivals to the containers were not influenced by isolation). Each pair 

of treeholes consisted of one treehole that received a litter mixture (hereafter “mix”), 

which was 6g of a mixture of leaf litter of Arboloco (Montanoa quadrangularis), Lippia 

schlimii and Sphaeropteris quindiuensis, and one treehole that received a litter 

monoculture (hereafter “no mix”) consisting of 6 g of leaf litter of Andean alder 

plantation (Alnus acuminata). The containers were hung on a tree with polypropylene 

rope at a height of 1.5 m from the ground.  

 

3.3.3. Experiment 3. Macro scale (Elevation gradient) 

3.3.3.1. Study area: 

 

The study was conducted in the “Reserva Forestal Protectora de las Cuencas 

Hidrográficas de Rio Blanco y Quebrada Olivares”. The 4932 ha reserve is located on 

the western slopes of the Central Mountain Range in Colombia (05°3’ 96.7’’ N; 

75°26’’88.4’’ W), with secondary forest and Alder plantation between 2150 y 3700 

m.a.s.l. The annual temperature between 14 and 16
0
C; the mean annual precipitation is 

2500 mm (Corpocaldas, 2010).  We performed a nested experiment where the factors 

were the habitat, sub-habitat and litter type. We selected three habitats that differed in 

elevation but had the same dominant tree species: Alnus acuminata.  

 

The first habitat (05°3’967’’ N; 75°26’’884’’ W), was located at 2400 m.a.s.l., where 

the maximum temperature is 22°C and the minimum is 16°C. The most abundant plant 

families are Araceae, Actinidaceae, Boraginaceaem and Cyatheaceae. The second 

habitat was located at 2850 m.a.s.l. (05°04’566’’ N; 75°26’ 212’’ W.) where the 
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temperature ranges between 14 and 20 °C. The most abundant plant families are 

Melastomataceae, Rubiaceae and Asteraceae. The last habitat was located at 3200 

m.a.s.l. (05°04’147’’ N; 75°22’578’’ W), where the minimal temperature is 6 °C and 

the maximal temperature is 19-23°C, and the dominant plant families are Asteraceae, 

Melastomataceae and Rosaceae.  

 

The subhabitat consisted of two areas, the first was the edge closest to the road and the 

second was interior forest located 10 meter from the edge. 

 

The 7 litter treatments consisted of 3 monocultures of litter species (“no mix”) and 4 

mixtures of litter species (“mix”). The mixture treatments had combination of plant 

species (Piper imperiali, Croton magdalenensis and Alnus acuminata). The mixture 

treatments included all possible (3) combinations of two litter species (in equal 

proportions) and one treatment with all three litter species.  We use 3g of litter in all 

treatment to maintain equal the litter quantity between treatments. We had 12 replicates 

of each treatment in each subhabitat. The tree holes were hung to a tree with 

polypropylene rope at a height of 1.5 m from the ground. The samples were collected 

after four months. 

 

In all experiments, we surveyed macroinvertebrates within each tree hole and collected 

all remaining litter in the end of the experiment. Macroinvertebrates were identified to 

the lowest taxonomic level possible with general references Merritt and Cummins, 

2008; Dominguez and Fernandez, 2009 and Stehr, 1991. Specimens collected were 

classified according to stage (larva, pupa, exuviae or adult). The larvae, pupae and 

exuviae of macroinvertebrates collected in the phytotelmata were preserved in alcohol 
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70%, and adults were kept dry.  We established the macroinvertebrate abundance and 

number of species. The remaining litter was dried to 78
0
C and weighed to calculate the 

percent of litter remaining. 

 

3.3.4. Data analysis 

 

Differences in macroinvertebrate community structure between litter treatments; habitat 

types and time were quantified using the Bray-Curtis dissimilarity index based on 

abundance of macroinvertebrate in each tree hole. The similarity matrix was then 

reduced to a two-dimensional ordination using non-metric multidimensional scaling 

(NMDS). The stress value gives a measure for goodness of fit; a stress value below 0.2 

gives a potentially useful two-dimensional picture (Clarke and Warwick, 2001).  

 

To compare the overall community structure of macroinvertebrate of treehole among 

the litter type of each habitat, we used a permutational multivariate analysis of variance 

(PERMANOVA), a non-parametric test that allows investigation of complex models 

including interactions (Anderson, 2001), with Bray Curtis as a dissimilarity measure 

and 999 permutations.  For each habitat type and litter type, we used the SIMPER 

(Similarity percentage) procedure (Clarke, 1993) to identify the contribution of each 

morphospecies made to the measures of the Bray-Curtis dissimilarity.  This allowed us 

to identify the morphospecies that were most important in differentiating each habitat or 

litter type of others. 

 

We measured beta diversity as the variability in species composition among treehole for 

habitat and litter type. We calculated the Bray Curtis dissimilarity from an individual 
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unit to the group centroid (Anderson, 2006a). Then, we used a test for homogeneity of 

multivariate dispersions (Anderson, 2006a) for these Bray Curtis dissimilarities. The 

test for homogeneity of multivariate dispersions (Anderson 2006b) is a multivariate 

analogue to Levene’s (1960) test and can be based on any dissimilarity measure of 

choice (Anderson 2006 a,b).  

We use generalized linear models (GLMs) and linear regression to evaluate the effect of 

habitat and litter type on the abundance, species richness.  The GLMs were based on a 

Gaussian distribution. We used ANOVAs to determine the best model. The statistical 

analyses were conducted with the R statistical program. 

 

3.4. RESULTS  

3.4.1. Micro scale (Canopy vs. Understory) 

 

We found 1400 macroinvertebrate associated to tree hole at understory and canopy. The 

order Diptera was the most abundant and accounted for 11 of 14 morphospecies 

observed. Culex sp. (Culicidae), Ochthera sp. (Ephydridae) and Pericoma sp. 

(Psychodidae) had high abundance. In general, we found largely immature insects, 

although the genus Culex  sp. and Pericoma  sp. also had pupa. 

 

The type of habitat, litter and time affected the species composition of invertebrate in 

tree holes (PERMANOVA: litter F1,54= 2.192, p= 0.026,R
2
=0.0311; habitat F1,54=2.346, 

p= 0.027, R
2
=0.033; time F7,54= 1.707, p= 0.004, R

2
=0.169).  The genus Culex, 

Pericoma, and the family Ephydridae contributed 81.50% to dissimilarity in species 

composition between canopy and understory and 81.23% between litter types. Culex sp. 

and Pericoma sp.  were more abundant in the canopy, and less abundant with one litter 
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species. Beta diversity was similar (Figure 3.1A, Figure 3.2) between habitats 

(ANOVA, F1,62= 1.702, p=0.196, canopy=0.805 +/- 0.222, understory= 0.764 +/- 

0.230), litter type  (ANOVA no mix=0.774,  mix =0.801, F 1,62 =0.523, p=0.472) and  

time (ANOVA, F 7,56=0.344, p=0.930). The macroinvertebrate abundance in tree holes 

was higher at the canopy and tended to increase through time. Species richness was 

unaffected by any variable (Table 3.1). 

 

3.4.2. Meso scale (Plantation vs Forest) 

 

We collected 1980 insects belonging to 24 morphospecies, of which we identified 14 

genera, 18 families, and seven orders; moreover, six species were exclusive of 

plantation and five of forest habitat. Diptera was the order with the greatest richness and 

abundance; it was represented in 645 specimens distributed in 16 morphospecies in the 

plantation, and 1335 individuals of 12 morphospecies in the forest. The genus Eristalis 

sp. and Culex sp. were the most abundant groups into the tree holes, although the first 

was more abundant in plantation and the latter was only present in forest.  

 

Habitat type and time affected the macroinvertebrate composition of invertebrate  in tree 

holes (PERMANOVA, Litter, F1,132=1.60,R
2
=0.009,p=0.171; Habitat, 

F1,132=19.10,R
2
=0.103, p=0.001; Time , F1,132=3.21 ,R

2
=0.059, p=0.001). The species 

Culex sp., Eristalis sp. and the family Chironomidae contributed 92.08% (SIMPER) to 

dissimilarity in macroinvertebrate composition between habitats; Chironomidae had 

high abundance in forest, and Eristalis sp. high abundance in plantation.  Habitat  type 

also affected beta diversity (Figure 3.1B); the forest had higher beta diversity value that 

the plantation (forest= 0.808, plantation= 0.6754, ANOVA; F1,140=13.35, p= 0.0003). 
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Beta diversity was similar between the litter treatments (ANOVA; F1,140=2.81, 

p=0.095).  

 

The habitat type and time affected the abundance of macroinvertebrate. The forest had a 

greater total abundance of macroinvertebrates associate with tree holes, with peak 

abundance reached in the second and fourth months. The habitat also affected the 

number of species present in the tree holes, with the forest again having more species 

(Table 3.1). 

 

3.4.3. Macro scale (Low, Middle, High elevation  

 

We collected 6880 macroinvertebrate individuals belonging to 29 morphospecies. This 

included 4724 individuals in the lowest elevation habitat, 1561 in the middle elevation 

habitat and 595 in the highest elevation habitat.  The mean of number of species per 

treehole were 1.537 in highest habitat, 1.753 in middle habitat and 1.586 in lowest 

habitat of which Diptera was the order with most richness and abundance (16 species, 

5482 individuals in total).  

 

The type of habitat affected the species composition in tree holes (PERMANOVA, 

habitat F2,368=71.232, p=0.001,  R
2
=0.2755; litter F6,368=1.027, p= 0.419, R

2
= 0.012 

subhabitat F1,368=0.866, p=0.447, R
2
=0.001). Culicidae and Acari contributed 91.63% to 

dissimilarity in composition of species between the lowest and middle habitat and 

77.10% between middle and highest habitat. Culicidae also contributed 72.70% to 

dissimilarity between lowest and highest habitat. The lowest habitat had the highest 

abundance of Culicidae, and the middle habitat had the highest abundance of Acari.     
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Beta diversity was dissimilar between habitat types (Figure 3.1C; lowest = 0.569 +/- 

0.3285, middle= 0.667 +/-0.285, highest =0.6810 +/- 0.2956; ANOVA, F2, 375= 4.939, 

p=0.007634, Tukey lowest-highest =0.02632, middle-lowest=0.01492).  Beta diversity 

was similar amongst litter types (F6, 371 =0.4207, p=0.8652, and subhabitats (F1, 376= 

0.014, p=0.9058, interior=0.6292 +/- 0.2467, edge=0. 6335+/- 0. 247).   

 

Habitat elevation affected the abundance of macroinvertebrates; the lowest elevation 

habitat had high abundances of macroinvertebrates. Litter type influenced the richness 

of species; the treatment with litter of Croton sp., Alnus sp. and combination of three 

species had high richness (Table 3.1). 

 

3.5. DISCUSSION 

 

Our study has two main conclusions: (1) The species turnover of invertebrate associated 

with tree holes depended on spatial scale and (2) there is a scale-dependent effect of 

habitat and litter on the community. Our results agreed with experiments with salt 

marsh bacteria where the contribution of each environmental variable to community 

turnover varied by scale (Martiny et al., 2011).  At all spatial scales studied, the habitat 

was the variable with the strongest effect on tree hole communities; further, the percent 

of variation explained by habitat increases with the scale. In tree hole communities, at 

the micro scale the composition of species is affected by habitat type, litter type, and 

time, whereas the beta diversity is similar across these treatments and total abundance is 

only affected by habitat type.  At the meso and macro scales, any effect of litter is lost; 

the habitat type is the only factor that affects the species composition, beta diversity, 

and abundance.   
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Spatial scale can affect beta diversity when dispersal is itself scale-dependent (Martiny 

et al., 2011). At small scales, species composition can be similar between sites as most 

species can disperse to most sites (Soinnen et al., 2007). In our study, the dispersal is 

likely not limited at the micro scale because the adult insects of Culicidae, Helodidae, 

Psychodidae and other insects can move around the canopy and understory and colonize 

the tree holes; as a consequence, the community variability is not controlled by the 

habitat and litter in the small scale, whereas variation in the climate conditions at meso  

and macro scales would drive the betadiversity (Wiens, 2000; Pickett and Cadenasso,  

1995) such as temperature and pH at water column of treeholes.  

 

Habitat explains more variance at meso and macro scale than micro spatial scales. 

Habitat offers more potential niche (“Habitat Heterogeneity Hypothesis” Bazzaz 

1975) for the invertebrate species and more variability in the enviromental factors 

(Harrison et al., 1992) such as temperature, pH, and conductivity of water in the 

meso and macro scale.  

 

We found that the type of litter did not affect the abundance of invertebrates in treehole 

communities at micro, meso and macro scales.  This result contradicts a previous study 

that found that differences in the nutritional value of each leaf species limited the 

richness and abundance of treehole invertebrates (Yanoviak, 1999a). On the contrary, 

we found that habitat type rather than litter affects the abundance at all three spatial 

scales. The invertebrate abundance is high in the canopy due to high abundance of 

Culex sp. larvae, perhaps because canopy treeholes are easy for ovipositing Culicidae to 

locate and canopy treeholes may have greater algal productivity, a resource that 

mosquito larvae in particular can take advantage of. At the meso scale, plantations 



80 
 

offered less microhabitats to the invertebrate community, and we speculate that for this 

reason plantations had lower abundance than the Secondary forest.  Finally, the 

invertebrate abundance was highest in the lowest elevation habitat, possibly because 

there were more resources for invertebrates than at other elevations.  

 

In summary, our results support the conclusion that stochastic and deterministic 

processes interact to regulate the tree hole community; the treehole communities are 

regulated by stochastic process in the micro scale and by deterministic processes in the 

meso and macro scales.  
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Table 3.1. Generalized linear models of abundance and number of species associated to tree hole at different habitat. The variable statistical 

significant is highlighted. 

 

Habitat type Best model  R
2
 F Df p 

Micro scale (Canopy vs. Understory) 

Abundance ^0.5/2.18 ~ 1.159 -0.542 habitat + 0.154 time-0.350litter 0.136 4.324 3,60 0.008 

Richness/1.16 ~ 1.455 + 0.09 time 0.087 3.019 1,62 0.031 

Meso scale (Plantation vs. Forest) 

 

Abundance ^0.5/4.3 ~ 0.722 + 0.065time -0.165 habitat  0.057 4.782 2, 123 0.01 

Richness* 4 ~ 1.878 + 0.042 time -0.332habitat 0.13 10.38 2, 123 6.86e
-05

 

Macro scale (Elevation gradient) 

 

Abundance^0.33/2~1.767-0.34 habitat 0.326 183.4 1,376 < 2.2e-
16

 

Richness/1.96 ~ 0.683   +  0.021 litter + 0.040   subhabitat 0.008 2.665 2,375 0.071 

 

 

 

 

 

 

 

 



 
 

 

 

Table 3.2.  Betadiversity Mean  and  Standard Deviation of the litter treatment in 
the  elevation gradient  experiment. 
 

Plant species in each Treatment  Betadiversity mean sd 

Alnus acuminata 0,638 0,254 

Piper imperiale 0,640 0,248 

Croton magdalenensis 0,596 0,254 

Alnus acuminata - Piper imperiale 0,623 0,235 

Croton magdalenensis- Alnus acuminata 0,656 0,258 

Croton magdalenensis- Piper imperiale  0,613 0,243 

Piper imperiale- Croton magdalenensis- 

Alnus acuminata  

0,632 0,239 



 
 

 

 

 

 

 
Figure 3.1. Bray Curtis beta diversity according to habitats in each scale. A. Microscale, B. Meso scale, C. Macro scale.  
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Figure 3.2. Percentage of variation of community in each spatial scale according to variable measure in each scale. 

0

25

50

75

100

Micro scale Meso scale Macro scale
Scale

P
e
rc

e
n

ta
g

e
 o

f 
v
a

ri
a
ti
o
n

VARIABLE

HABITAT

INTERACTION

LITTER

UNEXPLAIN



 
 

 

 

 

 

4. CHAPTER 4: SCALE DEPENDENCE OF HABITAT AND RESOURCE 

HETEROGENEITY EFFECTS ON DECOMPOSITION IN TREE HOLES 

4.1. ABSTRACT 

 

Decomposition is an ecosystem process that can be affected by environmental 

heterogeneity through variations in habitat and resource. Moreover, the processes that 

produce environmental heterogeneity can change according to the spatial scale. We 

evaluated scale dependent effects of habitat and litter type on litter decomposition in 

tree holes at three scales.  We created a block design where we crossed habitat type with 

litter treatment at each scale. Habitat type was represented by canopy–understory and 

forest-plantation, and elevation gradients at micro, meso, and macro scales, 

respectively. Litter treatments consisted of mixed and non-mixed leaves of abundant 

plant species. We found that habitat heterogeneity and resource heterogeneity affected 

decomposition, but their effects varied at the spatial scale. Litter type affects 

decomposition at all scales, whil e habitat type affects decomposition at the meso and 

macro scale, increasing its effects from the meso scale to the macro scale.  In 

conclusion, our study highlights the relevance of assessing spatial scale dependence of 

habitat and resource heterogeneity on ecosystem processes. 

 

4.2. INTRODUCTION  

 

Decomposition allows organic compounds of dead plants to be broken down into 

inorganic forms that are released to ecosystems (Parton et al., 2007; Sayer, 2006; 
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Schlesinger, 1977). It involves the mineralization and humification of lignin, cellulose, 

and hemicellulose by microorganism activity, leaching of compounds, and their 

immobilization by invertebrate detritivores (Constantini and Rossi 2010). 

Decomposition is an ecosystem process relevant to nutrient cycles, soil formation, 

energy flux, structure, and community dynamics (Elliott et al., 1993, Moore et al., 

2004) in terrestrial and aquatic ecosystems (Boulton and Boon, 1991; , Cebrian and 

Duarte, 1995; Gessner et al., 1999). 

 

Climate, plant functional traits, and biota drive decomposition (Parton et al., 2007; 

Powers et al., 2009; Swift et al., 1979; Wall et al., 2008). Climatic conditions such as 

annual precipitation and temperature are strongly related to decomposition (Vitousek et 

al, 1994). Although decomposition rates increase with temperature and moisture 

(Hobbie, 1996), precipitation is an important driver of decomposition in the tropics, 

whereas temperature controls decomposition in temperate and boreal forests (Gholz et 

al., 2000; Trofymow et al., 2002). Moreover, the microclimatic conditions present at 

each site can have effects on microorganisms and invertebrate detritivores (Wall et al., 

2008). Furthermore, the physical and chemical characteristics of leaves alter the 

decomposition process; for instance, leaf species with high nitrogen concentrations and 

low C:N and C:P ratios show high decomposition rates (Cadisch and Giller ,1997; 

Hättenschwiler et al.,  2005; Melillo et al., 1982; Prescott, 2005; Swift  et al., 1979). In 

contrast, leaves with high lignin and tannins concentration show slow decomposition 

(Berg et al., 1993). Also, leaf toughness affects decomposition (Gallardo and Merino, 

1993), since leaf species vary along a spectrum from thin leaves with greater nutrient 

concentration and less phenolic compounds that decompose more rapidly, to thick 

leaves with high lignin concentration that decompose slower (Chapin, 1980; Santiago, 
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2007). As a result of this pattern, leaves from evergreen trees have a lower 

decomposition rate than those from deciduous trees (Cornelissen, 1996; Cornwell et al., 

2008). Bacteria, fungi, and invertebrate detritivores affect decomposition (Strickland et 

al., 2009); for example, fungi can decompose lignin, cellulose, and hemicellulose and 

provide intermediate decomposition products released to bacteria (Romaní et al., 2006), 

whereas detritivores fragment litter, so changes in their diversity can affect the 

decomposition process (Srivastava et al., 2009). Nevertheless, the relevance of each 

factor can change according to the scale, such that climate is a primary regulator of 

decomposition rate at a global scale (Aerts, 1997; Cornwell et al., 2008; Parton et al., 

2007), but litter quality and community composition are better determinants of 

decomposition at a local scale (Meentemeyer, 1978; Wall et al., 2008; Hattenschwiler 

and Gasser, 2005; Powers et al., 2009). 

 

Environmental heterogeneity can modify climate, plant traits, and biota; therefore, 

environmental heterogeneity can affect decomposition through variations in habitat and 

resource. Habitat is the key driver of environmental heterogeneity and mediates 

ecosystem functioning (Cardinale et al., 2002); in particular, habitat type contributes to 

different abiotic conditions that can determine the available niches for species involved 

in the decomposition process (Stein et al., 2014) or change microclimatic conditions. 

Litter heterogeneity affects abundance, composition, and activity of the decomposer 

community; as a consequence, it is one of the major factors controlling litter 

decomposition rates (Constantini and Rossi, 2010). Litter heterogeneity may be 

measured through plant litter type, where decomposition rate differs between mixed and 

non-mixed detritus because these have different chemical and physical conditions 

(Gartner and Cardon, 2004; Kaneko and Salamanca, 1999; Webster and Benfield, 
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1986). Related studies have found contradictory effects of mixed vs. non-mixed litter 

type on litter decomposition (Cardinale et al., 2011; Frainer et al., 2015; Srivastava et 

al., 2009). A leaf litter mix of nutrient-rich species (low C: N and P: C ratios) can 

transfer nutrients to nutrient-poor leaf litter via fungi or leaching, and can stimulate 

detritivore consumption leading to an increase in decomposition rate (Gartner and 

Cardon, 2004; Hattenschwiler et al., 2005). In contrast, the transfer of inhibitory 

secondary metabolites from one litter species to another can lead to lower 

decomposition rates (Nilsson et al., 1999).  

 

The processes that produce environmental heterogeneity can change according to the 

spatial scale; therefore heterogeneity is scale dependent (Pickett and Cadenasso, 1995; 

Wiens, 2000). For example, at a small scale, microclimate and plant cover create 

different habitats available to organisms, whereas topography and climate at a macro 

scale produce a variety of habitats. Although it is important to know the positive, 

negative, or any type of relations between environmental heterogeneity and diversity 

(Stein et al., 2014), little is known about its effects on ecosystem processes such as 

decomposition; however, it is clear that heterogeneity influences ecosystem processes 

(Strayer, 2005). In this study, we assess how habitat and resource heterogeneity affects 

litter decomposition in tree holes and whether there is a scale dependence of 

heterogeneity effects on decomposition. We predict that resource heterogeneity is a 

strong force that drives decomposition at a small scale where climatic conditions are 

constant, while habitat heterogeneity increases its effect at scales where variation in 

climatic conditions increase. 
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4.3. METHODS 

 

We evaluated scale dependent effects of habitat and litter type on litter decomposition in 

tree holes at three scales.  We created a block design where we crossed habitat type with 

litter treatment at each scale. Habitat types were canopy–understory, forest-plantation, 

and elevation gradients at micro, meso, and macro scales, respectively. Litter treatments 

consisted of mixed and non-mixed leaves of abundant plant species. We used tree holes 

built with black plastic containers of one-liter volumes. Each tree hole had 250 ml of 

sterile water to ensure the absence of any organism, a wooden stick (20 cm) as an 

oviposition site for macroinvertebrates (Yanoviak 1999), and litter fragments according 

to each treatment. We standardized initial litter mass and surface area, drying them in 

the laboratory at 70°C for 48 h and cutting fragments of 3.5 x 2.5 cm, without the 

petiole. Moreover, each hole had a mesh of 1.5 mm placed 10 cm above the opening to 

prevent falling leaves from exceeding the content limits of each container. The 

remaining litter was collected and dried at 78
°
C for one day; we determined its mass in 

order to determine litter loss percentage (LLP) for all experiments, calculated as (initial 

litter - final litter)*100 / initial litter the ratio between final and initial mass.  We 

measured water temperature and pH of the tree holes at each scale.  

 

4.3.1. Micro scale: Canopy vs. understory 

 

The study was conducted in a Chinese Ash plantation (Fraxinus chinensis) at the 

“Reserva Forestal Protectora de la Central Hidroeléctrica de Caldas - CHEC (by its 

Spanish acronym)”, Manizales, Caldas (5
°
01´35.58” N, 75

°
26´32.08” W). The 3890-ha 

reserve is located on the western slopes of the Central Mountain Range in Colombia, at 

an altitude between 2000 and 3000 m.a..s.l., with an annual bimodal distributed rainfall 

of 2500 mm and an annual average temperature of 13 
o
C . 
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We used a design where the fixed factors were habitat type, litter treatment, and time. 

The habitats were Canopy (10 m) and Understory (1.5 m). We used two litter 

treatments: mixed and non-mixed; the mixed treatment had a total of 6 g of litter 

composed of three species Fraxinus chinensis, Oleaceae, Hedyosmum bonplandianum, 

Chloranthaceae, and Morus insigne, Moraceae in the same proportion, while the non-

mix consisted of 6 g of F. chinensis leaf fragments. One tree hole of each treatment was 

set in 22 Fraxinus chinensis trees separated by a minimum distance of two meters. 

Samples were collected each week for nine weeks.  

 

4.3.2. Meso scale: Forest vs. plantation 

 

The study was conducted in an Andean alder plantation (Alnus acuminata) and 

Secondary Forest, again at the “Reserva Forestal Protectora de la Central Hidroeléctrica 

de Caldas - CHEC”, Manizales, Caldas (N05
o
 01´W 75

o
 24´).  

 

We used a design where the fixed factors were the habitat type and the litter treatment. 

The habitat types were the Andean alder Plantation and the Secondary Forest, and in 

each habitat we established four plots of 50 x 20 m, with three subplots in each plot. In 

each subplot, there were four paired samples of tree holes 2 m apart to ensure that 

macroinvertebrate arrival to the containers was not influenced by isolation. Litter 

treatments were mixed litter, which contained 6 g of a leaf litter mix of Arboloco 

(Montanoa quadrangularis), Lippia schlimii, and Sphaeropteris quindiuensis, and non-

mixed litter, consisting of 6 g of leaf litter of Andean alder plantation added to the tree 

hole. Containers were hung to a tree with a polypropylene 1.5 m above the ground.  
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4.3.3. Macro scale: Elevation gradient 

 

The study was conducted at the Reserva Forestal Protectora of the Rio Blanco and 

Quebrada Olivares Hydrographical Basins. The 4932-ha reserve is located on the 

western slope of the Central Mountain Range in Colombia (05°3’ 96.7’’ N; 

75°26’’88.4’’ W), with a secondary forest and an Alder plantation between 2150 and 

3700 m.a.s.l. The maximum annual average temperature is 19°C and the annual mean 

precipitation is 2500 mm.  

 

We conducted an experiment where the fixed factors were the habitat, subhabitat, and 

litter type. We selected three habitats with differences in elevation, but in all habitats the 

most abundant plant species was Alnus acuminata. The first habitat (05°3’967’’ N; 

75°26’’884’’ W) is located at 2400 m.a.s.l., with a maximum daily temperature of 22°C 

and minimum of 16°C. The most abundant plant families are Araceae, Actinidaceae, 

Boraginaceae, and Cyatheaceae. The second habitat is found at 2850 m.a.s.l. 

(05°04’566’’ N; 75°26’ 212’’ W.), where the daily temperature varies between 14°C 

and 20 °C. The most abundant plant species are Melastomataceae, Rubiaceae, and 

Asteraceae. The last habitat is at 3200 m.a.s.l. (05°04’147’’ N; 75°22’578’’ W), with a 

minimum daily temperature of 6°C and maximum temperature varying between 19°C 

and 23 °C. The most abundant plant species are Asteraceae, Melastomataceae, and 

Rosaceae. At all elevations, the subhabitat consisted of two areas: the first was the edge 

closest to road and the second was an interior area located 10 meters into the forest. 

 

The litter treatments were three non-mixed litters and four mixtures of litters. The non-

mixed treatments had 3 g of each plant species (Piper imperiali, Croton magdalenensis, 

and Alnus acuminata), the mixed treatments were a mix of two species in the same 
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proportion and one treatment with the three plant species. We performed 12 replicates 

of each treatment in each subhabitat. The tree holes were hung to a tree with a 

polypropylene rope at a height of 1.5 m from the ground. Samples were collected after 

four months.  

 

4.3.4. Statistical analysis  

 

We evaluated the effects of habitat and litter type on decomposition using a Generalized 

Linear Model (GLMs) as fixed effects in the model; we used habitat, litter type, time 

and subhabitat in the macroscale. We used AIC to select the best model. Furthermore, 

we analyzed the effect of habitat and litter treatment on the decomposition of each plant 

species used in the treatments through a Generalized Linear Model (GLMs). The 

statistical analyses were conducted with the R statistic program (R Core Team, 2013). 

 

4.4. RESULTS  

 

Our analysis showed that the effect of habitat and litter type on decomposition is scale 

dependent (Figure 4.1).  Litter type affected litter decomposition at the three scales, but 

variation of the effect varied according to the scale. At the meso scale, differences in 

decomposition between litter types is lower than at the micro and macro scales. Habitat 

effects on decomposition increased with the scale; moreover, habitat affected litter 

decomposition at the meso and macro scales, but not at the micro scale. 

 

Litter type affected decomposition at the micro scale (GLM; LLP= 34.57 -13.86 litter; 

litter type F1,76=35.51, p= 7.42 e
-08

); the mixed litter treatment had the greatest decay 

rate (Mean non-mixed= 20.710 %+/- 11.574; Mean mixed= 34.574 % +/- 8.419) (Figure 

4.2). Moreover, decomposition of F. chinensis was affected by litter type; 
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decomposition rate is higher in the non-mixed treatment (GLM; litter loss percentage= 

5.112 + 8.360litter  -7.675time; litter F1,74= 7.912, p= 0.006; time F8,74= 3.120, p= 

0.004; Mean non-mixed= 19.872 %+/- 12.688; Mean mixed= 11.536%+/- 16.939). The 

F. chinensis, M. insigne, and H. bonplandianum remaining litter was not affected by 

habitat. Temperature was statistically different between habitats; it was high in the 

canopy (mean= 14.10 +/-1.27
o
C) (Table 4.1).  

 

Habitat and litter type are relevant factors in decomposition at the meso scale; the mixed 

treatment and forest had the greatest leaf mass loss, indicating a high decomposition 

rate (GLM; LLP= 37.811-4.625 habitat -3.357 litter + 0.688time; Habitat F1, 178=16.029, 

p= 9.15e
-05

; Litter F1, 178 = 8.018, p=0.005; Time F3, 178 = 1.007, p=0.391; Mean non-

mixed= 33.62 +/- 7.246g, Mean mixed= 36.666%+/- 8.811; Mean forest= 32.853% +/-

8.611, Mean plantation= 37.262+/- 7.147g). Temperature and pH parameters differed 

between habitat and time. Habitats had significant differences in water temperature, 

with the highest water temperature in the plantation; moreover, temperature reduced 

through the time. Tree holes generally showed basic pH values, although tree holes in 

the plantation had a more basic pH, while tree holes in forest had a less basic pH; 

furthermore, pH become basic through the time in the plantation, while pH become acid 

through the time in the forest (Table 4.1). 

 

Habitat, litter type affected litter decomposition at the macro scale (GLM; LLP= -

55.663  -13.78habitat + 21.142 litter; habitat F2, 420= 76.04, p<2e
-16

; litter F6, 420 = 27.07, 

p=<2e
-16

). Decomposition decreased throughout the elevation gradient; therefore, the 

habitat with the less loss of litter was the high elevation habitat (Mean low=57.152%+/- 

13.338, Mean middle= 57.810%+/- 13.055; Mean high= 43.119%+/- 14.33). 
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Decomposition varied between mixed and non-mixed treatments; the treatment with A. 

acuminata had the lowest decomposition at the three elevations; on the contrary, the 

treatment of P. imperiale had high decomposition rate changes in lower and middle 

elevation and the treatment with C. magdalenensis in high elevation.  Temperature was 

affected by habitat type; tree holes at low elevation had the highest average temperature, 

while tree holes at middle elevation had the lowest water temperature (Table 4.1).  

 

At the macro scale we were also able to examine mass loss of particular litter species. 

Habitat, litter type influenced P. imperiale mass loss (GLM; habitat F 2,243=28.59, p= 

7.06e
-12

; litter F 3,243= 39.20, p< 2e
-16

) and A. acuminata mass loss (habitat F2, 245=9.17, 

p=0.0001; litter F 3,245= 64.49, p<2e
-16

) whereas C. magdalenensis decomposition is 

only affected by habitat type (habitat F 2,258= 30.859, p= 9.64e
-13

, litter F 3,258= 2.154, 

p=0.094). Mixed treatments showed slower decomposition than non-mixed treatments 

for A. acuminata, while Piper imperiale and Croton magdalenensis showed the opposite 

behavior. Piper imperiale and Croton mgadalenensis leaves decomposed slowly at the 

highest gradient (P. imperiale: Mean lowest= 50.27%+/- 23.28, Mean middle= 50.42 % 

+/- 23.21, Mean high=30.66 % +/- 25.11 C. magdalenensis: Mean lowest= 68.91 %+/- 

12.92, Mean middle= 68.74 % +/- 12.49, Mean high= 55.99 +/- 15.06). 

 

4.5. DISCUSSION 

 
In this study, we assessed the effect of environmental heterogeneity on decomposition 

and its scale dependence. We found that habitat heterogeneity (habitat type) and 

resource heterogeneity (leaf litter type) affects decomposition, but their effects vary at a 

spatial scale. Litter type affects decomposition rate at all scales, but the scale determines 
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the magnitude of the effect; in contrast, habitat type affects decomposition at the meso 

and macro scale, increasing it effects from the meso scale to the macro scale.   

 

Our results show that decomposition processes in tree holes depend on resource 

heterogeneity, but the effect of plant traits on decomposition is altered by a spatial scale. 

Decomposition rate was high when litter was composed by a mix of species at the micro 

and meso scales, and these results agree with other decomposition studies (Gartner and 

Cardon, 2004). Resource heterogeneity can stimulate fungal species growth (Laitung 

and Chauvet, 2005; Rossi et al., 1983) through a greater supply of nutrients to the fungi. 

However, because we did not compare our litter mixtures to monocultures of all 

component litter species we cannot ascribe differences in overall litter decomposition 

between mix and no mix litter treatments to litter diversity as opposed to simply litter 

composition. By focusing on decomposition of a single litter species we can control for 

litter composition effects, and here we see the reverse pattern at the micro scale; F. 

chinensis leaves in the non-mixed treatment showed a faster decomposition than leaves 

in the mixed treatment. This indicates that high overall decomposition in the litter 

mixture is attributed to decomposition of Morus insigne and Hedyosmum 

bonplandianum by microorganisms that select nutrient-rich plant species, and such 

selection of Morus insigne and Hedyosmum bonplandianum by microorganism 

disfavoured the decomposition of F. chinensis. 

 

At the macro scale, decomposition shows variable responses between mixed and non-

mixed treatments, which depend on the plant species in the mixture. Overall, the carbon 

and nitrogen ratio of the plant species involved in the experiment may have determined 

decomposition. The C:N ratio increased from C. magdelenensis (14.77), to P. imperiale 
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(15.82) to A. acuminata (23.44); moreover, decomposition of non-mixed litter declined 

generally in this order. Specifically, the non-mixed treatment of P. imperiale and C. 

magdelenensis showed high decomposition at low and middle elevation, but only C. 

magdelenensis in the non-mixed treatment still had high levels of decomposition at high 

elevation. This indicates that C. magdelenensis provides nutrients to microorganisms 

and is important in decomposition at high elevations where climatic conditions reduce 

decomposition speed. 

 

Moreover, P. imperiale and C. magdelenensis have an antagonistic effect on litter 

decomposition. P. imperiale decomposition is lower when it is mixed with C. 

magdelenensis (Figure 4.2, Mix C) or with C. magdelenensis and A. acuminata (Figure 

4.2, Mix D). On the contrary, C. magdelenensis decomposition is faster in mixture with 

P. imperiale (Figure 4.2, Mix C) and P. imperiale and A. acuminata (Figure 4.2, Mix 

D). For A. acuminata, decomposition is slower in the single treatment and with C. 

magdelenensis, showing lower decomposition in the mixture with C. magdelenensis, 

while the decomposition rate increased in the mixture with P. imperiale (Mix A) and the 

three plant species (Mix D). This indicates that P. imperiale has a positive effect on the 

decomposition of A. acuminata leaves and C. magdelenensis a negative effect, with the 

exception of high elevations. 

 

Habitat heterogeneity alters decomposition at the meso and macro scales, but not at the 

micro scale (understory vs. canopy) despite a significant effect of treehole height on air 

temperature. We had predicted that air temperature increases and moisture decreases 

from the understory to the canopy, affecting the physicochemical variables in 

phytotelmata and, as a consequence, influencing decomposition. Instead, we found 
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similar decomposition rates between the canopy and understory but not between our 

litter types, which shows that resource heterogeneity, rather than habitat heterogeneity, 

determines decomposition at the small scale. Our results contradict a previous study 

where decomposition rates were faster in the forest floor than in the canopy due to 

microclimate, litter quality, and the decomposer community (Cardelus, 2010); however, 

it agrees with a study by Vasconcelos and Laurance (2005) who found similarities in 

remaining litter between the interior and the edge of primary forests in the Amazons. At 

the meso scale, the forest had a high decomposition rate due to differences in 

environmental conditions, such as pH and temperature, and biota between habitats; the 

biotic activity on leaves reduced pH, becoming more acid (Batty and Younger, 2007; 

Hobbie and Gough, 2004). These results contradict Borders et al. (2006) who found 

similarities in decomposition between restored riparian forests and mature forests. At 

macro scale, decomposition and water temperature decreased with the elevation 

gradient. Therefore, in our study area, water temperature would be relevant in 

decomposition compared to a study area in a temperate zone where moisture explains 

the greatest decomposition in a forest with high elevation (2280 m.a.s.l.) (Murphy et al., 

1998). 

 

In conclusion, our study highlights the relevance of assessing spatial scale dependence 

of habitat and resource heterogeneity on ecosystem processes. Leaf litter from the 

canopy is a key resource to tree holes communities (Chen and Wise, 1999; Kitching, 

2000), as these leaves will change in quality and, as a consequence, alter the nutrients or 

energy that they provide to the community (Daugherty and Juliano, 2002; Richardson et 

al., 2000; Yee and Juliano, 2006). Moreover, the habitat where tree holes are found 

could modify litter decomposition through changes in abiotic conditions or in the biotic 
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pool. Therefore, ecosystem processes such as decomposition could be altered if 

anthropogenic factors or global warming affects resource or habitat heterogeneity; 

however, its effects will depend on the spatial scale.  
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Table 4.1. Effects of response variable on water temperature and pH of tree holes at the micro, meso, and macro scale. The variable statistical 

significant is highlighted. 

Variable  Micro scale Meso scale Macro scale 

Temperature ~ Habitat   + Litter  

Habitat 

F 1,72= 8.353 (0.005) 

 

Litter  

F 1,72= 0.022 (0.881) 

 

 

~Habitat  + Litter + Time   

Habitat 

F 1,183= 5.810 (0.016) 

 

Litter  

F 1,183= 0.491(0.484) 

 

Time 

F 1,183= 3.410 (<2e
-16

)  

~Habitat   + Subhabitat 

Habitat 

F 2,475= 182.258 (2e
-16

 ) 

 

Subhabitat 

F 1,475=9.936 (0.001) 

 

  

pH ~ Habitat   + Litter  

 

Habitat 

F 1,72 = 0.840 (0.365) 

 

Litter  

F 1,72= 3.314 (0.072) 

 

 

~ Habitat   + Litter  + 

Time 

 

Habitat   

F 1,183= 32.01 (5.82e
-08

) 

 

Litter  

F 1,183=55.45 (3.64e
-12

 ) 

 

Time 

F 1,183= 0.128(5.60e
-08

)  

~Habitat + subhabitat 

Habitat 

F 2,476 = 18.515(1.8e
-08

 ) 

 

Subhabitat 

F 1,476= 0.27  (0.0248 ) 
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Figure 4.1. Percentage of variation of litter decomposition at each spatial scale according to habitat, litter, interaction, and not explained. 
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Figure 4.2.  Percentage of remaining litter for each litter and habitat type. A. Micro scale; B. Meso scale; C. Macro scale Non mix A: Alnus 

acuminata, Non mix B: Piper imperiale, Non mix C: Croton magdalenensis, Mix A: A. acuminata and P. imperiale, Mix B: A. acuminata and C. 

magdelenensis, Mix C: P. imperiale and C. magdelenensis, Mix D: A. acuminata, C. magdelenensis, and P. imperiale.
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CHAPTER 5: PRECIPITATION REGIMEN AFFECTS THE COMMUNITY 

AND ECOSYSTEM PROCESSES OF BROMELIADS 

5.1. ABSTRACT 
 

The Intergovernmental Panel on Climate Change (IPCC) predicts high variability of 

precipitation as a result of global warming; however, little is known about the effects of 

frequency and magnitude of rainfall on communities and ecosystem process. We 

assessed the relationship between the amount and frequency of precipitation and 

bromeliad community and functioning. We conducted different precipitation treatments 

that differed in the mean amount of rainfall per day and the frequency of large versus 

small rainfall events, and assessed changes in the invertebrate and bacterial 

communities, decomposition, and primary productivity. Mean amount of rainfall per 

day and frequency influenced the abundance, richness, and functional groups of 

macroinvertebrates, but not bacterial abundance. Rainfall amount affected the 

decomposition process through changes in percentage of litter loss, detritus, and FPOM. 

Primary productivity in the bromeliad decreased when the amount of precipitation 

increased. In conclusion, the magnitude of precipitation rather than rainfall frequency 

affected the invertebrate community and ecosystem processes in bromeliads; therefore, 

the predicted change in precipitation in the future could lead to changes in the bromeliad 

community and processes relevant to the energy flux such as decomposition and 

primary productivity. 

 

5.2. INTRODUCTION 

 

Global warming has affected the movement of water into the atmosphere from land and 
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water surfaces. Consequently, precipitation in the tropics has and will decline, leading 

to an increase in the frequency and intensity of extreme climatic events (Fischer and 

Knutti, 2013; IPCC, 2013) such as drought and intense precipitation events (Knapp et 

al., 2008). This represents a change from normal rainfall patterns in one region to a 

hydrological regime in which precipitation events are greater or less in magnitude, 

intensity and frequency than mean (Humphries and Baldwin, 2003;Knapp et al., 

2008;Nagaranja, 2009). Those shifts in the precipitation regime may have effects on 

environmental conditions, habitats, species, communities, and ecosystems (Hegerl et al., 

2011; Thompson et al., 2013; Walther et al., 2002). 

 

Alteration in precipitation patterns causes loss of water, habitat, and alteration of 

physicochemical conditions in aquatic ecosystems and terrestrial ecosystem (; Grant et 

al., 2014; Lake, 2003). For instance, drought leads to increases in water temperature, 

stimulating the development of algal blooms (Dahm et al., 2003; Freeman et al., 1994) 

that produce changes in oxygen concentration, increase the conductivity values, and 

raise the nutrient in the aquatic food webs (Matthews, 1998). When the quantity of 

water declines, the transport of fine particulate organic matter through aquatic food web 

is reduced and, as a result, dissolved organic matter accumulates in the bottom of 

aquatic ecosystem (Bond et al., 2008). In addition, lowering of water levels can reduce 

both the connectivity between parts of the aquatic ecosystem and the habitat available to 

aquatic animals (Boulton, 2003). In terrestrial ecosystems, heavy rainfall decreases the 

oxygen concentration in soil and the symbiosis between plants and nitrogen-fixing 

bacteria (James and Crawford, 1998). In marine ecosystems, increases in temperature 

reduce the oxygen available for eelpout, Zoarces viviparus, reducing its abundance 

(Pörtner and Knust, 2007). 
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Precipitation variations alter the physicochemical condition and habitat of the aquatic 

ecosystems; consequently, shifts in precipitation regimen may trigger the losses of 

species, change population dynamics, and reduce or drive extinct populations (Boulton, 

2003; Hart and Gotelli, 2011; Humphries and Baldwin, 2003; Lake, 2003; Ledger et al., 

2013a; Ogutu et al., 2008; Pörtner and Knust, 2007). For example; increases in the 

frequency of precipitation results in stable population sizes of cottonwoods, while stable 

flows lead to highly variable population sizes (Lytle and Merritt, 2004); interaction of 

precipitation and temperature affected biomass and height of Calamagrostis 

angustifolia and Glyceria spiculosa populations (Zou et al., 2014); heavy precipitation 

regimen increased the abundance and diversity of Oribatida and decreased the 

abundance of Collembola in a coniferous stand (Lindberg et al., 2003). 

  

In addition, precipitation regime shifts can influence communities and ecosystems 

(Gilman et al., 2010; Hegerl, 2011; Lake, 2003; Thompson et al., 2013). At the 

community level, changes in precipitation regimen could act as an environmental filter 

modifying rates of mortality, birth and migration of species reducing communities to a 

small group of tolerant species (Dewson et al., 2007). Moreover, precipitation shifts can 

affect trophic groups (Ledger et al., 2013b), for instance, abundance of prey species 

increases when the predator is lost, leading to a decrease in the prey’s resource. Other 

studies show that generalist species are favored by precipitation shifts, not specialist 

species, because the former have a low degree of specialization in the use of resources 

and high population size (Duffy, 2002; Duffy et al., 2007). In addition, interactions 

between species such as facilitation, competition, and herbivory could be affected by 

precipitation changes (Grant et al., 2014; Grinnan et al., 2013). At the ecosystem level, 
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alterations in the hydrological regimen change the availability of some nutrients such as 

nitrogen and phosphorus in ecosystem (Dahm et al., 2003), reduce the biomass 

especially of large species (Ledger et al., 2013b), and alter the decomposition rate (Joos 

et al., 2010; Maamri et al., 1997). 

  

Nevertheless, effects of precipitation regimen on species, communities, and ecosystem 

may depend on resilience of communities and ecosystems, as well as, ecosystem type. 

Increases in the frequency, intensity, or magnitude of a disturbance may lead to the 

ecosystem losing the ability to support its structure and function (Bhagwat et al., 2012; 

Ficetola and Denoel, 2009; Hegerl et al., 2001). For this reason, it is relevant assess the 

minimal amount of climate variation that will produce a change in community or 

ecosystem processes (Elmqvist et al.,2003). On the other hand, freshwater ecosystems 

as river, lakes, temporal ponds and phytotelmata could be more vulnerable to alteration 

of precipitation regimen (Heino et al., 2009; Milly et al., 2005; Bond et al., 2008) due 

to the fact they are isolated and fragmented ecosystems present within terrestrial 

ecosystem (Woodward, 2009) and depend directly on the pulse of water (Bond et al., 

2008); therefore, alteration in the hydrological regimen could increase the effects of 

ecosystem functioning and food-web structure in freshwater more than in terrestrial 

ecosystems (Thompson et al., 2013). 

  

Bromeliad tanks, as a freshwater ecosystem, may be affected by extreme events such as 

drought (Sabo et al., 2009) given high variability in the water resource from rainfall 

(Fish, 1983) with discontinuous water pulses; therefore, bromeliads and their 

community can be used to answer questions about alteration of hydrological regimens. 
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In this study, we assessed the relationship between the amount and frequency of 

precipitation and bromeliad community and functioning. Specifically, we ask if the 

invertebrate and bacterial respond differently to precipitation shift; if decomposition and 

primary productivity respond differently to precipitation changes; if the hydrological 

regimen shift could lead the bromeliad food web to exceeding resilience limits. We 

predict that a shift in the hydrological regimen can affect the invertebrate community; 

the drought conditions will affect negatively the aquatic community and positive the 

terrestrial community. On the contrary, the bacteria community will show high 

resilience due to high reproductive rates. Ecosystem processes will have high variability 

with the shift in the hydrological regimen, with reduction in the decomposition rate and 

primary productivity when the rainfall regimen is lower than the mean. 

 

5.3. METHODS 

5.3.1. Study area 

 

The study was conducted in “Reserva Forestal Protectora de las Cuencas Hidrográficas 

de Rio Blanco y Quebrada Olivares” Manizales, Caldas, Colombia during April and 

May of 2013. The reserve is located on the western slopes of the Central Mountain 

Range in Colombia (05°3’96.7’’N; 75°26’’88.4’’W), with secondary forest and Alder 

plantation between 2150 y 3700 m. on the sea level, the annual temperature average of 

19°C; the annual precipitation mean is 2500 mm; it has a bimodal precipitation model 

with the rainfall times between April -May and October -November  Figure 5.1. 

 

5.3.2. Experiment 
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The methodology used in the experiment was proposed by BWG (The Bromeliad 

Working group). 

 

We build different precipitation treatment to assess the effect of hydrological regimen 

on bromeliad food web and ecosystem processes. The precipitation treatments differ in 

two ways: the mean amount of rainfall per day (MU) and the frequency of large versus 

small rainfall events (K, dispersion parameter). All treatments are expressed relative to 

the average current MU and K calculated from past precipitation records of the study 

area used a R code that fits the negative binomial model for each year, and estimates the 

average of two parameters: the mean (MU) and the dispersion parameter (K), giving a 

schedule of depth (mm) for 60 days of experiment in relation with K and MU.  

 

We calculated the mean catchment area and combined correction factor to convert mm 

of water of model to ml of water with the equation Volume of water to add to bromeliad 

= Mean surface area * Combined correction factor* Depth required for scenario. The 

correction factor reduce the effect of canopy in the bromeliad interception of water due 

to bromeliads are under trees and the canopy intercepts some rain. In addition, not all of 

the rain that hits the bromeliad leaf runs down the leaf – some is simply deflected off 

the plant by the force of impact. To calculate the correction factor we waited until it was 

raining and measured the water intercepted in the open area, in forest and with those 

data we calculated the Combined correction factor as 

Combined correction factor = canopy effect * deflection effect 

Forest mm rain fell = volume of rain in 10 forest cups/ total surface area of 10 cups 
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Open mm rain = volume of rain in open area 

Actual bromeliad catchment = bromeliad volume rain captured/forest mm rain 

Canopy effect = Forest mm/Open mm 

Deflection effect = actual catchment area of bromeliad/Image J catchment area of 

bromeliad 

 

We determined the mean catchment area of bromeliads using image analysis in Image J. 

We photographed the bromeliad with its leaves naturally positioned, because the 

bromeliad species has leaves that bend, such that water only falling on one side of the 

inflection point could drain towards the center, we marked this point on the leaf so that 

we only included the appropriate part of the leaf in the total “catchment” area of the 

bromeliad. Then, we place next to it a ruler and took the photograph looking straight 

down on the bromeliad and ruler to analyze the images in Image J related the pixel with 

the cm.  

 

We took 30 bromeliads of the study area; those were washed out its contents to capture 

and kept detritus and invertebrate, and clean the bromeliad to be used in the experiment. 

Moreover, we calculated the maximum water volume that bromeliad can collect as a 

measure of bromeliad capacity; when the bromeliad was empty, we poured a known 

amount of water into a bromeliad until it overflows, we captured and measured the 

overflow; the bromelaid capacity was water added minus water overflowed.  

  

We rooted the bromeliads in the ground and built rain shelters on each bromeliad to 

control the rainfall those bromeliads receive. We added ibuttons (dataloggers) to the 

central tank to record every hour for two months the temperature. We equalized 

abundances of the higher invertebrate groups and   amounts between 30 bromeliads to 
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begin the experiment, for this we added five individuals of Scirtes sp. (Scirtidae), one 

individual of Eristalis sp. (Syrphidae), and one individual of Chironomidae for each 

bromeliad, and Oreiallagma oreas (Odonata), Anisopodidae, Tipula sp. (Tipulidae) and 

Culicidae distributed random between bromeliads and 40 gr of detritus. We placed two 

leaf packs of 4 gr of Melastomatacea, which was dry previously, in each of two middle 

tanks of each bromeliad. We add water daily to each bromeliad according to 

bromeliad’s treatment schedule with non-chlorinated water. Water was divided amongst 

leaves and added slowly to avoid washing out insects more than a normal rainfall. Alnus 

acuminata was enrichment with ammonium sulfate (5g/1L) one month to the start of the 

experiment; those leaves were dried and weighed prior to addition of 3 g in each 

bromeliad at midpoint of the experiment. 

 

During the experiment, we measured water depth in central tank and two outer leaves in 

each bromeliad every day to evaluate the change in the water amount that bromeliad can 

hold and related it with the biota. Moreover, we survey the presence of terrestrial 

predator as spiders to assess the shift in predator; as results of alter the precipitation 

regimen. 

 

To evaluate the possible effect of hydrological regimen changes on food web and 

ecosystem process we took sample of temperature, chlorophyll-turbidity (phytoplankton 

biomass ug/L, NTU (Nephelometric turbidity units), bacteria community, detritus, leaf 

packs, FPOM, and the invertebrate in the end of the experiment. After the bromeliads 

had been undisturbed for at least two hours, we measured the entire amount of water 

contained in each bromeliad and place in a bucket. We took 20ml of water total in the 

bromeliad to chlorphyll-a, turbidity, and bacterial. The chlorophyll-a and turbidity 
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sample was taken with Aquafluor handheld fluorometer. We add 1ml formaldehyde-

Borax to nine ml of bromeliad water to conserve the bacterial until their analysis in lab 

through epi-fluorescence microscopy. The remaining detritus and leaf packs were 

removed, dried at 60
o 
C and weighed. To calculate the FPOM into bromeliad, we sieved 

the detritus through a 100 μm sieve, collected water and sediment that passes through 

this sieve, added clean water until total volume of 6000 ml and filtered it using a syringe 

of 50ml and GFC 25mm Whatman filters that had been dried and weighed. The total 

mass of FPOM was obtained for divide the FPOM mass by the volume pushed through 

multiplied by 6000, then this value is subtracted the mass of dry filter. 

 

We dissected the bromeliad leaf by leaf and clean the leaf with paintbrush to collect the 

total invertebrate. All aquatic invertebrates found were identified to species or 

morphospecies using the keys of Merrit and Cummins, 2008, Dominguez and 

Fernandez, 2009, Stehr, 2005. Moreover, we determinated the habitat (terrestrial, 

aquatic), life cycle stage (adult, immature), and functional group of invertebrate 

according with Cummins classification, whose is based on morphological and 

behavioral mechanisms used by acquiring food for invertebrates. Those functional 

groups are: scrapers, who scrape mineral materials and organic substrate; shredders, 

who feed of living or dead plant tissue with their microflora; gatherers, who feed of 

particles deposit fine organics; filter feeder, feed on particulate organic matter in 

suspension; and predator feed on other invertebrate (Merritt and Cummins, 2008). 

 

5.3.3. Statistical analysis 

 

We use generalized linear models (GLMs) to evaluate effects of precipitation amount 
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and frequency on Days without water and Hydroperiod. The GLMs were based on 

Quasipoisson distribution for days without water and Gaussian distribution for 

hydroperiod. We did Anova to search the best model according to the variable. We did 

Linear Mixed Effects Models (LMEs) with precipitation amount and frequency as fixed 

factors; time as a random factor; and daily temperature mean, minimal, maximal, and 

water depth as response variable. We use GAMs (Generalized Additive Models) to test 

whether relationships between response variable and predictors variables are nonlinear. 

The response variables were associated to community (Abundance of invertebrate, 

number of species of invertebrate, bacteria abundance, functional diversity) and 

ecosystem process (FPOM, litter remaining, turbidity, and Chlorophyll-a); the 

predictor’s variable was rainfall amount (MU) and frequency (K); we used Gaussian or 

Quassipoisson method according to response variable; community variables were split 

by bromeliad capacity due to bromeliad size determine the abundance and richness of 

invertebrate (Richardson 1999). General additive models (GAMs) are a generalization 

of Multiple Linear Regression that uses a link function to establish a relationship 

between mean of response variable and a smoothed function of predictor variables 

(Ahmadi-Nedushan et al.,  2006). GAMs have a better fit and assume a curvilinear 

pattern (Ficetola and Denoel, 2009). 

 

We measure the betadiversity as the variability in species composition among 

bromeliads. We used the Bray Curtis, Raup, Jaccard, Horn, Sorensen, Chao 

dissimilarity from an individual unit to the group centroid (Anderson, 2006a). Then, we 

used a test for homogeneity of multivariate dispersions (Anderson, 2006a) on the basis 

of each index. The test for homogeneity of multivariate dispersions (Anderson 2006b) is 
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a multivariate analogue to Levene’s (1960) test and can be based on any dissimilarity 

measure of choice. This test comparing distances to centroids, and it is used when the 

traditional test is either inappropriate or impossible as in we case when the measure of 

dispersion of interest is not the Euclidean distance (Anderson, 2006 a,b). The statistical 

analyses were conducted with R statistic program R Core Team (2013).  

 

5.4. RESULTS 

5.4.1. Environmental conditions 

 

The mean amount of rainfall per day and the dispersion parameter affected 

environmental conditions such as days without rainfall, days consecutively without 

rainfall (hydroperiod), daily temperature, and depth of water in the aquatic ecosystem. 

Days that a bromeliad does not receive water during the experiment and days 

consecutively without rainfall for bromeliad reduced with the increase in the amount of 

rainfall; dispersion parameter 0.5 presented the most days without water and days 

consecutively without rainfall (Figure 5.2 A,B). Moreover, daily temperature means, 

minimal maximal, and water depth presented high variability between rainfall amount 

and dispersion parameter treatments, with high values of depth to 2.5 X mean 

precipitation and high frequency of rainfall that mean; daily temperature mean 

presented high values in 2K treatment (Figure 5.2 C,D; Table 5.1). 

 

5.4.2. Invertebrate community  

 

Overall, we found 3112 individuals of 69 species of macroinvertebrate associated to 

bromeliads in this experiment composed of terrestrial and aquatic invertebrates. The 

terrestrial species were more rich than the aquatic species (45 species and 24 species 
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respectively); however the abundance of invertebrates was higher for aquatic that 

terrestrial species (69.04%, 30.95% respectively). Diptera was the most diverse and 

abundant order  with 13 families among which the Chironomidae (subfamily 

Chironominae), followed by Sciaridae were the most abundant. Moreover, the family 

Scirtidae (Coleoptera) presented a high abundance represented by the genus Scirtes sp. 

(Table 5.2). 

 

Our results revealed that the mean amount of rainfall per day (MU) and dispersion 

parameter (K) influenced the abundance of macroinvertebrates that could colonize the 

bromeliad. The 50% mean frequency had lower abundance of macroinvertebrate 

whereas the mean frequency and double the mean frequency had similar abundances of 

macroinvertebrate. Overall, abundance of macroinvertebrates decreased when the 

amount of rainfall increased during the less frequency of large rainfall events. 

Moreover, bromeliads with high water depth had more individuals of invertebrates. In 

particular, aquatic invertebrates were affected only by the amount of rainfall with value 

high of abundance in the treatments with less precipitation (0.1X, 0.2X, 0.6X); 

terrestrial abundance of invertebrate decreased with an increase of water depth (Table 

5.3, Figure 5.3). 

 

The precipitation variables affected functional groups predator, filter feeder, gatherer, 

and scraper. Filter feeder abundance reduced in high precipitation treatments; predator 

abundance increased in bromeliad with lower water depth. Moreover, gatherer and 

scraper abundance varied according the interaction precipitation amount and frequency; 

gatherer abundance was high in low and mean precipitation frequency when the rainfall 

amount decreased; scraper abundance decreased in low rainfall frequency, was constant 
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in mean rainfall frequency, and increased in high  rainfall frequency  when precipitation 

amount increased (Table 5.3).  

 

Furthermore, the mean amount of rainfall per day affected the total number of species, 

but the dispersion parameter did not; richness of aquatic invertebrates was altered by the 

mean amount of rainfall per day and its interaction with the dispersion parameter while 

terrestrial richness was affected only by the mean amount of rainfall. Overall, 

invertebrate total, terrestrial, and aquatic richness had the lowest values in treatments 

that represented heavy rainfalls (Figure 5.4, Table 5.3). Bacteria abundance was 

unchanged with the rainfall treatment or the other rainfall variables such as depth, days 

without water, and hydroperiod. (GAM, Gaussian Log (bacteria) MU: F 1,15=0.002 

(0.967); K: F 1,15=2.519 (0.119) Log (bacterial), Gaussian; temperature F 1,15= 2.374 

(0.151); Depth: F 1,15=0.694 (0.419); hydroperiod F 1,15=1.217 (0.289); days without 

water: F 1,15=1.033  (0.327))  

 

The mean amount of rainfall, but not aggregation of rainfall (K), had effects on beta 

diversity of macroinvertebrate. Aggregation of rainfall had no significant effects on beta 

diversity for any of the dissimilarity indices of all, terrestrial and aquatic 

macroinvertebrate. Precipitation amount affected the beta diversity of aquatic and all 

invertebrates, including the abundance-based index of dissimilarity and 

presence/absence-based index; on the contrary only the presence/absence based index 

has significantly effects of rainfall amount to terrestrial invertebrate. The 1.5X 

precipitation amount caused variation in betadiversity.  

 

5.4.3. Bacteria community 
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Bacteria abundance unchanged with the rainfall treatment or the other rainfall variable 

as depth, days without water and hydroperiod (GAM, Gaussian Log (bacteria) MU F 

1,15=0.002(0.967); K F 1,15=2.519 (0.119) Log (bacterial), Gaussian; temperature F 1,15= 

2.374 (0.151); depth F 1,15=0.694 (0.419); hydroperiod F 1,15=1.217 (0.289); days 

without water F 1,15=1.033  (0.327))  

 

5.4.4. Ecosystem processes 

 

Rainfall amount, hydroperiod, and water depth affected the decomposition process 

through the changes in litter loss percentage, detritus, and FPOM. Overall, litter of 

Alnus acuminata and Melastomatacea was decomposed faster into bromeliad subject to 

more rainfall amount, with high values between 1 and 2X mean precipitation amount 

and precipitation frequencies of 0.5 and 1X mean. Detritus loss percentage and FPOM 

accumulated into bromeliads was reduced in the bromeliad with lower and higher water 

depth into its tanks. Bromeliads with high water depth and mean of consecutive days 

without water had more detritus accumulated into bromeliad (Figure 5.5, Table 5.5). 

The mean amount of rainfall per day, but not the dispersion parameter, affected 

Chlorophyll-a and turbidity; the values of chlorophyll-A and turbidity were low in 

treatments with more rainfall amount; (Figure 5.6, Table 5.5). Nitrogen uptake by 

bromeliad increased with the reduction in consecutive days without water (Table 5.5). 

 

5.5. DISCUSSION 

 

Our study assesses the effects of a shift in the magnitude and frequency of rainfall on 

bromeliad community and ecosystem processes considering that extreme rainfall events 

can have higher effects on communities (Ficke et al., 2007) and those effects could be 
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more complex in areas where rainfall could change under climate change scenarios, or 

where changes in human water demands further impact water availability (Kundzewicz 

et al., 2008) as Latin America (IPCC, 2013). We predicted that shifts in the 

hydrological regime could affect the invertebrate community differentially according to 

their habitat (aquatic-terrestrial) and functional group, but not the bacteria community 

due to difference in the resilience capacity of each group. In addition, we predicted 

reduction in the ecosystem processes evaluated when the rainfall regimen was lower 

than mean. Our results showed that environmental variables (hydroperiod, days with 

water, depth and temperature) varied with the amount of precipitation and frequency of 

rainfall event; however, only hydroperiod and water depth produced changes relevant in 

the community and ecosystem processes. Moreover, the amount of precipitation was the 

most relevant factor of precipitation regime that altered the abundance, invertebrate 

richness, as well as the decomposition and primary productivity. 

 

5.5.1. Environmental variables 

 

Hydrological regimes alter some environmental variables such as temperature and 

amount of water available in the freshwater ecosystem. Our study showed that change in 

the precipitation regime led to changes in the days without rainfall, the days consecutive 

without rainfall, daily temperature, and the depth of water column in the aquatic 

ecosystem. Bromeliads under a high amount of rainfall (magnitude) receive water on 

more days and more continuously; lower frequency of rainfall led to an increase in the 

days without rainfall and the days without continuous water. Moreover, water depth, 

which is a measure of rainfall that the bromeliad can keep and be available for the 

community, changes with the precipitation frequency and amount. 
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5.5.2. Invertebrates Community 

 

Climate change creates a disturbance in the ecosystem that could alter the population 

and communities; for instance, temperature variation altered the species richness and 

composition of avian communities (Lemoine et al., 2007; Schaefer et al., 

2008); drought at spatial and temporal scales influenced diversity and abundance of 

insects (Srivastava, 2005); severe drought resulted in species loss of plankton 

community (Rojo et al., 2012). Our study shows, as well as other studies, that 

precipitation change affected the invertebrate community associated to bromeliad 

through shifts in the abundance, richness, and functional groups. Total abundance 

shifted with the frequency of rainfall: high frequency of rainfall affected less 

the abundance of macroinvertebrate and low-frequency of disturbance rainfall affected 

in great proportion the community decreasing their abundance. This results shown the  

ability of adult insects, which are the most abundant invertebrate, to select the habitat to 

oviposit (Srivastava and Lawton, 1998) and reducing ovoposition into bromeliads under 

drought; this strategy produce negative effects of drought on survival and development 

of the immature stage. 

 

In addition, climate change influenced functional groups in food webs (Ledger et al., 

2013). Depth of water in bromeliads as a result of change in precipitation altered the 

aquatic predator abundance; therefore, our results agree with other studies that report 

effects of drought on abundance and biomass of predators in aquatic ecosystems 

(Ledger et al., 2013) due to low population densities and high energetic requirements 

(Solan et al., 2004; Cardillo et al., 2005); filter feeders were more affected by heavy 
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rainfalll than drought events contrary to that found by Ledger et al., 2013 in rivers 

where drought reduced biomass and abundance of filter feeder (Ledger et al., 2013a).  

 

The increase in rainfall magnitude led to higher numbers and species of invertebrates, 

especially aquatic. In bromeliads the water amount is a characteristic that determines the 

community, and our results shows that models of abundance and richness changed 

according to precipitation amount. The effects of precipitation amount and frequency on 

the communities could depend invertebrate adaptation to resist the extreme climatic 

events (Humphries and Baldwin, 2003). As a result, each species should have a 

particular response to disturbance; some species could be more sensitive to increases in 

rainfall and others could increase their abundance during heavy rainfall; for example 

precipitation altered populations of Culicidae and Chironomidae in vernal ponds, with 

had high abundance of Culicidae at low mean water levels and high abundance of 

Chironomidae at high water levels (Hart and Gotelli, 2011). 

 

5.5.3. Bacteria Community 

 

Although bacteria community composition and structure could be sensitive to variation 

in precipitation regimes (Evans and Wallenstein, 2012; Evans et al., 2014); their 

physiological and phenotypic features let bacteria community persist and recover the 

original community condition during the hydrological shift. Bacteria communities 

are resilient to different disturbances. For instance, the contamination for benzene and 

copper sulfate decreased soil bacteria abundance, but the community composition was 

stable showing adaptation of bacteria to perturbation (Girvan et al., 2005). Bacteria in 
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treeholes also recovered from the anthropogenic impact of pentachlorophenol pollution 

(Ager et al., 2010), and microbial composition was sensitive to increased CO2, mineral 

fertilization, temperature changes, and C amendments, but bacteria composition was 

resilient (Allison and Martiny, 2008). Moreover, our study found that changes in the 

frequency and magnitude of rainfall events did not affect bacterial abundance in 

bromeliads, confirming that bacteria have different strategies to resist precipitation 

disturbance such as fast growth rates leading to quick recovery from disturbance, a high 

degree of physiological and morphological flexibility that led to acclimation or 

resistance to the new abiotic conditions on time and return to their original abundance 

such as a thicker cell wall to withstand osmotic pressure (Schimel et al., 2007). 

Moreover, mutation could allow microbial taxa to adapt to new environmental 

conditions and recover from disturbance (Allison  and  Martiny,  2008) and phenotypic 

adaptation to local conditions allows species to persist in situ (Schaefer et al., 2007). 

Finally phylogenetically conserved ecological strategies favor certain taxa under a 

particular climate regime; therefore, under their historical rainfall regime microbial 

communities are more resistant (Evans and Wallenstein, 2014).  

5.5.4. Ecosystem processes 

 

 

Decomposition is a relevant process for energy and nutrient flux into food webs (Chapin 

et al., 2002) that involves mineralization  and humification of lignin, cellulose, and 

other compounds by microorganisms and the leaching down of soluble compounds 

whose carbon and nitrogen are mineralized or immobilized (Smith and Smith, 

2012).  Climate, biota and leaf litter quality can regulate these processes (Brinson, 

1977); therefore, variation of temperature and precipitation predicted by the climate 

change can lead to alter the decomposition process (Aerts, 1997; Coûteaux et al., 1995). 
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In the particular case of precipitation, low and high water availability negatively affect 

the decomposition rate in soils (Lensing and Wise, 2007; Joos et al., 2010); although, 

some studies report increment in decomposition from droughts to high rainfall 

(Salamanca et al., 2003; Wieder and Wright, 1995). We found that decomposition of 

litter was affected by greater precipitation amount and more consecutive days without 

water, probably due to the leaching process of nutrients and microorganism activity 

(Capps et al., 2011; Couteaux et al., 1995). High rainfall leaching of soluble compounds 

such as lignin and other polyphenols that are less palatable for microorganisms and 

detritivores lead to an increase in the decomposition rate (Couteaux et al., 1995; 

Lockaby et al., 1996; Nykvist, 1963); furthermore, microbe biomass decreases and 

microorganism stress increases during droughts reducing mineralization during leaf 

decomposition (Lensing and Wise, 2007; Tietema and Wessel, 1994; Walter et al., 

2013). More days consecutive without water reduce the loss of microbiota favoring 

litter and detritus decomposition. The mean water depth indirectly measures the amount 

of water that a bromeliad keeps into its leaves; this characteristic was related with fine 

particulate organic matter probably as a result of precipitation releasing more FPOM 

through promoting decomposition. Our study was conducted in a freshwater ecosystem 

where the decomposition rate is higher that terrestrial ecosystem (Langhans and 

Tockner, 2006); however, precipitation affected decomposition process similarly 

to terrestrial ecosystems. Thereby, our results inform how precipitation variation alters 

decomposition. 

Primary productivity in bromeliads decreased when the precipitation amount increased 

and consecutive days without rainfall was less. Likely the precipitation regimen could 

shift the available nutrients and light for photosynthesis and growth of primary 

producers (Schindler, 2006). Rainfall magnitude alters the nutrient available for 
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phytoplankton; bromeliads that receive less precipitation accumulate more nutrients in 

the water column stimulating the phytoplankton development (Neale et al., 2014; Paerl, 

2012) and preventing competition for nutrients (Marino et al., 2011). Algal abundance 

and biomass have been related to light exposure (Neale et al., 2014); the less light in 

shaded areas led to reduced algae in bromeliads (Brouard et al., 2011). Moreover, our 

results suggest that primary producers could be relevant part of food webs in bromeliad 

subjected to low precipitation regimen, while in bromeliads with high rainfall amount 

and few days consecutive without rainfall, primary productivity could have not 

contributed to the food web. 

Percentage nitrogen in bromeliad leaves decreased in bromeliads with more consecutive 

days without rainfall, that is according to result of decomposition litter remaining and 

detritus indicated that there is nutrient flux through food web that benefit the bromeliad 

nutrition. Bromeliads take the nutrients released for bacterial decomposition of leaf litter 

and animal carcasses through leaf trichomes (Romero et al., 2006; Romero et al., 2010). 

Moreover, more consecutive days without water permits nutrient accumulation in the 

water column, possibly because reductions in the leaching of nutrients from overflow, 

and in the competition between bromeliad and algae for nutrients, increases the nitrogen 

in bromeliad leaves (Brouard et al., 2011). 

In summary, the precipitation magnitude could be more relevant to affecting the 

invertebrate communities and ecosystem processes in bromeliads; therefore, the 

predicted change in future precipitation could lead to changes in the bromeliad 

community and changes to relevant processes for the flux of energy such as 

decomposition and primary productivity. 



136 
 

 

5.6. REFERENCES 

 
 

Aerts R. 1997.  Climate, leaf litter chemistry and leaf litter decomposition in 

terrestrial ecosystems: a triangular relationship. Oikos, 79: 439–449. 

 

Ager, D., Evans, S., Li, H., Lilley, A. K.  and van der Gast, C. J.. 2010. Anthropogenic 

disturbance affects the structure of bacterial communities. Environmental 

microbiology 12:670–8. 

 

Ahmadi-Nedushan, B., St-Hilaire, A., Bérubé, M., Robichaud, É., Thiémonge, N. and 

Bobée, B. 2006. A review of statistical methods for the evaluation of aquatic habitat 

suitability for instream flow assessment. River Research and Applications 22:503–

523. 

 

Allison, S.D. and Martiny, J.B.H. 2008. Resistance, resilience, and redundancy in 

microbial communities. Proc Natl Acad Sci105: 11512–11519.  

 

Anderson, M.J. 2006a. Distance-based tests for homogeneity of multivariate 

dispersions. Biometrics 62:245–253.  

 

Anderson, M.J. 2006b. Multivariate dispersion as a measure of beta diversity. 

Ecology Letters 9:683–693.  

 



137 
 

Bhagwat, S.A., Nogue, S. and Willis, K.J. 2012.  Resilience of an ancient tropical 

forest landscape to 7500 years of environmental change. Biological Conservation 

153: 108–117.  

 

Bond, N. R., Lake, P. S. and Arthington, A. H.  2008. The impacts of drought on 

freshwater ecosystems: An Australian perspective. Hydrobiologia  600: 3–16. 

 

Boulton, A. J. 2003. Parallels and contrasts in the effects of drought on stream 

macroinvertebrate assemblages. Freshwater Biology 48: 1173–1185. 

 

Brinson, M.M. 1977. Decomposition and nutrient exchange of litter in an alluvial 

swamp forest. Ecology 58: 601-609. 

 

Brouard, O., Le Jeune, A.-H.,   Leroy, ., Cereghino, R., Roux, O., Pelozuelo, L., Dejean, 

A., Corbara, B. and Carrias, J.F. 2011. Are algae relevant to the detritus-based food 

web in tank-bromeliads? PloS one 6:e20129. 

 

Cardillo, M. , Orme, C.D.L. and  Owens, I.P.F. 2005. Testing for latitudinal bias in 

diversification rates: an example using New World birds. Ecology 86:  2278–2287.  

 

Capps, K. A., Graça, M. A. S. , Encalada, A. C.  and Flecker, A. S.. 2011. Leaf-litter 

decomposition across three flooding regimes in a seasonally flooded Amazonian 

watershed. Journal of Tropical Ecology 27:205–210. 

 

http://onlinelibrary.wiley.com/journal/10.1111/(ISSN)1365-2427


138 
 

Chapin, S.F., Matson, P.A., Mooney, H, A., 2002. Principles of terrestrial ecosystem 

ecology. Springer, New York. 

 

Couteaux, M.M., Bottner, P., Berg, B., 1995. Litter decomposition, climate and litter 

quality. Trends in Ecology & Evolution Cell  10: 63–66. 

 

Dahm, C.N., Baker, M.A., Moore, D.I. and Thibault, J.R., 2003. Coupled 

biogeochemical and hydrological responses of streams and rivers to drought. 

Freshwater Biology 48:  1219–1231. 

 

Dewson, Z.S., James, A.B.W. and  Death, R.G., 2007. Stream ecosystem functioning 

under reduced flow conditions. Ecological Applications 17: 1797–1808.  

 

Domínguez, E. and Fernandez, H.R. 2009. Macroinvertebrados bentónicos  

subamericanos. Sistemática y biología. Fundación Miguel Lillo, Tucumán, Argentina, 

656 pp. 

 

Duffy, J. E., Cardinale, B. J., France, K. E., McIntyre, P. B., Thebault, E., and Loreau, M. 

2007. The functional role of biodiversity in ecosystems: incorporating trophic 

complexity. Ecology Letters 10:522–538.  

 

Duffy, J. E. 2002. Biodiversity and ecosystem function: the consumer connection. 

Oikos 99:201–219. 

 

http://www.cell.com/trends/ecology-evolution/home
http://www.esajournals.org/loi/ecap


139 
 

Elmqvist, T., Folke, C., Nyström, M., Peterson,G.,   Bengtsson, J. and  Walker, B. 2003. 

Response diversity, ecosystem change, and resilience. Frontiers in Ecology and the 

Environment 1: 488–494. 

 

Evans, S. E., and Wallenstein, M. D.. 2014. Climate change alters ecological 

strategies of soil bacteria. Ecology Letters 17:155–164. 

 

Evans, S.E., Wallenstein, M.D. and Burke, I.C. 2014. Is bacterial moisture niche a 

good predictor of shifts in community composition under long-term drought? 

Ecology 95:110–122. 

 

Evans, S. and Wallenstein, M.  2012. Soil microbial community response to drying 

and rewetting stress: does historical precipitation regime matter?  

Biogeochemistry, 109: 101–116. 

 

 

Ficetola, F.G. and Denoel M. 2009. Ecological thresholds: an assessment of 

methods to identify abrupt chaes in species-habitat relationships. Ecography, 32, 

1075–1084. 

 

Fischer E.M. and Knutti R. 2013. Robust predictions of combined humidity and 

temperature extremes. Nature Climate Change Nature Climate Change 3: 126–130 

 

 



140 
 

Ficke, A.D., Myrick, C.A., Hansen, L.J. 2007. Potential impacts of global climate 

change on freshwater fisheries. Reviews in Fish Biology and Fisheries  17: 581–613 

 

Frank JH, Lounibos LP (eds) Phytotelmata: flora and fauna. Plexus, New Jersey, pp 

1–28. 

 

Freeman C., Greswell R., Guasch H., Hudson J., Lock M.A., Reynolds B., Sabater F. 

and Sabater S. 1994. The role of drought in the impact of climatic change on the 

microbiota of peatland streams. Freshwater Biology 32, 223–230 

 

Gilman, S. E., Urban, M. C.,  Tewksbury, J., Gilchrist, G. W.  and Holt, R. D.. 2010. A 

framework for community interactions under climate change. Trends in Ecology 

and Evolution 25:325–331. 

 

Girvan, M. S., Campbell, C. D. Killham, K.  Prosser, J. I.  and Glover, L. A.. 2005. 

Bacterial diversity promotes community stability and functional resilience after 

perturbation. Environmental Microbiology 7:301–313. 

 

Grant, K., Kreyling, J., Heilmeier, H., Beierkuhnlein,  and Jentsch, A.. 2014. Extreme 

weather events and plant-plant interactions: shifts between competition and 

facilitation among grassland species in the face of drought and heavy rainfall. 

Ecological Research 29: 991–1001. 

 

http://www.springer.com/life+sciences/ecology/journal/11160


141 
 

Grinnan, R., Carter, T. E.  and Johnson, M. T. J.. 2013. The effects of drought and 

herbivory on plant-herbivore interactions across 16 soybean genotypes in a field 

experiment. Ecological Entomology 38:290–302. 

 

Hart, E. M., and Gotelli, N. J.. 2011. The effects of climate change on density-

dependent population dynamics of aquatic invertebrates. Oikos 120:1227–1234. 

 

Hegerl, G. C., Hanlon, H. and Beierkuhnlein, C. 2011. Climate science: Elusive 

extremes. Nature Geoscience  4: 142–143. 

 

Heino, J., Virkkala, R. and Toivonen, H. 2009. Climate change and freshwater 

biodiversity: Detected patterns, future trends and adaptations in northern regions. 

Biol. Rev. 84: 39–54. 

 

Humphries P. and Baldwin D.S.  2003. Drought and aquatic ecosystems: an 

introduction. Freshwater Biology 48: 1141–1146. 

 

IPCC .2013. Climate change 2013: the physical science basis. In: Stocker TF, Qin D, 

Plattner G.K, Tignor M and others (eds) Contribution of Working Group I to the 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge University Press, Cambridge 

 

James E.K, Crawford R.M.M. 1998. Effect of oxygen availability on nitrogen fixation 

by two Lotus species under flooded condi- tions. J Exp Bot 49:599–609.  

 

http://www.nature.com/ngeo/


142 
 

Joos, O., Hagedorn, F., Heim, A., Gilgen, A.K., Schmidt, M.W.I., Siegwolf, R.T.W., 

Buchmann, N., 2010. Summer drought reduces total and litter-derived soil CO2 

effluxes in temperate grassland e clues from a C-13 litter addition experiment. 

Biogeosciences 7: 1031-1041. 

 

Knapp, A. K., Beier, C., Briske, D., Classen, A.,Reichstein, M.,  Smith, M., Smith, S., Bell, 

J., Fay,P., Heisler, J.,Leavitt, S.,Sherry, R.,Smith,B., and Weng, E. 2008. Consequences 

of more extreme precipitation regimes for terrestrial ecosystems. Bioscience 58, 

811–821. 

 

Kundzewicz, Z.W., Mata, L.J., Arnell, N.W., Doll, P., Jimenez, B., Miller, K., Oki, T., Sen, 

Z. and Shiklomanov, I. 2008. The implications of projected climate change for 

freshwater resources and their management. Hydrological Sciences Journal, 53:  3–

10. 

 

Lake, P. S. 2003.  Ecological effects of perturbation by drought in flowing 

water.Freshwater Biology 48, 1161–1172. 

 

Langhans, S. D. and Tockner, K. 2006. The role of timing, duration, and frequency of 

inundation in controlling leaf litter decomposition in a river-floodplain ecosystem 

(Tagliamento, northeastern Italy). Oecologia 147:501–509. 

 

Ledger, M. E., Brown, L. E., Edwards, F. K., Milner, A. M. and Woodward, G. 2013a. 

Drought alters the structure and functioning of complex food webs. Nat. Clim. 

Chang. 3, 223–227. 



143 
 

 

Ledger, M. E., L. E. Brown, F. K. Edwards, L. N. Hudson, A. M. Milner, and G. 

Woodward. 2013b. Extreme Climatic Events Alter Aquatic Food Webs. A Synthesis 

of Evidence from a Mesocosm Drought Experiment. Advances in Ecological 

Research. 

 

Lemoine, N., Schaefer, H.C. and Böhning-Gaese, K. 2007. Species richness of 

migratory birds is influenced by global climate change. Global Ecology and 

Biogeography, 16: 55– 64. 

 

Lensing, J.R., Wise, D.H., 2007. Impact of changes in rainfall amounts predicted by 

climate-change models on decomposition in a deciduous forest. Applied Soil 

Ecology 35: 523- 534. 

 

Lindberg, N.,Bengtsson, J. and  Persson, T. 2003. Effects of experimental irrigation 

and drought on the composition and diversity of soil fauna in a coniferous stand. 

Journal of Applied Ecology 40:192. 

 

Lockaby, B.G., Murphy, A.L., Somer, G.L., 1996. Hydroperiod influences on nutrient 

dynamics in decomposing litter of a floodplain forest. Soil Sci. Soc. Am. J. 60: 1267–

1272. 

 

Lytle, D .and Merritt, D.M.2004. Hydrologic regimes and riparian forests: a 

structured population model for cottonwood. Ecology 85: 2493–2503.  

 



144 
 

Maamri, A., Chergui, H. and Pattee, E. 1997. Leaf litter processing in a temporary 

northeastern Moroccan river. Archiv fur Hydrobiologie, 140:  513–531.  

 

Marino, N. . C., Guariento, R. D. , Dib, V., Azevedo, F. D. and Farjalla, V. F.. 2011. 

Habitat size determines algae biomass in tank-bromeliads. Hydrobiologia  

678:191–199. 

 

Merritt, R. W.  and Cummins, K. W.. 2008. An introduction to the aquatic insects of 

North America. Segunda edición. Kendall/Hunt Dubuque, Iowa. Pp. 722. 

 

Matthews, W.J. 1998, Patterns in Freshwater Fish Ecology. Chapman & Hall, New 

York. 

 

Milly, P. C. D., Dunne, K. A. and Vecchia, A. V. 2005. Global pattern of trends in 

stream flow and water availability in a changing climate. Nature 438:  347–350. 

 

Neale P. J., C. Sobrino, M. Segovia, J. M. Mercado, P. Leon, M. D. C., and A. F.-L. P. 

Tuite, A. Picazo, S. Salles, M. J. Cabrerizo, O. Prasil, V. Montecino, A. Reul. 2014. 

Effect of CO2, nutrients and light on coastal plankton. I. Abiotic conditions and 

biological responses. Aquatic biology 22:25–41. 

 

Nagarajan, R. 2009. Drought assessment. Dordrecht: Springer, 429pp.  

 

Nykvist, N., 1963. Leaching and decomposition of water-soluble organic substances 

from different types of leaf and needle litter. Studie Foretalia Suecica 3: 1–31 



145 
 

 

Ogutu, J. O.,  Piepho, H.P., Dublin, H.T., Bhola, N., Reid, R.S.2008. Rainfall infl 

uences on ungulate popula- tion abundance in the Mara-Serengeti ecosystem.  Journal 

of Animal Ecology 77: 814 – 829. 

 

Paerl, H. W., and V. J. Paul. 2012. Climate change: Links to global expansion of 

harmful cyanobacteria. Water Research 46: 1349–1363. 

 

Portner H.O., Knust R. 2007. Climate change affects marine fishes through the 

oxygen limitation of thermal tolerance. Science, 315,95–97. 

 

R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.. R 3.01.  

 

Richardson, B. A. 1999. The Bromeliad microcosm and the assessment of faunal 

diversity in a neotropical forest . Biotropica 31:321–336. 

 

Rojo, C., Álvarez-Cobelas, M. Benavent-Corai, J. Barón-Rodríguez, M. M. and. 

Rodrigo, M. A. 2012. Trade-offs in plankton species richness arising from drought: 

Insights from long-term data of a National Park wetland (central Spain). 

Biodiversity and Conservation 21: 2453–2476. 

 

Romero, G. Q., Nomura, F.  Gonçalves, A. Z. Dias, N. Y. N. Mercier, H.  Conforto, E. D. 

C. and Rossa-Feres, D. D. C.. 2010. Nitrogen fluxes from treefrogs to tank epiphytic 

bromeliads: An isotopic and physiological approach. Oecologia 162: 941–949. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Piepho%20HP%5BAuthor%5D&cauthor=true&cauthor_uid=18422558
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dublin%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=18422558
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bhola%20N%5BAuthor%5D&cauthor=true&cauthor_uid=18422558
http://www.ncbi.nlm.nih.gov/pubmed/?term=Reid%20RS%5BAuthor%5D&cauthor=true&cauthor_uid=18422558
http://www.r-project.org/


146 
 

 

Romero, G. Q., Mazzafera, P., Vasconcellos-Neto, J.  Trivelin, P. C. O. Romero, Q.  and 

Paulo, S.. 2006. Bromeliad-living spiders improve host plant nutrition and growth. 

Ecology 87: 803–808. 

 

Sabo, J. L., Finlay, J. C. and Post, D. M. 2009. Food chains in freshwaters. Annals of 

the New York Academy of Sciences.1162: 187–220. 

 

Salamanca, E. F., Kaneko, N. and Katagiri, S.. 2003. Rainfall manipulation effects on 

litter decomposition and the microbial biomass of the forest floor. Applied Soil 

Ecology 22: 271–281. 

 

Schaefer, H.C., Jetz, W. and Böhning-Gaese, K.. 2008 Impact of climate change on 

migratory birds: community reassembly versus adaptation. Global Ecology and 

Biogeography 17:38–49.  

 

Schaefer, H.C., Jetz, W. and Böhning-Gaese, K. 2007. Impact of climate change on 

migratory birds: community reassembly versus adaptation. Global Ecology and 

Biogeography 17:38–49. 

 

Schimel, J., Balser, T.C. and Wallenstein, M. 2007. Microbial stress response 

physiology and its implications for ecosystem function. Ecology, 88:  1386–1394. 

 

Schindler, D. W. 2006. Recent advances in the understanding and management of 

eutrophication. Limnology and Oceanography51: 356-363. 



147 
 

 

Smith and Smith 2012. Elements of Ecology (8th Edition) Paperback – January 7, 

2012  

 

Stehr, F.W. 2005. Immature Insects. Vol. 1 and 2. Kendall-Hunt Publishing 

Company. Dubuque, Iowa. 

 

Solan, M., Cardinale, B.J., Downing, A.L., Engelhardt, K.A.N., Ruesink, J.L. and 

Srivastava, D.S. 2004. Extinction and ecosystem function in the marine benthos. 

Science, 306: 1177–1180 

 

Srivastava, D. S. 2005. Do local processes scale to global patterns? The role of 

drought and the species pool in determining treehole insect diversity. Oecologia 

145:205–215. 

 

Srivastava, D. S., and Lawton, J. H.. 1998. Why more productive sites have more 

species : an experimental test of theory using tree-hole communities. The 

American naturalist 152:510–529. 

 

The Bromeliad working group http://www.zoology.ubc.ca/~srivast/bwg/  

 

Thompson, R. M., Beardall, J., Beringer, J., Grace, M. and Sardina, P. 2013. Means and 

extremes: Building variability into community-level climate change experiments. 

Ecol. Lett. 16,: 799–806. 

 



148 
 

Tietema, A., Wessel, W., 1994. Microbial activity and leaching during initial oak leaf 

litter decomposition. Biology and Fertility of Soils 18: 49–54. 

 

Walter, J., R. Hein, Beierkuhnlein, C.  Hammerl, V.  Jentsch, A. Schädler, M.  

Schuerings, J. and Kreyling, J.. 2013. Combined effects of multifactor climate change 

and land-use on decomposition in temperate grassland. Soil Biology and 

Biochemistry 60:10–18. 

 

Walther, G., Post, E.  Convey, P.. Menzel, A Parmesan, C. Beebee, T. J. C.  Fromentin, 

and Bairlein, F. 2002. Ecological responses to recent climate change. Nature 416: 

389–395. 

 

Wieder, R.K.  and Wright, S.J. 1995. Tropical forest litter dynamics and dry season 

irrigation on Barro Colorado island, Panama. Ecology 76:1971–1979 

 

Woodward, G. 2009. Biodiversity, ecosystem functioning and food webs in fresh 

waters: assembling the jigsaw puzzle. Freshwater Biology 54:2171–2187. 

 

Zou, Y., Wang, G., Grace, M. Lou, X. Yu, X. and Lu, X.. 2014. Response of Two 

Dominant Boreal freshwater wetland plants to manipulated warming and altered 

precipitation. PLoS ONE 9:e104454. 

 



149 
 

Table 5.1. Effects of mean amount of rainfall per day and dispersion parameter on environmental variables. MU= rainfall per day; K: dispersion 

parameter. 

 

 

 

 

Variable Model  Details  

Days without water Days without water/2 ~MU + K 

MU. F 1,27=43.08 (4.87e
-07

) 

K: F 1,27=39.35 (1.03e
-06

) 

 

GLM 

Quasipoisson 

Hydroperiod Hydroperiod * 1.7 ~MU + K    

MU: F 1,27= 29.83 (8.82e-
06

) 

K: F 1,27=21.73 (7.55e-
05

) 

 

GLM 

Gaussian 

Daily temperature mean Temperature mean ~ MU + K  + 1|time    

MU: F 9,1587= 41.01  (<0.0001) 

K: F 2,1587= 22.71  (<0.0001) 

MU*K: F 2,1587= 47.47  (<0.0001) 

 

LME 

Daily temperature maximal Temperature maximal ~ MU + K  + 1|time    

MU: F 9,1579= 14.98 (<0.0001) 

K: F 2,1579= 165.11 (<0.0001) 

 

LME 

Daily temperature minimal Temperature minimal ~ MU + K  + 1|time    

MU: F 9,1579= 15.03 (<0.0001) 

K: F 2,1579= 7.17 (8e
-4

) 

 

LME 

 Depth water Depth water~ MU + K  + 1|time    

MU: F 9, 5360 = 71.165  (<0.0001) 

K: F2, 5360 = 344.895 (<0.0001) 

 

LME 
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Table 5.2. Invertebrate abundance found in the experiment. Habitat T=Terrestrial, Aq=Aquatic; Stage: A=Adult, I=Immature 

 

Phylum Class Order Superfamily Family Subfamily Tribu Genus Habita

t 

Stage Abundanc

e 

Annelida Clitellata Lumbriculida      T A 27 

Arthropoda Arachnida Aranea  Anyphaenidae    T A 14 

 Ctenidae    T A 8 

 Dipluridae    T A 1 

 Liocranidae    T A 2 

 Oonopidae    T A 1 

 Theridiidae    T A 19 

Opiliones      T A 7 

Pseudoscorpion     T A 6 

Arachnida-Subclass Acari      Aq A 55 

Chilopoda Scolopendromorpha Scolopendridae   Scolopendra sp. T A 7 

Diplopoda Polydesmida  Polydesmidae    T A 97 

Diplopoda       T A 69 

Entognatha Collembola Entombryoidea Entomobryidae    T A 68 

Isotomoidea Isotomidae    T A 8 

Hypogastruroidea Hypogastruridae   T A 10 

Diplura      T A 12 

Insecta Coleoptera Caraboidea Carabidae Harpalinae Odacanthini  T I 23 

Carabidae    T A 9 

Byrrhoidea Ptilodactylidae    Aq I 6 

Chrysomeloidea Chrysomelidae    T A 1 

Cucujoidea Erotylidae    T A 3 

Curculionoidea Curculionidae    T A 10 
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  Elateroidea Cantharidae Cantharinae   T A 6 

Elatelidae    T I 6 

Scirtoidea Scirtidae   Scirtes sp. Aq I 622 

Staphylinoidea Leiodidae    T A 1 

Ptiilidae   morpho1 T A 32 

  morpho1 T I 32 

  morpho2 T A 19 

  morpho2 T I 10 

  morpho3 T I 3 

Staphylinidae    T I 32 

   T A 17 

Dermaptera Forficuloidea Forficulidae    T A 26 

Dictyoptera Blattoidea Blattidae    T A 5 

Diptera Ephydroidea Ephydridae    Aq I 9 

Stratiomyoidea Stratiomyidae    Aq I 4 

Syrphoidea Syrphidae Eristalinae Eristalini Eristalis sp. Aq I 16 

 Syrphidae   morpho 1 Aq I 16 

 Syrphidae   morpho 3 Aq I 5 

Anisopodoidea Anisopodidae    Aq I 6 

Chironomoidea Ceratopogonidae Ceratopogo

ninae 

Palpomyini Siylobezzia sp. Aq I 6 

Ceratopogonidae Forcipomyii

nae 

 Atrichopogon sp. Aq I 7 

Chironomidae Chironomin

ae 

  Aq I 1297 

Culicoidea Culicidae Culicinae Aedini Haemagogus sp. Aq I 3 

Toxorhynchitini Toxorhynchites sp. Aq I 5 

Mycetophiloidea Mycetophilidae    T I 7 
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Psychodoidea Psychodidae Psychidinae  Pericoma sp. Aq I 13 

  morpho1 Aq I 37 

Scatopsoidea Scatopsidae    Aq I 4 

  Sciaroidea Cecidomyiidae    T I 1 

Sciaridae    T I 140 

    T I 20 

Tipuloidea Tipulidae Limoniinae Eriopterini Ormosia sp. Aq I 25 

Tipulinae  Tipula sp. Aq I 2 

Hemiptera Dipsocoroidea Dipsocoridae    T A 1 

Enicocephaloidea Enicocephalidae    T A 4 

Pentatomoidea Cydnidae    T A 3 

     T N 5 

Hymenoptera Vespoidea Formicidae    T A 10 

Lepidoptera      Aq I 4 

Odonata Coenagrionoidea Coenagrionidae   Oreiallagma 

oreas 

Aq I 4 

 Orthoptera      T A 3 

Malacostrac

a 

Isopoda      T A 166 

Maxillopoda(subclass 

Copepoda 

     Aq A 2 

Mollusca        T A 9 

Platyhelmint

hes 

Turbellaria Tricladida Planarioidea Planaridae Planaria   Aq A 4 
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Table 5.3. Generalized linear models for abundance and number of species of macro invertebrate community with Gaussian family. MU= 

rainfall per day; K: dispersion parameter.  

Variable    DETAILS OF THE MODEL  

Abundance Total MU: F1,23= 5.860 (0.023) 

K:  F1,23= 6.279 (0.019) 

Depth mean: F 1,23 = 4.796 (0.038)  

Hydroperiod: F1,23 = 1.849 (0.187)   

Days without water: F1,23 = 0.708 (0.408) 

MU*K: F1,23 = 0.336  (0.567) 

y^1.4/bromeliad capacity 

Aquatic MU: F1,23= 4.743 (0.040) 

K:  F1,23= 3.796 (0.063) 

Depth mean: F 1,23 = 0.173 (0.680)  

Hydroperiod: F1,23 = 1.958 (0.175)   

Days without water: F1,23 = 4.212 (0.051) 

MU*K: F1,23 = 0.638 (0.432) 

y^1.4/bromeliad capacity 

Terrestrial MU: F1,23= 2.178 (0.154) 

K:  F1,23= 2.088 (0.162) 

Depth mean: F 1,23 = 12.257 (0.002)  

Hydroperiod: F1,23 = 0.608 (0.443)   

Days without water: F1,23 = 2.957 (0.098) 

MU*K: F1,23 = 0.019 (0.890) 

y/ bromeliad capacity 
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Richness Total MU: F1,23= 12.741(0.001) 

K:  F1,23= 2.620 (0.119) 

Depth mean: F 1,23 = 0.007 (0.930) 

Hydroperiod: F1,23 = 0.001 ( 0.968)   

Days without water: F1,23 = 0.259 (0.615) 

MU*K: F1,23 = 2.408 (0.134) 

y/bromeliad capacity 

Terrestrial MU: F1,23= 6.590(0.017) 

K:  F1,23= 3.242 (0.084) 

Depth mean: F 1,23 = 0.181 (0.674) 

Hydroperiod: F1,23 = 0.016 ( 0.900)   

Days without water: F1,23 = 0.117 (0.735) 

MU*K: F1,23 = 0.203 (0.656) 

y/ bromeliad capacity 

Aquatic MU: F1,23= 8.348(0.008) 

K:  F1,23= 0.225 (0.639) 

Depth mean: F 1,23 = 0.406 (0.530) 

Hydroperiod: F1,23 = 0.009 ( 0.927)   

Days without water: F1,23 = 1.017 (0.323) 

MU*K: F1,23 = 5.273 (0.031) 

y/ bromeliad capacity 

Functional groups Filter feeder  MU: F1,23= 4.499 (0.044) 

K:  F1,23= 2.851 (0.104) 

Depth mean: F 1,23 = 1.042 (0.317)  

Hydroperiod: F1,23 = 0.417 (0.524)   

Days without water: F1,23 = 0.018 (0.893) 

MU*K: F1,23 = 0.277 (0.603) 

y * 10/bromeliadcapacity  
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Predator  MU: F1,23= 0.280 (0.601) 

K:  F1,23= 2.043 (0.166) 

Depth mean: F 1,23 = 7.89 (0.009)  

Hydroperiod: F1,23 = 0.641 (0.431)   

Days without water: F1,23 = 0.975 (0.333) 

MU*K: F1,23 = 1.342 (0.258) 

 

Y *100/bromeliad capacity  

 

 

  

Gatherer 

   

  

  

  

  
 

MU: F1,23= 0.618 (0.439) 

K:  F1,23=0.517 (0.479) 

Depth mean: F 1,23 = 2.435 (0.132)  

Hydroperiod: F1,23 = 1.490 (0.234)   

Days without water: F1,23 = 1.218 (0.281) 

MU*K: F1,23 = 14.621 (0.0008) 

 Y /bromeliad capacity  

Scraper 

   

  

  

  

  
 

MU: F1,23= 0.005 (0.943) 

K:  F1,23=3.537 (0.072) 

Depth mean: F 1,23 = 0.502(0.483)  

Hydroperiod: F1,23 = 20.467 (0.0001)   

Days without water: F1,23 = 0.116 (0.736) 

MU*K: F1,23 = 4.839 (0.038) 

y / bromeliad capacity  
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Table 5.4. ANOVA Betadiversity Disimilarity Index for abundance and 

presence/ausence of macroinvertebrate. MU= rainfall per day; K: dispersion parameter. 

Community  Index Mean +/- SD    MU K 

All Bray Curtis 0.5623 +/- 0.14 0.40 (0.916) 1.02 (0.373) 

 Raup 0.060 +/- 0.108 35.81 (2.092e
-10

) 1.491 (0.243) 

 Jaccard  0.71 +/- 0.11 0.477 (0.872) 0.872 (0.429) 

 Horn 0.28+/-0.21 1.612 (0.178) 0.394 (0.677) 

 Sorensen 0.52+/-0.082 1.06 (0.42) 2.55 (0.096) 

 Chao  0.19 +/- 0.14 11.054 (5.305e
-06

) 0.316 (0.731) 

Aquatic Bray Curtis 0.51+/- 0.19 0.511 (0.848) 0.679 (0.515) 

 Raup 0.20 +/- 0.19 6.825 (0.0001)  0.094(0.909) 

 Jaccard  0.66 +/- 0.17 0.644  (0.746) 0.615(0.547) 

 Horn 0.17+/-0.19  4.763 (0.001)  0.235 (0.791) 

 Chao  0.16+/- 0.13 3.420 (0.010)    0.010 (0.989) 

 Sorensen 0.49+/-0.12 0.882  (0.556) 0.483 (0.621) 

Terrestrial Bray Curtis 0.65+/- 0.11 0.306 (0.963) 1.504 (0.240) 

 Raup 0.13 +/- 0.16 21.089  (2.47e
-08

)  5.590 (0.009)  

 Jaccard  0.78 +/- 0.08 0.285  (0.970) 1.4422 (0.254) 

 Horn 0.54+/-0.20 0.706  (0.696) 2.487  (0.102) 

 Chao  0.32+/- 0.22 0.816  (0.607) 3.713(0.037)   

 Sorensen 0.53+/-0.10 0.6132  (0.771) 2.174 (0.133) 
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Table  5.5. Effects of mean amount of rainfall per day, dispersion parameter, depth of water, temperature daily, hydroperiod and days without 

water on ecosystem process.  GAM; MU= mean amount of rainfall per day; K=dispersion parameter. Highlight values are significant.   

 

PROCESS VARIABLE  DETAILS OF THE MODEL  

Decomposition FPOM MU: F1,23= 1.908 (0.180) 

K:  F1,23= 0.002 (0.963) 

Depth mean: F 1,23 = 11.411 (0.002)  

Hydroperiod: F1,23 = 0.524 (0.476)   

Days without water: F1,23 = 0.684 (0.416) 

Mu*K: F1,23 = 0.537(0.471) 

 

Gaussian 

Detritus loss percentage Mu:  F1,23 = 0.766 (0.390) 

K: F1,23 = 0.122(0.729) 

Depth mean: F1,23 =  5.669 (0.025) 

Hydroperiod: F1,23 =  4.542 (0.043) 

Days without water: F1,23 = 0.0009 (0.976)  

MU*K: F1,23 = 1.152 (0.294)   

 

Quasipoisson 

 

 

  

Litter Loss percentage Mu:  F 1,53=7.957 (0.006) 

K:  F 1,53=2.565 (0.115) 

Depth mean: F1,53 = 0.695(0.408)   

Hydroperiod: F1,53 = 3.992 (0.050) 

Days without water: F1,53 = 1.119 (0.294)    

MU*K: F1,53 = 4.943 (0.03) 

Quasipoisson 
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Primary productivity Chlorophyll-a Mu: F1,16=15.528 (0.001) 

K: F1,16=1.44 (0.247) 

Depth mean: F1,16= 1.442 (0.306)   

Hydroperiod: F1,16= 0.0142 (0.906) 

Days without water: F1,16=0.582 (0.456) 

MU*K: F1,16= 3.340 (0.086) 

 

Chlorophyll-a ^0.25 

Gaussian 

Turbidity Mu: F1,16=56.81 (1.2 e-6) 

K: F1,16=3.705 (0.072) 

Depth mean: F1,16= 3.265 (0.089)   

Hydroperiod: F1,16= 0.884 (0.360) 

Days without water: F1,16=0.794(0.386) 

MU*K: F1,16= 1.782 (0.200) 

 

Turbidity^0.5 

Gaussian 

 

Flux of nutrients Nitrogen percentage  Mu: F1,27= 1.270 (0.269) 

K: F1,27= 1.689 (0.204) 

Nitrogen percentage/2 

Quasipoisson  

Depth mean: F 1,16 = 1.387 (0.251)     

Temperature: F 1,16 = 0.018(0.018) 

Hydroperiod: F 1,16 = 4.576 (0.043) 

Days without water: F1,16 = 1.421 (0.245)  
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Figure 5.1. Mean of precipitation records (mm) of study area for each month from 1997 to 2012. 
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Figure 5.2.  Variation in environmental variable through shift in the amount of rainfall and dispersion parameter. A. Hydroperiod; B. Days 

without water; C. Mean of depth of water; D. Mean of daily temperature. 
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Figure 5.3. Abundance of invertebrate according to MU (mean rainfall amount) and K (dispersion parameter). A.  Abundace total of invertebrate; 

B. Abundance of aquatic invertebrates.  
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Figure 5.4. Number of invertebrate species according to MU (mean rainfall amount) and K (dispersion parameter). A. Number of species total; B. 

Number of species terrestrial; C. Number of species aquatic. 
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Figure 5.5. Shift in the decomposition process according to mean rainfall amount, depth of water and hydroperiod. A. Variation of 

percentage of litter loss with rainfall mean; B. Variation of FPOM(fine particule organic matter) with water depth mean; C. Variation of 

detritus loss percentage with hydroperiod. D. Variation of detritus loss percentage with depth mean 
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Figure 5.6. Shift in the Chlorophyll-A and turbidity according to mean rainfall amount and hydroperiod. A. Variation of Chlorophyll-A 

with rainfall amount (MU);  B. Variation of turbidity with mean rainfall amount (MU) 
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6. CHAPTER 6: HYDROLOGICAL REGIMEN EFFECT ON NITROGEN AND 

ENERGY FLUX IN A FOOD WEB 

6.1. ABSTRACT 

Climate change can affect the diversity and composition of communities through loss of 

particular predator species. Moreover, predators influence populations, communities, 

and ecosystem processes. Therefore, it is relevant to assess the consequence of the 

interaction between climate change and predators and energy and nutrient flux in food 

webs. We assessed the energy and nitrogen flux in a bromeliad invertebrate food web, 

and determined the response of this food web to alterations in precipitation and 

predators and their interaction. We designed a factorial design in which precipitation 

treatments were drought, and the mean precipitation and heavy rainfall and trophic 

treatments represented the presence/absence of predator larvae Oreiallagma oreas, an 

intraguild predator.  The interaction between precipitation changes and trophic structure 

affected the energy flux from litter to detritivores, filter feeders, and predators; energy 

flux to predators increased when energy flux decreased for detritivores.  A shift in the 

precipitation regime affected detritivore and predator nitrogen gain and flux; predators 

presented a high nitrogen gain and nitrogen flow in the precipitation treatment where 

detritivores had low values for these. In conclusion, precipitation changes and predator 

presence can be altered in a bromeliad food web through shifts in the energy and 

nitrogen flow, with predators and detritivores being more sensible to the precipitation 

shift. Vulnerability to predator loss in a food web could occur under future precipitation 

changes, related more to its loss of efficiency in obtaining energy and nitrogen from the 

low trophic levels than to survival. Detritivores could be vulnerable to a reduction in 
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their population due to the effects of climate change and predation on predation risk and 

foraging. 

 

6.2. INTRODUCTION 

 

Climatic change can affect the diversity and composition of communities through loss 

of species (Sabo et al., 2010; Sala et al., 2000) as each species has a species-specific 

physiological tolerance range of environmental variables such as precipitation and 

temperature (Hoffman and Parson, 1997). Predator species are the most strongly 

affected during a climatic extreme event, as predators are often larger in body size, have 

lower population densities and higher energetic requirements than other species (Solan 

et al., 2004; Cardillo et al., 2005). Moreover, predators have limited access to spatial 

refuges (Ledger et al., 2013), have greater requirements for wet habitat (Dewson et al., 

2007; Ledger et al. , 2011), and have limited food resources in aquatic food webs; as a 

consequence, the predators could be highly sensitive to a several drought or heavy 

rainfall period with  consequences for ecological interactions and ecosystem processes.    

 

Loss of predator species or loss of predation could affect predator–prey interactions 

(Van der Putten et al., 2010; Tylianakis et al.,2008). Predation has negative effects on 

the populations of adjacent trophic levels (prey), but positive effects on the trophic level 

below this adjacent level (Carpenter et al., 1985; Persson, 1999; Sinclair et al., 2000; 

Kneitel and Miller, 2002); therefore, predators can be important to maintaining the 

diversity of communities (Owning and Leibold, 2002; Cochran-Stafira and von Ende, 

1998; Paine, 2002; Duffy, 2003; Fukami et al., 2006; Schmitz, 2006; Duffy et al., 

2007). Moreover, those relationships could be affected by change in climate events; 
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decreases in water temperature reduced the effects of keystone predator, sea star 

Pisaster ochraceus, on its principal prey (mussel) in a marine ecosystem (Sanford, 

1999), whereas predation pressure decreases from high temperature allows prey species 

to survive (Harley, 2011).   

 

In addition, predators influence the flux of energy and nutrients in ecosystems (Duffy et 

al., 2007; Walther, 2010; Schmitz et al., 2003) such as decomposition, primary 

productivity, and nitrogen flux through excretion and ingestion of nutrients, the spatial 

translocation of nutrients (as predators can consume resources in one area and excrete 

into another), trophic cascade effects, spatial and temporal changes in the size and 

identity of consumed prey, and alteration in the efficiency of foraging (Schmitz et al., 

2010). Flatworms (a predator) positively affect microbial decomposers, increasing the 

litter decomposition and altering the carbon flow and nutrient cycling in detritus-based 

ecosystems (Majdi et al., 2014). Damselfly larvae (a predator) reduces detritivore 

emergence, leading to retention of nitrogen in bromeliads (Ngai and Srivastava, 2006). 

Predator extinctions alter negatively primary productivity in freshwater ecosystem 

(Seguin et al., 2014). Furthermore, climate alteration could affect the predator effects on 

ecosystem process (Walther 2002); changes in rainfall and temperature alter cascading 

trophic interactions and its effects on litter decomposition and net primary production 

(Lensing and Wise, 2006; Walther, 2002; Dossena et al., 2012).   

 

Despite the potential impact of climate change on ecosystem function; little is known 

about the consequence of interaction between climate change and predator on the flux 

of energy and nutrients into food webs; except for the study of Miller et al., 2014, where 

they found that the combined effects of elevated temperature, a measure of climate 
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change, and predation risk may influence the individual fitness and reduce the 

efficiency of energy transfer in natural food chains.  On the other hand, variation in the 

hydrological regime is predicted by climate change, with increase in the intensity and 

frequency of extreme climate events (IPCC, 2013); therefore, precipitation variation 

could affect the flux of energy and nutrients of ecosystem with higher effects on the 

aquatic ecosystem.  

 

One aquatic ecosystem is the tank-bromeliad that provides a habitat for aquatic 

organisms becoming in a relevant microecosystem into the Neotropical forests (Brouard 

et al., 2012). Tank-bromeliad collects water and organic detritus as sources for the 

aquatic food web and bromeliad itself (Ngai and Srivastava, 2006). The bromeliad 

invertebrate food web consist of microorganism such as bacteria, algae, fungi, and 

protozoa (Brouard et al., 2012, Carrias et al., 2001) and diverse invertebrate  (Frank and 

Lounibos, 2009) such as detritivores, which fragment the leaf litter in small particles of 

organic matter, collectors and filter-feeder, which consume the particulate organic 

matter into water column, and predator, which eat detritivores, filter feeder and other 

predators (Kitching, 2000). The objective of this study was to trace the flux of energy 

and nitrogen cycle in a bromeliad invertebrate food web, and determine the response of 

this food web to altered precipitation and food web structure (presence /absence 

predator) and the interaction between those factors. Specifically, we would like to 

evaluate how the food web structure affects the energy and nitrogen pathway in the food 

web, How is this impacted by changing precipitation? Is there an interaction between 

food web structure and drought? We expect change in the energy and nitrogen flux 

between the food web structures; the addition of Oreiallagma oreas (predator) could 

lead to a reduction in prey abundance and an increase in the flux of energy within the 
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food web. We expect changes in precipitation to alter energy and nitrogen flux in the 

food webs; reductions in precipitation could shift the food web to a detritivore-

damselfly food chain if the mosquitoes were more sensitive to drought. Alternatively, 

drought could indirectly benefit detritivores and filter feeder if O. oreas was more 

affected.  

 

6.3. METHODS 

6.3.1. Study Area 

 

The experiment took place from April to June of 2014 within a Colombian montane 

cloud forest. The study was conducted in “Reserva Forestal Protectora de las Cuencas 

Hidrográficas de Rio Blanco y Quebrada Olivares”  Manizales (Caldas, Colombia). It is 

located on the western slopes of the Central Mountain Range in Colombia 

(05°3’96.7’’N; 75°26’’88.4’’W), with secondary forest and Alder plantation between 

2150 y 3700 m.a.s.l., the annual temperature average is 19°C; the annual precipitation 

mean is 2500 mm; the area has a bimodal precipitation with the rainfall between April -

May and October -November (Corpocaldas, 2000). 

 

We designed a factorial design in which factors were precipitation amount and trophic 

structures. The precipitation treatment was 0.1x, 1x, 3x of the mean amount of rainfall 

at the field station on the last 16 years; each precipitation scenario was represented by 

20 artificial bromeliads. The trophic treatments had combinations of the 

presence/absence of predator larvae Oreiallagma oreas, an intraguild predator present 

in the Guzmania multiflora, an abundant bromeliad in the study area (Figure 6.1).  
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We conducted the experiment in artificial bromeliad was built with plastic cups of 500 

ml of capacity and covered to control the entrance of water; each artificial bromeliad 

had  a 50 ml centrifuge tube in order to control food web structure.  Each tube had small 

holes to permit the flux of water and gases but not insects, a mesh bag at the top to catch 

any insects that may emerge, a small piece of green plastic to simulate bromeliad leaves. 

Moreover, we added a specific number of each trophic group present in natural 

bromeliads (Figure 6.1) and 200 mg of leaves of Alnus acuminata enriched with 
15

N-

ammonium sulfate (5g/1L) for one month before the beginning of the experiment.  We 

added water to each replicate according to the daily precipitation treatment schedule; 5 

ml of water were taken from each replicate daily to prevent an increase in the 

concentration of bacteria. At the end of the experiment, we measured the temperature, 

conductivity, and water volume present in each replicate to assess the effects of drought 

and trophic structure on the environmental conditions.   

 

We measure the conductivity and temperature (
o
C) of water to know the effects of the 

shift in the rainfall amount and presence/absence of the intraguild predator on 

physicochemical characteristic of water.. To determine how precipitation and trophic 

structure jointly determine shifts in the flux and pools of energy and nutrients in the 

food web, we measured the biomass, survival of the insects in the food web, as well as 

δ
15

N, δ
 13

C, and percentage of Nitrogen in FPOM, detritus, and surviving insects. To 

calculate the FPOM we collected water and sediment present into the artificial 

bromeliad; added clean water until a total volume of 1000 ml was reached and filtered it 

using a syringe of 50ml and GFC 25mm Whatman filters that had been dried and 
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weighed. The total mass of FPOM in mg was obtained by dividing the FPOM mass by 

the volume pushed through multiplied by 1000, then from this value is subtracted the 

mass of the dry filter. 

 

We calculated the survival percentage of each trophic level as number of final 

individuals divided by number of initial individuals plus 100 for each replicate and for 

each trophic level in the experiment. Moreover, we use allometric equations, which 

relate mass with the length of the individual to calculate the biomass of organism in the 

experiment. We measured the body lengths using an ocular micrometer for individuals 

of Culex sp., Scirtes sp., and callipers for O. Oreas; length was measured to head from 

anus, in the case of damselfly include the gills. We dried the organism for 48 h at 55 
o
C, 

then weighed it. We created allometric equations for each group using values from the 

length and mass measurement of 20 individuals of each group in a regression analysis 

(the best of linear, logarithmic, power and exponential models), then we calculated the 

mass of Scirtes sp. Culex sp. and O. Oreas individuals in the initial and final of the 

experiment with these equations  

Log (Culex sp. mass) = -6.632 + 2.469 log (Culex sp. length), r
2
=0.8511 

Log (Scirtes sp. mass)= -6.272 + 2.722 log (Scirtes sp. length), r
2
=0.695 

Log (O. oreas mass)= -4.55 + 2.736 log (O. oreas length), r
2
=0.955 

 

We measured the change in the energy flux as the change of biomass between beginning 

and end of the experiment for each predator, detritivores, filter feeder, and leaves. We 

assumed that biomass loss of predators reflects respiration and excretion loss. 

 

Subsets of initial insects of each trophic level, leaves and all insects and leaves in the 
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end of the experiment were cleaned, dried, and ground to know the shift in the nitrogen, 

carbon isotopic composition and nitrogen percentage. One gram of all samples were 

analyzed for their stable isotope of nitrogen 15 and carbon 13 and percentage of 

Nitrogen. Isotopic analysis was done in Cornell University Stable Isotope Laboratory 

(COIL) using a Finnigan MAT Delta Plus gas isotope –ratio mass spectrometer 

interfaced with a Carlo Erba NC2500 elemental through a Conflo II open split interface 

for elemental and isotopic composition of solid samples. The natural abundance of the 

ratio of 15N to 14N was calculated as follows:  

d15N(‰) = [(15N/14N)sample/(15N/14N)standard − 1)] × 1000 

where (15N/14N)sample is the N isotope ratio of the samples, and (15N/14N)standard is 

the N isotope ratio of the standard material. The standard for stable N isotopes is 

atmospheric molecular (AIR) and for stable C isotopes is limestone (Pee Dee 

Belemnite). We calculated the shift of Nitrogen and Carbon isotope and Nitrogen 

percentage as delta of final value minus the initial value  (e.g. δ15N= δ15Nf -δ
15Ni)  

(Middelburg, 2014). We assumed that nitrogen lost during the experiment reflects 

export in the water column and microorganisms. 

 

6.3.2. Statistical analyses 

 

We used Generalized Linear Models (GLMs) to evaluate the effect of precipitation 

magnitude and trophic structure on the environmental variables and variables associated 

with food webs (biomass, survival, nitrogen isotope and percentage of carbon) using the 

Gaussian distribution within the R statistic program (R Core Team, 2013).  
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6.4. RESULTS 

6.4.1. Environmental variables 

 

The results show that conductivity is affected by precipitation amount (MU), trophic 

structure, and interaction between rainfall precipitation and trophic structure  (GLM, 

Gaussian, conductivity^0.5; MU F254= 117.221 (2x10
-16

), trophic structure F1,54= 0.384 

(0.1608), MU*Trophic structure F2,54= 0.464 (0.098)). Whereas, the precipitation 

amount and the presence of predator did not affect water temperature (ANOVA; MU 

F2,54= 0.351(0.705), Trophic structure F1,54=0.717(0.401), MU*trophic structure F 2,54= 

0.007 (0.993)).   

 

6.4.2. Survival of insects 

 

The survival of predator, filter feeder and detritivores was similar between precipitation 

regimens, on the contrary, trophic structure affected the survival of all insects into the 

experiments; reducing the survival of detritivores and filter feeder.  The results of our 

experiment reveal that the predator reduced the survival of Scirtes sp. and Culex sp.; 

however, Oreiallagma oreas predation affected the survival of Culex sp. in lower 

proportion than Scirtes sp. survival. Culicidae individuals had the greatest survivial 

percentage in the lower rainfall, whereas Scirtes sp. individuals survival was similar 

between precipitation treatments in the presence of predators. Although not statistical 

significant, the survival percentage of Culex sp.  and Scirtes sp. individuals  was higher 

in less and mean rainfall treatment when the predator was absent; moreover,  Culex sp. 

individuals survival was higher than Scirtes sp., for all precipitation amounts when the 

predator was absent (Table 6.1).  
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6.4.3. Flux of energy  

 
The precipitation changes and trophic structure affected the biomass of FPOM, 

detritivores, and predators, but not of filter feeders and litter. Trophic structure and its 

interaction with precipitation amount affected fine particular organic matter (FPOM); 

normal and high precipitation amount had high FPOM biomass when the predator was 

presence; lower precipitation and the presence of predators led to low FPOM biomass; 

FPOM was reduced through increased precipitation in artificial bromeliads without 

predators (Figure 6.2). The shift in the precipitation magnitude and its interaction with 

trophic structure affected detritivore biomass. Precipitation regime had contradictory 

effects on detritivore biomass according to the presence or not of predators; biomass 

gain of Scirtes sp individuals in treatments without predators was high during low 

precipitation regimen; on the contrary, Scirtes sp. biomass gain increased from 0.1xMu 

to 1XMu in treatment with predator. The gain of biomass for Oreiallagma oreas 

(predator) was highest in the treatment that simulated the drought and lower in other 

precipitation treatments (Figure 6.2).  

  

Moreover, Culex sp. (filter fedder) Δδ
13

C isotopic composition shifted in the presence 

of predator and there was an interaction with precipitation magnitude; Culex sp. 

reduced. Δδ
13

C values in the absence of predators from less precipitation to heavy 

rainfall. The Δδ
13

C of Scirtes sp. was reduced through additional precipitation in the 

presence of the predator, unlike the food web without predators. Although, predator 

Δδ
13

C trends do not have statistical significance; the graph shows an increase in Δδ
13

C 

through increase of precipitation regimen (Figure 6.3).  
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6.4.4. Flux of Nitrogen  

 

Shift in the precipitation regimen affected detritivore and predator nitrogen percentage; 

predator had high nitrogen gain in the precipitation treatment where detritivore had low 

nitrogen gain; for instance, we found low predator nitrogen percentage and high 

detritivore precipitation amount in the treatment 1X. Moreover, extreme rainfall events 

(drought- flooding) led to increase the predator nitrogen percentage. Trophic structure 

(presence /absence of predator) influenced nitrogen percentage of detritivore, filter 

feeder, and fine particle organic matter; presence of predator allowed more nitrogen 

percentage accumulate of FPOM at treatment 1X and 3 X and reduced nitrogen gain for 

detritivores in the extreme of rainfall events. Furthermore, drought (X0.1 mean 

precipitation treatment) led to higher gain of nitrogen to filter feeder in predator 

presence, whereas in the other rainfall treatment the nitrogen gain was similar between 

predator and no predator (Table 6.1, Figure 6.4). 

 

Precipitation regimen and trophic structure influenced the detritivores and predator 

nitrogen isotope, but not the FPOM, leaf litter, and filter feeder nitrogen isotope 

composition change (Table 6.1). Flow of nitrogen increase to predator and decreased to 

detritivores in presence of predator from drought treatment to heavy rainfall treatment; 

while nitrogen flux to detritivore increase throught increase of precipitation in food web 

without predator (Figure 6.4).   

 

6.5. DISCUSSION  

 

Combined effects of climate variation and loss of predators could alter ecosystem 

functions. In this study, we assessed the flux of energy and nitrogen into a bromeliad 

invertebrate food web, and the effects of precipitation and presence of predator on this 
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food web. We predicted that change in the energy and nitrogen flux between the food 

web structures due to the addition of O. oreas (predator) could lead to reductions in the 

detritivore and filter feeder abundance, increasing the flux of energy into the food web. 

Moreover, we expected changes in precipitation to alter energy and nitrogen flux in the 

food webs through a shift the food web according to which species may be more 

sensitive to precipitation change. Our results demonstrated that hydrological change; 

trophic structure and their interaction affected the bromeliad food web. Predator 

presence altered the survival of insect prey. A shift in the precipitation regime and 

predator presence influenced the biomass, carbon isotopic, nitrogen isotope 

composition, and nitrogen percentage of insects; moreover, the basal resource was 

unaffected by the combination of predation and precipitation change. 

 

Trophic structure altered the survival of insects; in particular, the population density of 

detritivore and filter feeder species decreased with the presence of O. oreas. The high 

Culex sp. survival in low precipitation treatments suggest that predators reduced their 

efficiency to catch Culicidae during drought events although some Culex species 

(specifically C. jenningsi) have the ability to reduce the attack risk by predator in 

bromeliads of Costa Rica (Hammill et al., 2015). Scirtes sp. had low survival compared 

to Culex sp. We hypothesize that this might be due to a lack of predator avoiding 

strategies, in contrast to Culex sp., thus, there could not be opportunity for evolution of 

avoiding strategies in Scirtes sp.  

 

Our study supported the idea that predator and climate change could affect the biomass 

of trophic levels with a higher effect on primary consumers and predators (Sonja and 

Kautsky, 2007; Ledger et al., 2013). We found that detritivores’ biomass gain varied 
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according to an interaction of predator and precipitation; the amount of energy gained 

for detritivores in the presence of predator was higher in low precipitation regimes 

indicating that drought increases predator risk as found in marine ecosystems, where 

Carcinus maenas reduce the growth of Nucella lapillus in a warming experiment 

(Miller et al., 2014) and predation risk could alter prey metabolism influencing the prey 

growth (Hawlena and Schmitz, 2010). Moreover, the amount of rainfall had a negative 

effect on efficiency of obtain energy through detritivory and affected indirectly the 

energy obtained by predators (Stoks et al., 2005).  

 

Carcasses, excretions (feces and urine) of organisms, and decomposition of leaves can 

produce FPOM in the water column. We suspect that excretions and leaf decomposition 

produced the FPOM in our experiment as dead insects were removed throughout the 

experiment. We found that the FPOM amount was affected by trophic structure; overall 

FPOM was higher when the predator was present in the food web as a result of the 

excretion of predators. However, the interaction between predator presence and 

precipitation amount created a model of FPOM production that is similar to the model 

of biomass gain for detritivores and contrary to predator biomass gain; FPOM decreased 

when precipitation amount increased in food web without predators and FPOM 

increased in presence of predator under drought, indicated by high production of large 

amounts of fecal material by detritivores.  

 

Carbon isotope composition of organic matter and insects are utilized to trace carbon 

flow in food web; the difference between carbon isotope composition at initial and final 

times show that the flow of energy from leaf to Culex sp. and Scirtes sp. shifted 

according to trophic structure; detritivores were the most depleted and filter feeder were 
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the most enriched in the carbon isotope. Less flow of energy to detritivores in the 

presence of predator indicated that predation risk led to a physiological stress responses 

of detritivores such as elevated metabolic and respiration rate, reducing their carbon 

gain or secondary production (Hawlena and Schmitz, 2010a,b; Trussell et al., 2006). 

Filter feeder carbon enrichment in the heavy rainfall indicates that individuals of Culex 

sp. that resisted predation by O. oreas could obtain more energy from the FPOM in the 

water column. 

 

Nitrogen percentage gain for trophic levels shifted according to predator presence and 

precipitation regime. Predators altered the nitrogen increase for adjacent trophic levels; 

predator presence reduced the nitrogen increase by Scirtes sp. but favored Culex sp. 

Nitrogen increases. This result suggests that top-down control caused by changes in 

prey foraging behavior may be enhanced under projected climate change scenarios 

(Barton et al., 2009; Hoekman, 2010) with species residing in the middle (intermediate) 

balancing the trade-off between the foraging and predation risk (Trussell and Schmitz, 

2012); moreover, FPOM higher nitrogen percentage into food webs with predator in 

mean and high precipitation treatment indicanting high excression levels of prey and 

predation; while in minimal precipitation the FPOM is reduced in the presence of 

predator indicating more retention of nitrogen for predator. Precipitation regimen is a 

relevant factor to predator and detritivore nitrogen percentage; predator nitrogen 

percentage gain is less in the mean precipitation where the detritivore had the high 

nitrogen. Furthermore, Nitrogen isotope of predator and detritivore was affected by 

precipitation regimen; nitrogen flow from leaf to predator was higher in the mean 

precipitation where detritivores had loss in the nitrogen flow indicanting that the effect 
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of predation on reducing the eficiency of foraging by detritivores depended on 

precipitation regime.  

 

Overall, precipitation regimens, and trophic structure (presence/absence predator) could 

influence the food webs. Shift in rainfall have effects on predator through change in 

their gain of energy and nitrogen, and flow of nitrogen; in our study O. oreas (predator) 

had higher gain of energy and nitrogen in treatment that had drought events whereas 

flow of nitrogen from litter to O. oreas increased in the mean precipitation. Interaction 

between precipitation regimen and predator altered the flow and gain of energy and 

nitrogen to detritivores (Scirtes sp.). Artificial bromeliads under mean precipitation 

regimes and predator presence had higher gain of energy and nitrogen for detritivores 

whereas food webs under drought simulation with predators had higher flow of nitrogen 

and carbon from leaf to Scirtes sp. Precipitation regimes did not affect the gain and flow 

of nitrogen and carbon to Culex sp. whereas the interaction precipitation regimen and 

presence of O. oreas allowed higher flow of carbon from leaf to filter feeder in the 

bromeliad food web under heavy rainfall and higher nitrogen gain to Culex sp. in food 

web without predator and under drought. Those result shown that effects of predation 

risk along with climate change could increase the stress to prey due to climate factors 

such as temperature and predator risk and influence characteristics of the prey such as 

foraging, growth and metabolism (Trussell and Smith, 2000; Hawlena and Schmitz, 

2010 a,b). 

 

In summary, our results support the idea that bromeliad food webs could be altered by a 

shift in the energy and nitrogen flow with predators and detritivores being more 

sensitive to this precipitation shift. Predators could be vulnerable to loss into food web 
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under the future precipitation change related with its loss of efficiency to obtain energy 

and nitrogen from the low trophic levels. Detritivores could be vulnerable to reductions 

in population due to effects on predation risk and foraging. 

 

6.6. REFERENCES 

 

Barton, B.T, Beckerman, A.P, Schmitz, O.J. 2009. Climate warming strengthens 

indirect interactions in an old-field food web. Ecology, 90, 2346–235 

 

Brouard, O., Céréghino, R., Corbara, B., Leroy, C., Pelozuelo, L.,  Dejean, A. and 

Carrias. F.J. 2012. Understorey environments influence functional diversity in tank-

bromeliad ecosystems. Freshwater Biology 57:815–823. 

 

Cardillo, M. , Mace, G.M.,  Jones, K.E. , Bielby, J., Olaf,R., Emonds B., Schrest, W., 

Orme, D.L., Purvis, A.  2005. Multiple causes of high extinction risk in large mammal 

species. Science 309, 1239–1241. 

 

Carpenter,S.R., Kitchell, J.K. and Hodgson, J.R. 1985. Cascading trophic interactions 

and lake productivity.  BioScience 35:634-639. 

 

Carrias, J., Cussac, M.E. and Corbara, B. 2001. A preliminary study of freshwater 

protozoa in tank bromeliads. Journal of Tropical Ecology 17: 611-617. 

 

Cochran-Stafira, D.L., von Ende, C.N. 1998. Integrating bacteria into food webs: 

studies with Sarracenia purpurea inquilines. Ecology 79: 880- 898. 

http://www.sciencemag.org/search?author1=Georgina+M.+Mace&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Kate+E.+Jones&sortspec=date&submit=Submit


181 
 

 

Dewson, Z.S., James, A.B.W., Death, R.G., 2007. Stream ecosystem functioning under 

reduced flow conditions. Ecological Applications 17: 1797–1808.  

 

Dossena, M., G. Yvon-Durocher, J. Grey, J. M. Montoya, D. M. Perkins, M. Trimmer, 

and G. Woodward. 2012. Warming alters community size structure and ecosystem 

functioning. Proceedings of the Royal Society B: Biological Sciences 279:3011–3019. 

 

Duffy J., B. J. Cardinale, K. E. France, P. B. McIntyre, E. The´bault, and M. Loreau. 

2007. The functional role of biodiversity in ecosystems: incorporating trophic 

complexity. Ecology Letters 10: 522–538. 

 

Duffy, J. E. 2003. Biodiversity loss, trophic skew and ecosystem functioning. Ecology 

Letters 6:680–687. 

 

Frank, J.H. and Lounibos, L.P. 2009. Insects and allies associated with bro- meliads: a 

review. Terrestrial Arthropod Reviews 1: 125–153.  

 

Fukami T., Wardle D. A., Bellingham P. J., Mulder C P. H., Towns D. R., Yeates G. 

W., Bonner K. I., Durrett M. S., Grant-Hoffman M. N. y Williamson W. M. 2006. 

Above- and below-ground impacts of introduced predators in seabird-dominated island 

ecosystems. Ecology Letters 9: 1299-1307. 

 

 

 



182 
 

Hammill, E., Atwood T. B., Corvalan P., Srivastava D. S.. 2015. Behavioural responses 

to predation may explain shifts in community structure. Freshwater Biology 60:125–

135. 

 

Harley, C. D. G. 2011. Climate Change, Keystone Predation, and Biodiversity Loss. 

Science 334:1124–1127. 

 

Hawlena, D., Schmitz, O.J. 2010a. Physiological stress as a fundamental mechanism 

linking predation to ecosystem functioning. The American Naturalist, 176, 537–556.  

 

Hawlena, D., Schmitz, O.J. 2010b. Herbivore physiological response to fear of 

predation alters ecosystem nutrient dynamics. Proceedings of the National Academy of 

Sciences of the United States of America, 107, 15503–15507  

 

Hawlena, D., Schmitz, O.J. 2010 Physiological stress as a fundamental mechanism 

linking predation to ecosystem functioning. Am. Nat. 176, 537–556. 

(doi:10.1086/656495) 

 

Hoekman, D. 2010. Turning up the heat: temperature influences the relative importance 

of top-down and bottom-up effects. Ecology, 91: 2819–2825. 

 

Hoffman, A. A. and Parsons, P. A. 1997. Extreme Environmental Change and Evolution 

(Cambridge Univ. Press, Cambridge, 1997).  

 



183 
 

IPCC. 2013. Climate change 2013: the physical science basis. In: Stocker TF, Qin D, 

Plattner G.K, Tignor M and others (eds) Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 

University Press, Cambridge. 

 

Kneitel, J.M., Miller T.E. 2002.  Resource and top-predator regulation in the pitcher 

plant (Sarracenia purpurea) Inquiline Community. Ecology 83 (3): 680-688. 

 

Kitching, R.L. 2000. Food Webs and Container Habitats: The Natural History and 

Ecology of Phytotelmata, Cambridge University Press, Cambridge. 

 

Ledger, M., Brown, L., Edwards, F., Milner, A. Woodward, G. 2013. Drought alters the 

structure and functioning of complex food webs. Nature climate change 3, 223-227 

 

Ledger, M.E., Edwards, F.K., Brown, L.E., Milner, A.M. & Woodward, G. 2011. 

Impact of simulated drought on ecosystem biomass production: an experimental test in 

stream mesocosms. Global Change Biology 17, 2288–2297 

 

Lensing, J. R., Wise, D. H. 2006. Predicted climate change alters the indirect effect of 

predators on an ecosystem process. Proceedings of the National Academy of Sciences 

of the United States of America 103:15502–15505. 

 

Majdi, N., Boiché, A., Traunspurger, W., Lecerf.  A.2014. Predator effects on a detritus-

based food web are primarily mediated by non-trophic interactions. Journal of Animal 

Ecology 83: 953–962. 



184 
 

 

Middelburg, J. J. 2014. Stable isotopes dissect aquatic food webs from the top to the 

bottom. Biogeosciences 11:2357–2371. 

 

Miller, L. P., Matassa, C. M., Trussell. G. C. 2014. Climate change enhances the 

negative effects of predation risk on an intermediate consumer. Global Change Biology 

20:1–11. 

 

Ngai, J., Srivastava, D. 2006. Predators accelerate nutrient cycling in a bromeliad 

ecosystem. Science 314: 963. 

 

Owning, A.L., Leibold, M. A. 2002. Ecosystem consequences of species richness and 

composition in pond food webs. Nature 416: 837-841. 

 

Paine, R.T. 2002. Trophic control of  production in a rocky intertidal community. 

Science 296:736-739.  

 

Persson, L.1999. Trophic cascades: abiding heterogeneity and the trophic level concept 

at the end of the road. Oikos 85: 385- 397. 

 

R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. URL http://www.R-project.org/.. R 3.01). 

 

Sabo, J., Finlay, J. , Kennedy, T. Post, D. 2010. The role of discharge variation in 

scaling of drainage area and food chain length in rivers. Science 330, 965–967  

http://www.r-project.org/


185 
 

 

Sala, O. E., Chapin, F. S. , Armesto, J. J. , Berlow, E., Bloomfield, J. , Dirzo, R. , 

Huber-Sanwald, E., Huenneke, L. F. , Jackson, R. B., Kinzig, A., Leemans, R., Lodge, 

D. M. , Mooney, H., Oesterheld, M. , Poff, N. L. , Sykes, M. T. , Walker, B. H. , 

Walker, M. , Wall, D. H. 2000. Global biodiversity scenarios for the year 2100. Science 

(New York, N.Y.) 287:1770–1774. 

 

Sanford, E. 1999. Regulation of keystone predation by small changes in ocean 

temperature. Science 283:2095–2097. 

 

Schmitz, O. J., Hawlena, D.,  Trussell, G. C. 2010. Predator control of ecosystem 

nutrient dynamics. Ecology Letters 13:1199–1209. 

 

Schmitz , O.J. 2006. Predators have large effects on ecosystem properties by changing 

plant diversity, not plant biomass. Ecology 86:1432-1437. 

 

Schmitz, O. J., Post, E., Burns, C. E., Johnston, K. M. , Burns, E. , Johnston,M. 2003. 

Global Responses ecosystem climate change: moving beyond color mapping. American 

Instituite of Biological Science 53:1199–1205. 

 

Séguin, A., Harvey, E., Archambault, P. , Nozais, C. , Gravel. D. 2014. Body size as a 

predictor of species loss effect on ecosystem functioning. Scientific reports 4: 4616  

 



186 
 

Sinclair A.R.E., Krebs C.J., Fryxell J.M., Turkington R.,  Boutin S., Boonstra R., 

Seccombe-Hett P., Lundberg P. y Oksanen L. 2000. Testing hypotheses of trophic level 

interactions: a boreal forest ecosystem. Oikos 89: 313–328. 

 

Solan, M., Cardinale, B.J., Downing, A., Engelhardt K., Ruesink J., Srivastava D. .2004. 

Extinction and ecosystem function in the marine benthos. Science 306: 1177–1180.  

 

Sonja, R. Kautsky, L. 2007. Consumers affect prey biomass and diversity through 

resource partitioning. Ecology 88:2468–2473.   

 

Stoks, R., De Block,M.,  Van De Meutter, F. and F. Johansson. 2005. Predation cost of 

rapid growth: Behavioural coupling and physiological decoupling. Journal of Animal 

Ecology 74:708–715. 

 

Trussell G.C, Schmitz O.J. 2012. Species functional traits, trophic control and the eco- 

system consequences of adaptive foraging in the middle of food chains. In: Trait- 

Mediated Indirect Interactions: Ecological and Evolutionary Perspectives (eds Ohgushi 

T, Schmitz OJ, Holt RD), pp. 324–338. Cambridge University Press, Cambridge, UK. 

 

Trussell, G.C, Ewanchuk, P.J., Matassa, C.M. 2006.  The fear of being eaten reduces 

energy transfer in a simple food chain. Ecology, 87: 2979–2984  

 

Trussell, G.C, Smith, L.D.2000. Induced defenses in response to an invading crab 

predator: an explanation of historical and geographic phenotypic change. Proceedings of 

the National Academy of Sciences of the United States of America, 97:  2123–2127 

http://dx.doi.org/10.1890/07-0263.1


187 
 

 

Tylianakis, J.M., Didham, R.K., Bascompte , J., Wardle, D.A.2008. Global change and 

species interactions in terrestrial ecosystems. Ecology Letters 11, 1351–1363 

 

Van der Putten, W., Mirka, M. Visser, M. 2010. Predicting species distribution and 

abundance responses to climate change: why it is essential to include biotic interactions 

across trophic levels. Philosophical  Transactions the Royal Society   365: 2025-2034 

 

Walther, G.R. 2010. Community and ecosystem responses to recent climate change. 

Philosophical transactions of the Royal Society of London. Series B, Biological 

sciences 365:2019–2024. 

 

Walther, G., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. C. Beebee, J. Fromentin, 

O. H. I, and F. Bairlein. 2002. Ecological responses to recent climate change. Nature 

416: 389–39. 

 

 

 

 

 

 

 

 



188 
 

Table  6.1. Generalized linear models assessing the influence of precipitation and trophic structure treatments on the biomass, abundance of 

d15N (‰), nitrogen concentration (N %), and survival for each trophic level in the experiment. 

 

Variable Trophic Level MU  Trophic structure Mu*Trophic structure Model details 

Survival Scirtes sp.  F 2,53=1.035 (0.362) F1,53=7.071 (0.010) F 2,53= 0.012 (0.988) y^0.33 

Culex sp. F 2,51=1.594(0.213) F 1,51=129.017(1.4x10
-15

) F 2,51=1.858(0.166) y ^0.33,  

O. oreas F2,24= 0.5  (0.613)   y^0.25 

Biomass Scirtes sp. F2,83= 4.864 (0.019) F1,83= 0.242 (0.628)    F2,83=11.836 (0.002) y*8 

FPOM F2,43= 0.504 (0.607) F1,43= 4.264, (0.045) F 2,43= 4.013 (0.025) y^0.5 

O. oreas F 2,19= 7.18 (0.006)   y ^0.5  

Culex sp. F2,100= 1.596 (0.208) F2,100= 0.163 (0.687) F 2,100= 0.533(0.467) y  
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Leaf  F 2,54= 0.096 (0.909) F 2,54= 1.572 (0.215) F 2,54= 1.411 (0.253) y 

Nitrogen percentage Scirtes sp. F2,83=4.887 ( 0.009) F1,83=4.553 (0.035) F2,83=5.342 (0.006) y^0.5 

FPOM F2,46=2.359 (0.1059) F1,46=6.246 (0.016) F2,46=2.399 (0.102) y/1.5 

O. oreas F2,19= 7.551 (0.003)   y^0.5 

Culex sp. F2,79= 0.736 (0.482) F1,79 =5.611 (0.020) F2,79 = 0.324 0.5709 y^0.5 

Leaf F2,62=0.115  0.892 F1,62=0.021  (0.884) F2,62=1.236  (0.298) y ^0.5  

Nitrogen Isotope  Leaf  F2,62=0.235 (0.791)  F1,62= 2.325  (0.132) F2,62=0.401  (0.672) y 

FPOM F2,54=0.614  (0.545) 1,54= 0.286  (0.595) 2,54=0.077  (0.926) y/5 

Scirtes sp.  F2,124=3.786 (0.025)  F1,124=0.166 (0.684) F1,124=6.156 (0.002) y /2 

Culex sp.  F2,93=0.555 (0.576) F1,93= 1.874 (0.174) F2,93= 4.558 (0.457) y/2 

O. oreas F2,30= 7.551 (0.003)   y /1.5 
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Carbon Isotope  Leaf F2,60=0.164 (0.687) F1,60=1.408 (0.250) F2,60= 0.335 (0.716) y 

FPOM F2,54=2.438 (0.096) F2,54=3.272 (0.076) F2,54=0.258 (0.773) y/2 

Scirtes sp.  F2,124=1.548 (0.216) F1,124=5.861 (0.017) F2,124=2.151 (0.120) y 

Culex sp. F2,93= 2.447 (0.092) F1,93=4.103 (0.045) F2,93=12.035 (0.0008) y 

O. oreas F2,30= 0.542  (0.587)    y 
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Figure 6.1 Trophic structure with species and number of individuals of each trophic 

group utilize in the experiment. A. Trophic structure with presence of Oreiallagma 

oreas (predator). B. Trophic structure without O. oreas.   

 

 

 

Intraguild Predator: 1 Oreiallagma oreas 

Detritivores: 10 Scirtes sp. 

Filter feeders: 5 Culex sp.   

Detritus: 200 mg Alnus acuminata 

A 

Detritivores: 10 Scirtes sp. 

Filter feeders: 5 Culex sp.   

Detritus: 200 mg Alnus acuminata 

B 
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Figure 6.2. Shift in biomass of each trophic level into food web according to 

precipitation regimen and predator presence. A.  Fine particle organic matter mass; B. 

Biomass of litter; C. Shift in the filter feeder (Culex sp.) biomass; D. Shift in the 

detritivores (Scirtes sp.) biomass; E. Shift in the predator (O. oreas) biomass. 

Precipitation treatments correspond to 0.1X, 1X and 3x of the rainfall mean. Predator 

treatment correspond presence or absence of predator (O. oreas). 
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Figure 6.3. Difference in Δδ13C-values (Delta δ13Cfinal−initial) (‰), for each trophic 

level into food web according to precipitation regimen and predator presence. A. Δδ 13 

C (‰) of litter leaf; B. Δδ 13 C (‰) of detritivores (Scirtes sp.); C. Δδ 13 C(‰) of filter 

feeder  (Culex sp.); D. Δδ 13 C(‰) of predator (O. oreas). Precipitation treatments 

correspond to 0.1X, 1X and 3x of the rainfall mean. Predator treatment correspond 

presence or absence of predator (O. oreas). 
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Figure 6.4. Shift in the Nitrogen percentage of each trophic level into food web 

according to precipitation regimen and predator presence. A. Delta of nitrogen 

percentage of litter leaf; B.  Nitrogen percentage of Fine particle organic matter 

mass; C. Delta of nitrogen percentage of filter feeder (Culex sp.); D. Delta of 

nitrogen percentage of detritivores (Scirtes sp.); E. Delta of nitrogen percentage of 

thepredator (O. oreas). Precipitation treatments correspond to 0.1X, 1X and 3x of 

the rainfall mean. Predator treatment correspond presence or absence of predator 

(O. oreas). 
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Figure 6.5. Difference of abundance of Δδ15N (‰), for each trophic level into food 

web according to precipitation regimen and predator presence. A. Δδ 15N (‰) of 

litter leaf; B. δ15N (‰) of Fine particle organic matter mass; C. Δδ 15N (‰) of 

filter feeder  (Culex sp.); D. Δδ 15N (‰) of detritivores (Scirtes sp.); E. Δδ15N (‰) 

of thepredator (O. oreas). Precipitation treatments correspond to 0.1X, 1X and 3x 

of the rainfall mean. Predator treatment correspond presence or absence of 

predator (O. oreas). 
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CONCLUSIONS 

 

Environmental heterogeneity and climate change could drive community structure and 

ecosystem processes in phytotelmata. Environmental heterogeneity can involve changes 

in habitat type and complexity and available resource for species at a spatial scale. 

Climate change is related to variation in the magnitude and frequency of rainfall in a 

particular region. This thesis sought to understand how spatial scale-dependent factors, 

hydrological regime altered community, and ecosystem processes in phytotelmata. 

 

Environmental heterogeneity can structure communities and biological traits in 

bromeliads. Within environmental heterogeneity, habitat complexity is the most 

relevant factor driving the invertebrate community associated to the bromeliad, as well 

as their biological traits; thus, habitat could alter ecosystem processes through changes 

in the abundance and diversity of biological traits. Moreover, biological traits could 

contribute key tools to studying the effects of climate change and anthropogenic 

disturbances on ecosystems.  

 

Furthermore, habitat and resource heterogeneity drive invertebrate community structure 

and litter decomposition in tree holes through spatial scale-dependent effects. Habitat 

type is the variable with the strongest effect on tree hole communities. Furthermore, the 

percentage of variation explained by habitat increases with the scale.  Likewise, habitat 

type affects decomposition at the meso and macro scale, increasing its effects from 

meso scale to macro scale. On the other hand, the effects of litter type on community 

properties are relevant only at the microscale and are lost at the other scales; meanwhile, 
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litter heterogeneity affects decomposition at the three scales, but the percentage of 

variation explained by litter decreases with the scale.  This shows that habitat is the 

most relevant factor controlling community structure and ecosystem function and its 

effects are scale dependent.  

 

Climate change alters the invertebrate community and ecosystem processes. Variation 

in the hydrological regime, especially in the magnitude of rainfall, nonlinearly alters the 

invertebrate community through changes in abundance, richness, and functional groups. 

Moreover, an increase in the amount of precipitation led to an increase in 

decomposition, while reducing primary productivity; thereby, indicating that the 

precipitation regime could be relevant to determining the basic food resource that 

dominates in the bromeliad. Therefore, the predicted change in precipitation for the 

future could lead to changes in the bromeliad community and processes relevant for 

energy flux in the ecosystem. 

 

Further, interactions between precipitation change and predator presence could alter the 

bromeliad food web through shifts in energy and nitrogen flow, with predators and 

detritivores being more sensible to precipitation shifts. Vulnerability of predator loss in 

a food web could occur under future precipitation changes, related to its loss of 

efficiency in obtaining energy and nitrogen from the low trophic levels. 

 

In conclusion, predicting shifts in community structure and ecosystem processes, as a 

result of anthropogenic and climate alterations, requires acknowledging the relevance of 

spatial scale, as a filter for the factors that could drive the community and ecosystem 
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function; the variables associated with climate change, that could alter the communities 

through shifts in abundance, richness, or functional traits of the species; and the 

potential interaction between climate variables and components of the food webs.  

 

 



 
 

 

 


