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Abstract
The extent to which the diversity in habitat of an ecological system, or habitat
heterogeneity, affects communities is an important aspect of ecology. Although higher habitat
diversity is generally linked to higher species richness, how the increase in specific groups
affects trophic dynamics in a system remains elusive. Studying biotic habitat modification, the
formation of habitats by species and the subsequent alterations in persistence of other local
species, can shed light on this topic. As biotic habitat modification tends to increase abundance
and/or richness of specific taxa, the impacts of the increase of these specific groups can be
analyzed. Tank bromeliads are common epiphytic biotic habitat modifiers throughout the
Neotropics, and are facultatively associated with a variety of predatory arthropods. Here, we
examine the community consequences of bromeliad-mediated increase in predator habitat in
Costa Rican orange trees.
As the effects of predation can attenuated by a variety of ecological processes, such as
facilitative interactions, we examined two different aspects of community modification. First, in
a manipulative experiment, we tested the hypothesis that bromeliads mediate trophic cascades in
their support tree communities. In that view, we manipulated bromeliad densities on trees, and
measured impacts on arboreal and bromeliad invertebrate communities, and leaf damage.
Second, in an observational survey, we examined if the presence of bromeliads in a tree modified
the behaviour of arboreal invertebrates, and interspecific interactions.
We found that habitat modification by bromeliads was highly contingent on season and
time of the day, and influenced arboreal invertebrate communities in various ways. Predators
were more numerous with higher bromeliad densities, but effects on herbivores differed.
Bromeliads did not modify cascading dynamics, and only weakly affected community structure,
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suggesting that invertebrate communities in orange trees can be functionally resilient. Even if
bromeliads largely harboured predators, several groups of herbivores were commonly
encountered in the epiphytes, plausibly attenuating cascading effects. The bromeliad-associated
ants that dominated our system were strongly associated with honeydew-producing homopterans,
suggesting less reliance on predation. These results suggest that the impacts of increased habitat
heterogeneity on trophic dynamics can be attenuated by functional resilience and facilitative
dynamics.
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Lay summary
Manipulating the diversity of habitats for species helps in understanding how ecosystems
can respond to increase or decrease in certain groups, such as predators. In this thesis, we
manipulated the densities of bromeliads, plants naturally growing on trees and, unlike mistletoe,
not parasitizing their support tree. Through their tight interlocking leaves, bromeliads naturally
form habitats attractive to arthropod predators, such as ants or spiders. We then examined the
impacts of various densities of bromeliads on invertebrates on their support tree, to see if more
predators living on the tree would result in less leaf damage. We found that, although bromeliads
mostly harboured predators, they also provided habitat for herbivores, resulting in no net benefit
for their support tree. Moreover, some bromeliad-associated ants did not rely exclusively on
predation, but had mutualistic relationships with a few herbivorous groups, emphasizing that
predator-prey relationships are just one aspects of ecological interactions.
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Chapter 1: General introduction
The habitat heterogeneity hypothesis states that the diversity and/or abundance of species
in an ecosystem increases with the diversity of habitats (Holdridge 1947; MacArthur and
MacArthur 1961; Altieri, Silliman and Bertness 2007; Stein, Gerstner and Kreft 2014). By
providing additional niche opportunity for a variety of taxa, and thus modifying species richness
and relative abundance, increased habitat heterogeneity can modify food web structure (Finke
and Denno 2002; Janssen et al. 2007; Birkhofer, Wise and Scheu 2008). Although the habitat
heterogeneity hypothesis seems generally supported (Stein, Gerstner and Kreft 2014), how
species benefitting from increased habitat heterogeneity may impacts other local species remains
elusive (Yanoviak et al. 2011; Staudacher et al. 2018), because such impacts differ between
functional and taxonomic groups (Halaj, Ross and Moldenke 2000; Leclerc et al. 2016). For
instance, when increased habitat heterogeneity mainly provides habitat for predators, trophic
cascades frequently occur as increased predator density depresses herbivore densities, indirectly
releasing primary producer from herbivory pressure (e.g. Halaj, Cady and Uetz 2000).
Sometimes, however, cascading impacts may become diluted in the large network of species
interactions in diverse ecosystems, becoming undetectable at lower trophic levels (Halaj and
Wise 2001; Thomsen et al. 2010). On the other hand, an increase in habitat heterogeneity can
also provide a refuge from predation for lower level consumers (Denno, Finke and Langellotto
2005). Finally, effects at multiple trophic levels can interact. Habitat heterogeneity can make it
more difficult for predators to consume not only herbivores but also other predators, and this
relaxed intraguild predation might dampen the benefit to the herbivores (Langellotto and Denno
2004; Hughes and Grabowski 2006). Given these contingencies, studying impacts of habitat
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heterogeneity on community function should be done at the community scale, as effects on
species pairs may not scale up to the entire ecosystem (Hughes and Grabowski 2006).
Manipulating habitat heterogeneity and studying its impacts at the community scale can
be helpful in understanding many aspects of theoretical and applied ecology. As habitat
heterogeneity can influence different groups in different ways (Halaj, Ross and Moldenke 2000;
Leclerc et al. 2016), it is possible to naturally modify the density of focal species or groups just
by altering the structure of the habitat. In the case of invertebrates, this can be a deceptively
simple endeavour, e.g. by manipulating fir needle density (Halaj, Ross and Moldenke 2000),
with relatively rapid community responses (Staudacher et al. 2018). We can then test contingent
or general effects of richness and/or abundance modifications in the focal species or groups at
various scales. The resulting insights can shed light on complex mechanisms of species
persistence, such as trophic and non-trophic indirect effects (Golubski and Abrahms 2011;
Staudacher et al. 2018). Beyond theoretical considerations, this knowledge can provide important
applications, such as promoting sustainable pest control practices, as is developed in this thesis
with epiphytic tank bromeliads (family Bromeliaceae).
Tank bromeliads can increase the habitat heterogeneity on their support tree. By having
an epiphytic lifestyle, tank bromeliads do not need to anchor their roots in soil to grow, but
simply need a solid surface, such as bark, as anchor point (Fig. 1.1, Benzig 2000). Because they
obtain their food by extracting nutrients from water and detritus accumulating in their leaf rosette
(Wittman 2000), they are commonly found in natural and agricultural ecosystems but are
typically removed from crop trees because they are incorrectly perceived as parasites (Benzig
2000; Toledo-Aceves et al. 2012). Water does not always accumulate in all leaf wells of a single
plant, so epiphytic tank bromeliads often include distinct aquatic and terrestrial ecosystems
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(Benzig 2000; Cruz-Angón, Baena and Greenberg 2009). Although bromeliad aquatic
ecosystems are well studied (e.g.: Gilbert, Srivastava and Kirby 2008; Hammill, Atwood and
Srivastava 2015), and cross-ecosystem (i.e. terrestrial-aquatic) interactions have been recorded
(Romero and Srivastava 2010; Gonçalves et al. 2017), bromeliad terrestrial ecosystems are still
poorly understood. This is especially true in terms of the influence of the terrestrial inhabitants of
bromeliads on the support tree ecosystem (Cruz-Angón, Baena and Greenberg 2009; Yanoviak et
al. 2011; Hammill, Corvalan and Srivastava 2014).

Figure 1.1. Bromeliads naturally growing in a tree (left) of a typical orange plantation
(right) in northwestern Costa Rica, overlooking Lake Nicaragua, Nicaragua. Water and
debris accumulate in the leaf rosette, exemplified by the tight interlocking spaces visible between
bromeliad leaves. These photos were taken in one of our sites, now used as an experimental
parcel by Del Oro company agronomists.

The non-submerged bromeliad leaf wells offer a distinct habitat from the surrounding
environment, and are often occupied by a variety of invertebrates (Gutierrez Ochoa et al. 1993;
3

Stuntz et al. 2002; Castaño-Meneses 2016). Although there are some invertebrate-bromeliad
specific associations (e.g. Romero 2006), most bromeliad-dwelling invertebrates are
opportunistic and seasonal (Blüthgen et al. 2000a; Castaño-Meneses 2016). Interestingly, the
majority of bromeliad-dwelling invertebrates, such as ants, spiders, and scorpions, tend to be
predaceous (Gutierrez Ochoa et al. 1993; Dejean et al. 1995; Blüthgen et al. 2000a; Wittman
2000; Camargo and Oliveira 2012). To reduce foraging time and exposure to their own natural
enemies, ants and other bromeliad-associated predators tend to hunt in the bromeliad-bearing
trees (Catling 1997). As a result, predation pressure tends to be higher in these support trees,
potentially conveying a benefit in terms of reduced herbivory. For example, bromeliad-dwelling
ants can protect the support tree from herbivorous chrysomelid beetle outbreaks (Dejean et al.
1995). Hammill, Corvalan and Srivastava (2014) suggested a similar effect by demonstrating that
herbivory was lower on leaves near bromeliads in a Costa Rican orange orchard. Reduction in
herbivory was especially strong when large predaceous ants were nesting in the bromeliad root
mass (Hammill, Corvalan and Srivastava 2014). Thus, bromeliads may very well have a form of
mutualistic role in their support tree, by indirectly providing herbivore defense in exchange for
physical support. However, impact pathways of bromeliads on the community structure of their
support tree are still fairly uncertain (Cruz-Angón, Baena and Greenberg 2009; Yanoviak et al.
2011; Hammill, Corvalan and Srivastava 2014).
Such knowledge can be of importance in tropical agricultural systems, as epiphytic tank
bromeliads could become a new, cost-efficient sustainable agricultural tool if they indeed offer
indirect herbivore protection for their support tree. Removing epiphytes from crop trees is a
common and costly practice in neotropical fields, as they are perceived as detrimental to trees
(Toledo-Aceves et al. 2012). However, epiphytic tank bromeliads are relatively harmless to their
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support tree, unless present in large numbers, in which case the added weight can be detrimental
to the tree limbs and growth (Montaña, Dirzo and Flores 1997; Benzing 2000). Moreover, unlike
other habitat-enhancing techniques, epiphytic tank bromeliads do not require a reduction in the
space allotted to crops (Halaj, Cady and Uetz 2000), and are thus unlikely to reduce farming
income. As habitat-enhancing techniques to attract the natural enemies of agricultural pests is an
old and effective agricultural practice (Huang and Yang 1987; Halaj, Cady and Uetz 2000;
Perfecto, Vandermeer and Philpott 2014), epiphytic tank bromeliads can be used to naturally
increase arthropod predator numbers in neotropical agriculture (Hammill, Corvalan and
Srivastava 2014). Hence, by indirectly reducing pest insect loads at minimal operational costs,
these bromeliads could potentially help in reducing the amount of pesticides used in fields to
prevent pest outbreaks.
Consequently, the purpose of this work is to unravel the effects of bromeliads on Costa
Rican orange tree invertebrate communities through a manipulative experiment and an
observational survey. More precisely, this work attempts to assess:
1. whether bromeliads mediate trophic cascades in the invertebrate food webs on orange
trees by increasing predator density, indirectly decreasing leaf damage (Fig. 1.2)
2. whether bromeliads modify the frequency of invertebrate interactions and rates of
invertebrate foraging in their support tree.
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Figure 1.2. The hypothesized bromeliad-mediated trophic cascade. By directly increasing
predator densities in their support tree, bromeliads indirectly decrease herbivory pressure, thus
indirectly increase leaf health and crop yield.

In Chapter 2, I will experimentally test the bromeliad-induced trophic cascade suggested
by Hammill, Corvalan and Srivastava (2014). By extensively sampling invertebrate communities
and manipulating bromeliad densities, I will investigate the impacts of increased habitat
provision to predators on trophic cascades in this context. However, discrete sampling of
invertebrates may only indicate positive or negative associations between trophic levels,
taxonomic or functional groups, while reasons for these associations can be quite diverse.
Predators can be observed to have a positive association with their prey species if they are
sampled while feeding on or following their prey, or a negative association if sampled after
feeding or prey escape. For example, sampling a predator feeding on a prey, such as in Fig. 1.3,
can be accounted for as a positive association, while their interaction is purely negative.
Conversely, two predators can be in fierce competition, but be observed as positively associated
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if aggregating around the same prey or in the same microhabitat. As a result, careful observation
is crucial in deciphering the numerous and diverse relationships between different organisms in
an ecological system (Paine 1980). In addition, non-consumptive interactions may have strong
effect in structuring communities (Kéfi et al. 2015), so the examination of invertebrate behaviour
may help in disentangling such interactions from purely trophic ones. Consequently, in Chapter
3, I will assess the range of possible activity and interaction types of invertebrates in an
observational survey. The observations in Chapter 3 also inform our assignment of feeding
guilds in Chapter 2. In hyper-diverse tropical ecosystems, properly assessing invertebrate feeding
guild is a considerable obstacle, possibly hampering our ability to draw valid conclusions
(Staudacher et al. 2018). Hence, in addition to provide consumptive and non-consumptive links
between species, observation experiments can permit assessment of the feeding behaviour of
observed species, such as in Fig. 1.3.
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Figure 1.3. A big-eyed bug (family Geocoridae), often encountered during in our
invertebrate sampling. The family mainly includes predatory species, but two sub-families are
phytophagous, so the trophic role of this species is unclear based only on family-level taxonomy.
The observation experiment allowed us to discover its feeding predatory feeding behavior by
noticing one specimen (red arrow) feeding on a small barklouse nymph (white arrow, order
Psocoptera).
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Chapter 2: Biotic habitat modification by epiphytic tank bromeliads
indirectly modifies support tree trophic dynamics
2.1

Introduction
Trophic cascades are a central paradigm in the field of ecology (Hairston et al. 1960;

Ripple et al. 2016). Trophic cascades arise from predator-mediated negative effects on their prey,
which then indirectly impact lower trophic levels, including primary producers (Ripple et al.
2016). This complex combination of direct and indirect interactions between organisms not only
characterizes trophic cascades, but creates empirical challenges in detecting cascading
interactions in diverse food webs (Golubski and Abrams 2011; Kéfi et al. 2012; Terry, Morris
and Bonsall 2017). Interestingly, cascading effects can attenuate rapidly in diverse ecosystems,
sometimes becoming almost unnoticeable at lower trophic levels (Polis and Strong 1996;
Schmitz, Hambäck and Beckerman 2000; Halaj and Wise 2001; Schmitz, Krivan and Ovadia
2004; Thomsen et al. 2010). This attenuation has been attributed to opposing pathways through a
vast network of indirect interactions, which often make up the bulk of all interactions in
ecological systems (Ohgushi, 2008; Thomsen et al. 2010; Kéfi et al. 2012; Kéfi et al. 2015).
Indeed, because indirect interactions tend to be species- and system-specific (Kéfi et al. 2015),
they are often the cause of unexpected ecosystem responses to perturbations (Ohgushi 2008;
Terry, Morris and Bonsall 2017). These indirect interactions can be trophic, when one species
consumes another and thereby affects the resources, competitors or predators of that species
(Golubski and Adams 2011), non-consumptive when consumption is avoided by a change in the
behaviour, distribution or traits of the prey (Peacor and Werner 2001; Hammill et al. 2015), or
non-trophic when a species modifies an abiotic node of the system, such as space or habitat,
which indirectly affects other species (Kéfi et al. 2012). However, non-trophic interactions, and
9

particularly indirect non-trophic interaction, have been poorly studied (Boucher, James and
Keeler 1982; Lafferty et al. 2008; Kéfi et al. 2012).
Biotic habitat modification is important but understudied type of non-trophic indirect
interaction (Linder et al. 2012). A biotic habitat modifier is a species that creates a distinct form
of habitat, thereby impacting the distribution and dynamics of associated species, especially if
there is a stark contrast with the surrounding environment (Pearson 2010; Linder et al. 2012).
Examples of biotic habitat modifiers are corals, Sphagnum mosses, or large grazers like
elephants (Linder et al. 2012). When a biotic habitat modifier increases habitat complexity, then
species richness and/or abundance often increases (Lill and Marquis 2003; Stein, Gerstner and
Kreft 2014; Pritchard, Hagard and Shaw 2017), altering species interactions (Halaj, Cady and
Uetz 2000; Cruz-Angón, Baena and Greenberg 2009; Thomsen et al. 2010; Piovia-Scott, Yang
and Wright 2017). However, the direction and magnitude of these trophic modifications depend
on the species guilds and functional groups represented in the system (Finke and Denno 2002;
Angelini and Silliman 2014; Romero et al. 2015). For example, biotic habitat modification can
relax intraguild predation pressure between predators (Finke and Denno 2002; Janssen et al.
2007), decrease the density of primary consumers (Wetzel et al. 2016), or provide a refuge from
predation (Denno, Finke and Langellotto 2005; Altieri, Silliman and Bertness 2007). It is thus
unlikely that dynamics observed for a single species pair may scale up to the entire community
(Hughes and Grabowski 2006). Unfortunately, there has been little detailed assessment of
habitat-induced modifications of consumptive and non-consumptive dynamics at the scale of
entire communities (Yanoviak et al. 2011; Staudacher et al. 2018). Here we examine the impacts
of epiphytic tank bromeliads as biotic habitat modifiers on different predatory and herbivorous
invertebrate functional and taxonomic groups.
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In the Neotropics, tank bromeliads are common epiphytes in natural forest ecosystems,
and are often also found growing on a variety of crop trees (Benzig 2000; Toledo-Aceves et al.
2012). Epiphytic tank bromeliads create micro-habitats (Benzig 2000; Angelini and Silliman
2014) that are used by a variety of predatory terrestrial arthropods, such as ants, spiders, beetles,
and scorpions (Gutierrez Ochoa et al. 1993; Dejean, Olmsted and Snelling 1995; Stuntz et al.
2002; Romero 2006). In particular, bromeliads create attractive nesting substrate for ants and a
variety of other invertebrates (Blüthgen et al. 2000a; Wittman 2000), and provide protection
from larger predators, such as rodents or birds (Romero and Vasconcellos-Neto 2005). Although
most invertebrates use bromeliads opportunistically and seasonally (Blüthgen et al. 2000a;
Castaño-Meneses 2016), bromeliad invertebrate communities tend to be distinct from those of
their support tree (Fig. 2.1).
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Figure 2.1. Canonical correspondence analysis of Hellinger-transformed bromeliad and tree
community data (a), and pie charts of the richness and diet distribution in each community
(b). Communities of the two habitats differ significantly from each other. In (b), ‘Potential
Predator’ includes cockroaches and opiliones, and ‘Other’ includes granivorous, hematophagous,
kleptoparasitic, mycophagous, pallynophagous, xylophagous, and other omnivorous organisms.

a

12

b

By providing habitat for arthropod predators, bromeliads may increase predator density in
their support trees, which may benefit support trees by reducing herbivore density (Hammill,
Corvalan and Srivastava 2014). Indeed, plants acting as biotic habitat modifiers are known to
heavily impact indirect interactions and community assembly patterns (Pearson 2010). For
instance, native support trees with ant-occupied bromeliads display significantly less herbivorous
beetle density and leaf damage than trees without bromeliads (Dejean, Olmsted and Snelling
1995). Similarly, agricultural orange trees with epiphytic tank bromeliads can have lower leaf
herbivory, especially near the bromeliad (Hammill, Corvalan and Srivastava 2014). It is

13

therefore likely that bromeliads have an indirect non-trophic effect on their support tree
herbivore communities by increasing predator abundances on the tree, ultimately modifying
predator-prey dynamics. Interestingly, this benefit of bromeliads for trees need not exclusively
rely on the presence of ants, the main arthropod predators in tropical systems (Floren, Biun and
Linsenmair 2002), but may also involve a variety of predator guilds, as suggested by Hammill,
Corvalan and Srivastava (2014). However, previous studies on this topic have relied on
correlational approaches, so it is not possible to conclude causation; for example, an external
factor that covaries with both bromeliads and herbivores may underlie the observed patterns.
Instead, manipulative experiments and careful monitoring of the response of different predatory
and herbivorous guilds are needed to mechanistically understand the effect of bromeliads on
their support tree herbivore communities.
In order to test for possible bromeliad-induced trophic cascades, we manipulated
bromeliad presence in an extensive field experiment, following a Before-After-Control-Impact
(BACI) design (Smith 2002). As such, we hypothesize that (i) bromeliad communities are
different than tree communities, for bromeliads form a distinct habitat; (ii) bromeliad size and
density will be associated with more numerous predators on trees, as bromeliads provide habitat
for predators; (iii) because of top-down control of herbivores by predators, predator abundance
will be negatively associated with herbivore abundance; (iv) because bromeliads potentially
increase abundance of predators, which potentially covary negatively with herbivores,
bromeliads will indirectly reduce herbivores in trees; (v) herbivore abundance will be positively
associated with leaf damage, due to their trophic role of primary consumers; and (vi) bromeliad
size and density will have an indirect negative effect on leaf damage, by activating a predatorherbivore-primary producer trophic cascade.
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2.2

Methods
2.2.1

Site description and sampling design

We tested the effects of bromeliads on the invertebrate food webs of orange trees in
plantations in and around Santa Cecilia de la Cruz (Guanacaste, Costa Rica, 11°03′51″N 85°25′06″W). Three orange growers agreed to preserve bromeliads in their plantations for the
purpose of this study (CP = Calixto Moraga and Petrona Ríos, ER = Ernesto Rodriguez, DO =
Del Oro S.A.). Two plantations (CP, ER) are individually-owned, lightly maintained orchards of
a few hundred trees, and located in a mosaic of human settlements, pasture and forests. The third
plantation (DO) is an isolated parcel of thousands of trees, part of a large intensive commercial
plantation, and surrounded by forests of the Area de Conservación Guanacaste. In CP, the
between-tree-row matrix consisted of tall and fast-growing fodder plants that were periodically
cut to provide food for livestock. In ER and DO, the matrix consisted of a diverse patchwork of
medium and short grasses, with higher diversity at DO. In addition, while pesticides were never
applied in CP and ER, the DO plantation was intensively sprayed until September 2016, and is
now used as an experimental parcel to develop alternative cultivation methods.
In order to ensure that effects on the invertebrate food web and leaf damage can be
attributed to the presence of bromeliads, our sampling design followed a Before-After-ControlImpact (BACI) design. This experimental design allows researchers to hold replicate identity
constant (the same replicates are compared before and after an impact) while controlling for
temporal changes (control and impact treatments are compared contemporaneously) in the
response (Smith 2002). The Before period was in May 2017, the After period in July 2017, the
Control was leaving the trees with their natural abundance of bromeliads (including trees both
with and without bromeliads), and the Impact was the removal of bromeliads from a subset of
trees immediately after the Before sample. In each of the Before and After periods, we sampled
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the same quadrats on the same 120 orange trees. We left 54 to 56 days between the Before and
After sampling periods to allow the invertebrate community to rebound after removal.
Consequently, our design is composed of three distinct treatments: trees that never bore
bromeliads (Without), trees that always bore bromeliads (With), and trees that bore bromeliads
for the Before sampling period, but not After (Removal).

2.2.2

Sampling protocol

In each of the three sites, we randomly selected 20 trees without bromeliads and 20 trees
with bromeliads, 10 of which were destined to have their bromeliads removed. Most trees bore
small bromeliads (longest leaf length <15cm), which often did not harbour terrestrial predators
yet contributed to bromeliad density on the tree. Therefore, if no trees without these small
bromeliads were available at a site, we removed the small bromeliads from trees that only had
small bromeliads, after first ensuring that the small bromeliads had no predators, and included
these trees in the Without treatment. Accordingly, we removed all such small bromeliads in trees
of the two other treatments. We sampled sites sequentially in series of 3 days, as this approach
allowed us to minimize block effects between sites and treatments. Trees were assigned to a
sampling day by groups of 8, with 4 trees in the Without treatment, 2 in the With treatment and 2
in the Removal treatment.
In every tree, we selected four quadrats for invertebrate and leaf damage sampling. The
first quadrat of each tree was either randomly selected for trees without bromeliads, or located
close to the largest bromeliad in the trees with bromeliads. The three other quadrats were, as
much as possible, placed at equal distances along canopy circumference from the first quadrat.
Each quadrat consisted of a 50*50*100 cm volume starting at the vertical edge of the canopy and
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proceeding towards the center of the tree. We chose this protocol to represent the full
invertebrate community within each tree.
To estimate the impact of bromeliads on the tree invertebrate community, we vacuumed
each quadrat using a cordless electric leaf blower/vacuum (IONBV-XR Model, Snow Joe LLC,
Carlstadt, NJ), with the intake covered with a standard mosquito net to collect invertebrates. In
addition, as a proxy for herbivory (Schmitz, Hambäck and Beckerman 2000), we randomly
picked five leaves from each quadrat, and assessed the damaged area of each leaf using the
software package imageJ (Fiji distribution, Schindelin et al. 2012). To ensure that measured leaf
damage was due to insect herbivory, we only counted damage made by mining, chewing, and
sucking insects, and not the overall non-photosynthetic area of the leaf.
In addition to categorizing the trees on the basis of bromeliad treatment (With, Without,
Removal), we also considered continuous measures of bromeliad influence. We measured the
size of each bromeliad (approximated as length of the longest leaf) on the tree, and the distance
of each bromeliad to each quadrat. For each quadrat we computed a volume proximity index
∑𝑛𝑖=1(𝑆𝑖 /𝑍𝑖 ), where S represents bromeliad size (longest leaf length) and Z the distance from the
bromeliad to the quadrat, following Gustafson and Parker (1994). In essence, this index is the
sum of bromeliad volumes weighted by their proximity to the quadrat, and the higher the value,
the larger and closer the bromeliads.
After taking all measurements, bromeliads in the Removal treatment were quickly
enclosed in a large plastic bag and removed, then frozen for several hours to ensure that all
bromeliad-dwelling invertebrates were in a state of dormancy. This allowed us to easily dissect
each bromeliad leaf by leaf, without highly mobile or aggressive invertebrates escaping or
attacking us. Organisms encountered in bromeliads were considered as bromeliad-associated,

17

unless their presence in bromeliads was considered fortuitous based on taxonomy and natural
history (e.g. bees, ballooning spiderlings, or ants with less than 20 individuals and no queens).
When ant nests were encountered, we estimated the total number of individual ants. Through
bromeliad dissection, we could infer which invertebrates tend to be associated with bromeliads,
and the extent to which bromeliads increase their associated predator densities in their support
tree. The same protocol was used to dissect bromeliads subsequent to the After sampling period
on trees that still had bromeliads (“With” treatment).

2.2.3

Specimen identification

We identified invertebrate specimens with undefined feeding behaviour to the family
level, and assigned omnivores, predators and herbivores (including flower- and pollen-feeders)
to taxonomic groups (Table 1), based on published literature, taxonomy and field observations.
These taxonomic groups capture the broad trophic and morphological traits of the invertebrate
community without requiring species-level identification. We included cockroaches in a
predatory guild because of field observations of predation in our system (M. Vargas, C. FuentesMedina, and E. Alvarado, pers. comm.), and several reports in the literature (e.g. Persad and Hoy
2004). If reliable identification was not possible, or if the family included a wide range of diets,
then we considered the feeding behavior of the morphospecies to be unknown.
We divided herbivores in two functional groups, leaf chewers and phloem suckers, as
recent research suggests that induced plant defenses may mediate indirect competition between
the two groups (Carrillo et al. 2012; Huang et al. 2015). Predators were also divided in three
habitat categories, regardless of their taxonomic groups: bromeliad-associated predators, treeassociated predators, and aerial predators. Tree-associated predators consist of flightless or
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mainly stationary predators, such as spiders or assassin bugs (Reduviidae). Aerial predators
included highly itinerant taxa, able to quickly move from tree to tree, such as predatory flies. In
addition to predators, adult parasitoids were aggregated in a distinct category, for, although they
are highly mobile and could be considered ‘aerial predators’, their impact on herbivores may
only be detectable after a lag time (i.e. between when the egg is laid and when the larvae finally
kill the host). Many adult parasitoids are known to have predatory behaviours (e.g. Paiva and
Parra 2012), but their high diversity (Fig. 2.1b) and notoriously difficult identification made it
challenging for us to infer a precise feeding behaviour. As a result, adult parasitoids were not
subdivided into further taxonomic groups, and are thus excluded from multivariate analyses.
Since we did not dissect collected specimens, assessment of parasitism rates was not possible.
Nonetheless, by comparing the effects of different categories of predators and parasitoids, we
can assert whether bromeliads-induced cascades stem solely from bromeliad-associated
predators, or rather from the whole predator guild.

2.2.4

Statistical analyses

Comparison of invertebrates on tree leaves versus in bromeliads
We compared the difference in community composition between tree and bromeliads by
performing a canonical correspondence analysis (CCA) on Hellinger-transformed community
matrices (ter Braak and Verdonschot 1985) with the ‘cca’ function in the ‘vegan’ package
(Oksanen et al. 2018) within the R statistical software platform version 3.4.4 (R Core Team
2018). Bromeliad- and vacuum-sampled invertebrates were pooled separately for each tree in the
two sampling periods, and taxonomic groups with less than 10 collected specimens overall were

19

excluded from the analysis. The CCA model was then tested using a permutation test, with 2000
permutations restricted at the site level.

Bromeliad effects on tree food web - Univariate analyses
To test the effect of bromeliads on leaf damage, we tested our models with negative
binomial error distribution on percent damage (rounded to the nearest integer). As 25% of
collected leaves had no damage, and most damage proportions were < 5%, we did not fit leaf as a
random effect but instead averaged percent damage over all leaves within a quadrat. We also
tested for the effect of herbivore abundance on leaf damage, as this was the last direct link of our
hypothesized bromeliad-induced trophic cascade. Since our two herbivore functional groups, leaf
chewers and phloem suckers, are likely to inflict different amounts of damage on leaves, we
tested for the effect of each in isolation.
We assessed the impact of bromeliads (treatment categories, and proximity index) on
abundance of predators, both overall as well as divided into categories based on habitat
associations (bromeliad, tree, aerial) and taxonomic groups. We also examined effects of
bromeliads on adult parasitoids and herbivore functional and taxonomic groups. As intraguild
predation can have strong impacts on predation intensity (Finke and Denno 2002; Finke and
Denno 2004), we also examined associations between predator categories, and parasitoids.
Similarly, because leaf chewing and phloem sucking insects may indirectly compete through
plant induced defenses (Carrillo t al. 2012; Huang et al. 2015), we assessed the association
between these two functional groups. Finally, we examined associations between herbivores
functional and taxonomic groups, predator categories and taxonomic groups, and parasitoids.
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To isolate the effect of our independent variables given the high variability across sites,
trees and quadrats, we opted for generalized mixed-effect models using the ‘lme4’ package
(Bates et al. 2015), with site, tree and quadrat as nested random effects. Although this approach
controls for the variance structure of our random effects, it does not allow us to control for mean
differences between sites. For instance, one of our sites tended to have lower invertebrate
abundance and lower bromeliad densities than the others, which can confound between- and
within-site effects. We thus decided to center independent variables around site means to correct
this bias. Because we are testing data from a BACI design, all models involved the interaction
between the independent variable and sampling period (Before or After), effectively capturing
the effect of treatment (Smith 2002). Model fit was assessed using the ‘DHARMa’ package
(Hartig 2018), and model outputs were tested using likelihood ratio tests (Bolker et al. 2009),
using the ‘mixed’ function of the ‘afex’ package (Singmann et al. 2018). Models were plotted
using the ‘ggeffects’ package (Lüdecke 2018).

Bromeliad effects on tree food web - Multivariate analyses
For multivariate analyses of invertebrate composition, we used permutational analysis of
variance (PERMANOVA) with 2000 permutations using the ‘adonis’ function in ‘vegan’
(Oksanen et al 2018), a robust variation-partitioning method useful in detecting the impacts of
ecological gradients on community data (Anderson 2001). This analysis was performed on a
Bray-Curtis dissimilarity matrix of taxonomic groups (Baselga 2010). Although the independent
variables in this analysis were similar to those of the mixed-effect models, we included site as
the sole random effect as it is not possible to restrict permutations within several levels of
nestedness.
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Invertebrates within bromeliads
Finally, to assess potential variations in the invertebrate communities within bromeliads,
we summed overall invertebrate and predator abundance separately for each bromeliad. We
tested the effect of sampling period on this per-bromeliad abundance using bromeliad size as a
covariate. Because abundances and bromeliad longest leaf length varied across two orders of
magnitude, they were both transformed to fit model assumptions. We rounded the 0.25 exponent
of abundance values, and used the natural logarithm of longest leaf length. In addition, we
removed one bromeliad from the analysis, as its composition was substantially different from the
others.
Model outputs were then tested in the same way than the other generalized mixed-effect
models, using likelihood ratio tests (Bolker et al. 2009).
All R code and data are available at https://github.com/pierrerogy/bromagro.

2.3

Results
We collected, through vacuum sampling, 8271 invertebrate specimens belonging to 1159

morphospecies in 20 orders. We excluded mosquitoes and black flies from our final analysis, as
their presence in the samples was due more to their congregation around the human sampling
team than to the bromeliads, thus reducing the number of specimens to 7918. From the 174
dissected bromeliads, we collected 281 morphospecies, whose abundance amounted to 1061
specimens excluding ant nests, and approximately 14361 including ant nests. Invertebrate
communities on trees and bromeliads differed significantly from each other (χ21= 0.214, F1, 294 =
30.6 and p = 0.0005 for community type; residual χ2256= 2.06, Fig. 2.1a, hypothesis (i)).
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2.3.1

Leaf damage

The amount of leaf damage per quadrat (“pooled leaf damage”) was 27% higher in the
After than Before sampling period (Table 2.1, Fig. 2.3h). Pooled leaf damage was positively
associated with herbivore abundance, regardless of sampling period (hypothesis (v), Table 2.1).
When dividing herbivores into leaf chewers and phloem suckers, this positive association was
restricted to leaf chewers, with no association between phloem suckers and pooled leaf damage
(Table 2.1). Pooled leaf damage was not associated with either the bromeliad volume proximity
index, or the bromeliad treatment (Fig. 2.3h, hypothesis (vi)), nor by the interaction of these
bromeliad variables with sampling period (Table 2.1).

Table 2.1. Summary of likelihood ratio tests of bromeliad parameters and herbivore
abundance on pooled leaf damage. Significant associations are bolded. V= variable, S=
sampling period, VS= interaction between variable and sampling period.

Pooled
leaf
damage

Volume proximity index
V
S
VS
χ21=0.0778 χ21=17.4
χ21=0.252
p=0.78
p<0.0001 p=0.62

Pooled
leaf
damage

V
χ22=3.93
p=0.14

Treatment
S
VS
χ21=18
χ22=1.83
p<0.0001 p=0.4

Leaf chewer abundance
V
S
VS
χ21=19.5
χ21=10
χ21=0.344
p<0.0001 p=0.0016 p=0.56
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Herbivore abundance
V
S
VS
χ21=16.1
χ21=9.41
χ21=0.623
p<0.0001 p=0.0022 p=0.43

Phloem sucker abundance
V
S
VS
χ21=1.57 χ21=16.2
χ21=2.43
p=0.21
p<0.0001 p=0.12

2.3.2

Invertebrates on orange trees

Direct effect of bromeliads on predators in orange tree communities
Regardless of the bromeliad metric used, bromeliads affected predators on the orange
trees, but in subtly different ways. Predator abundance within quadrats increased with the
bromeliad volume proximity index and over time (Table 2.2a, Fig. 2.2a). The effects of
bromeliad treatment changed over time: in the Before sampling period, predator abundance was
50% higher in treatments with bromeliads, yet this difference was erased in the After sampling
period, because predator abundance nearly doubled in the Without treatment but only increased
slightly in the With and Removal treatments (Table 2.2a, Fig. 2.2a). The resulting abundances in
the three treatments were then almost undistinguishable. Parasitoids, on the other hand, remained
unaffected by bromeliads (Table 2.2a).
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Figure 2.2. Estimates of the effect of the volume proximity index and its interaction with
sampling period for all predators (a), herbivores (b), herbivorous beetles (c), and the Asian
citrus psyllid (d). Y-axes were logged and raw data points were jittered for clarity. Shaded
bands around lines represent 95% confidence interval. Y-axis scale differs across panels.
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Table 2.2. Summary of likelihood ratio tests of the effect of bromeliad parameters on
predator categories and taxonomic group (a), and herbivore functional and taxonomic
groups (b). Significant associations are bolded. V= variable, S= sampling period, VS= interaction.
a
Volume proximity index
V

Treatment
VS

V

S

VS

p=0.013

χ 1=117
p<0.0001

χ 1=0.375
p=0.54

χ22=1.7
p=0.43

χ 1=144
p<0.0001

χ 2=23.9
p<0.0001

χ2=5.8
p=0.016

χ21=3.48
p=0.062

χ2=1.7
p=0.19

χ22=8.61
p=0.014

χ21=2.14
p=0.14

χ22=18
p=0.0001

χ21=1.4
p=0.24
χ21=6.704
p=0.0096
χ21=0.882
p=0.35
χ21=11.7
p=0.00062
χ21=0.69
p=0.405

χ21=66.1
p<0.0001
χ21=41
p<0.0001
χ21=13.9
p<0.0001
χ21=7.26
p=0.00705
χ21=39.8
p<0.0001

χ21=0.0036
p=0.95
χ21=0.989
p=0.32
χ21=0.724
p=0.4
χ21=2.25
p=0.13
χ21=0.0337
p=0.85

χ22=0.996
p=0.61
χ22=2.49
p=0.029
χ22=1.01
p=0.604
χ22=4.09
p=0.13
χ22=0.61
p=0.74

χ21=94.9
p<0.0001
χ21=45.4
p<0.0001
χ21=15.4
p<0.0001
χ21=2.68
p=0.1
χ21=45.8
p<0.0001

χ22=5.63
p=0.06
χ22=0.0307
p=0.99
χ22=1.24
p=0.54
χ22=9.08
p=0.01
χ22=3.53
p=0.17

Hunting spidersc

χ21=0.0494
p=0.82

χ21=64.3
p<0.0001

χ21=0.26
p=0.61

χ22=0.335
p=0.84

χ21=60.8
p<0.0001

χ22=14
p=0.0009

Predatory flies4

χ21=0.809
p=0.37
χ21=3.63
p=0.057

χ21=107
p<0.0001
χ21=5.52
p=0.029

χ21=0.507
p=0.48
χ21=0.703
p=0.402

χ22=4.12
p=0.128
χ22=0.42
p=0.81

χ21=111
p<0.0001
χ21=7.5
p=0.0062

χ22=2.16
p=0.34
χ22=1.89
p=0.29

χ21=0.141
p=0.0708
χ21=6.53
p=0.0106

χ21=4.42
p=0.036
χ21=0.924
p=0.34

χ21=0.194
p=0.66
χ21=0.628
p=0.43

χ22=0.443
p=0.8
χ22=7.79
p=0.0203

χ21=4.28
p=0.039
χ21=0.0146
p=0.904

χ22=3.27
p=0.2
χ22=7.39
p=0.025

χ21=1.22
p=0.27

χ21=3
p=0.083

χ21=0.376
p=0.54

χ22=3.14
p=0.208

χ21=3.56
p=0.059

χ22=11.6
p=0.0038

χ21=0.0398
p=0.84

χ21=1.64
p=0.2

χ21=0.352
p=0.55

χ22=0195
p=0.907

χ21=1.66
p=0.2

χ22=4.87
p=0.088

All predators

1

All bromeliadassociated
predators
Tree-associated
predators
Aerial predators
Parasitoids
Ants2
Web-building
spiders3

Predatory true
bugs5
Cockroaches6
Bromeliadassociated ants
Bromeliadassociated
hunting spiders
Bromeliadassociated
cockroaches

χ21=6.11

S
2

2

1

2

2

Predator functional groups included here not analyzed separately due to low abundance: mantids (Mantodea),
earwigs (Dermaptera), lacewings (Neuroptera), predatory true bugs (Geocoridae, Nabidae, Reduviidae), social
wasps (Vespidae), and predatory beetles (Carabidae, Cleridae, predatory Coccinellidae, Lampyridae, Staphylinidae)
2
Formicidae
3
Araneidae, Pholcidae, Tetragnathidae, Theridiidae, Theridiosomatidae, Uloboridae
4
Other Araneae
5
Asilidae, Chamaemyiidae, Dolichopodidae, Empididae
6
Blattodea
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V
Non-bromeliadassociated ants
Non-bromeliadassociated
hunting spiders

χ21=6.87
p=0.0087
χ21=0.352
p=0.55

Volume proximity index
S
VS
χ 1=10.35
p=0.0013
χ21=63.2
p<0.0001
2

χ 1=0.947
p=0.33
χ21=0.451
p=0.502
2

V

Treatment
S

VS

χ22=1.06

χ21=0.0007

χ22=1.26

p=0.59
χ22=1.14
p=0.57

p=0.98
χ21=62.8
p<0.0001

p=0.53
χ22=9.5
p=0.0087

V
χ22=2.99
p = 0.23
χ22=0.201
p=0.904
χ22=18
p=0.0001
χ22=1.19
p=0.55
χ22=0.538
p=0.76
χ22=0.877
p=0.65
χ22=10.1
p = 0.0065
χ21=0.0158
p=0.92

Treatment
S
χ21=127
p<0.0001
χ21=45.8
p<0.0001
χ21=98.1
p<0.0001
χ21=0.164
p=0.69
χ21=31.9
p<0.0001
χ21=8.83
p=0.003
χ21=128
p<0.0001
χ21=49.7
p<0.0001

b

All herbivores7
Honeydew
producers8
Herbivorous
snails9
Herbivorous
beetles10
Hopper11
Asian citrus
psyllid12
Leaf chewers13
Phloem
suckers14

Volume proximity index
V
S
VS
χ21=0.0359
χ21=159
χ21=14
p=0.85
p<0.0001
p=0.0002
χ21=2.24
χ21=27.6
χ21=0.0656
p=0.14
p<0.0001
p=0.8
χ21=1.7
χ21=218
χ21=0.139
p=0.19
p<0.0001
p=0.709
χ21=3.11
χ21=2.45
χ21=4.71
p=0.078
p=0.12
p=0.0301
χ21=0.0048
χ21=22.3
χ21=1.32
p=0.94
p<0.0001
p=0.25
χ21=0.0203
χ21=8.47
χ21=4.39
p=0.89
p=0.0036
p=0.036
χ21=0.173
χ21=123
χ21=9.1
p=0.68
p<0.0001
p=0.0026
χ21=0.232
χ21=47.3
χ21=2.98
p=0.63
p<0.0001
p=0.084

7

VS
χ22=19.6
p<0.0001
χ22=3.48
p=0.18
χ22=0.67
p=0.71
χ22=2.2
p=0.33
χ22=0.701
p=0.7
χ22=1.13
p=0.57
χ22=21
p<0.0001
χ21=2.4
p=0.301

Herbivore functional groups included here not analyzed separately due to low abundance: herbivorous true bugs
(Alydidae, Berytidae, Coreidae, Cydnidae, Largidae, Lygaeidae, Megarididae, herbivorous Pentatomidae,
Scutelleridae, Tingidae), herbivorous Lepidopterans (caterpillars and the citrus leaf miner Phyllocnistis citrella),
herbivorous orthopterans (Caelifera and herbivorous Tetigoniidae), and herbivorous flies (Agromyzidae)
8
Aphididae, Coccoidea
9
Gastropoda
10
Chrysomeloidea, Curculionoidea, Elateridae, Meloidae, Mordellidae, herbivorous Nitidulidae, herbivorous
Scarabaeidae, herbivorous Scirtidae
11
Auchenorrhyncha and Psylloidea, including the Asian citrus psyllid
12
The Asian citrus psyllid Diaphorina citri, vector of the citrus greening disease
13
Herbivorous snails, beetles, Lepidopterans, and Orthopterans
14
Honeydew producers, hoppers and herbivorous true bugs
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Predators could be subdivided, based on their habitat, into bromeliad-associated (found at
least once on a bromeliad), tree-associated (never found on a bromeliad and poorly vagile), and
aerial predators (never found on a bromeliad and vagile); of these three groups of predators, only
bromeliad-associated predators were positively associated with both metrics of bromeliad
abundance (Table 2.2a, Fig. 2.2a, 2.3a, hypothesis (ii)). The abundance of bromeliad-associated
predators, like that of all predators, was positively associated with the bromeliad volume index.
Bromeliad-associated predators were initially more abundant on trees with bromeliads (With,
Removal in the Before sampling period) than without bromeliads, but all differences between
experimental treatments disappeared in the After period (Table 2.2a; Fig. 2.3b). Although the
relative differences in bromeliad-associated predators between treatments is much like that seen
in the full predator community, there is one critical difference: bromeliad predators did not
change in overall abundance over time, yet the full predator community increased by 50%. (Fig.
2.3a-b). This suggests that the temporal increase in predators occurred in other micro-habitats,
and indeed all of tree-associated and aerial predators, and parasitoids increased over time (Table
2.2a). Tree-associated predators were unaffected by bromeliads, but aerial predators were
slightly negatively associated with the bromeliad volume proximity index (Table 2.2a).
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Figure 2.3. Estimates of the effect of treatment on all predators (a), bromeliad-associated
predators (b), ants associated (c) and not associated (e) with bromeliads, hunting spiders
associated (d) and not associated (f) with bromeliads, all herbivores (g), and pooled leaf
damage (h). Error bars represent 95% confidence intervals. Y-axis scale differs across panels.
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In order to better understand predator responses, we examined patterns in individual
predator taxonomic groups that were abundant enough for analysis, namely ants, web-weaving
and active hunting spiders, predatory flies, predatory true bugs and cockroaches (Table 2.2a). Of
these six taxonomic groups, only ants and active hunting spiders were significantly associated
with bromeliads (Table 2.2a). Ants were positively associated with the bromeliad volume
proximity index, and, like the full suite of predators, they initially were more abundant on trees
with bromeliads than without, but this difference disappeared in the After sampling period (Table
2.2a). These effects of bromeliad treatment were largely maintained in the subset of ants that was
bromeliad-associated, but disappeared when we considered only those ants not associated with
bromeliads (Table 2a, Fig. 2.3c, 2.3e). Specifically, bromeliad-associated ant abundance was
initially higher in the trees bearing bromeliads (With and Removal) in the Before sampling
period, but then decreased in the After period, such that bromeliad-associated ant abundance was
then similar amongst treatments (Fig. 2.3c).
Hunting spiders also showed a bromeliad treatment x sampling period interaction, but
one different than either ants or all predators (Table 2.2a). Initially, hunting spider abundance
tended to be higher in the trees with bromeliads in the Before period, but this pattern reversed in
the After period when hunting spider abundance was higher in trees without bromeliads;
paradoxically this trend was especially pronounced in those hunting spider taxa associated with
bromeliads (Fig. 2.3d). Similarly, removing bromeliads constrained the seasonal increase in nonbromeliad associated hunting spider abundance to levels below that of the two other treatments
(Table 2.2a, Fig. 2.3f).
Despite effects on particular taxa, bromeliads generally did not affect predator
community composition (Table 2.3). In fact, only the volume proximity index was associated
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with taxonomic groups of all predators and tree-associated predators (Table 2.3), and this
association explained less than 1% community variation in both cases (Table 2.3). Moreover,
although the effect of sampling period was consistently significant in all PERMANOVAS, it
only explained 2-7% of community variation (Table 2.3).

Table 2.3. Summary of PERMANOVA of bromeliad parameters on taxonomic groups within
all predator categories, each predator category, and herbivores. Analysis performed with 2000
permutations restricted at the site level. Significant interactions are bolded. V= variable, S=
sampling period, VS= interaction.

All predators

Bromeliadassociated
predators
Tree-associated
predators
Aerial predators

Herbivores

Volume proximity index
V
S
VS
F1, 828=4.33
F1, 828=19.3
F1, 828=0.982
p=0.002
p=0.0005
p=0.045
R2=0.0051
R2=0.0228
R2=0.0012
F1, 507=2.04
F1, 507=6.87
F1, 507=1.44
p=0.108
p=0.0005
p=0.26
R2=0.004
R2=0.0134
R2=0.0028
F1, 586=3.58
F1, 586=13.6
F1, 586=0.456
p=0.012
p=0.0005
p=0.75
R2=0.006
R2=0.0226
R2=0.0076
F1, 321=0.884 F1, 321=25.8
F1, 321=0.31
p=0.36
p=0.0005
p=0.78
R2=0.0026
R2=0.0747
R2=0.0009
F1, 629=1.96
F1, 629=14.5
F1, 629=0.806
p=0.078
p=0.0005
p=0.53
R2=0.0031
R2=0.0225
R2=0.0013

V
F2, 828=1.06
p=0.35
R2=0.0025
F2, 507=0.96
p=0.38
R2=0.0038
F2, 586=1.27
p=0.26
R2=0.0042
F2, 321=0.678
p=0.66
R2=0.0039
F2, 629=1.72
p=0.057
R2=0.0053

Treatment
S
F1, 828=20.8
p=0.0005
R2=0.0246
F1, 507=7.24
p=0.0005
R2=0.0142
F1, 586=15
p=0.0005
R2=0.0249
F1, 321=26
p=0.0005
R2=0.075
F1, 629=14.1
p=0.0005
R2=0.0219

VS
F2, 828=1.19
p=0.27
R2=0.0028
F2, 507=0.307
p=0.93
R2=0.0012
F2, 586=1.54
p=0.15
R2=0.0051
F2, 321=1.39
p=0.24
R2=0.0081
F2, 629=0.797
p=0.55
R2=0.0025

Effects of predators on herbivores
Aerial predators, bromeliad-associated predators, and parasitoids were, in general,
positively associated with herbivore abundance on the orange trees, but none had an impact on
herbivore community structure (Table 2.4, Table A.1a, Fig. A.1, hypothesis (iii)). When
subdividing herbivores between leaf chewer and phloem suckers, only parasitoids were
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positively associated with leaf chewer and aerial predators with phloem suckers (Table A.1b-c;
Fig. A.2-3). Aerial predators and leaf chewers were positively associated in the Before sampling
period, and negatively associated in the After sampling period (Table A.1b-c; Fig. A.2-3). A
similar pattern was encountered between tree-associated predators and phloem suckers (Table
A.1b-c; Fig. A.2-3).
At the taxonomic group level, separate analysis was only possible for effects of predators
on honeydew producers, herbivorous snails, herbivorous beetles, hoppers and the Asian citrus
psyllid, as abundance was insufficient in the other groups. Here we found that bromeliadassociated hunting spiders were positively associated with hoppers (χ21=5.28 and p=0.022),
regardless of season (χ21=0.0255 and p=0.87).
Predator categories, and parasitoids were also consistently positively associated with each
other (Table A.2, Fig. A.4). There also were several compositional effects between predator
categories. For example, tree-associated predators explained variation in aerial and bromeliadassociated predator composition, whereas bromeliad-associated predators explained variation in
aerial predator composition, and, in conjunction with sampling period, the taxonomic
composition of tree-associated predators (Table A.3a, c). On the other hand, parasitoids and
aerial predators did not explain variation in the composition of predator categories (Table A.3b,
d).
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Table 2.4. Summary of PERMANOVA of predator category and parasitoids on taxonomic
groups within herbivores. Analysis performed with 2000 permutations restricted at the site
level. Significant interactions are bolded. V= variable, S= sampling period, VS= interaction.
All predators

Bromeliad-associated
predators
Tree-associated
predators
Aerial predators

Parasitoids

V
F1, 629=1.91
p=0.089
R2=0.003
F1, 629=0.275
p=0.904
R2=0.0004
F1, 629=1.72
p=0.107
R2=0.00267
F1, 629=1.9
p=0.11
R2=0.003
F1, 629=1.49
p=0.21
R2=0.0023

S
F1, 629=13.7
p=0.0005
R2=0.0213
F1, 629=13.9
p=0.0005
R2=0.218
F1, 629=14.2
p=0.0005
R2=0.0222
F1, 629=13.5
p=0.0005
R2=0.021
F1, 629=14.2
p=0.0005
R2=0.0222

VS
F1, 629=0.182
p=0.95
R2=0.0003
F1, 629=0.587
p=0.69
R2=0.0009
F1, 629=0.0918
p=0.98
R2=0.0001
F1, 629=1.62
p=0.34
R2=0.0025
F1, 629=0.644
p=0.63
R2=0.001

Indirect effect of bromeliads on herbivores
Herbivore abundance on orange trees was affected by bromeliads, whether measured as
the volume proximity index (Table 2.2b, Fig. 2.2b) or treatment (Table 2.2b, Fig. 2.3b), and this
effect was restricted to leaf chewers as opposed to phloem suckers (Table 2.2b). Although the
association between herbivores and the volume proximity index was negative in the Before
sampling period, it became positive in the After period (Table 2.2b, Fig. 2.2b). This temporal
shift was reflected in particular herbivore groups, including the herbivorous beetles and Asian
citrus psyllids, but not others (Table 2.2b, Fig. 2.2c-d). The effects of bromeliad treatment on
herbivores, leaf chewers in particular, also changed over time: initially treatments had similarly
low herbivore densities, but between the two sampling periods, there was a much stronger
increase in herbivore abundances in trees of the With and Removal treatments than in trees of the
Without treatment (Fig. 2.3b, hypothesis (iv)).
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At the community level, no bromeliad parameter significantly impacted herbivore
communities (Table 2.3). Sampling period had an impact on herbivore communities, but only
explained about 2% of the variation (Table 2.3).

Association between herbivore functional groups
Leaf chewers and phloem suckers were positively associated (χ21=7.48 and p=0.0062),
with the slope of the association being considerably steeper in the Before sampling period
(χ21=9.42 and p=0.0021).

2.3.3

Seasonality in bromeliad occupation

Although the abundance of all invertebrates and predators within bromeliads increased
asymptotically with bromeliad size (χ21=17.9 and p<0.0001, χ21=23.4 and p<0.0001,
respectively), there was no difference in abundance between the two sampling periods (χ21=0.701
and p=0.402, χ21=0.29 and p=0.59, respectively), nor was there a bromeliad size by sampling
period interaction (χ21=0.201 and p=0.65, χ21=0.1 and p=0.75, respectively).

2.4

Discussion
Our experiment demonstrates that bromeliads alter the trophic structure of the terrestrial

invertebrate community in orange trees, although, unlike in previous studies (Dejean, Olmsted
and Snelling 1995; Hammill, Corvalan and Srivastava 2014), this shift in trophic structure does
not result in reduced leaf damage. The positive effects of bromeliads on orange tree predators
were seen both observationally, in a natural gradient in bromeliad density and proximity, as well
as experimentally, in our experimental removals of bromeliads. Bromeliads primarily increased
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orange tree predators by providing nesting sites for specific ant species and by sheltering specific
species of hunting spiders and predatory beetles. The effects of bromeliads changed over time,
with stronger effects on predators in the Before period than the After period, with a reverse
temporal pattern for herbivores. Herbivores also showed a dramatic increase over time, but only
those predators not associated with bromeliads showed a similar increase, reflecting varying
seasonal effects. In other words, evidence for a bromeliad-induced trophic cascade is limited:
although predator and herbivore abundances show opposite patterns along natural gradients in
bromeliad density in the initial sampling period, consistent with a trophic cascade, the
abundances of these trophic levels are positively correlated in trees, inconsistent with top-down
control at that spatial scale.
By creating a habitat distinct from that of the support tree, bromeliads harbour distinct
terrestrial predator communities. In our system, bromeliads increased predator abundance on
orange trees, at least in the initial (dry season) sample. This increase in predator abundance could
be attributed to bromeliads providing nesting sites or shelter to predators (Blüthgen et al. 2000a;
Wittman 2000), as only those predatory taxa found in bromeliads increased in abundance on the
trees. This increase was particularly evident for ants and hunting spiders associated with
bromeliads, the most abundant bromeliad-associated predatory taxa. Other studies have also
reported that terrestrial predators associated with bromeliads tend to forage on the support tree
(Catling 1997; Cruz-Angón, Baena and Greenberg 2009; Gonçalves et al. 2016).
These effects of bromeliads on predators in orange tree communities, seen in the Before
sampling period, disappeared in the After period. This loss of bromeliad effects is most likely
due to a seasonal effect, as the Before sampling period coincided with the end of dry season,
with the wet season starting a few weeks prior to the After period. In tropical areas with both dry
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and wet seasons, insects tend to have peak abundance in the wet season (Kishimoto-Yamada and
Itioka 2015). The orange trees in our study produced a flush of new leaves at the start of the wet
season, leading to higher herbivore abundances in the After than Before sampling period (except
for herbivorous beetles). Seasonal increases in herbivore density should support more predators,
and indeed overall predator numbers also increased with time. However, this increase in predator
abundance with time was entirely driven by taxa that were not associated with bromeliads in our
system. On the tree leaves, and even within the bromeliads themselves, there was little seasonal
change in densities of bromeliad-associated predators, suggesting either weak or delayed bottomup control by herbivores. This result contrasts with other studies that suggest seasonal effects on
terrestrial bromeliad invertebrates (Yanoviak et al. 2011; Hénaut et al. 2014; Castaño-Meneses
2016). In fact, the large increase in non-bromeliad taxa in the wet season coincided with the loss
of bromeliad effects on all predators, suggesting that non-bromeliad predators numerically
swamped the ability of bromeliads to act as sources of predators. Bromeliads may also have
become less effective as sources. The association between bromeliads and terrestrial
invertebrates is generally facultative, with bromeliads providing favorable microclimatic
conditions and refuges from predators, such as birds (Blüthgen et al. 2000a; Stuntz et al., 2002;
Romero and Vasconcellos-Neto 2005). In the wet season, invertebrates may be able to use other
micro-habitats, such as leaf rolls or bark crevices as refuges (Cornelissen, Cintra and Santos
2016). In this study, we noticed many leaf rolls occupied by bromeliad-associated ants, spiders
and cockroaches. Therefore, one explanation for our results is that predators that used bromeliads
as moist refuges in the dry season moved to other parts of the tree in the wet season, as overall
microclimatic conditions may have become more favourable.
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Bromeliads had complex, season-dependent effects on herbivore densities. In the dry
season, herbivore abundance decreased slightly along a natural gradient in increasing bromeliad
density, size and proximity. This is consistent with top-down control by predators, which show
the opposite pattern. However, we caution that this is a subtle decrease in herbivores, one that is
undetectable when bromeliads are simply represented as present versus absent. Furthermore, topdown control would imply that predators and herbivores negatively covary, yet this relationship
is generally positive, even when we limit the analysis to particular taxonomic and functional
groups. We cannot exclude the possibility that tree-level negative covariance is masked by
predator aggregation on branches with high densities of herbivores (quadrat-level positive
covariance). The negative effects of bromeliads on herbivore density, in the dry season, were
particularly evident in leaf chewers, and in herbivorous beetles and the Asian citrus psyllid, but
not in other herbivore functional or taxonomic groups. The Asian citrus psyllid, Diaphorina citri
(Hemiptera: Liviidae), is one of the most serious threat to citrus agriculture worldwide (Halbert
and Manjunath 2004). However, given the overall weakness of the bromeliad effects on psyllids,
bromeliads may not be an effective agriculture tool in reducing their densities. The effects of
bromeliad-associated ants on biocontrol agents (Tamarixia radiata (Hymenoptera: Eulophidae)
and Diaphorencyrtus aligarhensis (Hymenoptera: Encyrtidae)) is also unclear, although we note
in passing that bromeliad metrics were uncorrelated with parasitoid density and we did not
examine parasitism rates. Although previous studies (Dejean, Olmsted and Snelling 1995;
Hammill, Corvalan and Srivastava 2014) reported evidence consistent with bromeliads initiating
top-down control of herbivores, these bromeliads, unlike ours, contained large, territorial ants
(e.g. Odontomachus spp.) which may be more effective at controlling herbivores.
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In contrast to the weak negative effects of bromeliads on herbivores in the dry season,
there were stronger, often positive, effects of bromeliads on herbivores in the wet season.
Interestingly, not only did trees that always contained bromeliads (With treatment) have higher
herbivore than trees that never contained bromeliads (Without treatment), but so did trees that
previously contained bromeliads (Removal treatment). There are several possible explanations
for this unexpected pattern. First, bromeliads may provide direct non-trophic benefits to certain
herbivore species. For example, bromeliads directly benefit herbivorous snails by providing a
moist microhabitat as evidenced by the many snails found both within bromeliad tanks and on
trees with bromeliads. Large herbivores like katydids were also observed sheltering during the
day in bromeliads, and foraging at night on the tree (Chapter 3), and have been shown to be more
numerous in trees with bromeliads (Cruz-Angón, Baena and Greenberg 2009). This is supported
by the effect of bromeliad treatment being limited to leaf chewers, which were mainly composed
of such invertebrates. Second, bromeliads can shelter ants that tend herbivorous homopterans
(e.g. aphids and scale insects) rather than consume them. For example, the most common
bromeliad ant species in our study has been observed tending and dispersing homopterans
around their nesting sites (M. Vargas, C. Fuentes-Medina, E. Alvarado, pers. comm.). The fact
that trees whose bromeliads have been removed continue to have elevated herbivore densities
could suggest some time lags to the restructuring of the invertebrate community after these
bromeliad-herbivore linkages have been disrupted. However, we did not detect any effects of
bromeliads on phloem suckers, so we have to exclude this explanation. Further studies are
consequently required to understand the mechanisms behind the bromeliad-leaf chewer
association in our system.
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Although bromeliads were associated with higher predator densities in the dry season
(Before sample), and higher herbivore densities in the wet season (After sample), there was no
effect of bromeliads on leaf damage in either sample period. There are several possible
explanations. First, top-down effects of predators may be attenuated by compensatory changes in
herbivore behavior or distribution (Jeffries and Lawton 1984; Schmitz, Hambäck, and
Beckerman 2000; Staudacher et al. 2018). Such an explanation is consistent with the lack of
negative correlations between predator and herbivore abundances, although predator aggregation
around areas of high herbivore density can mask top-down control. A second possibility is that
intraguild predation dampens predation on herbivores. This explanation is supported by
observations of several, reciprocal alterations in taxonomic group structure of our predator
categories. Both of these explanations suggest that the predator-herbivore-leaf trophic cascade is
attenuated at the predator-herbivore link, and are consistent with the observation of positive
associations between leaf chewer abundance and leaf damage (i.e. the herbivore-leaf link is still
important). A different explanation is that our measure of leaf damage, which only accounted for
visible damage that could be unequivocally be attributed to insects, overemphasized damage
done by chewing herbivores and underestimated damage done by phloem suckers, as
exemplified by the lack of association between this functional group and leaf damage. We also
disregarded leaf deformations, as these can be either insect- or pesticide-caused, and the great
variety of fungi growing on the leaves, some but not all of which are a direct consequence of
insect feeding (Livingston, White and Kratz 2008; Navarrete et al. 2008). This methodology
differs from Dejean, Olmsted and Snelling (1995), where defoliation extent was pooled in three
discrete categories, and Hamill, Corvalan and Srivastava (2014), which included leaf nonphotosynthetic area.
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In conclusion, there is limited evidence that bromeliads mediate top-down control of
herbivores in our system. Although our results show a strong role for bromeliads as biotic habitat
modifiers, increasing the abundances of associated predators on orange trees (ants and hunting
spiders in particular), the non-trophic indirect effects of bromeliads on herbivores were
inconsistent. Indeed, bromeliads decreased herbivores in a relatively weak fashion, and only in
the dry season, while increasing herbivores in the wet season. In addition, biotic habitat
modification by bromeliads was not only exploited by predators, as the epiphytes also provided
habitat for a subset of the herbivore community, mainly leaf chewing snails and large
orthopterans. These opposing effects may explain why bromeliads did not show cascading
effects on leaf damage, despite their positive association with predators, and the negative effect
of herbivores on leaves. Instead, our results provide stronger evidence for the bottom-up effects
of herbivores on predators, as predator and herbivore densities were positively associated on
trees, as well as seasonally.
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Chapter 3: Disentangling consumptive and non-consumptive effects:
an example using invertebrate behaviour in an epiphyte-support
tree system
3.1

Introduction
An important question in population and community ecology is how variation in

abundance of a given trophic level affect other trophic levels (Hairston, Smith and Slobodkin
1960; Fretwell 1987; Abrams 1995; Ohgushi 2008). This question has been addressed by
manipulating different species densities in natural or artificial systems. Such manipulations have
revealed the importance of indirect pathways mediated by multiple species, such as trophic
cascades: the indirect top-down effect of varying predator densities on primary producers
through their effects on herbivores (Fretwell 1987; Schmitz, Hambäck and Beckerman 2000;
Ripple et al. 2016). Initial experiments also focused on direct trophic interactions, also known as
density-mediated effects, because they were the most straightforward path, with easily
observable mechanisms and consequences in focal groups. However, research on nonconsumptive, or trait-mediated effects, such as behavioural or morphological changes, revealed
that direct consumption is only part of the overall set of ecological interactions (Jeffries and
Lawton 1984; Abrams 1995; Verdolin 2006).
Trait-mediated processes have long been suggested to play a predominant role in
structuring ecological communities, undermining a trophic-only approach (e.g. Fretwell 1987).
Specifically, predators not only consume prey, but also modify prey behaviour and habitat
selection, as prey attempt to reduce the chances of being eaten (Jeffries and Lawton 1984;
Schmitz, Krivan and Ovadia 2004; Verdolin 2006; Bestion et al. 2015; Buchanan et al. 2017).
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For example, Wu et al. (2015) describe a predator-induced shift in detritivore communities near
the soil surface, a shift due not to mortality, but to detritivores burrowing deeper into the soil.
While predators consumed epigeic detritivores, indirectly reducing nutrient availability near the
soil surface, their non-consumptive effects on burrowing detritivores resulted in increased
nutrient availability at greater depths, indirectly increasing aboveground plant biomass (Wu et al.
2015). However, trait and behavioural modifications do not stem solely from negative, predatorprey interactions.
Indeed, trait-mediated interactions can also result from positive interspecific interactions
between species, which can have far-reaching impacts in a community (Boucher, James and
Keener 1982; Peacor and Werner 2001; Leclerc et al. 2016). A common example is the anthomopteran system, where ants tend honeydew-producing insects, securing this source of
energy-rich food by defending the homopterans against predators, including other ants (Dejean,
Bourgoin and Giberneau 1997; Blüthgen et al. 2000b; Styrsky and Eubanks 2007). In general,
these ants increase honeydew producer abundances through protection behaviour, decreasing
densities of other predatory and herbivorous invertebrates, and resulting in considerable changes
in the communities (Styrsky and Eubanks 2007). By increasing energy flow to certain ant
species, this kind of positive interspecific interaction can radically change ant competitive
dynamics, and allow ants that are otherwise subdominant to exclude competitors, indirectly
affecting other trophic levels (Dejean, Bourgoin and Giberneau 1997; Blüthgen et al. 2000b).
Although tending ants obtain large amount of energy through honeydew, they usually remain
primarily predatory (Blüthgen et al. 2000b). In addition, the extent of which ant species rely on
honeydew depends on seasonal and diurnal life cycle patterns, so the aforementioned effects may
be contingent on these factors (Way 1963). Even though the role of traits in mediating ecological
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interactions is increasingly understood, their inclusion in conceptual studies of ecological
networks is relatively recent (e.g. Solé and Bascompte 2006; Mora et al. 2018). Here we
examine whether the occurrence of bromeliads on orange trees modifies the composition and
behaviour of the invertebrate community on the tree, and if such changes reflect a shift in the
strength of negative (consumptive) or positive (facilitative) species interactions between
invertebrates.
Epiphytic tank bromeliads, members of the diverse Bromeliaceae family, are ubiquitous
plants throughout most of the tropical Americas, both in natural and agricultural settings
(Benzing 2000; Toledo-Aceves et al. 2012). Their epiphytic lifestyle relies on the trapping of
water and detritus by their leaf rosette, whose specialised trichomes extract nutrients (Wittman
2000). Bromeliads are considered biotic habitat modifiers (Linder et al. 2012), as they create
terrestrial microhabitats that are opportunistically occupied by a diverse array of species (Benzig
2000; Angelini and Silliman 2014). More precisely, the bromeliad leaf rosette is inhabited by a
variety of predatory terrestrial arthropods, such as ants (Gutierrez Ochoa et al. 1993; Dejean,
Olmsted and Snelling 1995; Stuntz et al. 2002; Castaño-Meneses 2016). This increase in
predator microhabitat in trees bearing bromeliads is known to impact species and functional
group densities in support trees (Cruz-Angón, Baena and Greenberg 2009; Yanoviak et al. 2011;
Chapter 2), with some studies suggesting that by harbouring predators, epiphytic tank bromeliads
may provide indirect protection against herbivorous insects to their support tree (Dejean,
Olmsted and Snellin 1995; Hammill, Corvalan and Srivastava 2014). However, to the best of our
knowledge, there has been no study that has examined if the effects of bromeliads on the support
tree community stems from consumptive or non-consumptive effects. In other words, it is
unknown whether bromeliad-associated predators have exclusively consumptive impacts on
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support tree communities, or if facilitative mechanisms play an important role in community
shifts. If bromeliad-associated predators affect arboreal communities through non-consumptive
facilitative mechanisms, then this work would highlight a new pathway through which
community structure may be altered.
We hypothesize that: (i) trees with bromeliads will harbour higher predator abundances
and lower herbivore abundances than trees without bromeliads because bromeliads provide
increased habitat for predators; (ii) therefore, there will be differences in the number of positive
and negative species interactions in trees with bromeliads versus without bromeliads; (iii)
invertebrate communities in trees with bromeliads will have a different behavioural profile than
in trees without bromeliads because of modified ecological networks; (iv) bromeliad effects on
the arboreal invertebrate communities will differ with time of the day, as bromeliad inhabitants
may exhibit differing diurnal and nocturnal cycles.

3.2

Methods
3.2.1 Site description and observation design
In this study, we observed the behaviour, abundance and composition of invertebrates on

the leaves and branches of orange trees, and compared trees with and without bromeliads, at day
and at night. This observational survey took place in June 2017 in two orange plantations around
Santa Cecilia de la Cruz, northern Guanacaste Province, Costa Rica (11°03′51″N - 85°25′06″W).
The first plantation, hereafter CP (named after the owners Calixto Moraga and Petrona Ríos),
consisted of about a hundred, lightly-maintained trees, separated by rows of tall fodder plants,
and located in a matrix of human settlements, pasture, and forest fragments. The other plantation,
hereafter DO (named after the owning company, Del Oro S.A.), is an intensively managed
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parcel, located at the edge of the Guanacaste National Park, and isolated from the rest of the
company’s operations. Unlike CP, DO has been intensively sprayed with pesticides until
September 2016, but is now used as an experimental parcel to develop sustainable agricultural
techniques by the company agronomists. The between-tree rows consisted of a diverse matrix of
short grasses and bushes.
Due to the large differences in area between our sites, and because of difficulties in
traversing the dense fodder plants at CP, our observation design differed between the two sites.
At CP, we selected three blocks of 12 trees. Within each block, six trees bore bromeliads and six
did not. Two observers separately performed either two diurnal or two nocturnal observations on
each tree of a block. Each observation consisted of a researcher carefully approaching the edge
of the orange tree, and recording all invertebrate activity in a randomly selected, eye-level
50*50*50cm volume for five minutes. The activity duration was approximated to the nearest
five seconds. In order to minimize disturbance, the researcher stood still during the observation,
or slightly swayed to keep track of invertebrate movements. We repeated the same design a
second time on each block, but with time of observation (day or night) switched for observers to
reduce any observer bias. Due to the relative isolation of DO, it was not possible to safely do
nighttime observations; therefore, the two observers synchronously performed diurnal
observations on opposite sides of each tree. In each site, observations lasted for seven days, and,
each day, we recorded invertebrate activity four times on six trees with bromeliads and six trees
without bromeliads.
We identified observed invertebrates to morphospecies, or to ‘near-morphospecies’
(identification uncertain, or slight morphological differences present). If identification was
certain, we inferred feeding guild from taxonomy (see Chapter 2). However, if identification was
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approximate, or the taxon includes a range of feeding behaviours, feeding behavior was
considered unknown. Herbivores were further classified into functional groups based on their
feeding behaviours, namely leaf chewers, phloem suckers, and leaf miners. We categorized
specimens into taxonomic groups (Table 3.1a), as developed in Chapter 2. When observing
invertebrates, we classified behaviour in eleven different categories (Table 3.1b), and
interspecific interactions as positive or negative (Table 3.1c).

Table 3.1. List of dietary, functional and taxonomic groups (a), behaviours (b) and
interspecific interaction types (c) used in the analysis. More taxonomic information on each
group can be found in Chapter 2.
a
Trophic level

Dietary/functional groups

Predator

Predator (including scavengers and
omnivores with predatory behaviours)

Leaf chewers
Herbivore
Phloem suckers

Leaf miners
Detritivore
Granivore
Mycophagous
Non-feeder
Others

Omnivore without predatory
behaviours
Parasitoid
Palynivore/Nectarivore
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Taxonomic groups (or lowest
taxonomic unit)
Ants (excluding leaf-cutter ants),
predatory heteropterans, hunting
spiders, lacewings, mantids,
predatory beetles, predatory flies,
wasps, web-weaving spiders,
cockroaches, opiliones
Atta sp. (leaf-cutter ants),
herbivorous beetles, herbivorous
lepidopterans, herbivorous
orthopterans, herbivorous snails
herbivorous heteropterans, hoppers
(mobile homopterans), scales/aphids
(includes mealybugs)
All leaf miners, including
Phyllocnistis citrella
Collembola, Diplopoda, Psocoptera
Rhyparochromidae
Lauxaniidae
Chironomidae, Psychodidae,
Sciaridae
Ensifera, earwigs
parasitoids
Syprhidae, Apidae, Lepidoptera

Trophic level

Dietary groups

Taxonomic groups (or lowest
taxonomic unit)
Scolytinae

Xylophagous
Others
Unknown feeding behaviour

Acari, Apocrita, Brachycera,
Coleoptera, Diptera, Hemiptera,
Lepidoptera, Nematocera,
Orthoptera, Polyphaga,
Sternorrhyncha, Thysanoptera

b
Behaviour category
Stationary
Detritivory
Leaf chewing
Phloem sucking
Leaf mining
Predation/parasitism
Defense
Mobile
Tending
Reproduction
Development
Transporting

Description
Specimen stationary, including spiders in their web,
and sucking herbivores with no evidence of feeding
Detritivore sponging leaf or eating debris
Herbivore chewing leaf
Herbivore sucking phloem. Includes scale insects and
mealybugs
Leaf miner present inside tunnel
Predators feeding, parasitism, and attack attempts on
other organisms
Response of an organism to an attack by a predator
Exploring the environment
Ants tending honeydew-producers, such as scale
insects, mealybugs, or aphids
Mating or oviposition, excluding parasitism
Molting or pupation
Organism carrying food, dead material. Largely
concerns ants

c
Interaction type
Negative
Positive

Description
Predator or parasitoid attack on an organism
Tending

3.2.2 Statistical analyses
The observation design differed between the two sites, so we performed our analysis on
each site separately, using the R statistical software version 3.4.4 (R Core Team 2018). We
examined the effects of both bromeliads and bromeliad-associated predators on the invertebrate
community. To avoid any circularity, we removed abundances and behaviours of the bromeliad47

associated predators from the response matrix when bromeliad-associated predators were the
explanatory variable.
R code and raw data can be found at https://github.com/pierrerogy/bromagro.

Community abundance and composition
To test the association between bromeliads, and predators and herbivore functional
groups, we used generalized linear models with Poisson or Negative Binomial error distribution
as appropriate. We pooled all four observations for each tree, as bromeliad presence or absence
was recorded at the tree level. In addition to overall predator abundance, we used previously
collected data on the invertebrates found within bromeliads (Chapter 2) to infer which predators
are associated with bromeliads, and test the effect of bromeliads on this specific subset of
predators. At CP, we used generalized linear mixed-effect models with tree nested within block
as random effect, using the ‘glmer’ function of the ‘lme4’ package (Bates et al. 2015). We tested
model outputs with likelihood ratio tests, using the ‘mixed’ function of the ‘afex’ package
(Singmann et al. 2018). At DO, which did not have a random block design, we instead used
generalized linear models, and tested model outputs with the same method, using the ‘Anova’
function of the ‘MASS’ package (Venables and Ripley 2002). We assessed fit of all models with
the ‘DHARMa’ package (Hartig 2018). At CP, one observed quadrat contained more than 200
aphids, which was the only instance of such infestation, and more than five times the abundance
of herbivores in the next most abundant quadrat. As a result, the corresponding tree was removed
from the univariate phloem sucker models. In addition, leaf miners were not numerous enough to
be analyzed separately in univariate analyses, but were still included in multivariate analyses.
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In order to analyse the effect of bromeliad and bromeliad-associated predators on
community composition on orange trees, we used permutational analysis of variance
(PERMANOVA), a method to detect changes in community composition associated with
ecological parameters (Anderson 2001). We performed PERMANOVA on a Bray-Curtis
dissimilarity matrix with 2000 permutations, which were either restricted at the block level for
CP, or unrestricted for DO, using the ‘adonis’ function of the ‘vegan’ package (Oksanen et al.
2018). We first performed this analysis on a community matrix of abundance within each dietary
group (Table 1a). We then performed the same taxonomic analysis on the subset of herbivore
and predators that could be confidently assigned to a taxonomic group based (Table 1a,
“Restricted taxonomic groups”). To ensure that removing specimens with low taxonomic
resolution did not affect our analyses, we also repeated the PERMANOVA analyses with these
specimens included (left at order or suborder, “Overall taxonomic groups”). In the three
matrices, dietary or taxonomic groups with less than five recorded individuals were excluded
from the analyses. Relevant PERMANOVA outputs for this paper were visualized in ordination
space using Principal Coordinate Analysis (PCoA), with the weighted averages score of relevant
groups calculated using the ‘add.spec.scores’ function in the ‘BiodiversityR’ package (Kindt and
Coe 2005).

Behavioural analysis
We conducted further PERMANOVAs with the goal of assessing the possible impact of
bromeliads and bromeliad-associated predators on invertebrate behaviour, by using behaviour
categories (Table 1b) instead of dietary or taxonomic groups in the community matrix. We
examined two aspects of community behaviour: behaviour duration (in seconds) in a Hellinger-
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transformed matrix, and raw behaviour frequency. Here we generated the dissimilarity matrix
using Euclidean distances, rather than Bray-Curtis dissimilarity, due to the non-integer nature of
the data. Looking at these two aspects of behaviour can allow us to understand if behavioural
responses to either bromeliads or bromeliad-associated predators are mediated by strong (change
in behaviour frequency) or weaker behavioural modifications (change in behaviour duration).
The behavioural profile of each tree was visualized using PCoA analyses, and the vector for the
bromeliad-associated predators was plotted using the ‘envfit’ function in ‘vegan’ (Oksanen et al.
2018).
To assess if bromeliads influence negative or positive interspecific interactions in their
host trees, we used the same site-dependent model structure as aforementioned. However, we
added total number of observed invertebrates per tree as a covariate, in order to account for the
dependence of interaction frequency on invertebrate abundance.

Diurnal analysis
As the impacts of bromeliads on their host tree communities may be dependent on diurnal
patterns of bromeliad-associated invertebrates, we repeated the same regression models and diet,
taxonomic and behavioural PERMANOVAs on separated diurnal and nocturnal observations at
CP. In other words, instead of pooling all observations per tree for each replicate, we only pooled
at the time of observation level (day or night per tree for each replicate). We subsequently added
time of observation (day or night) as an interaction term in the same CP generalized-mixed effect
model and PERMANOVA structure.
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3.3

Results
During the study, we observed a total of 3269 individual invertebrates (1874 at CP and

1395 at DO) and witnessed 174 interactions (75 at DO and 99 at CP). Negative interactions were
more numerous than positive interactions at DO (51 vs. 24, respectively), but less numerous than
positive interactions at CP (18 vs. 81, respectively).

3.3.1

Overall analysis

Predator and herbivore abundance
There was no effect of bromeliad presence on the abundance of predators (Fig. B.1a for
CP), bromeliad-associated predators (predators encountered during bromeliad dissection, Fig.
B.1c for CP) or herbivore abundances at either of the two sites (Table B.1, hypothesis(i)).
Similarly, bromeliads affected neither leaf chewer nor phloem sucker abundance (Table B.1).

Community composition
At CP, bromeliads and their associated predators consistently impacted the taxonomic
structure of the invertebrate community on the support tree, whether we examined taxonomic
structure in a high-confidence but restricted set of taxa (Table 3.2a, Fig. B.1b) or in all taxa
(Table B.2). Bromeliads and bromeliad-associated predators also modified the dietary group
structure of invertebrates on orange trees at CP (Table 3.2a, Fig. 3.1a). The effects of either
bromeliads or bromeliad-associated predators on these compositional groups was generally
weak, explaining between 3.11% and 10.3% of the observed variation (Table 3.2a). At DO,
neither bromeliads nor their associated predators had a detectable impact on either functional
group or dietary group composition (Table 3.2b).
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Table 3.2. Summary of PERMANOVA on diet, and herbivorous and predatory taxonomic
groups (“Restricted taxonomic groups”) on CP (a) and DO (b) community matrices. Analysis
performed with 2000 permutations restricted at the block level at CP, and unrestricted at DO.
Significant associations are in boldface
a
Dietary groups

Restricted taxonomic groups

Bromeliads

Bromeliad-associated predators
F1, 69=7.81
p=0.0005
R2=0.103
F1, 69=4.66
p=0.065
R2=0.0005

Bromeliads

Bromeliad-associated predators
F1, 82=1.53
p=0.15
R2=0.0185
F1, 82=1.32
p=0.0161
R2=0.22

F1, 69=3.02
p=0.007
R2=0.0425
F1, 69=2.18
p=0.026
R2=0.0311

b
Dietary groups

Restricted taxonomic groups

F1, 82=0.689
p=0.66
R2=0.0084
F1, 82=0.393
p=0.91
R2=0.0048
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Figure 3.1. Principal Coordinate Analysis (PCoA) plots of the effect of on dietary (a) and
restricted functional groups (b), and of bromeliad-associated predators (“Brom. predators”)
on behaviour frequencies (c) at CP. To avoid cluttering of the graphs the least abundant dietary
and functional groups are not plotted, specifically leaf miners, mycophagous and pollen-feeder in
(a), and herbivorous and predatory heteropterans, lacewings, lepidopterans, predatory beetles and
flies, and web-weaving spiders in (b).

53

54

Community behaviour
At CP, bromeliad-associated predators altered the frequency of different behaviours in
the rest of the invertebrate community (Table 3.3a, Fig. B.1c, hypothesis (iii)). This effect was
mainly driven by phloem sucking and tending (Table 3.1), which are positively associated with
bromeliad-associated predators in the ordination space (Fig. 3.1c). We note that this association
does not reflect tending of herbivores by the bromeliad-associated predators themselves, because
the bromeliad-associated predators were removed from the community matrix for this analysis.
As with functional structure, only about 5% of the variation in community behaviour was
explained by bromeliad-associated predators (Table 3.2a, Table 3.3a). On the other hand,
bromeliads at CP, and both bromeliads and bromeliad-associated predators at DO, had no effect
on community behaviour in orange trees (Table 3.3). Bromeliads were not associated with the
number of positive or negative interactions in the trees at either site (Table B.3, hypothesis (ii)).

Table 3.3. Summary of PERMANOVA on Hellinger-transformed behaviour duration, and
behaviour frequency in CP (a) and DO (b) trees. Analysis performed with 2000 permutations
restricted at the block level at CP, and unrestricted at DO. Significant associations are in boldface.
a
Bromeliads
Behaviour duration

Behaviour frequency

F1, 69=0.934
p=0.4
R2=0.0136
F1, 69=1.78
p=0.11
R2=0.0256
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Bromeliad-associated predators
F1, 69=2.5
p=0.06
R2=0.0354
F1, 69=3.69
p=0.0025
R2=0.0515

b
Bromeliads
Behaviour duration

Behaviour frequency

3.3.2

F1, 82=0.586
p=0.73
R2=0.0072
F1, 82=1.07
p=0.36
R2=0.013

Bromeliad-associated predators
F1, 82=2.23
p=0.059
R2=0.0268
F1, 82=2.01
p=0.079
R2=0.0242

Diurnal analysis

Predator and herbivore abundance
On average, predators and bromeliad-associated predators were 30% and 50% more
abundant during the day than at night, respectively (Fig. B.1b, B.1d; Table B.4), while
herbivores, including and functional groups, remained unaffected by time of observation (Table
B.4). Even when accounting for this diurnal pattern, bromeliads still had no effect on abundances
of these three invertebrate groups (Table B.4; Fig. B.1b, B.1d, hypothesis (iv)).

Community composition
Time of day affected the composition of dietary groups, and taxonomic groups,
explaining 1.8-3% of the observed variation (Table 3.4a, Fig. 3.2a-b, Table B.5). However,
accounting for time of day only lowered the amount of variance explained (to 2% and less) by
bromeliads or bromeliad-associated predators, without changing the qualitative results:
bromeliads still altered the dietary and functional structure of the invertebrate community on
orange trees, and bromeliad-associated predators again altered only the functional structure
(Table 3.2a, 3.4a, Fig. 3.2a-b, hypothesis (iv)). However, the interaction of bromeliads and time
altered the dietary structure of the invertebrate community on orange trees (Fig. 3.2a-b), but not
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the taxonomic structure (Table 3.4a) unless taxa with low taxonomic resolution were included
(Table B.5).

Figure 3.2. Principal Coordinate Analysis (PCoA) plots of the effect of bromeliads and time
of observation (day or night) on dietary (a) and restricted functional groups (b), and
behaviour frequency (c). Only data from CP are included, as no nocturnal observations were
performed at DO. To avoid cluttering of the graphs the smallest dietary and functional groups are
not plotted, specifically mycophagous and pollen-feeders in (a), and herbivorous and predatory
heteropterans, lacewings, lepidopterans, predatory beetles and flies, and web-weaving spiders in
(b). In (b), the ‘Hoppers’ label is hidden by the ‘Cockroaches’ label, and the ‘Snails’ label is
hidden by the ‘Scales/Aphids’ label.
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Table 3.4. Summary of diel PERMANOVA on dietary/taxonomic (a), and behavioural (b)
community matrices. Only CP observations are included here, as nocturnal observations were
not performed at DO. Analysis performed with 2000 permutations restricted at the block level.
Significant associations are in boldface. V= corresponding independent variable, T= time of
observation, VT = interaction term.
a
Bromeliads
V

T

Bromeliad-associated predators
VT

V

T

VT

Dietary
groups

F1, 139=2.26
p=0.025
R2=0.0156

F1, 139=4.29
p=0.0005
R2=0.0296

F1, 139=2.34
p=0.018
R2=0.0162

F1, 138=0.945
p=0.49
R2=0.0067

F1, 138=3.21
p=0.0025
R2=0.0229

F1, 138=1.13
p=0.32
R2=0.0081

Restricted
taxonomic
groups

F1, 139=2.26
p=0.0235
R2=0.0158

F1, 139=4.24
p=0.0005
R2=0.0296

F1, 139=0.859
p=0.55
R2=0.006

F1, 138=2.88
p=0.004
R2=0.0206

F1, 138=2.5
p=0.0105
R2=0.0178

F1, 138=1.55
p=0.15
R2=0.011

b
Bromeliads
V

T

Bromeliad-associated predators
VT

V

T

VT

Behaviour
duration

F1, 139=0.373
p=0.81
R2=0.0027

F1, 139=3.14
p=0.019
R2=0.0224

F1, 139=0.642
p=0.607
R2=0.0046

F1, 138=0.979
p=0.38
R2=0.007

F1, 138=2.09
p=0.093
R2=0.0149

F1, 138=1.91
p=0.15
R2=0.0137

Behaviour
frequency

F1, 139=1.38
p=0.23
R2=0.0097

F1, 139=3.4
p=0.008
R2=0.0239

F1, 139=1.41
p=0.22
R2=0.0099

F1, 138=2.25
p=0.055
R2=0.0158

F1, 138=3.23
p=0.0105
R2=0.0228

F1, 138=1.39
p=0.24
R2=0.0098

Community behaviour
Observing invertebrates during the day or at night yielded different community behaviour
frequencies, with around 2% variation explained by time of observation (Table 3.4b). There was
no effect of time of observation on behaviour duration, nor any effect of bromeliads or
bromeliad-associated predators on the behavioural structure of the community (Table 3.4b,
hypothesis (iv)).
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In diurnal observations, the frequency of positive interspecific interactions was near-zero
in the presence of bromeliads, while, in the absence of bromeliads, exponentially increased with
the number of observed specimens (Table B.6, Figure 3.3, hypothesis (iv)). In nocturnal
observations, this pattern was somewhat reversed: the increase in number of interspecific
positive interactions was much stronger in trees with bromeliads than in trees without bromeliads
(Table B.6, Figure 3.3). Negative interspecific interactions, to the contrary, remained unaffected
by bromeliads, time of day, or number of observed invertebrates (Table B.6).
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Figure 3.3. Estimates of the effect of bromeliad presence, number of observed specimens,
and time of observation (day or night) on interspecific positive interactions. Error bars
represent 95% confidence interval, and do not include variation captured by random effects. Brown
lines represent trees with bromeliads and green lines represent trees without bromeliads. Opaque
confidence intervals of each colour represent estimations for nocturnal observations, while
transparent ones represent estimates for diurnal observations. The horizontal brown line represents
the negligible estimates for diurnal observations of positive interactions on trees with bromeliads.

3.4

Discussion
Our observational experiment assessed if biotic habitat modification by bromeliads

increased arboreal predator abundances, changing the functional structure and behavioural
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profile of arboreal invertebrate communities. By separately examining the abundance,
composition and behaviour of the community, we can shed light on trait-mediated effects of
predators, and explore ways to disentangle trophic and non-trophic pathways in community
responses. In this experiment, bromeliads had modest impacts on taxonomic group structure, but
did not alter the overall abundance of predators or herbivores on orange trees. There were some
stark site-level differences in our results, with all detected associations at CP, probably owing to
fundamental differences between small-scale farming and intensive operations. At CP,
bromeliads consistently altered the diet and taxonomic structure of the arboreal invertebrate
communities. Bromeliad-associated predators also altered the functional structure of arboreal
invertebrate community, and, unlike bromeliads per se, influenced the behavioural structure of
the community. The community-wide effect of bromeliads and their associated predators was
detectable regardless of time of observation (day or night), yet interactive effects between
bromeliads and time of observation suggest that the effect of bromeliad may be mediated by
invertebrate activity patterns. In summary, bromeliads tend to modify several aspects of the
invertebrate communities on their support tree, which, coupled with a lack of numerical impact
on broad trophic groups, suggests subtle responses in invertebrate communities that may be
missed by classic trophic approaches.
While bromeliads did affect the diet and taxonomic structure of their support tree
invertebrate communities at CP, there was no apparent effect at DO. Bromeliads at DO are
removed from trees on a regular basis, as part of the management routine. Even though the parcel
managers agreed to stop removing bromeliads seven months before the start of the experiment,
bromeliads were generally smaller and less abundant than at CP (Rogy, pers. obs.). Moreover,
these smaller bromeliads tended to be near or at the top of the tree crown, hence many
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observation quadrats were relatively far from the bromeliads. Since the effect of bromeliads
tends to be distance-dependent, with stronger effects closer to the bromeliad (Hammill, Corvalan
and Srivastava 2014; Chapter 2), it is also possible that we were outside the spatial reach of a
potential bromeliad signal.
In terms of trophic levels, bromeliads did not affect densities of all predators, or predators
normally associated with bromeliads, or herbivores, including herbivore functional groups. This
contrasts with a study conducted concurrently at CP (Chapter 2), where the presence of
bromeliads was associated with increased abundance of predators during the dry season, and
increased abundance of herbivores in the wet season. As the current study took place in the
transitional phase between the dry and wet season, our experiment may have coincided with the
seasonal reorganization of invertebrate communities, resulting in no clear effect on either
predators or herbivores. Alternatively, differences in sampling intensity (and methods) may
contribute to the difference between studies: we observed in this study only half the individuals
that we captured with vacuum sampling in Chapter 2. In addition, while vacuuming sampling can
collect specimens hiding in leaf curls, for example, observation is inherently biased towards
conspicuous, active specimens.
Although bromeliads did not affect arboreal predator and herbivore abundances, the
presence of bromeliads in a tree nonetheless altered the distribution of both dietary and
taxonomic groups in the food web. This suggests that there are subtle changes in invertebrate
composition at the level of diet, coarse taxonomy, and feeding guilds, which do not appear in the
broader categories of trophic levels. Bromeliads not only add predators to the system, but also
induce indirect effects on the rest of their support tree communities, as the taxonomic
composition of the community is changed by this increase in bromeliad-associated predators. In
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ordination space, bromeliads tended to be associated with detritivores, omnivores (mainly
opiliones) and scavengers (cockroaches). In fact, bromeliads can house a substantial detritivore
community (Castaño-Meneses 2016), and are used by numerous cockroaches and opiliones,
including juveniles (Rogy, pers. obs.). The strong influence of non-feeders in several trees
without bromeliads resulted from many hundreds of adult psychodids (Diptera), which
synchronously emerged from a large compost pile nearby. Moreover, subdividing dietary groups
into predatory and herbivorous feeding guilds (‘Restricted taxonomic groups’), showed that
bromeliads increased snail and hopper (Homopterans excluding aphids and scales) presence in
their support tree. Snails were commonly encountered inside bromeliads, unlike hoppers
(Chapter 2), so the association with hoppers remains unclear. In short, bromeliads tend to
promote organisms that are either associated with their detrital food webs, or their microhabitat
conditions.
There were modest effects of bromeliad-associated predators on community-wide
frequency of behaviours, even if we were not able to detect the indirect effects of bromeliads on
the behavioural profile of the arboreal community. In particular, phloem sucking and tending
were promoted by bromeliad-associated predators. In this experiment, most observed bromeliadassociated predators were ants, many of which were attracted to immobile, feeding aphids or
scales (phloem sucking) to farm honeydew (Tending). Honeydew-farming ants tend to increase
densities of their homopteran partners (Styrsky and Eubanks 2007; Ohgushi 2008), explaining
the association between bromeliad-associated predators and phloem sucking in the ordination
space. These feeding aphids and scales, in turn, are tended by other, non-bromeliad-associated
ants, explaining the phloem sucking-Tending association in the ordination space.
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The influence of bromeliads on the composition of the arboreal invertebrate community
differed between day and night, a result that we attribute to diel cycles of bromeliad-associated
species. For example, at night, we observed large, herbivorous katydids feeding in the vicinity of
bromeliads whereas we did not see any during the day. In a previous study (Chapter 2), we found
many such individuals sheltering within bromeliads (collected during the day), suggesting that
bromeliads can be used as diurnal refuge by large herbivores. These diel patterns in bromeliad
occupancy were also reflected in bromeliad-associated predators. In fact, some ant species that
nested in bromeliads were only observed on the orange trees during the day, whereas other
species were only observed at night. This offers an explanation for the time of observation x
bromeliad effect on positive interactions, when covarying with the number of specimen
observed. Since the reliance of ants on honeydew is species- and season-dependent (Way 1963),
nocturnal bromeliad-associated ants may rely more on honeydew than their diurnal counterparts.
This implies that the composition of invertebrates in bromeliads may differ depending on time of
the day, resulting in opposite compositional shifts in their support tree communities. The
contribution of bromeliads to the prevalence of trophic and facilitative interactions within the
invertebrate communities of orange trees thus varies with diel cycles.
In conclusion, we documented relatively subtle effects of bromeliads or their associated
predators on the functional and dietary composition, and the behavioural profile of the
invertebrates on orange trees. This contrasts with the strong negative effects on bromeliads,
especially bromeliads with ants, on leaf damage reported in the same area of Costa Rica several
years earlier (Hammill, Corvalan and Srivastava 2014). This contrast likely lies in the difference
in dominant ant species in the two systems: while Hammill, Corvalan and Srivastava (2014)
recorded many predatory ants, Odontomachus hastatus, our dominant ant species associated with
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bromeliads were commonly tending aphids and scale insects. As a result, our bromeliadassociated ant species act as much as facilitators as predators, attenuating potential cascading
effects. Our study emphasizes that bromeliads have relatively subtle effects on invertebrate
composition on orange trees, effects that change with diel patterns in invertebrate occupancy of
bromeliads versus tree branches, and are contingent on the agricultural practices in different
sites. In conclusion, in line with Paine (1980), detailed observations on how invertebrates
behave, coupled with taxonomical and functional information, can help disentangle the trophic
and non-trophic effect pathways within ecological networks.
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Chapter 4: General conclusion
In the present thesis, increased habitat provision by bromeliads to predators significantly
impacted orange tree arthropod communities, albeit in a seasonal fashion. The vast majority of
bromeliad inhabitants were certain kinds of predatory arthropods, mostly ants nesting in
bromeliad root masses and leaf wells, but also including many hunting spiders and predatory
beetles. This trophic skew (Duffy 2002) can be seen in the fact that more than half of bromeliadencountered species were predatory or potentially predatory (a category that includes omnivores
like opiliones, cockroaches, and homopteran-tending ants). As bromeliads increased predator
habitat, densities of predator and herbivore densities in the supporting orange tree changed along
a gradient in bromeliad density. While more predators were generally found near large
bromeliads, herbivores were negatively associated with bromeliad density in the dry season and
positively associated with bromeliad density in the wet season. When we categorized
composition by functional groups within predators and herbivores, we found that the effect of
bromeliads was restricted to bromeliad-associated predators (predators that we found nesting or
sheltering in bromeliads), and specific herbivore functional groups. At the tree level, where we
represented bromeliads solely as present or absent, bromeliads increased densities of their
associated predators on support trees in the dry season, but this trend was subsequently lost in the
wet season. On the other hand, herbivores were unaffected in the dry season, and were more
numerous on trees that had bromeliads in the dry season than on trees without bromeliads. These
seemingly conflicting effects, coupled with aggregation behaviour of predators on herbivores,
resulted in failure of the effects of bromeliads on predators to cascade to primary producers
(orange tree leaves), for leaf damage did not show differences among treatments. In other words,
despite seasonally increasing predator densities in trees, bromeliads do not induce community67

wide trophic cascades in their support tree. This was true even in the dry season where the
proximity index was negatively associated with herbivores.
This absence of a bromeliad-induced cascade, despite increased predator presence on tree
leaves, can be due to several factors that we explored in the two data chapters of this thesis. First,
it is possible that communities in trees with bromeliads are taxonomically but not numerically
different, as some herbivores might be more better adapted to the restricted subset of predators
that are usually encountered in bromeliads, or more successful at harvesting resources during the
time when predators are most abundant. However, as seen in both Chapter 2 and Chapter 3, the
variation in taxonomic group composition explained by bromeliads ranges from 0.5% to 4%, a
relatively low percentage. This suggests that bromeliads have at most subtle impacts on coarse
components of the community, despite clearer impacts on abundances, as seen in Chapter 2. One
critique could be that our taxonomic groups, while representing some of the functional and
morphological diversity in the arthropod community, still pooled a great number of species
together, hence potentially hiding a reorganization at the species level. However, we believe that
the more likely explanation is that orange tree communities show a certain degree of functional
resilience to increased predator presence, with relatively similar taxonomic structure across our
treatments. This underlines the compensating mechanisms of ecological systems, where, in
general, dynamic equilibria are maintained by direct and indirect interactions within and across
functional elements of the systems. Such compensatory mechanisms may be particularly
prevalent in the hyperdiverse ecological networks that characterize many tropical forests.
Second, prey usually show an array of adaptive behaviours when exposed to increased predator
pressure, such as reduced development time, different behavioural patterns, or habitat use
(Schmitz, Krivan and Ovadia 2004). However, when testing for differences in community
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behaviour in trees with and without bromeliads in Chapter 3, we did not detect any impacts of
bromeliads on community behaviour, a result consistent with the minor functional effects of both
chapters. Although bromeliad-associated predators did alter the behavioural composition of the
community, this was mainly restricted to tending behaviours and honeydew-producer presence,
as developed in Chapter 3. As a result, in our system, bromeliads tend to remain relatively
neutral in structuring functional composition of their support tree communities.
The question then becomes: Why is it that Dejean, Olmsted and Snelling (1995) and
Hammill, Corvalan and Srivastava (2014) detected bromeliad-induced cascades when we did not
detect any? The main difference between our system and theirs was that the bromeliads in both
the published studies were colonized by territorial and aggressive ants, which either occurred at
high diversity (Dejean, Olmsted and Snelling 1995), or were large in body size (Hammill,
Corvalan and Srivastava 2014). Although little is known about many of the species in Dejean,
Olmsted and Snelling (1995), the focus species of Hammill, Corvalan and Srivastava (2014) was
the trap-jaw ant Odontomachus hastatus, known to be an effective arboreal hunter (Camargo and
Oliveira 2012; Rodrigues and Oliveira 2014). Although not restricted to epiphytic tank
bromeliads, this ant species is often found nesting in the root mass of such epiphytes (Camargo
and Oliveira 2012; Rodrigues and Oliveira 2014). In Hammill, Corvalan and Srivastava (2014),
O. hastatus was a very strong driver of cascading effects, although reduced effects were still
detected without the presence of the ant. On the other hand, our bromeliad-inhabiting ant
communities consisted of 17 species, yet was dominated by one 2 mm-species, Solenopsis sp.,
which accounted for about a third of all bromeliad ant nests, and around half the overall ant
abundance. On multiple occasions, we observed this ant nesting in bark crevices, tree holes, large
leaf curls, and the ground, and witnessed hunting small insects in the observation experiment. As
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a result, despite the ant’s territoriality, it is possible that its versatility in habitat use allows it to
be relatively independent of bromeliads, and thus dampened the effects of bromeliads on ant
densities. In addition, this ant species also tends a variety of honeydew producers, and acts as a
disperser of scales around the orange orchards (M. Vargas, C. Fuentes-Medina and E. Alvarado,
pers. comm.), which, as seen in Chapter 3, may mitigate its predatory impacts. Indeed, as
suggested by Polis and Strong (1996), omnivory can be a crucial phenomenon in structuring food
webs. Finally, our bromeliads were also home to a variety of large herbivorous katydids, which
were observed feeding on orange leaves near bromeliads during nocturnal observations of
Chapter 3. Although ants, and other predators, can forage within their host bromeliad (Yanoviak
et al. 2011; Camargo and Oliveira 2012), the vast size difference between the ant and the
katydids might have made our most common ant species an ineffective predator – and the
katydid very effective in damaging leaves. In other words, even though the ant can deter smaller
herbivores away from the bromeliads, the presence of large katydids can easily offset any
cascading effects. In short, the core difference with this project, and Dejan, Olmsted and Snelling
(1995) and Hammill, Corvalan and Srivastava (2014), lies within the bromeliad-nesting ants of
each system, with its consequences in terms of the predation efficiency and bromeliad-inhabiting
herbivore composition.
In conclusion, this work contributes to an understanding of the community-wide effects
of increased habitat heterogeneity benefiting predatory organisms of an ecological system. This
work also sheds light on the path of cascading effects, by showing that different functional
groups react differently to increased predator habitat, suggesting that species-level effects may
be attenuated by functional compensation within the community. In addition, the nature of
associations between bromeliads and arthropod groups within tree communities was highly
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contingent on season and time of the day. The most surprising result of this thesis was that,
contrarily to our expectations, increased predator densities did not result in a detectable trophic
cascade, emphasizing the non-linearity of ecological systems. Epiphytic tank bromeliads still
show promise for practical applications as, to the best of our knowledge, they have either
positive (Dejean, Olmsted and Snelling 1995; Hammill, Corvalan and Srivastava 2014) or null
effects (this study) on their support tree leaf health. This may have substantial implications in
terms of Neotropical agriculture, as bromeliads are consistently removed from crop trees,
because they are often perceived as detrimental (Toledo-Aceves et al. 2012). However, advising
against these agricultural practices would require further testing, since there is no conclusive
evidence that bromeliads do not negatively impact their support trees (e.g. by structural
parasitism on branch load). In addition, if the indirect role of bromeliads in structuring their
support tree community is contingent on specific ants nesting within them, then studies
comparing select bromeliad-associated ants are warranted. Finally, we emphasize that
bromeliads can have a role in conservation research as, not only did their communities differ
from their support trees’ (Chapter 2), but bromeliads also were home to rare arthropods, such as
schizomids which are usually leaf-litter dwelling arachnids. In addition, during bromeliad
dissection, we encountered many rove beetles (family Staphylinidae), which can be used as
bioindicators (Bohac 1999). As a result, the ubiquitous epiphytic tank bromeliads can offer
habitat to rare arthropod species, and provide additional tools for environmental monitoring.
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Appendices
Appendix A: Supplementary information for Chapter 2
Table A.1. Summary of likelihood ratio tests of the effect of all predators, predator
categories, and parasitoids on herbivore (a), leaf chewer (b) and phloem sucker (c)
abundance. Significant associations are in boldface. V= variable, S= sampling period, VS=
interaction between variable and sampling period.
a
V
All predators
All bromeliad-associated
predators
Tree-associated
predators
Aerial predators
Parasitoids

χ21=6.97
p=0.0083
χ21=6.98
p=0.0082
χ21=1.74
p=0.19
χ21=12.6
p=0.0004
χ21=23.7
p<0.0001

S
χ21=140
p<0.0001
χ21=124
p<0.0001
χ21=116
p<0.0001
χ21=106
p<0.0001
χ21=75.2
p<0.0001

VS
χ21=3.63
p=0.057
χ21=3.28
p=0.07
χ21=1.76
p=0.18
χ21=16
p<0.0001
χ21=0.0475
p=0.83

b
V
All predators
All bromeliad-associated
predators
Tree-associated
predators
Aerial predators
Parasitoids

χ21=2.82
p=0.093
χ21=2.31
p=0.13
χ21=0.405
p=0.52
χ21=1.14
p=0.28
χ21=44.7
p<0.0001

S
χ21=109
p<0.0001
χ21=123
p<0.0001
χ21=119
p<0.0001
χ21=110
p<0.0001
χ21=104
p<0.0001
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VS
χ21=1.79
p=0.18
χ21=0.0327
p=0.86
χ21=2.41
p=0.12
χ21=35
p<0.0001
χ21=1.39
p=0.24

c
V
All predators
All bromeliad-associated
predators
Tree-associated
predators
Aerial predators
Parasitoids

χ21=3.48
p=0.062
χ21=1.78
p=0.18
χ21=0.286
p=0.59
χ21=7.85
p=0.0051
χ21=4.27
p=0.039

S
χ21=40.8
p<0.0001
χ21=48.5
p<0.0001
χ21=43.3
p<0.0001
χ21=36.5
p<0.0001
χ21=46.4
p<0.0001
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VS
χ21=2.22
p=0.14
χ21=0.576
p=0.45
χ21=7.66
p=0.0056
χ21=2.24
p=0.13
χ21=1.32
p=0.25

Figure A.1. Estimates of the effect of all predators (a), bromeliad-associated predators (b),
tree-associated predators (c), aerial predators (d) and parasitoids (e) on herbivores. Y-axes
were log-transformed and raw data points were jittered for clarity. Shaded bands around lines
represent 95% confidence interval. Y- and X-axis scales differs across panels.
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Figure A.2. Estimates of the effect of all predators (a), bromeliad-associated predators (b),
tree-associated predators (c), aerial predators (d) and parasitoids (e) on leaf chewers. Yaxes were log-transformed and raw data points were jittered for clarity. Shaded bands around
lines represent 95% confidence interval. Y- and X-axis scales differs across panels.
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Figure A.3. Estimates of the effect of all predators (a), bromeliad-associated predators (b),
tree-associated predators (c), aerial predators (d) and parasitoids (e) on phloem suckers. Yaxes were log-transformed and raw data points were jittered for clarity. Shaded bands around
lines represent 95% confidence interval. Y- and X-axis scales differs across panels.
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Table A.2. Summary of likelihood ratio tests of the effect of bromeliad-associated predators
on other predator categories (a), parasitoids on tree-associated and aerial predators (b),
and aerial predators on tree-associated predators. A random subset of one-way associations,
representing all possible two-way associations is shown here. Significant associations are in
boldface. V= variable, S= sampling period, VS= interaction between variable and sampling
period.
a

V
Parasitoids
Aerial predators
Tree-associated
predators

χ21=9.97
p=0.0016
χ21=8.01
p=0.0047
χ21=9.85
p=0.0017

Bromeliad-associated predators
S
VS
2
2
χ 1=15.6
χ 1=3.16
p<0.0001
p=0.076
χ21=58.2
χ21=0.183
p<0.0001
p=0.67
χ21=124
χ21=0.1
p<0.0001
p=0.75

b

V
Tree-associated
predators
Aerial predators

χ21=4.45
p=0.035
χ21=10.3
p=0.0013

Parasitoids
S
χ21=88.2
p<0.0001
χ21=54.2
p<0.0001

χ21=0.97
p=0.76
χ21=0.525
p=0.47

Aerial predators
S
χ21=37.64
p<0.0001

χ21=1.45
p=0.23

VS

c
V
Tree-associated
predators

χ21=3.94
p=0.047
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VS

Figure A.4. Estimates of the effect of bromeliad-associated predators on other predator
categories (a), parasitoids on tree-associated and aerial predators (b), and aerial predators
on tree-associated predators. Order of one-way associations was arbitrarily chosen; Y-axes
were log-transformed and raw data points were jittered for clarity. Shaded bands around lines
represent 95% confidence interval. Y-axis scale differs across panels.
a

93

b

c
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Table A.3. Summary of PERMANOVA of bromeliad-associated predators (a), parasitoids
(b), tree-associated predators (c), and aerial predators (d) on functional groups within
other predator categories. Parasitoids were not subdivided in functional groups. Analyses were
performed with 2000 permutations restricted at the site level. Significant associations are in
boldface. V= variable, S= sampling period, VS= interaction.
a
V
Tree-associated
predators

F1, 586=1.75
p=0.15
R2=0.0029

Aerial predators

F1, 321=3.52
p=0.016
R2=0.0101

Bromeliad-associated predators
S
F1, 586=14.7
p=0.0005
R2=0.0244

VS
F1, 586=3.61
p=0.016
R2=0.006

F1, 321=24.5
p=0.0005
R2=0.0702

F1, 321=2.26
p=0.073
R2=2.26

VS
F1, 321=0.558
p=0.65
R2=0.0016

b

Aerial predators

F1, 321=2.1
p=0.098
R2=0.0061

Parasitoids
S
F1, 321=24.8
p=0.0005
R2=0.0718

Bromeliadassociated
predators

F1, 507=0.305
p=0.82
R2=0.0006

F1, 507=7.56
p=0.0005
R2=0.147

F1, 507=0.305
p=0.82
R2=0.0006

Tree-associated
predators

F1, 586=0.513
p=0.705
R2=0.0009

F1, 586=14.7
p=0.0005
R2=0.0246

F1, 586=0.914
p=0.0015
R2=0.44

V
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c

V
Aerial predators

F1, 321=2.89
p=0.033
R2=0.0084

Bromeliadassociated
predators

F1, 507=3.16
p=0.015
R2=0.0062

Tree-associated predators
S
F1, 321=24.1
p=0.0005
R2=0.0698

VS
F1, 321=1
p=0.39
R2=0.0029

F1, 507=5.83
p=0.0005
R2=0.0114

F1, 507=0.644
p=0.604
R2=0.0013

F1, 586=1.61
p=0.26
R2=0.0027
F1, 507=0.705
p=0.9
R2=0.0014

d

Tree-associated
predators

F1, 586=1.65
p=0.15
R2=0.0028

Aerial predators
S
F1, 586=13.6
p=0.0005
R2=0.0027

Bromeliadassociated
predators

F1, 507=1.23
p=0.28
R2=0.0024

F1, 507=6.58
p=0.002
R2=0.0128

V
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VS

Appendix B: Supplementary information for Chapter 3

Figure B.1. Estimates of the effect of bromeliad presence on predators (a) and bromeliadassociated predators (c), and partitioning of these effects depending on time of observations
(c and d, respectively). Error bars represent 95% confidence interval. Y-axis scale differs among
panels.
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Table B.1. Summary of likelihood ratio tests on generalized mixed-effect models (CP) and
ANOVA on generalized linear models (DO) of bromeliad presence on abundance of several
arthropod groups. Significant associations are in boldface.
CP
All predators
Bromeliad-associated predators
Herbivores
Leaf chewers
Phloem suckers

χ21=0.266
p=0.61
χ21=0.586
p=0.44
χ21=0.0254
p=0.87
χ21=2.43
p=0.12
χ21=0.0465
p=0.83

DO
χ21=0.326
p=0.57
χ21=0.87
p=0.35
χ21=0.0366
p=0.85
χ21=0.975
p=0.32
χ21=0.102
p=0.75

Table B.2. Summary of PERMANOVA of bromeliads and bromeliad-associated predators
on overall functional groups at CP and DO community matrices. Analysis performed with
2000 permutations restricted at the block level at CP, and unrestricted at DO. Significant
associations are in boldface
CP
Bromeliads

Bromeliad-associated predators

F1, 69=2.85
p=0.002
R2=0.0402
F1, 69=3.35
p=0.0015
R2=0.047

DO
F1, 82=0.835
p=0.62
R2=0.0102
F1, 82=1.23
p=0.26
R2=0.015
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Table B.3. Summary of likelihood ratio tests on generalized mixed-effect models (CP), and
ANOVA on generalized linear models (DO) of bromeliad presence on the occurrence of
negative and positive interactions. Significant associations are in boldface. B=bromeliads,
N=number of observed specimens, BN = bromeliad x number interaction term

Negative
interactions
Positive
interactions

B
χ21=0.0004
p=0.98
χ21=0.034
p=0.85

CP
N
χ21=2.3
p=0.13
χ21=2.4
p=0.12

BN
χ21=0.257
p=0.61
χ21=2.42
p=0.12

B
χ21=1.3
p=0.25
χ21=0.463
p=0.5

DO
N
χ21=7.11
p=0.0077
χ21=4.47
p=0.035

BN
χ21=0.833
p=0.361
χ21=0.58
p=0.45

Table B.4. Summary of likelihood ratio tests on generalized mixed-effect models of
bromeliad presence and time of observation (day or night) on abundance of several
arthropod groups. Only CP observations are included here, as nocturnal observations were not
performed at DO. Significant associations are in boldface. B = bromeliads, T= time of
observation, BT = bromeliad x time interaction
B
All predators
Bromeliad-associated
predators
Herbivores
Leaf chewers
Phloem suckers

χ21=0.327
p=0.57
χ21=0.054
p=0.82
χ21=1.29
p=0.26
χ21=2.34
p=0.13
χ21=0.054
p=0.46

T
χ21=4.11
p=0.043
χ21=8.05
p=0.0045
χ21=0.155
p=0.69
χ21=0.0058
p=0.94
χ21=0.365
p=0.55
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BT
χ21=0.0838
p=0.77
χ21=1.32
p=0.25
χ21=1.98
p=0.156
χ21=0.197
p=0.66
χ21=2.95
p=0.086

Table B.5. Summary of PERMANOVA on overall functional community matrix. Only CP
observations are included here, as nocturnal observations were not performed at DO.
Analysis performed with 2000 permutations restricted at the block level. Significant associations
are in boldface. V= corresponding independent variable, T= time of observation, VT = variable x
time interaction term
Bromeliads
V
Overall
functional
groups

F1, 139=2.42
p=0.0055
R2=0.0166

Bromeliad-associated predators

T

VT

F1, 139=5.61
p=0.0005
R2=0.0385

F1, 139=1.74
p=0.043
R2=0.0119

V
F1, 138=2.11
p=0.015
R2=0.0148

T

VT

F1, 138=4.32
p=0.0005
R2=0.0303

F1, 138=1.19
p=0.3
R2=0.0083

Table B.6. Summary of likelihood ratio tests on generalized mixed-effect models of
bromeliad presence and time of observation (day or night) on the occurrence of negative
and positive interactions. Only CP observations are included here, as nocturnal observations
were not performed at DO. Significant associations are in boldface. B=bromeliads, T= time of
observation, N=number of observed specimens, BN/BT/TN/BTN = corresponding interaction
terms
Negative
interactions
Positive
interactions

B
χ21=0.428
p=0.51
χ21=0.0912
p=0.76

R
χ21=1.4
p=0.24
χ21=2.65
p=0.103

N
χ21=2.03
p=0.15
χ21=36
p<0.0001
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BT
χ21=2.19
p=0.14
χ21=3.11
p=0.078

BN
χ21=0.942
p=0.33
χ21=1.32
p=0.25

TN
χ21=2.36
p=0.33
χ21=2.5
p=0.11

BTN
χ21=2.95
p=0.086
χ21=9.02
p=0.0027

