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Abstract Although previous studies have shown that
ecosystem functions are aVected by either trophic structure or habitat structure, there has been little consideration of their combined eVects. Such interactions may be
particularly important in systems where habitat and trophic structure covary. I use the aquatic insects in bromeliads to examine the combined eVects of trophic structure
and habitat structure on a key ecosystem function: detrital processing. In Costa Rican bromeliads, trophic structure naturally covaries with both habitat complexity and
habitat size, precluding any observational analysis of
interactions between factors. I therefore designed mesocosms that allowed each factor to be manipulated separately. Increases in mesocosm complexity reduced
predator (damselXy larva) eYciency, resulting in high
detritivore abundances, indirectly increasing detrital processing rates. However, increased complexity also
directly reduced the per capita foraging eYciency of the
detritivores. Over short time periods, these trends eVectively cancelled each other out in terms of detrital processing. Over longer time periods, more complex patterns
emerged. Increases in mesocosm size also reduced both
predator eYciency and detritivore eYciency, leading to
no net eVect on detrital processing. In many systems, ecosystem functions may be impacted by strong interactions
between trophic structure and habitat structure, cautioning against examining either eVect in isolation.
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Introduction
Although ecosystem functions, as measured by energy
and nutrient Xux, are known to be aVected by both
habitat structure (Klein 1989; Didham et al. 1996; Wardle et al. 1997; Gonzalez and Chaneton 2002; Tewksbury et al. 2002) and trophic structure (McQueen et al.
1989; Schindler et al. 1997; Carpenter et al. 2001; Wardle et al. 2001), there has been little investigation of
how habitat structure and trophic structure might
interact to aVect ecosystem functions. Habitat structure
may aVect ecosystem functions not only through direct
eVects on the species performing the function, but also
through indirect eVects acting via other trophic levels.
This study examines how trophic structure mediates
the eVects of two aspects of habitat structure (habitat
complexity and size) on detrital processing in a bromeliad–insect ecosystem. ‘Habitat complexity’ is a term
used in many diVerent ways in the literature; here I
deWne it as the spatial subdivision of habitat at a scale
smaller than the mobility of individuals.
Habitat structure could directly aVect ecosystem function by changing the density or diversity of species carrying out that function (Schwartz et al. 2000; Loreau et al.
2002). Increases in species diversity resulted in higher
rates of ecosystem functioning in >60% of studies (Srivastava and Vellend 2005) because higher diversity communities had complementary functional niches, included
more facilitative interactions, or were more likely
to contain functional keystone species (Loreau et al.
2002). Increasing habitat complexity can increase both
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nitrogen by bromeliads (J. Ngai and D. Srivastava,
unpublished results). Detrital processing—the loss of
intact detritus through insect feeding—is therefore a
key process in this miniature ecosystem.
Growth of bromeliads, conversely, aVects their
aquatic insect communities. In bromeliads in northwest
Costa Rica, increases in bromeliad size covary with
changes in both habitat and trophic structure. Larger
bromeliads have lower detritivore densities, reduced
habitat complexity (deWned as the number of leaves
subdividing a standard volume of water) and increased
incidence of predacious damselXy larvae (Fig. 1).
Other phytotelm studies show covariance between
habitat size, habitat complexity and insects. Macrofaunal richness in Ecuadorian bromeliads is positively
correlated with both bromeliad complexity and bromeliad size (Armbruster et al. 2002). Larger treeholes are
reported to have higher occurrence of predatory damselXy larvae (Fincke 1992) and predatory mosquito
larvae (Bradshaw and Holzapfel 1988).
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density and diversity by creating new niches for species
(MacArthur 1972; Denno and Roderick 1991; Uetz
1991) or reducing rates of competitive encounters (Beck
2000; Young 2001). Increases in habitat size may result
in increased density and diversity because of greater
opportunities for specialization or increased likelihood
of immigration (MacArthur and Wilson 1967). For
example, forest fragmentation in the Amazon results in
reduced dung decomposition rates, likely due to reductions in density, species richness and body size of dung
and carrion beetles (Klein 1989). Habitat complexity
and size could also aVect the per capita eYciency of
organisms performing the function. For example,
increasing the complexity of saltmarsh vegetation results
in greater eYciency of wolf spiders in herbivore suppression—an ecosystem function (Denno et al. 2002).
Habitat structure could also have indirect eVects on
ecosystem functions, by changing either top–down or
bottom–up control of the trophic level performing the
function. Habitat complexity and size have often been
shown to aVect predation rates, for example by providing absolute or stochastic refuges to prey (Luckinbill
1974; Crowder and Cooper 1982; Beukers and Jones
1997; Nemeth 1998; Floater 2001; Almany 2004; Langellotto and Denno 2004). Such predator-mediated eVects
of complexity on prey densities can cascade through
multiple trophic levels, aVecting ecosystem functions
carried out by lower trophic levels (Power 1992; Denno
et al. 2002; Finke and Denno 2002). Even the threat of
predation is enough to potentially aVect ecosystem functions when prey species respond by modifying their foraging behavior (Lima 1998; Warfe and Barmuta 2004).
The direct and indirect eVects of habitat structure
are examined here in a bromeliad–insect ecosystem. A
broad suite of aquatic insect larvae and microbes colonize water trapped by the tightly interlocking leaves of
phytotelm bromeliads (Picado 1913; Laessle 1961;
Frank 1983; Richardson 1999; Armbruster et al. 2002).
The insects include both detritivores and their predators. Phytotelm bromeliads are usually composed of
multiple compartments, with each leaf collecting a separate compartment of water and detritus. Most aquatic
insects (except mosquitoes) can move between compartments by traversing the juncture between overlapping leaves. Thus bromeliads can provide highly
complex habitats for insects. An useful index of habitat
complexity in this system is the number of leaves subdividing a standard volume of water into compartments.
Detritus is the basal resource of the insect and microbial food webs in bromeliads (Richardson 1999), and
the main source of nitrogen for epiphytic bromeliads
(Reich et al. 2003). Processing of detritus by insects,
when coupled with predation, facilitates the uptake of
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Fig. 1 Bromeliad architecture and the aquatic insect community
change over a gradient in bromeliad water-holding capacity. Habitat complexity (measured as the number of bromeliad leaves
subdividing a standard volume of water) decreases as bromeliad
capacity increases (ANCOVA F1,87 =1,193, P <0.0001, both variables log-transformed). Detritivore density also declines as bromeliad capacity increases (ANCOVA, F1,52 =32.2, P <0.0001,
both variables log-transformed). The two main genera of tankforming bromeliads, Guzmania (circles) and Vriesea (triangles),
diVer slightly in complexity (ANCOVA F1,87 =11.6, P =0.001,
small symbols) but not in detritivore density (genera: F2,51 =0.003,
P =0.96; genera £ capacity: F2,50 =0.54, P =0.46, large symbols).
DamselXy occurrence increases with bromeliad capacity (open
small symbols damselXies absent, solid small symbols damselXies
present). Bromeliad complexity and damselXy occurrence data
are from 92 bromeliads collected in 1997 (22 bromeliads), 2000
(51 bromeliads including 31 previously reported in Melnychuk
and Srivastava 2002) and 2002 (19 bromeliads). Detritivore density data were recorded for 58 of these bromeliads (20 bromeliads
in both 1997 and 2000, and 18 in 2002). Methods for bromeliad
measurements and insect surveys followed those described in
Melnychuk and Srivastava (2002)
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This strong covariance between habitat characteristics
and the insect community precludes any observational
analysis of how each factor aVects detrital processing
rates. Instead, I designed mesocosms to disentangle the
potential inXuences of habitat size, habitat complexity,
and predator presence on detrital processing rates. These
factorial experiments examine the eVects of changing
habitat structure on a constant community of insects,
allowing any treatment eVects to be unambiguously
attributed to changes in habitat structure rather than
covarying changes in insect abundance. Note that detritivore density is thus manipulated solely by changing mesocosm size. I predicted that bromeliad structure would
aVect detrital processing through both direct eVects on
detritivore insects (changes in detritivore foraging rates)
and by indirect eVects via predatory insects (changes in
predation rates on detritivores). SpeciWcally, I hypothesized that: (1) increased habitat complexity—but not
size—will impede the mobility of the detritivores and
therefore their eYciency in locating resources, directly
reducing rates of detrital processing; and (2) both
increased habitat complexity and size will reduce the rate
at which predators encounter detritivores, thus reducing
top–down control of detrital processing.

Materials and methods
Study site and system
All experiments and surveys were carried out at the
Estación Biológica Pitilla (10°59⬘N, 85°26⬘W) in the
Área de Conservación Guanacaste, north-western
Costa Rica. The mid-elevation tropical rainforest
surrounding the station has high densities of bromeliads, particularly in the genera Guzmania and Vriesea (Melnychuk and Srivastava 2002). The species
pool for bromeliad-dwelling insects in this region is
in excess of 50 species. Aquatic insects occur only as
larvae in the bromeliad; the adults are all winged and
terrestrial except in the case of a rare hydrophilid
beetle (aquatic larvae and adults). The dominant
detritivores in the system are larvae of tipulids
(Trentepholia spp., undescribed: Diptera), chironomids (especially Polypedilum sp.: Diptera), and scirtids (Coleoptera). The dominant predator in the
system is Mecistogaster modesta Selys (Pseudostigmatidae: Odonata), common in bromeliads > 100 ml
in capacity (Fig. 1). This damselXy larvae accounts
for 85–90% of total predator biomass in bromeliads
where it occurs; the remaining predator biomass is
composed of tabanids, tanypodine chironomids,
ceratopogonids and hydrophilid beetles.
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Fig. 2a, b The experimental design for both experiments described in this study. The artiWcial bromeliad mesocosms are
shown from the top (a) or side (b)

Mesocosms as experimental units
Two experiments were conducted in artiWcial mesocosms that mimicked bromeliad structure (Fig. 2).
Mesocosms were necessary to allow assembly of replicate insect communities as it is impossible to remove
all insects from a real bromeliad without destroying the
water-holding capability of the plant. Insect growth
appears roughly comparable between artiWcial and natural bromeliads. For example, the damselXy larvae in
the experiments grew in mass from 0 to 2.2% per day
(mean =0.45%, SD =0.67, n =46) in mesocosms. In natural bromeliads we have measured growth rates of similar range, 0–2.1% per day, but with a higher mean
(mean =1.20%, SD =0.98, n =10; D. Srivastava, J. Ware
and J. HuV, unpublished data). Mesocosms were
placed in a random array on a 1.3£1.3 m table, and
kept on a shaded outdoor veranda, that is, at ambient
conditions similar to those in the adjacent rainforest
but with no natural detrital or insect inputs.
Experiment 1: complexity, predation
and decomposition rate
In this experiment, two levels of predation (predator
present or absent) were crossed with three levels of
mesocosm complexity (one, three or six leaves), with
six replicates per treatment.
ArtiWcial bromeliads (Fig. 2) were constructed from
green plastic cut into leaf shapes and sequentially glued
together using aquarium-safe silicon, replicating as
much as possible the architecture of natural bromeliads. The outer leaf of each plastic bromeliad was glued
to the inside of a 220 ml plastic cup, this mesocosm size
will be referred to as “small”. Bromeliad mesocosms
were constructed out of one, three or six leaves, all
with a total mesocosm volume of 95 ml water (i.e. the
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one-leaf mesocosms had one large compartment
whereas the six-leaf mesocosms had six small compartments). Recently fallen dead leaves, representing a
variety of species, were collected from nearby rainforest and dried at low temperature for 2 h. The dried
leaves were hand-crumbled and separated using soil
sieves into three size categories: large (2 cm–7 mm),
medium (7 mm–850 m), and Wne (850–250 m).
A total of 2.2 g (weighed §0.002 g) of leaves was
added to each mesocosm, based on surveys of detrital
to volume ratios in natural bromeliads (D. Srivastava,
unpublished data). The size of detrital fragments
added to each individual leaf was: 45.5% large fragments, 45.5% medium and 9% Wne, simulating the
size distribution of detritus in natural bromeliads (D.
Srivastava, unpublished data). Detritus was distributed between leaves of the same mesocosm to obtain
a coeYcient of variation of 0.333, similar to that
observed in natural bromeliads (D. Srivastava,
unpublished data). On 28 September 1999, each mesocosm received debris, 85 ml settled stream water and
10 ml water extracted from nearby natural bromeliads
as a microbial inoculant (all insects were Wrst
removed from this water under £10 magniWcation).
Water levels were maintained during the course of
the experiment by adding appropriate amounts of
stream water.
Three of the most common species of detritivorous insect larvae were added to each mesocosm at
densities comparable to that observed in nature
(Table 1). Insects were added between 30 September
and 2 October (day 1 staggered to allow for harvesting over a period of days): ten chironomid larvae
(Polypedilum sp., 4 mm), one tipulid larva (an undescribed Trentepholia sp., 11–12 mm long), and two

scirtid beetle larvae (unidentiWed sp. 4 and 5 mm
long). Detritivores were randomly distributed among
mesocosm compartments. Twenty-four hours after
all detritivores were added, one damselXy larva (M.
modesta, 13–16 mm long, excluding caudal lamellae)
was added to the central compartment of half the
bromeliads. A second round of detritivore insects
was added mid-experiment, to simulate natural colonization: a tipulid larva (12–20 mm long) was added
to all mesocosms on day 14, and on day 25 a scirtid
larva (5–6 mm long) was added. DamselXies were not
added mid-experiment as oviposition by M. modesta
is rare in the wet season; oviposition occurs primarily
in April and May at this site, and the larval period
lasts more than half a year (D. Srivastava and J. Ngai,
unpublished results).
The experiment was destructively sampled on day
33. This experimental duration allowed measurable
loss of detrital mass while minimizing loss of detritivores through pupation (all detritivores in this study
have larval stages greater than 1 month). Plastic leaves
were removed from each mesocosm, separated, and all
larvae were retrieved. Body lengths of larvae were
measured, and converted to biomass using empirically
derived relationships. Pupal cases were recorded. The
quantity of detritus remaining at the end of the experiment was measured by sieving the detritus-water mixture through an 850 m soil sieve. Particles retained on
the sieve were dried for 2 days at 55°C and weighed
(§0.0001 g).
Growth rates were estimated for tipulid larvae, the
only detritivore species with enough diVerence in initial size between individuals to allow individuals to be
tracked through time. I restricted the analysis to bromeliads without predators; otherwise growth and

Table 1 Comparison of insect densities in natural bromeliads and experimental mesocosms
Insect densities (individuals per gram dry detritus)a
Polypedilum
chironomid larvae
Natural bromeliads with damselXy larvae
1997 (mean § SE, n =9)
5.96 § 1.43
2000 (mean § SE, n =5)
14.25 § 4.38
2002 (mean § SE, n =11)
6.84 § 2.36
Experimental mesocosms
Experiment 1
4.54
Experiment 2
10–13

Scirtid beetle
larvae

Trentepohlia
tipulid larvae

Mecistogaster modesta
damselXy larvae

7.08 § 1.11
7.15 § 3.21
3.27 § 0.97

1.60 § 0.41
1.72 § 0.59
0.97 § 0.18

0.56 § 0.17
0.17 § 0.05
0.75 § 0.20

0.9–1.4
3–5

0.45–0.91
2

0.45b
1b

a
Only data for bromeliads that contained at least one damselXy larva are reported here. Bromeliads were collected in both primary and
secondary forest in 1997, entirely in primary forest in 2000, and entirely in secondary forest in 2002. Insect densities in experimental
mesocosms are given as a range, where appropriate, to represent net densities before and after mid-experiment addition of further larvae
b
Predator treatments
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development estimates could be biased towards size
classes not detected by the predator. Larval growth
rates were calculated only for tipulid larvae added at
the start of the experiment; many of the tipulids larvae
added mid-experiment were later instars and so
pupated near the end of the experiment.
Experiment 2: size, complexity, predation and decomposition rate
In this experiment, three levels of the insect community (detritivores and predators, detritivores only, no
insects) were crossed with three levels of mesocosm
complexity (one, three or six leaves) and two levels of
mesocosm size (small or 50% larger); there were Wve
replicates per treatment. Experiment 2 is thus an
expanded version of Experiment 1, with the additional
factors of mesocosm size and no-insect controls. The
no-insect controls allowed the amount of detritus processed by insects to be calculated as the diVerence in
detritus between treatments with and without insects.
Bromeliad mesocosms were constructed as
described earlier. “Small” mesocosms were constructed from 220 ml plastic cups (diameter 4.7–7.1 cm,
height 9.0 cm) with a total water volume of 133 ml.
“Large” mesocosms were constructed in 440 ml cups
(diameter 5.5–9.0 cm, height 11.0 cm) with a total
water volume of 195 ml (50% more habitat volume
than small mesocosms). Note that the “small” mesocosms of Experiment 2 were exactly the same size as
the “small” mesocosms of Experiment 1, but were
Wlled with more water so that the small and large bromeliads of Experiment 2 had the same water height
(6 cm). Any diVerence in water height could have
aVected the distance insects needed to travel out of
water from one compartment to the other, potentially
confounding eVects of mesocosm volume. Dead leaves
were obtained from windfall branches of a Quiina schippii (Quiinaceae) tree; a single detrital source was used
to reduce between-mesocosm variation in rates of
leaching. On 3 October 2000, 1.0 g oven-dried, crumbled dead leaves (weighed to the nearest 0.002 g) was
added to each mesocosm. Detrital distribution
amongst compartments followed the same rules as in
Experiment 1. Insect densities (per gram detritus) were
higher than in Experiment 1 but still within the range
naturally observed (Table 1). DiVerences between the
experiments in the abundance of individual species
simply reXect variation between years in the availability of speciWc instars harvested from natural bromeliads. The following detritivore insects were added
between 4 and 6 October 2000 (day 1): two tipulid larvae (one 15–20 mm long, one 9 –13 mm long), three
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scirtid larvae (one 4–5 mm, two 5–6 mm), and ten chironomids (4 mm). A single larvae of M. modesta (12–
14 mm) was added to the central compartment of half
of the mesocosms on day 4. At the mid-point of the
experiment, day 21, a second round of detritivores (to
simulate natural colonization), consisting of three chironomid larvae (4 mm) and two scirtid larvae (5–
6 mm), was added to all mesocosms. The experiment
was harvested after 38–41 days, as described earlier.
Mesocosms were carefully searched for cadavers of larvae in this experiment, to quantify non-predation mortality. Growth of tipulids in the small mesocosms was
calculated as in Experiment 1. There were not enough
tipulids remaining in the large, one-leaf mesocosms at
the end of the experiment to permit growth analysis for
the large mesocosms. DamselXy length was measured
at the start and end of the experiment, and converted
to wet mass using an empirical relationship (r2 =0.96,
n =46)
Analysis of experiments
Loss of detrital mass was measured at the end of both
experiments. Detrital loss includes eVects of insect processing as well as passive leaching and microbial
decomposition. In Experiment 2, detrital processing by
insects was calculated as detrital loss in the insect-containing replicate minus mean detrital loss in the corresponding no-insect control. In Experiment 1, there
were no treatments without insects, so detrital processing could not be directly calculated; instead, detrital
loss was used as the response variable. The results were
similar regardless of whether detrital loss or detrital
processing was considered the response variable in
Experiment 2.
Complexity could have been analyzed as either a
categorical or continuous variable in these experiments. By analyzing complexity as a continuous variable, I am able to examine how—not just if—
complexity aVects insects and energy Xux. Note that
my hypothesized mechanisms involve directional
change in insect behavior over a complexity gradient.
I also avoid any loss in power associated with post hoc
comparisons of means. Regression analysis is generally recommended over ANOVA because it aVords
greater power and provides more quantitative information about causal patterns (Cottingham et al.
2005). All data were analyzed with regression models.
Categorical terms of predator presence and bromeliad size were coded as either 1 or 0, and nonlinear
eVects of complexity were tested using a quadratic
model. Most data was modeled with normal errors.
The pupation and cadaver data had substantial
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Detritus lost (g)

heteroscedasticity, so Poisson errors with a log-link
function were used in a generalized linear model. The
pupation but not the cadaver data was initially underdispersed (residual deviance: df =0.65), and this was
corrected with an empirical scale parameter. Analyses used GENSTAT 5, release 3.2 (Lawes Agricultural Trust) and R version 1.8.0 (http://www.rproject.org).

No predat
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Predator
Predato

(a)

0.28
0.24
0.2

Net eVects of habitat and predation on detrital
processing
In Experiment 1, the eVects of habitat complexity on
detrital loss depended on whether predators were present or absent (Fig. 3a). In the presence of predators,
rates of detrital loss were constantly low, irrespective
of complexity. In the absence of predators, rates of
detrital loss were much higher in the one-leaf mesocosms than either the three- or six-leaf mesocosms.
The eVects of complexity were thus dependent on trophic structure, and were non-linear in nature (Table 2:
predator £ complexity and predator £ complexity2
interactions).

Table 2 Reduced regression models (backwards elimination) for
the response variables measured in Experiment 1. Only signiWcant (P< 0.05) explanatory variables are shown, no variables were
marginally signiWcant (0.10 > P >0.05). For the response variables
of detrital loss and detritivore abundance, the full model included
predator, complexity, complexity2, predator £ complexity, and
predator £ complexity2. The full model for tipulid growth, examined in no-predator mesocosms, included complexity and complexity2
Response variable Explanatory variables F ratio
Detrital loss
Detritivore
abundance
Tipulid growth
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Predator x complexity
Predator x complexity2
Predator
Predator x complexity
Complexity

F1,31 =5.73
F1,31 =7.43
F1,32 =70.19
F1,31 =19.1
F1,31 =64.3

P value
0.022
0.010
< 0.0001
< 0.0001
0.021

Tipulid growth (mg d - 1)

Two experiments were conducted. Experiment 1 examined the eVects of habitat complexity on detrital loss
and predation. Experiment 2 examined the eVects of
both habitat complexity and habitat size on detrital
processing and predation. Similar results between the
two experiments indicate robustness of the conclusions, whereas diVerent results suggest either low
power or strong context-dependence. To facilitate such
comparisons, I have grouped results from both experiments under several themes.

Detritivore abundance (no.)

0.16

Results

10
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0
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0

1
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Bromeliad complexity (no. leaves)
Fig. 3 EVects of predation by damselXy larvae (Mecistogaster
modesta Selys) and bromeliad complexity in small mesocosms
(Experiment 1) on a detrital loss over 4 weeks, b Wnal detritivore
abundance, and c growth of tipulid larvae. Tipulid growth is presented only for mesocosms without predators, as growth estimates could otherwise be biased towards size classes not detected
by the predator. Lines Best-Wt regression models (see Table 2),
symbols mean §SE for each treatment

In Experiment 2, insects processed the most detritus
in mesocosms of intermediate complexity (Fig. 4a). For
all four treatment combinations in this experiment
(large and small mesocosms, with and without predators), there were therefore strong non-linear relationships between complexity and detritus processed
(Table 3: complexity2 eVect). The form of these nonlinear relationships depended on habitat size,
predation and their interaction (Table 3; Fig. 4a). SpeciWcally, in the absence of predators, small mesocosms
had higher detrital processing rates than large mesocosms (eVect of combining these treatments: F1,54 =67.2,
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Fig. 5 a EVects of predation on detrital processing over a gradient in bromeliad complexity, for both experiments. Negative values indicate that predators reduce detrital processing. b EVects of
habitat size on detrital processing over a gradient in complexity
for Experiment 2. Negative values indicate that increasing habitat
size reduces detrital processing. Bars Mean (§ SE) diVerences
between appropriate treatments

Bromeliad complexity (no. leaves)
Fig. 4 EVects of predation, bromeliad complexity and bromeliad
size in Experiment 2 on a detrital processing over 6 weeks, and
growth rate of b M. modesta larvae and c tipulid larvae. Tipulid
growth is presented only for mesocosms without predators, as
growth estimates could otherwise be biased towards size classes
not detected by the predator. There were not enough tipulids
remaining in the large, one-leaf mesocosms at the end of the
experiment to permit growth calculations. Lines Best-Wt regression models (see Table 3) and, in the case of the small and large
mesocosms with predators in (a), are so similar as to be indistinguishable; symbols mean §SE for each treatment

P << 0.0001, Fig. 5b), but in the presence of predators,
this diVerence disappeared (eVect of combining these
treatments: F1,53 =0.008, P =0.92; Fig. 5b).
At Wrst glance, the eVect of habitat complexity on
detrital processing appears quite diVerent between the
experiments: maximal detrital processing occurred in
one-leaf mesocosms in Experiment 1 but in three-leaf
mesocosms in Experiment 2. It will be argued later that
such diVerences in patterns of detrital processing are
an artifact of diVerences between experiments, such as

duration. However, there are important similarities
between the experiments. In Experiment 1 mesocosms
and the similar-sized small mesocosms of Experiment
2, predators reduced daily rates of detrital processing
by comparable amounts (Fig. 5a), and this predator
eVect depended on habitat complexity Tables 2, 3:
predation £ complexity interactions). SpeciWcally, predation reduced detrital loss in the one-leaf mesocosms
marginally in Experiment 1 (two-tailed t test: t10 =2.00,
P =0.073) and substantially in Experiment 2 (t8 =5.06,
P =0.0010), but as complexity increased, the eVects of
predation on detrital loss diminished to insigniWcant in
six-leaf mesocosms (Experiment 1: t10 =0.89, P =0.39;
Experiment 2: t8 =1.25, P =0.25).
In summary, detrital processing was reduced by
large habitat size and high habitat complexity and—
particularly in small, low-complexity habitats—by predation. To understand the mechanisms underlying
these patterns, I now examine the eVects of habitat
structure on the foraging eYciency of both predators
and detritivores.
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Table 3 Reduced regression models (backwards elimination) for
the response variables measured in Experiment 2. Only explanatory variables signiWcant (P< 0.05) or marginally signiWcant (in
parentheses, 0.10 > P >0.05) are shown. The full model for all response variables except damselXy and tipulid growth included
predator, size, complexity, complexity2, and all two- and threeway interactions between predator, size and complexity (linear
and quadratic forms). The full model for both tipulid and
damselXy growth included size, complexity, complexity2, size
£ complexity, size £ complexity2. Tipulid growth was examined
only in small mesocosms without predators, damselXy growth was
examined only in mesocosms with predators
Response variable

Explanatory
variables

F ratio

P value

Detrital processing

Complexity
Complexity2
Size
Predator
Predator £
complexity
Predator £ size
Complexity
Complexity2
Complexity

F1,53 = 3.14
F1,53 = 35.6
F1,53 = 6.64
F1,53 = 20.8
F1,53 = 3.34

< 0.0001
< 0.0001
0.013
< 0.0001
(0.072)

F1,53 = 3.20
F1,26 = 8.59
F1,26 = 7.09
F1,12 = 4.67

(0.080)
0.007
0.013
0.05

DamselXy growth

Tipulid growth
(in absence of predators)
Pupation rate (all species) Complexity £
size
Non-predation mortality Complexity
(all species)

F1,58 = 6.32 0.01
F1,58 = 17.2 < 0.0001

EVects of habitat on predation rates
High habitat complexity reduced predation rates. This
can easily be seen in Experiment 1, in which predators
reduced larval abundance by 85% in one-leaf bromeliads, 50% in three-leaf bromeliads, and not at all in
six-leaf bromeliads (Fig. 3b, signiWcant predator
£ complexity eVect: Table 2). Larvae were also lost in
the absence of predators (due to other causes of mortality and pupation), but Wnal abundances were similar
across complexity levels. The frequency of pupation
was greater in the longer-running Experiment 2. Pupation rates were not independent of predator presence,
as described later, preventing the estimation of predation rates as simply the diVerence in abundance
between treatments with and without predators (as in
Experiment 1). However, predation rates could be
measured indirectly by examining the growth rate of
the damselXy, M. modesta. DamselXy growth rates
were signiWcantly higher in the one-leaf mesocosms
than in more complex mesocosms in Experiment 2
(Fig. 4b, Table 3: complexity eVects). Although damselXies tended to grow more slowly in large than small
mesocosms, this size eVect was not signiWcant (Table 3,
Fig. 4b, F1,25 =2.72, P =0.11).
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EVects of habitat on detritivore foraging eYciency
High habitat complexity also reduced the foraging
eYciency of detritivores. In Experiment 1, in the
absence of predators, total detrital processing
decreased as complexity increased yet detritivores
maintained a constant abundance across the complexity gradient; in other words, each individual detritivore
consumed less detritus as complexity increased. In the
presence of predators, detritivore abundance increased
with complexity, yet total detritus processed remained
constant over the complexity gradient. Thus, again, per
capita foraging eYciency must have decreased as complexity increased.
These reductions in foraging eYciency as a result of
high habitat complexity had important consequences
for detritivores: slower growth, lower pupation rates,
and higher mortality rates. In both experiments, tipulids had slower growth rates in the more complex mesocosms (Figs. 3, 4; Tables 2, 3). In Experiment 2,
pupation rates of all species declined with increasing
mesocosm complexity, particularly in the small mesocosms, and non-predation deaths increased with mesocosm complexity (Table 3; Fig. 6; comparable data is
not available for Experiment 1). A likely cause of nonpredation deaths is starvation due to low foraging
eYciency, though further experiments are required for
conWrmation. In general, each extra compartment in
the mesocosm resulted in an additional 1.47 larval
cadavers, and a reduction of 1.43 pupal cases.
Predation also aVected pupation rates in Experiment 2. In the absence of predators, one-leaf mesocosms had higher pupation rates than more complex
mesocosms (57% of all pupations) but, in the presence
of predators, had no pupations since as many detritivores were consumed as larvae. Thus, the low detrital
processing rates in one-leaf mesocosms in Experiment
2 (Fig. 4a) was due to loss of detritivores to pupation
when predators were absent, but loss of detritivores to
predation when predators were present. The low detrital processing rates in six-leaf mesocosms (Fig. 4a) was
due to high detritivore mortality in both cases. The
combination of both patterns resulted in maximum
detrital processing in the three-leaf mesocosms of
Experiment 2 (Fig. 4a).

Discussion
In manipulations with bromeliad mesocosms, habitat
structure had both direct (detritivore-mediated) and
indirect (predator-mediated) eVects on detrital
processing. Increasing habitat complexity reduced the
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foraging eYciency of detritivores, and so directly
reduced rates of detrital processing. However, increasing habitat complexity simultaneously increased rates
of detrital processing by decreasing the eYciency of
damselXies preying on detritivores. Thus, increasing
habitat complexity resulted in opposing eVects on
detrital processing rates: more surviving detritivores
(due to reduced predation) but less processing per detritivore (Fig. 3). These opposing eVects of complexity
were of similar magnitude in Experiment 1—there was
no net eVect of complexity on detrital loss in the presence of predators (Fig. 3a)—but not in Experiment 2
(Fig. 4a). Habitat size may have also had similar direct
and indirect eVects on detrital processing; increasing
habitat size led to reductions in detrital processing in
the absence, but not in the presence, of predators
(Fig. 5b). However, the corollaries of reduced predator
and detritivore growth with increased habitat size are
not as well supported as with increased habitat complexity. Note that habitat structure aVected not only
detrital processing, but more generally the Xux of
energy from detritus to detritivores to damselXy larvae:
complex mesocosms had lower growth rates of both
detritivores and damselXies.
High habitat complexity likely reduced predation
rates by providing detritivores with a stochastic refuge:

No predator; Small

Predator; Small

No predator; Large

Predator; Large

Non-predation
deaths (no.)

3
2.5
2
1.5
1
0.5
0

Pupations (no.)

1
0.8
0.6
0.4
0.2
0

1
3
6
Bromeliad complexity (no. leaves)
Fig. 6 EVects of bromeliad complexity, size and predator presence on the number of detritivore larvae that a died due to nonpredation causes or b reached pupation. Values are mean (+ SE)
number of occurrences per mesocosm measured over the 6 weeks
of Experiment 2

reduced probability of detritivores and damselXies cooccurring in the same leaf compartment. Co-occurrence probably occurs when detritivores, not damselXies, move compartments in search of resources. M.
modesta damselXies are sit-and-wait predators, and
have been recorded residing in the same leaf compartment for at least 2 weeks at a time, whereas detritivores normally move compartments within 2 weeks (D.
Srivastava, unpublished observation). EVects of habitat
complexity on predation rates have been shown for
many other aquatic communities (Crowder and Cooper 1982; Heck and Crowder 1991; Sebens 1991;
Nemeth 1998; Warfe and Barmuta 2004), as well as terrestrial insect communities (Casas and Djemai 2002).
In a few cases, such as the current study, complexity
eVects have been documented to cascade through
multiple trophic levels. For example, increases in the
complexity of Spartina tussocks improve predator
eYciency in reducing planthopper abundance, which in
turn increases Spartina biomass (Denno et al. 2002).
Similarly, rock size in stream beds aVects the strength
of a Wsh–damselXy–chironomid-algae trophic cascade,
as the complex habitat provided by gravel creates refuges for invertebrates from Wsh predation (Power
1992).
High habitat complexity also reduced detritivore
foraging rates, even in the absence of predators. Complexity may reduce the ability of detritivores to Wnd
high-quality patches of resources (detritus in the mesocosms was heterogeneously distributed amongst compartments, as in natural bromeliads). Detritivores in
complex bromeliads may also delay moving to a new
compartment to search for better resources, trading-oV
the beneWts of Wnding new resources against the energetic costs of moving, or the risk of encountering a
predator. Such trade-oVs between feeding and predator avoidance have been shown for many organisms
(Lima 1998).
Increasing habitat size also reduced detrital processing rates in the absence of predators. The mechanism is
not clear here, for detritivores might be expected to
easily Wnd detritus within 6 weeks in even the largest
compartment (though arguably at a slower rate, due to
reduced density of both insects and detritus). This
study was designed so that increases in habitat size
resulted in reduced detritivore density, to mimic patterns in real bromeliads (Fig. 1). Reduced encounter
rates between detritivores in large mesocosms might
have been expected to reduce interference competition, promoting detrital processing, but the opposite
trend was observed. This experiment does not allow a
direct assessment of resource competition, but note that
detritivores consumed only a fraction of the detritus
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provided. In general, detritivore species in phytotelmata
have more often been shown to have facilitative than
competitive interactions (Bradshaw and Holzapfel
1992; Heard 1994a; Paradise and Dunson 1997).
The patterns in detrital processing observed in this
study may, in addition to the mechanisms already
addressed, involve disruption of two types of facilitative interactions. First, damselXy predation on detritivores reduced the fragmentation of detritus, and may
have thus reduced the colonization of detritus by bacteria and fungi. Microbial decomposition, which is
essential to the breakdown of detritus, may be facilitated by insects (Cummins and Klug 1979). Second,
increases in either predation or complexity may have
disrupted detrital processing chains. A processing
chain occurs when some detritivores convert intact
detritus into Wner organic particles (by shredding detritus or scraping mesophyll layers), facilitating other
detritivores that collect or Wlter Wne particulate matter
(Heard 1994b). Processing chains have been documented in phytotelmata, but only under certain conditions (Heard 1994a; Paradise and Dunson 1997;
Paradise 1999; Daugherty and Juliano 2002). We have
recently found evidence for processing chains in bromeliads (B. Starzomski, D. Suen and D. Srivastava,
unpublished results). Tipulids are particularly vulnerable to damselXy predation and loss of this dominant
shredder may have disrupted any processing chain.
Spatial partitioning of both insects and detritus in complex mesocosms may have also disrupted potential processing chains; this could have resulted in the observed
reduction in detritivore eYciency. Such mechanisms
can only be tested with additional experiments.
The two experiments exhibited very diVerent patterns between complexity and detrital loss (processing), despite similar underlying mechanisms. In the
absence of predators, maximal detrital loss occurred at
the lowest complexity in Experiment 1. By contrast,
maximal detrital processing occurred at intermediate
complexity in Experiment 2. The proximate reasons
for these diVerences were more pupations (especially
in one-leaf bromeliads) and more non-predation
deaths (especially in six-leaf bromeliads) in Experiment 2. Both of these eVects probably occurred
because of the longer duration of Experiment 2 (38–
41 days for Experiment 2 vs 33 days for Experiment 1),
although this cannot be isolated from other diVerences
between the experiments (year, detritus type and
amount, detritivore abundances). The contrast
between the two experiments suggests that, in natural
bromeliads, net eVects of complexity on detrital processing may be quite sensitive to seasonal variation in
oviposition rates and detrital inputs.
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Understanding the direct and indirect eVects of habitat structure on ecosystem function is not just important in pristine systems like the bromeliad–insect food
web. Whether habitat structure is changed through
natural or anthropogenic eVects, systems experiencing
reductions in habitat structure may be expected to
show concomitant decreases in trophic structure. For
example, extinction of predator species has been
linked to reductions in habitat size (Luckinbill 1974;
Holt et al. 1999; Brashares et al. 2001) and increases in
habitat fragmentation (Gilbert et al. 1998). Similarly,
decreases in habitat complexity lead to reductions in
predator abundance (meta-analysis: Langellotto and
Denno 2004). The bromeliad example shows that,
when trophic structure and habitat structure covary, it
will be particularly important to understand how the
two factors interact to aVect ecosystem functions.
Despite interest in biotic regulation of ecosystem function (Loreau et al. 2002) and the ecological consequences of changed habitat structure (Langellotto and
Denno 2004), there is still remarkably little research on
the combined eVects of species loss and habitat change
on function (Srivastava 2002; Srivastava and Vellend
2005).
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