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Abstract. Habitat size and climate are known to affect the trophic structure and dynamics
of communities, but their interactive effects are poorly understood. Organisms from different
trophic levels vary in terms of metabolic requirements and heat dissipation. Indeed, larger
species such as keystone predators require more stable climatic conditions than their prey.
Likewise, habitat size disproportionally affects large-sized predators, which require larger
home ranges and are thus restricted to larger habitats. Therefore, food web structure in patchy
ecosystems is expected to be shaped by habitat size and climate variations. Here we investigate
this prediction using natural aquatic microcosm (bromeliad phytotelmata) food webs com-
posed of litter resources (mainly detritus), detritivores, mesopredators, and top predators
(damselflies). We surveyed 240 bromeliads of varying sizes (water retention capacity) across 12
open restingas in SE Brazil spread across a wide range of tropical latitudes (—12.6° to —27.6°,
ca. 2,000 km) and climates (A mean annual temperature = 5.3°C). We found a strong increase
in predator-to-detritivore mass ratio with habitat size, which was representative of a typical
inverted trophic pyramid in larger ecosystems. However, this relationship was contingent
among the restingas; slopes of linear models were steeper in more stable and favorable climates,
leading to inverted trophic pyramids (and top-down control) being more pronounced in envi-
ronments with more favorable climatic conditions. By contrast, detritivore-resource and
mesopredator-detritivore mass ratios were not affected by habitat size or climate variations
across latitudes. Our results highlight that the combined effects of habitat size, climate and
predator composition are pivotal to understanding the impacts of multiple environmental
factors on food web structure and dynamics.

Key words:  Brazilian restingas; bromeliad food webs, climatic stability; freshwater ecology,; global
changes; habitat size; inverted trophic pyramids; keystone predators; latitudinal gradient; mesopredators.

INTRODUCTION Likewise, habitat size is also known to disproportionally
affect organisms from different trophic levels, such as
large-sized keystone predators, which require larger
home ranges, being restricted to larger habitats (Dobson
et al. 2006, Srivastava et al. 2008, Brose et al. 2012).
Therefore, the combined effects of climate and habitat
size are essential to understanding the impacts of multiple
environmental factors on food web structure and
dynamics at a global level.

The biomass structure of food webs integrates func-
tional characteristics of communities, such as energy flow
and turnover (Odum 1971, Brown et al. 2004). Elton
(1927) was the first to propose that the biomass of each
consumer trophic level should always be less than that of
the trophic level immediately below (the traditional
bottom-heavy pyramid). Nowadays, it is well known that
biomass pyramids might be bottom-heavy, columnar, or

Climate and habitat size are known to each affect food
web structure and dynamics (Ledger et al. 2013,
Petermann et al. 2015), but their interactive effects are
poorly understood. Organisms from different trophic
levels vary in terms of metabolic requirements and
capacity to dissipate heat, resulting in different responses
to climate, with potential changes in the trophic structure
(e.g., Voigt et al. 2003, Daufresne et al. 2009, Brose et al.
2012, Dossena et al. 2012, Forster et al. 2012, Ledger
et al. 2013, Jonsson et al. 2014). Indeed, it is known that
top predators require more stable climatic conditions
than their prey (e.g., Daufresne et al. 2009, Brose et al.
2012, Dossena et al. 2012, Ledger et al. 2013). In addition,
since extreme temperatures increase organism metabolic
rates (Brown et al. 2004), differential consumption rates
among trophic levels could cause the food web structure

to collapse (Winkler et al. 2002, Dobson et al. 2006).
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top-heavy (i.e., inverted) (Hatton et al. 2015, Petermann
et al. 2015). Such variation depends on the relative rates at
which biomass and energy move between different trophic
levels (Brown et al. 2004). Biomass pyramids change with
habitat coupling (Tunney et al. 2012), and across
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environmental gradients, including warming (Kratina
etal. 2012, Shurin et al. 2012), and habitat size (Petermann
et al. 2015). For instance, warming produces top-heavy
food webs by consistently enhancing primary production
via increased turnover rates of autotrophs (Kratina et al.
2012, Shurin et al. 2012). In addition, habitat size gradients
affect pyramid shape by changing standing-stock biomass
ratios between trophic levels (detritivore:resource and
predator:detritivore mass ratios) when larger predators
are present in the regional pool (Petermann et al. 2015).
These authors showed that large-bodied top predators
(Odonata) are restricted to larger habitats (bromeliads
with greater water-holding capacity); thus, in larger hab-
itats keystone predator:detritivore mass ratios (PDMR o,
predators) increase to the point where trophic pyramids
become inverted (i.e., PDMR op predators > 1, representing
top-heavy pyramids). By contrast, detritivore:resource
mass ratios (DRMR) showed a negative relationship with
habitat size, most likely because of stronger top-down
control in larger habitats. Although variation in biomass
pyramid shape has been related to climate (warming) and
habitat size, to date no study has investigated combined
effects of climate and habitat size on pyramid shape.
Aquatic communities subsidized by allochthonous
resources, such as phytotelmata (e.g., tank-bromeliads),
are ideally suited to studies on trophic structure along
environmental gradients. These systems have a clear
trophic division between detritivores, meso-, and top pre-
dators (Kitching 2000). Furthermore, tank-bromeliads
have easily quantifiable communities and gradients of
detrital concentration, varying habitat sizes (bromeliad
water-holding capacity), and are widely distributed over
the Neotropical region. The tanks formed by bromeliad
leaves can impound water, leaf litter, and other organic
detritus, and host aquatic macroinvertebrate communities
dominated by larval insects (Kitching 2000). Detritus
present in the tanks constitutes the main source of nutrients
for the aquatic food web (Kitching 2000), although brome-
liads in full sunlight can also contain a substantial amount
of algae that might account for autochthonous resource-
based food webs (Brouard et al. 2011, Marino et al. 2011,
Farjalla et al. 2016). The detritus is processed in a facili-
tative chain of interactions promoted by different func-
tional groups of microorganisms, detritivorous, and
saprophagous aquatic macroinvertebrates (Kitching
2000). In bromeliad phytotelmata, damselfly larvae
(Odonata, Zygoptera) are one of the most important top
predators, preying exclusively on aquatic invertebrates.
We investigated generalities and site-specific contin-
gencies in the relationships of DRMR and PDMR to
habitat size (i.e., bromeliad water retention capacity)
along a latitudinal gradient (Fig. 1A). As site-specific
contingencies are detected, we took advantage of natural
variations in climate along a latitudinal gradient to inves-
tigate to what extent the relationships of PDMR and
DRMR to habitat size at a local scale are shaped by envi-
ronmental conditions at a regional scale. We predict that
populations of top predators (damselflies) could be larger
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(and/or their larvae heavier) in more stable and favorable
climatic environments. Since these predators with long
larval stages (over six months) seem to avoid small,
drought-prone bromeliads (Srivastava et al. 2008), we
expect a high concentration of top predators in larger
bromeliads, and consequently, steeper slopes of PDMR
predators against habitat size under more stable climatic
conditions (prediction 1a; Fig. 1B). We thus expect a pos-
itive relationship between a climatic gradient across lati-
tudes (from unstable or severe to stable or favorable) and
the slopes of PDMR (o) predators against habitat size at a
regional scale (Fig. 1D). On the other hand, regardless of
population size, individual female damselflies could be
able to choose smaller habitats to lay eggs under more
climatically stable environments (e.g., to minimize
intraspecific competition in larger bromeliads), but
search for more stable habitats (i.e., larger bromeliads)
and/or have their offspring killed by drought in small
bromeliads under harsh environments, thus producing
an opposite trend, i.e., a negative relationship between a
climatic gradient and the slopes of PDMR against habitat
size (prediction 1b; Fig. 1C-D). However, none of these
patterns is expected for mesopredators and detritivores,
which are small organisms with shorter larval stages, and
might therefore, live in a broader range of habitat sizes
regardless of climate conditions (prediction 2a; Fig. 1E,
G). Alternatively, as a consequence of climate-induced
changes in top-down responses at the top predator level
(predictions la-b), we would even expect opposite pat-
terns on the biomass of smaller organisms (and their
biomass ratios and slopes) to habitat size at local and
regional scales (prediction 2b or c¢; Fig. 1F, G).

MATERIAL AND METHODS

Study areas and system

This study was carried out in 12 Brazilian coastal sites
along a latitudinal gradient ranging from 12°34’ to
27°37" S (ca. 2,040 km), with altitudes varying from 3 to
91 m asl. The average distance between neighboring sites
was 199 km (max 566.3 km, min 14.7 km; Gongalves-
Souza et al. 2014, 2015). To minimize the influence of
environmental heterogeneity (e.g., light incidence,
resource availability etc.), we concentrated on open
areas called restingas, which are sandy soil communities
dominated by cacti, bromeliads, herbs, and small shrubs
under high light incidence (Lacerda et al. 1984).
Bromeliads at these sites are typically distributed
in patches along the margins of shrubby vegetation.
We have summarized the climate regimes from each
restingas in Appendix S1.

Bromeliads in open restingas are inhabited by a diverse
community comprising aquatic invertebrates (mostly
insect larvae) of several functional groups, including key-
stone (top) predators (Zygoptera), mesopredators
(Corethrellidae, Tanypodinae, Hydrophylidae larvae,
Ceratopogonidae), filter feeders (most Culicidae),
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(A) Map of the study sites (restingas). Two hundred and forty bromeliads of selected sizes were surveyed across twelve

open restingas (20 bromeliads/site) in five Brazilian states, spread along a wide range of tropical latitudes (12.6 °S to 27.6 °S). The
grey area represents the Atlantic Rainforest biome, where the open restingas are embedded. (B-D) We predict that the structure
of trophic pyramids (i.e., top predator:detritivore mass ratios, PDMR (op predator) is shaped by environmental conditions; higher
values of slopes between habitat size and PDMR o predator (b > 0) are expected under more stable and favorable climatic conditions,
where predators are more abundant and/or larger (prediction la). (D) Thus, a positive relationship between a climatic gradient,
from unstable (or severe) to stable (or favorable), and slopes is expected. Opposite relationships are expected for prediction 1b
(b <0, see text). (E-G) Small organisms (mesopredators, detritivores) have shorter larval stages, thus they live in a broader range
of habitat sizes regardless of climate conditions; therefore, (E, G) we expect slopes of their biomass ratios PDMR pesopredatorss
DRMR) to be zero (b = 0, prediction 2a). Alternatively, (F, G) as a consequence of top-down control (predictions 1a—b), we would
expect opposite patterns on the biomass of smaller organisms (and their biomass ratios and slopes) to habitat size (0 <b <0,
predictions 2b or c¢). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

shredders (Limoniidae, Trichoptera), scrapers (Scirtidae),
and collectors (Psychodidae, Chironomidae, Syrphidae,
Ceratopogonidae). This fauna also includes small non-
insect invertebrates, such as Oligochaeta, Ostracoda
(both detritivores), Hirudinea, Turbellaria (predator),
and aquatic Acari (multiple trophic levels) (Romero and
Srivastava 2010).

Sampling design

We sampled 240 bromeliads in the 12 restingas. At
each site (restingas) we sampled 20 bromeliads of
varying sizes within five plots of 40 X 100 m each,
totaling 20,000 m? of surveyed area. Within each plot,
we sampled four tank-bromeliads located 5-15 m apart
from each other, belonging to different size classes
(according to tank capacity): the largest, the smallest, a
large-to-medium sized one, and a small-to-medium
sized one. The average maximum capacity of the 20 bro-
meliads ranged from 348.7 to 830.6 mL among sites, and
size variations (coefficient of variation, CV) were not
significant among sites (Table 1). All bromeliads had

their actual and maximum volume estimated according
to Romero and Srivastava (2010). We used the maximum
water-holding capacity of bromeliads (volume in mL) as
a measure of habitat size; bromeliad capacity ranged
from 32 to 2,616 mL at our study sites.

Invertebrates were surveyed at each of the 12 sites from
September to November 2009. Since some of these
restingas belong to protected reserves (Table 1; Gongalves-
Souza et al. 2015), we decided not to use destructive
methods. Instead, we used a shaking and washing method,
which consisted of removing every rooted bromeliad from
the ground and placing it upside down on a big white tray.
These bromeliads were shaken in this position and gently
beaten five times against the tray, and then their internal
parts (tanks, leaf axils) were washed carefully to remove all
accumulated detritus and macroinvertebrates with the
help of tweezers. Each bromeliad was washed three times
using clean water, and detritus (fine and coarse) were
rinsed in the field to survey the invertebrates that were col-
lected and fixed in hydrated alcohol (80%). Detritus was
oven dried for 24 h at 60°C and then weighed to get dry
mass (g). Detrital dry mass was used as a measure of
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Geographical information

Bromeliad traits

Mean max Volume
Latitude Longitude Altitude Volume Variation % with

Sites (restingas) (°S) (°W) (m, asl) Species (mL) (CV) Zygoptera
Praia do Forte 12.569444  38.002333 28 Aechmea cf. aquilega 588.7 0.87 50
Salvador 12.918139 38.320722 17 Hohenbergia litorallis 348.7 1.16 30
Trancoso 16.655944 39.099528 20 Aechmea blanchetiana 734.5 0.98 15
Barra Nova 18.95725 39.738667 6 Bromeliaceae sp.1 715.5 0.7 35
Setiba 20.605417  40.416389 3 Aechmea lingulata 708.7 0.57 10
Praia das Neves 21.236444  40.974111 5 Aechmea lingulata 673.7 0.5 0
Iquipari 21.729278  41.032083 4 Neoregelia cruenta 732.2 0.64 0
Arraial do Cabo 22.946389  42.130722 3 Neoregelia cruenta 830.1 0.78 60
Marica 22.96075 42.847889 3 Neoregelia cruenta 755.9 0.66 70
Ilha do Cardoso 25.067806 47912778 6 Quesnelia arvensis 624.1 0.64 45
Rio Vermelho 27.4945 48.403972 27 Aechmea sp. 477.4 0.56 20
Lagoa da 27.619167  48.45875 91 Aechmea sp. 830.6 0.54 70
Conceigdo

resource availability for bromeliad food webs, and repre-
sented the basal compartment of trophic pyramids in these
ecosystems (see Petermann et al. 2015). The method used
for sampling invertebrates has been previously used suc-
cessfully (e.g., Céréghino et al. 2011), and can capture ca.
94% of aquatic individuals from bromeliads (Romero and
Srivastava 2010).

Macroinvertebrate communities

We recorded the size and abundance of all aquatic inver-
tebrates visible to the naked eye (>0.5 mm); they were later
identified to the lowest possible taxonomic level by spe-
cialized taxonomists. The trophic position of each taxon
was determined according to literature (Merritt and
Cummins 1996, Kitching 2000), as well as through data
from feeding trials in Cardoso Island (G. C. Piccoli, unpub-
lished data). All organisms that feed on detritus (scrapers,
shredders, and collectors) and filter feeders were con-
sidered as primary consumers and are henceforward des-
ignated as “detritivores” (prey). Mesopredators and top
predators were defined as those organisms that feed on
other macroscopic invertebrates (engulfers and piercers),
and were classified according to their size (mesopredators
are typically much smaller than top predators) and taxon
(as noted previously). Although there is some intraguild
predation in bromeliad invertebrate food webs (The
authors, P. M. de Omena, G. C. O. Piccoli, and G. Q.
Romero unpublished data), this is usually incidental to the
main prey of detritivorous invertebrates (Petermann et al.
2015). Most of the top predators were damselflies of the
genus Leptagrion; since the results including and excluding
other few top predators (e.g., leeches and dytiscid beetles)
were similar (results not shown), our analysis is presented
only with damselflies as top predators. Invertebrate
biomass was estimated from previously developed allo-
metric equations between body length and dry mass of

bromeliad invertebrates, or from mean dry mass for very
small organisms (D. S. Srivastava, G. Q. Romero, G. C.
Piccoli, P. M. de Omena, unpublished data).

Macroclimatic variables

We obtained the macroclimatic variables from
WorldClim (http://www.worldclim.org/bioclim) at a reso-
lution of 1 km? (Hijmans et al. 2005). We used 10 biocli-
matic variables (out of 19 available ones) related to
temperature and precipitation derived from monthly values
of: (1) annual mean temperature, (2) mean diurnal
range (monthly mean temperature [maximum temper-
ature — minimum temperature]), (3) isothermality (bio2/
bio7 x 100), (4) temperature seasonality (standard devi-
ation X 100), (5) maximum temperature of the warmest
month, (6) mean temperature of the driest quarter, (7) mean
temperature of the warmest quarter, (8) mean temperature
of the coldest quarter, (9) annual precipitation, (10) precip-
itation seasonality (coefficient of variation, CV) (Appendix
S1). Variables 1 and 5 to 9 denote climatic extremes, and
variables 2-4, and 10 denote climatic seasonality. The
higher the value of variables 2-4 and 10, the more unstable
is the climate. We used these variables as predictors of
trophic structure at the regional scale.

Statistical analyses

We tested for contingencies of the relationships of
detritivore-to-resource, and predator-to-detritivore mass
ratios (including total predator biomass and biomass of
keystone and mesopredators) with habitat size (bro-
meliad capacity, mL) among sites (restingas) using gener-
alized linear models (GLMs), with site as fixed effect.
Additive and interactive models were analyzed using type
IT and IIT sums of squares (SS), respectively. We used
likelihood ratio tests (LRT) in the GLMs to compute
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P-values. Contingencies emerge from significant interac-
tions between habitat size and site, and warrant further
analyses of regional patterns (i.e., influence of latitude
and its macroclimatic components on response vari-
ables). According to the nature and distribution of the
data, we used different families (Gaussian, Poisson), and
their respective link functions. Overdispersion was eval-
uated and corrected when necessary.

Once contingencies were detected, we developed regional
analyses using standing-stock biomass of resources, detriti-
vores, mesopredators, and top predators, as well as slopes
(b) of linear models by regressing detritivore-to-resource
and predator-to-detritivore mass ratios (including total
predator biomass, and biomass of keystone predators and
mesopredators) against habitat size. Slopes were obtained
from log-log transformations after adding 1 to the response
variables (log[n] + 1) to include bromeliads that lack pred-
ators or detritivores. Some sites (e.g., Setiba, Praia das
Neves, and Iquipari) suffered from recent impacts of
extreme droughts (2009-2011), leading to a severe collapse
of bromeliad-dwelling aquatic communities (Azevedo
2013, Machado 2013, R. M. Machado, T. Gongalves-
Souza, D. S. Srivastava, and G. Q. Romero, in preparation).
This may have decreased damselfly populations in these
areas (see Table 1). Thus, to enable slope analyses consid-
ering only top predators, and to minimize unwanted influ-
ences of unbalanced datasets, outliers and sampling effects,
only sites with more than 20% (i.e., four out of 20) of the
bromeliads occupied by damselflies (Table 1) were con-
sidered. The predictors used were absolute latitude and
macroclimatic components of latitude, obtained from
WorldClim (see previous). To minimize the effects of mul-
ticolinearity among macroclimatic variables, we conducted
a Principal Component Analysis (PCA) and extracted the
first three orthogonal axes (cumulative proportion of ca.
90%) to use as macroclimatic predictor variables
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(Gongalves-Souza et al. 2014). Significances, effect magni-
tudes, and directions of the contribution from each climatic
variable to the axes (scores) were evaluated using linear
models. Linear models were used to test the relationships
between latitude, PCA axes of macroclimatic variables,
and slopes. Since these relationships showed non-normal
distributions, we log-transformed the slopes for the analyses
and graphic presentations.

All the analyses were performed using the language
environment R version 3.2.2 (R Developmental Core
Team, 2015). The established significance level was
o = 0.05. We checked variance heterogeneity, normality,
and outliers through graphic inspections (e.g., qq-plots,
Cook’s d, and influence). We ran PCA using the func-
tions rda and prcomp from packages vegan and stats,
respectively, implemented in R version 3.2.2.

REsULTS

Generalities and contingencies at a local scale

Most of the analyses performed for biomass ratios,
overall biomass of detritivores and predators were con-
tingent, i.e., their relationships to habitat size (volume)
were not independent of site (size vs. site interactions;
Table 2; Appendix S2). Whereas PDMRp predators 2€n-
erally increased with habitat size, DRMR was not related
to habitat size (Table 2). Although PDMR jesopredators Was
negatively related to habitat size in some restingas
(Appendix S2), we detected a strong interaction between
habitat size and site in these relationships (Table 2;
Appendix S2). Shape of DRMR and PDMR jyesopredators
were not affected by top predator biomass (P > 0.05).

Standing stocks of total resource and of all trophic levels
(detritivore, mesopredator, top predator) were contingent
(size vs. site interactions; Table 2; Appendix S2). Although

TaBLE 2. Results of generalized linear model (GLM) analyses of the effects of habitat size (bromeliad volume), site, and interac-
tions on biomass ratios (pyramid shape) and total biomass (standing stock) of resource (detritus), detritivores, predators (all),

mesopredators and top predators.

Volume (V) Site (S) VxS

Sources of variation xz P xz P xz P
Biomass ratios

Detritivore:Resource 0.13 0.722 48.0 <0.001 - -

Predator:Detritivore (all predators) 23.4 <0.001 29.0 0.002 39.1 <0.001

Predator:Detritivore (mesopredators) 0.39 0.53 74.0 <0.001 64.5 <0.001

Predator:Detritivore (top predators) 42.0 <0.001 16.1 0.013 - -
Biomass (standing stock per bromeliad)

Resources 16.0 <0.001 19.8 0.048 19.7 0.048

Detritivores* 0.06 0.81 41.3 <0.001 58.1 <0.001

Predators (all) 13.2 <0.001 37.0 <0.001 46.5 <0.001

Mesopredators** 0.03 0.86 47.6 <0.001 33.6 <0.001

Top predators 8.7 0.003 13.9 0.031 15.5 0.017

Note: Probabilities were calculated using likelihood ratio tests (LRT, x?). Statistically significant results are shown in bold.
*Other predictors in the model: resource (x2 =0.61, P = 0.43) and total predator dry mass (xz =0.01, P =0.92)
**Other predictors in the model: resource (X2 =0.30, P = 0.58) and top predator dry mass (X =0.002, P =0.96)
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slopes of top predator and resource biomass against
habitat size were much higher than those of detritivores
and mesopredators (Appendix S2), we did not detect an
influence of top predator biomass (and top predator
presence; P > 0.05) on the standing stock of detritivores
and mesopredators (Table 2).

Influence of latitude and macroclimatic
variables at a regional scale

Temperature seasonality contributed with positive
values to the first PCA axis, and annual mean temper-
ature, isothermality, maximum temperature of the
warmest month, mean temperature of the driest quarter,
mean temperature of the warmest quarter, and mean
temperature of the coldest quarter contributed with neg-
ative values to this axis (Table 3). Therefore, the higher
values of PC1 (i.e., more positive), the more climatically
favorable (less severe) and more stable are the environ-
ments (restingas). Of the 10 climatic variables used, eight
were related to temperature, and two were related to
rainfall; whereas seven out of eight variables associated
with temperature contributed to the first axis of the PCA,
none of those related to rainfall contributed to this axis.
The values of PC1 were negatively correlated with lat-
itude (negative values representing south latitudes;
Ridj =0.76, b = —-4.5,t = 29.8, P <0.001), meaning that
more southerly latitudes (southern Brazil) present more
stable and favorable climatic conditions.

The slopes of DRMR and PDMR g predators against
habitat size did not vary with latitude and with PCA
scores representing macroclimatic variables (P > 0.05;
Table 4). Slope of PDMR jpesopredators against habitat size
increased with latitude (R2 =0.30, b =—-0.08, r = —2.41,

TaBLE 3. Bioclimatic variables extracted from WorldClim (as
in Hijmans et al. 2005) and their loadings in a principal com-
ponent analysis (PCA) of the sampled restingas.

PC1 (60.5%) PC2 (20%) PC3 (9.1%)
Bioclimatic
variables
biol * -0.404 -0.02 0.056
bio2 —-0.069 -0.582 -0.185
bio3 -0.383 0.139 0.014
bio4 0.361 -0.295 0.091
bio5 * -0.315 -0.399 0.077
bio9 * -0.378 0.184 0.222
biol0 * -0.366 -0.227 0.084
bioll * -0.403 0.078 -0.006
biol2 * 0.089 -0.379 0.769
biol5 -0.092 -04 —0.548

Note: Percentages in parentheses indicate the variance ex-
plained by each PCA axis. Loadings in bold represent the high-
est and significant values (linear regression) of the first three
principal components. Asterisks (*) in front of the bioclimatic
variables indicate climate severity, and the remaining variables
denote climatic variability ([in]stability). See text (Materials and
Methods) or Appendix S1: Table S1 for definitions of variables.
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P = 0.036), but becomes nonsignificant after removing
an outlier (Table 4). On the other hand, slopes of
PDMRop predators against habitat size increased with
latitude and with climatic stability (Fig. 2, Table 4), but
were not affected by the second and third PCA axes
(P > 0.05). This relationship becomes nonsignificant
when areas with low frequency of top predators (Table 1;
most of them affected by recent severe drought) are
included (n =12, R*=0.1 1, P =0.16). Slopes of standing-
stock biomass of resource, detritivores, mesopredators
and all predators pooled against habitat size did not vary
with latitude and PCA axes (P > 0.05), either. On the
other hand, slopes of standing-stock biomass of top pred-
ators against habitat size increased with increasing
climate stability (Fig. 3, Table 4).

Discussion

Our results show that top predator-to-detritivore mass
ratio (PDMR) increases with habitat size, thus repre-
senting a typical inverted trophic pyramid in larger hab-
itats. However, we found site-specific contingencies on
the slopes of the relationship between top PDMR and
habitat size, which varied with latitude and macrocli-
matic variables. This means that although trophic pyr-
amids are inverted in large ecosystems, the dependency of
this inversion on habitat size can be driven by climate
components, and they might be even more top-heavy
(i.e., steeper PDMR slopes) under more favorable cli-
matic conditions. Since predator:prey mass ratio is a
proxy of interaction strength, steeper slopes may rep-
resent stronger top-down control under more favorable
and stable climates. On the other hand, detritivore-
resource and mesopredator-detritivore mass ratios were
not affected by habitat size or climate variations across
latitudes. Our findings add to a growing consensus that
the composition of predators (mesopredators vs. top
predators), climate, and habitat size can shape food web
structure and potentially affect its dynamics.

It is known that inverted trophic pyramids in bro-
meliad aquatic ecosystems seem to occur because key-
stone predators, e.g., damselflies, require larger habitats
to survive (Srivastava et al. 2008, Petermann et al. 2015).
These predators are much heavier than their prey
(standing-stock and individual mass), and thus they
change the pyramid to a top-heavy shape in larger eco-
systems. A relevant question, but still unanswered for
bromeliad aquatic ecosystems, is how these inverted
trophic pyramids can be supported. Several mechanisms
have been hypothesized to account for observed varia-
tions in the shape of pyramids (Brown et al. 2004, Trebilco
et al. 2013). A favored mechanism invokes the
productivity-biomass ratio (turnover rate), which pre-
dicts that biomass turnover rate is constant among the
trophic levels in bottom-heavy pyramids. It also predicts
that top-heavy pyramids (inverted pyramids) result from
the decrease in turnover rates as trophic rank increases
(Brown et al. 2004, Hatton et al. 2015). We recognize that
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TaBLE 4. Results of linear regressions of latitude and the first axis of a principal component analyses (PCA) of bioclimatic
components from WorldClim (see Table 3 and Appendix S1) against the slopes of detritivore:resource and predator:detritivore
mass ratios, and average resource (detritus), detritivore and predator biomass per bromeliad in the pool, against habitat size (bro-
meliad capacity, mL). Statistically significant results are shown in bold.

Latitude PC1
I t P 2 t P

Slopes (mass ratio vs. habitat size)

Detritivore:Resource 0.03 1.16 0.27 —-0.09 —-0.34 0.74

Predator:Detritivore (mesopredators only) —-0.00 -0.97 0.35 0.08 1.42 1.19

Predator:Detritivore (all predators) 0.15 -1.72 0.12 0.15 1.69 0.12

Predator:Detritivore (top predators only) 0.64 -3.43 0.019 0.77 4.6 0.006
Slopes (standing stock biomass vs. habitat size)

Detritus —-0.00 -0.39 0.70 —-0.02 -0.32 0.75

Detritivore -0.09 0.12 0.91 -0.12 -0.6 0.58

Mesopredators only 0.44 1.97 0.08 0.47 -0.95 0.36

All predators 0.09 -1.47 0.17 0.25 2.16 0.056

Top predators only 0.26 -1.76 0.14 0.62 3.32 0.021

top-heavy pyramids may occur in larger bromeliads as
keystone predators in these ecosystems have long life-
cycles, whereas their prey (e.g., culicids, chironomids)
have a very short life-cycle and colonize bromeliads at
high rates.

Our results revealed that slopes of top predator-to-
detritivore mass ratio against habitat size were steeper at
higher latitudes and under more stable and favorable cli-
matic conditions (southern Brazil), meaning that the
inverted shape of trophic pyramids is more pronounced
in environments with more favorable climate, which thus
supports our prediction la (Fig. 1). This prediction is
based on the assumption, tested and confirmed by our
results, that top predators are more abundant, heavier,
and have higher standing-stock biomass in more stable,
climatically favorable environments. This information
pertains to the aquatic larvae in bromeliad tanks, but also
likely applies to their terrestrial adults being favored by
climatic conditions. Since damselfly adults seem to ovi-
posit preferentially in larger bromeliads and avoid small,
drought-prone ones (Srivastava et al. 2008), we found a
higher concentration of top predators in larger brome-
liads under more stable climatic conditions at a local
scale, which explains the steeper slopes. But how do bro-
meliads from these favorable environments support
larger individuals and populations of top predators? It is
likely that biomass turnover rates of prey are higher
under more stable and favorable climatic conditions, and
could also contribute to support more predators in these
ecosystems. In fact, experimental mesocosms showed
that climatic components (temperature) can change
biomass turnover rates of lower trophic levels and thus
produce top-heavy pyramids (Shurin et al. 2012).
Moreover, climatic instability and extremes can decrease
insect population sizes and delay insect development and
survivorship (Jonsson et al. 2014), thus decreasing
biomass turnovers in these harsh ecosystems.

The standing-stock biomass of allochthonous basal
resource (detritus) increased with habitat size, meaning
that larger habitats (bromeliads) are more productive.
Although we did not measure autochthonous resources
in our samples, algac have been shown to be more
abundant in larger bromeliads (Brouard et al. 2011,
Marino et al. 2011), and thus could also contribute to
improving productivity of larger ecosystems. Moreover,
the biomass of basal resources (detritus) has increased
more sharply than those of detritivores with habitat size;
nevertheless, we found no relationship between detriti-
vore:resource mass ratio (DRMR) and a gradient of bro-
meliad size (Table 2). Similarly, the standing-stock
biomass of mesopredators and its PDMRs did not vary
with habitat size, either. One could interpret these results
as a signature of top-down control. However, we found
no influence of top predators (biomass and presence) on
the standing stocks of mesopredators and detritivores.
These results suggest that mesopredators and detritivores
seem to be less sensitive to habitat size and climatic vari-
ations compared to top predators, being able to inhabit
different bromeliad sizes, thus producing lower (or flat)
slopes of biomass ratios to habitat size irrespective of cli-
matic conditions. These results support our prediction 2a
for smaller organisms (Fig. 1), and indicate that, at lower
trophic levels (resource, detritivores, and mesopred-
ators), pyramid shape is bottom-heavy, and apparently is
not strongly driven by habitat size and climate, as
observed for top predators. However, our results for the
detritivores differ slightly from those reported by
Petermann et al. (2015), who found a decrease in DRMR
with increasing habitat size, meaning that pyramids
became more bottom-heavy along the habitat size gra-
dient. These differences can be explained by the fact that
the systems studied by Petermann et al. (2015) are more
productive, i.e., they are located mostly in forested envi-
ronments and thus accumulate an enormous amount of
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leaf litter (detritus, basal resource) in larger habitats. On
the other hand, the systems studied here occur at open
sites (restingas) where accumulations of allochthonous
resources are much smaller. Therefore, the shape and
width of pyramid bottoms might be driven by variations
in type of productivity (autochthonous vs. alloch-
thonous), which may vary with the type of environment
(open vs. forested).

There is a growing consensus, from independent
studies, that reduced habitat size and climate changes can
affect larger organisms, especially keystone predators.
Since keystone predators require larger home ranges,
they are restricted to larger habitats. Furthermore, since
large-bodied organisms have greater difficulty dissipating
heat (Daufresne et al. 2009), which is more intense for
aquatic organisms because of decreased dissolved oxygen

(Forster et al. 2012), they are more vulnerable to climatic
variations and extremes. However, the relative influence
of macroclimatic variables and habitat size has been
poorly explored for aquatic food web structure at broad
biogeographic scales (Baiser et al. 2012). We here took
advantage of two natural gradients, habitat size and mac-
roclimatic variables along a latitudinal gradient, and
demonstrated that habitat size was most influential in
producing typical top-heavy pyramids, whereas climate
conditions influenced the degree to which these pyramids
are inverted.

Although our latitudinal gradient had a wide range of
mean annual temperature (5.3°C), similar to predicted
levels for global warming in the next decades (IPCC
2007) and close to those manipulated in experimental
warming (e.g., Kratina et al. 2012, Shurin et al. 2012,
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Jonsson et al. 2014, Lefort et al. 2015), our results slightly
differ from those manipulating temperature. Forinstance,
we did not find communities of larger organisms (key-
stone predators) being replaced by smaller species (mes-
opredators, detritivores) in hotter ecosystems, as reported
earlier (e.g., Brose et al. 2012). Maybe top predators are

locally adapted to climate conditions. Advantages in
using latitudinal gradients as natural experiments to
investigate climate changes are threefold. First, latitu-
dinal gradients allow us to understand how climate
change might affect organisms that are naturally adapted
to a set of natural variations in climate. Second,
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latitudinal gradients provide a methodological set-up to
overcome the drawbacks of other observational and
experimental warming methods (De Frenne et al. 2013).
Third, by studying natural climatic variations, it is fea-
sible to measure responses of larger organisms facing
climate changes, with long generations, instead of lim-
iting our knowledge to adaptive responses of microor-
ganisms, with short generations. Despite that, latitudinal
gradients have been used much less than other types (e.g.,
altitude, De Frenne et al. [2013]) for methodological
reasons as natural laboratories to assess responses of ter-
restrial organisms to climate warming.

Some studies have shown that climatic variations (e.g.,
warming, drought) and extremes caused by global changes
can affect food web structure and dynamics (Kratina et al.
2012, Shurin et al. 2012, Ledger et al. 2013, Hong and
Shurin 2015). In addition, other studies have pointed out
that warming can produce communities dominated by
smaller organisms (Brose et al. 2012, Dossena et al. 2012,
Lurgi et al. 2012, Lefort et al. 2015), with keystone pred-
ators being replaced by mesopredators (e.g., Prugh et al.
2009, Brose et al. 2012). Although we have not detected
trophic ranking replacements, we showed that mesopred-
ators and detritivores seem to be less sensitive to habitat
size and climatic variations. In contrast, standing stocks of
top predators (not of mesopredators) can configure top-
heavy pyramids in these ecosystems, and these inverted
pyramids are steeper (i.e., larger PDMR slopes) under
milder, more stable and favorable climatic conditions.
Since it has been suggested that predator:prey mass ratios
are proxies of interaction strength (Berlow et al. 2008), we
should expect these ecosystems to be less top-down con-
trolled under more unstable and harsh climatic conditions,
predicted for a near future.

In conclusion, whereas habitat size shapes the top-heavy
pyramids, as reported elsewhere (Petermann et al. 2015),
climate components caused variations in the shape of
inverted pyramids, i.e., inverted pyramids were steeper
(i.e., larger PDMR slopes) under more stable and favorable
climatic conditions. Components of temperature and their
variations seemed to drive food web structure here,
although the effects of droughts, forecasted for the next
decades, might also have strong impacts on food web
structure and on the functioning of freshwater ecosystems
(Ledger et al. 2013). In contrast, smaller organisms (detri-
tivores and mesopredators), as well as their biomass ratios
and slopes (i.e., pyramid shape), seem to be less vulnerable
to habitat size and climate conditions compared to top
predators (damselflies). Our study adds new knowledge
and insights on the importance of considering natural gra-
dients of habitat size and climate (latitude) as natural
experiments to study the combined impacts of habitat size
and climate on food web structure, and to search for gen-
eralities and contingencies in species interactions.
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