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Abstract Little is known of how Neotropical fresh-
water ecosystems will respond to future climate sce-
narios. In Neotropical rainforests, a substantial frac-
tion of the freshwater available to the aquatic fauna
is found within phytotelmata, plant-held waters
that form aquatic islands in a terrestrial matrix. We
hypothesized that phytotelmata in close proximity
have higher resilience capacity to severe drought than
the isolated ones, under the assumption that immigra-
tion from nearby sources promotes faster recovery.
We used rainshelters to emulate an extreme drought
(67 days without rainfall) in tank-forming bromeliads
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arranged in patches of 1, 3 or 6 plants in a primary
forest of French Guiana. Habitat size was a stronger
determinant of invertebrate species richness and bio-
mass per bromeliad than patch size. Larger bromeliad
patches attenuated the adverse effect of drought on
the biomass of predators, probably because short-
range migration within dense patches allowed indi-
viduals to find moist refuges. However, the recovery
of aquatic communities and ecosystem functions was
mostly supported by in situ resistance, and a rescue
effect of immigration was weak. Whilst environmen-
tal management plans tend to focus on dense net-
works of connected water bodies, our study shows
that efforts should not omit the isolated ones.
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Introduction

Climate change impacts the distribution of species
(Pecl et al., 2017), thereby affecting the structure of
multitrophic communities (Harvey et al., 2015), and
ecosystem functions (Glassman et al., 2018). Among
predicted changes, the increase in the frequency and
intensity of droughts in several regions of the World
within the next decades (IPCC, 2021) questions the
long-term integrity of many ecosystems. In South
America, the northern and eastern coasts and Central
Amazonia should experience 10 to 50% declines in
precipitation (IPCC, 2021). Such forecasts are con-
cerning, as natural environments in the Neotropics
are already threatened by extensive habitat destruc-
tion (Flores et al., 2024). Freshwater ecosystems are
notably vulnerable to drought and habitat modifica-
tions, for declining water availability and isolation
of remnant water bodies are major threats to aquatic
life and ecosystem functions (Oberdorff et al., 2015).
We know that drought affects freshwater ecosystems
in Neotropical environments, both directly through
physiological consequences on the survival and
activity of organisms (Rodriguez-Pérez et al., 2018;
Céréghino et al., 2020) and indirectly, through food-
web-mediated effects on species abundance (Pires
et al., 2016; Trzcinski et al., 2016). For instance,
drought can either increase predation on litter-pro-
cessing invertebrates by concentrating species in
smaller volumes during water shrinkage (Srivastava,
2006) or release detritivores from predation by disas-
sembling food webs from the top (Ruiz et al., 2022),
resulting in negative or positive effects on decomposi-
tion rates, respectively (Trzcinski et al., 2016). Isola-
tion could therefore compound the adverse effects of
drought on multitrophic communities and ecosystem
functions, if colonization rates among spatially dis-
crete habitats are insufficient to compensate drought-
induced mortality after the disturbance has passed
(Mestre et al., 2018).

In Neotropical rainforests, a substantial fraction of
the freshwater available to the aquatic fauna is found
within phytotelmata (“plant-held waters,” e.g. tree
holes, bamboo stems, Heliconia bracts, fallen fruit
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husks, etc.). In particular, tank bromeliads (Bromeli-
aceae) are conspicuous component of the Neotropi-
cal flora, for they occur from the soil to the canopy
(as epiphytes), can reach a density of up to 175,000
individuals per hectare and altogether impound up
to 50,000 L of water per hectare (Richardson, 1999).
The interlocking leaf axils of tank-forming bromeli-
ads collect rainwater (up to a few litres) and leaf litter
from the surrounding forest, hence providing a habitat
for aquatic organisms (Lounibos & Frank, 2009). Not
only tank bromeliads are important to freshwater bio-
diversity and aquatic—terrestrial energy fluxes in rain-
forests (de Omena et al., 2017; Céréghino et al., 2018;
Dézerald et al., 2018; Pereira et al., 2022) but these
phytotelmata also allow ecologists to manipulate a
natural aquatic ecosystem that is small and contained
(complete census of the aquatic organisms), widely
distributed in nature (across environmental gradients)
and highly replicated (statistical power). Because bro-
meliad hydrology is sensitive to short-term weather
fluctuations, these small water bodies are relevant to
investigate ecological effects of drought in experi-
mental research (Srivastava et al., 2020). Moreover,
because the roots of tank bromeliads primarily have
an anchoring role (nutrients are obtained from the
water tank though leaf trichomes), individual plants
can be easily moved, e.g. to test the effects of habitat
patch size (e.g. bromeliad isolation or aggregation) on
ecosystem responses to water inputs.

Discrete aquatic ecosystems such as phytotelmata,
ponds or pools can be seen as freshwater islands in
a terrestrial matrix (Jocque & Field, 2014). The the-
ory of island biogeography (MacArthur & Wilson,
2001) predicts that isolated and small islands have
lower abundance of organisms and species richness
than clumped and larger islands (Steiner & Asgari,
2022). Therefore, once we account for the well-
known habitat size effect (Oertli et al., 2002; Peter-
mann et al., 2015), clumped islands (e.g. bromeliads
arranged in patches) could theoretically show higher
ecosystem resilience to drought than the isolated
ones. This could occur because inter-island move-
ments in spatially aggregated systems facilitate
access to refuge microhabitats during the drought
spell, and/or because higher colonization rates within
larger, species-rich metacommunities provide a spa-
tial insurance effect on ecosystem stability (Yachi &
Loreau, 1999; Limberger et al., 2019). These assump-
tions remain to be tested, because the dependence of
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ecosystem resilience on in situ resistance (ability to
pass a drought event at an active or dormant stage)
vs. immigration is modulated by species’ functional
traits (Thompson & Gonzalez, 2016; Limberger et al.,
2019; Bonhomme et al., 2021). For instance, Medi-
terranean wetlands that are subject to harsh seasonal
drought are highly resilient because their species
exhibit desiccation resistance traits that allow resident
populations and communities to cope with frequent
hydrological resetting (Ruhi et al., 2012). By com-
parison, most freshwater species could be considered
as “naive” in the face of extreme hydrological events,
and the ecological mechanisms underlying ecosystem
resilience after a severe drought are poorly under-
stood (Bonal et al., 2016). We see three reasons for
this gap. First, “resilience” includes two components:
resistance and recovery (Hodgson et al., 2015). Yet,
most studies focused on resistance, the immediate
response of communities and ecosystems to drought
(Hodgson et al., 2015), ignoring the recovery phase,
i.e. the return of the system to an equilibrium state
after the drought has passed (Ingrisch & Bahn, 2018).
Second, testing the effects of stressors at the whole-
ecosystem level in manipulative experiments is a
challenging issue. Third, most ecosystem types lack
the natural replication needed to support statistically
robust models.

In this study, we manipulated drought and the
number of bromeliads (bromeliad patch size) whilst
controlling for the effect of leaf litter species, the
detrital resource that supports the aquatic food web.
We used rainshelters to emulate an extreme drought
event in bromeliads arranged in patches of various
size, and we then examined the effects of drought,
patch size and their interaction, on community struc-
ture and ecosystem functioning during the course
of the post-drought, rewetting phase. We used litter
decomposition, an effective metrics of the functional
integrity of ecosystems (Benfield et al., 2017) as a
proxy of ecosystem functioning. The decomposition
of plant litter is a key ecosystem process in nutrient
and carbon cycling, because the biological conversion
of dead plant biomass to fine particulate, dissolved
organic matter and mineral nutrients fuels microbial
and plant productivity, and returns CO, to the atmos-
phere (Gessner et al., 1999, 2010; Gholz et al., 2000).
Specifically, we asked whether clumped bromeliad
ecosystems show higher resistance and faster recov-
ery after an extreme drought, compared to the isolated

ones. This could occur either because larger patches
host higher species richness and/or densities (Watling
et al., 2020), because aggregated bromeliads are more
attractive to background colonization (Staddon et al.,
2010) or because isolation exacerbates the adverse
effects of drought by limiting inter-island disper-
sion of organisms. Alternatively, ecosystem recovery
could be mostly driven by food-web-mediated effects
such as trophic control of decomposers (Trzcinski
et al., 2016) or asynchronous recovery among feed-
ing guilds (Ruiz et al., 2022). This could occur if
resilience is mostly supported by in situ resistance
(Fournier et al., 2023) and colonization rates are simi-
lar for isolated and aggregated bromeliads.

Material and methods
Study area

Our experiment was conducted in French Guiana
from July to November 2021 in the understory of a
primary lowland rainforest, near the Petit-Saut Dam
(5° 03" 43" N, 53° 02" 46" W; elevation <80 m).
The climate is tropical humid, with 3000 mm annual
precipitation, low seasonal variation in tempera-
ture (monthly average: 20.5-33.5 °C) and humidity
(70-100%). The dry season extends from Septem-
ber to November, and there is another shorter and
irregular dry season in March. The remaining months
correspond to the rainy season. Based on daily rain-
fall records over the past 20 years at the Paracou
weather station (8 km away from our field site), the
average number of consecutive days without rainfall
in a dry season in the area is 26 +5.3 days (annual
mean + SD).

Experimental set up

We designed an experiment manipulating drought
and bromeliad patch size (1, 3 or 6 bromeliads), with
drought applied to patches and ecological responses
analysed at the bromeliad level. Lutheria splendens
(Brongn.) Barfuss & W. Till, 2016 is the only tank
bromeliad species in our study area, with a mean
density (£SD) of 3558 +538 plants per ha (Dézer-
ald et al., 2018). Six months prior to the experiment,
we selected 144 L. splendens with similar vegeta-
tive traits, to minimize the effects of plant size and
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complexity on communities. The mean plant diameter
(Diam +SD) was 68.01 +£9.88 cm, and the number
of leaves forming wells (NL +SD) was 12+ 2 leaves.
The pre-drought conditions for all bromeliads were
typical of a rainy season, where plants are filled at
51.8+0.06% of their capacity (see survey in Dézer-
ald et al., 2017). These bromeliads were carefully col-
lected avoiding water spill and arranged as 8 patches
of 6 bromeliads, 16 patches of 3 bromeliads and 48
“patches” of 1 bromeliad, thus keeping a similar
number of bromeliads (the sample unit) per drought
treatment. This design and the sampling scheme are
summarized in Table 1. The leaves were overlapping
in patches of 3 and 6 bromeliads, to allow for poten-
tial movements among tanks by aquatic invertebrates
crawling on the aerial parts (Amundrud & Srivastava,
2015; Dézerald et al., 2015). The spatial coordinates
of each bromeliad were recorded with a Garmin®
field GPS.

After six months of acclimatization, the experi-
ment started with a “dry phase” of 67 consecutive
days without rainfall, emulating the most extreme
event recorded in the area over the past 20 years
(Bonhomme et al., 2021). To emulate drought, we
placed rainshelters made of transparent tarpaulin
1 m above 45 patches of 1 to 6 bromeliads (Table 1).
These shelters prevent natural rainfall inputs and do
not interfere with macroinvertebrate colonization
nor increase air temperatures (Marino et al., 2017).

During the dry phase, we noted the number of days
where all the tanks of the bromeliad remained dry
(“dry bromeliad days”) before reaching the rewetting
phase. Dry bromeliad days in the treatment brome-
liads averaged 32+ 10 days. The remaining patches
served as baseline controls (Table 1). Because inver-
tebrate communities show marked temporal changes
in the abundance of species in relation to population
dynamics at our study site (Dézerald et al., 2017), we
evaluated changes in community and ecosystem func-
tion in treatments against baseline bromeliads over
time, rather than against pre-disturbance bromeliads
(Ingrisch & Bahn, 2018).

At the end of the dry phase (TO), we removed
the rainshelters and we refilled the plants with fil-
tered rainwater (mesh size of the filter: 150-um) to
their capacity. This initiated the “rewetting phase”
(60 days), when plants were subject to natural rain-
fall. Source patches for colonization consisted of resi-
dent bromeliads in the field site. Leaf litter strips were
placed in bromeliad tanks at TO, to follow up detri-
tal decomposition as well as the biomass of attached
bacteria and fungi during the rewetting phase. Dead
leaves of Goupia glabra Aubl., 1775 (Goupiaceae)
are commonly found in bromeliad tanks (Rodriguez-
Pérez et al., 2018) and are among the fastest species
to decompose in French Guiana (Coq et al. 2010; Car-
rias et al., 2020). Freshly fallen leaves were collected
using nets placed under a single G. glabra tree, to

Table 1 Summary of the
experimental and sampling
designs

Patch size =number of
bromeliads in the patch (1,
3 or 6). At each sampling
time, invertebrates were
returned alive to their
original bromeliad after

Phase (length) Treatment Patchsize  No. of patches  No. of plant sampled
at each sampling time
Acclimatization (6 months) — 1 48 -
- 3 16 -
- 6 8 _
Dry phase (67 days) Drought 1 30 -
Drought 3 10 -
Drought 6 5 -
Control 1 18 -
Control 3 6 -
Control 6 3 -
Rewetting phase (60 days) Drought 1 30 10
Drought 3 10 10
Drought 6 5 10
Control 1 18 6
Control 3 6
Control 6 3 6

identification to preserve
the metacommunity
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avoid variation in leaf traits. All leaves were hydrated
in filtered rainwater for 24 h and then cut into rectan-
gle strips, avoiding the central vein. Leaf strips were
oven-dried at 60 °C for 48 h and weighted to the near-
est 0.1 mg. Leaf packs placed in the bromeliads at
TO consisted in one 2X3 cm strip and two 2X4 cm
strips of leaf litter, and each bromeliad received two
leaf packs in two separate axils. The initial dry weight
of a 2x3 cm strip was 0.128 +£0.019 g (mean+SD);
these pieces were used to estimate decomposition
along the rewetting phase. The 2X4 cm strips were
used to assess the biomass of bacteria (ug dry weight
per gram dry weight litter) and the ergosterol content
(ug per mg dry weight leaf litter, a proxy of fungal
biomass) within the leaf litter matrix (see below).

Data collection

We followed changes in invertebrate communities
(taxonomic composition, species biomass, biomass of
functional feeding groups), bacterial and fungal bio-
mass at the surface of the leaf litter, as well as litter
decomposition rate after the dry phase by sampling
treatment and control bromeliads at 7, 15 and 60 days
after TO. At each date, we sampled 48 bromeliads
from the different patch sizes, rotating plants across
dates so each bromeliad was only sampled once
and a constant number of bromeliads was sampled
within the treatment and control sets (Table 1). The
content of each bromeliad, including live organisms,
was returned to the plant after each observation (see
below) to prevent defaunation and preserve the meta-
community during the course of the experiment.

In the field, we first collected the leaf litter strips
and kept them in a cooler. The biomass of attached
bacteria was quantified from counts after sonica-
tion of the first set of 2x4 cm leaf strips using a
FACSCalibur flow cytometer (Becton Dickinson).
The attached biomass (ug dry weight per gram dry
weight of litter) was then calculated from bacteria
biovolume-to-mass relationships, considering that
10 pm*=0.4 pg dry weight (Norland et al., 1987).
The other set of 2 x4 cm leaf strips was used to meas-
ure ergosterol content, obtained by lipid extraction
and HPLC analysis according to Gessner & Schmitt
(1996). In the laboratory, the 2 X 3 cm leaf strips were
oven-dried (60 °C, 48 h) and weighted. Leaf mass
loss through time was used to estimate the decompo-
sition rate k (d™!) at the three sampling dates, based

on the log-transformed exponential model (Olson,

1963):
mt
—In %)

k=—"7
t

/

where m0 is the initial leaf mass, mt is the mass after
decomposition and ¢ relates to the time in day (7, 15
or 60 days).

After sampling the leaf litter in the field, the con-
tent of bromeliads (water, particulate organic matter,
invertebrates) was entirely pipetted out using micro-
pipettes of appropriate dimensions (Céréghino et al.,
2011). Though we standardized bromeliad size (i.e.
the size of the container), microenvironmental vari-
ations (e.g. overhanging tree canopy, throughfall)
could mediate the aquatic habitat size available to
communities. We therefore recorded the water vol-
ume at the time of sampling (WV, mL) to account for
actual habitat size. Macroinvertebrates were identi-
fied at the species or morphospecies level (hereafter
“species”), separated by larval instars (holometabol-
ous insects) or size class, and counted alive in white
trays using magnifying glasses. Size-mass relation-
ships developed by us (Dézerald et al., 2017, 2018)
and abundance data were then used to calculate spe-
cies’ biomass (mg dry weight per bromeliad). Inver-
tebrates were also partitioned into functional feeding
groups (FFGs) sensu Merritt & Cummins (1978), as
categorized by Brouard et al. (2012) for bromeliad
invertebrates (Supplementary Table S1). These FFGs
were: filter feeders (sift fine particulates and living
micro-organisms from the column of water); gather-
ing collectors (gather fine particulates of organic mat-
ter from the accumulated debris); shredders (chew the
leaf litter and other coarse particulate organic matter);
scrapers (scrape off the surface of the leaf litter and
coarse organic matter to feed on biofilm layers); and
predators (feed on other animals).

Data analysis
Invertebrate community structure

We first removed from the dataset one plant in which
we found no invertebrates (from a patch of 6 brome-
liads subjected to drought) as well as 8 invertebrate
species occurring in less than two bromeliads out of
144, that were considered as stochastic occurrences.
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The final dataset was composed of 14 speciesx 143
bromeliads. Prior to further analysis, we evaluated
spatial autocorrelation of invertebrate communities
among bromeliads, using partial Mantel test in the
vegan R package (Supplementary Material S2). Man-
tel tests showed no evidence for spatial autocorrela-
tion of species assemblages among bromeliads (Sup-
plementary Material S2). A non-spatial approach was
thus suitable in subsequent models.

Variation in community structure (species and
their biomass) among drought and patch size treat-
ments was analysed with multivariate general linear
models developed in the mvabund R package (Wang
et al., 2012). We preferred this method over distance-
based analysis because it avoids potentially mislead-
ing results due to misspecification of mean—variation
relationship (Warton et al., 2012). We built a full
generalized linear model with the main and interac-
tive effects of drought (2 levels: drought and control),
patch size (3 levels: 1, 3 and 6 bromeliads) and time
after TO (3 levels: 7, 15 and 60 days). We added the
number of bromeliad leaves and water volume (habi-
tat complexity and size) as well as dry bromeliad
days as covariates. The model was fitted to a nega-
tive binomial distribution to account for overdisper-
sion. From this full model, we identified the best
fitting multivariate model based on the Akaike infor-
mation criterion (AIC). Model assumptions were
checked graphically. We tested for the importance of
each explanatory variable with likelihood ratio tests,
comparing the best model previously identified with
other identical models minus one of the explanatory
variables. Then, we tested multivariate hypotheses
about the main and interactive effects of treatments
with the function “anova.manyglm,” running 6 000
pit-trap resampling iterations for each model to esti-
mate p-values. To highlight which species explained
the community response to treatment, this function
fits separate generalized linear models for each spe-
cies (Supplementary Table S3).

Invertebrate species richness and FFGs

We used linear models to determine the main and
interactive effects of drought, bromeliad patch size
and time after TO on species richness and on the bio-
mass of the various FFGs. Dry bromeliad days, num-
ber of bromeliad leaves and water volume were added
as covariates. Biomass values were log-transformed
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to meet the assumption of normality. For each model,
we started with a full model containing all treatment
variables and covariates. We used stepwise regression
to select the best model based on the AIC, and we
only assessed the significance of the predicted vari-
ables of the retained model.

Ecosystem functioning

Changes in multivariate causal relationships among
components of the bromeliad ecosystem during the
rewetting phase were studied with structural equa-
tion modelling (SEM; Grace et al., 2012, 2014). We
constructed a model of hypothesized relationships
within a path diagram for each sampling time (7,
15 and 60 days). Relationships involved drought,
bromeliad patch size, the biomass of invertebrate
detritivores and predators, the biomass of fungi and
bacteria at the surface of the leaf litter, and decom-
position rates. “Detritivores” consisted in the sum
of leaf shredder and scraper biomass. These two
groups have a mechanical action on the leaf litter
and are usually considered as good predictors of
decomposition rates (Srivastava, 2006). We used
the “psem” function from the “piecewiseSEM” R
package (Lefcheck, 2016) to create SEMs where
each part represents a linear model between the
explanatory variables and the explained vari-
able. Each SEM was built with five linear models
that were selected based on AICc and graphically
verification of assumptions. SEMs allowed us to
include correlated errors for variables with a rela-
tionship that was neither causal nor unidirectional.
We included correlated errors involving bacteria
and fungi to account for their indirect interactions
through the decomposition process. Following the
same method as previous analysis, model selection
for invertebrate biomass was based on multiple lin-
ear models including the number of leaves, water
volume and dry bromeliad days as covariables (Sup-
plementary Table S4). Patch size was categorical
(1, 3 or 6 bromeliads), so we compared the effect of
each level by running post hoc estimated marginal
means adjusted by Tukey tests, using the emmeans
R package. (Supplementary Table S5). Because we
were primarily interested in relationships between
treatments, biological communities and decompo-
sition, the potential effects of covariates were not
included in figures showing the final path diagrams,



Hydrobiologia

but can be found (if any) in supplementary material
(Table S4). All analyses were conducted in R ver-
sion 4.1.1 (R Core Team 2021).

Results
Invertebrate species richness

We collected a total of 13,600 individuals and
identified 22 invertebrate species from all brome-
liads (see Table S1 for affiliations to taxonomic
and functional groups). Insects represented 73%
of the species, among which 81% were Diptera.
Bromeliad patch size had no effect on the spe-
cies richness found in individual bromeliads. The
number of dry bromeliad days had a negative
effect on species richness per bromeliad (Table 2,
estimate=—0.029 +£0.015, P<0.05) on the con-
trary of water volume that correlated positively
(Table 2, estimate=0.017+0.002, P<0.001). The
pure effect of drought on species richness was not
significant. However, in interaction at 60 days
after rewetting, species richness was significantly
higher than in earlier sampling time (Table 2, esti-
mate=1.364+0.581, P <0.02).

Table 2 Linear models testing the influence of drought, bro-
meliad patch size, time after rewetting and habitat covariables
on macroinvertebrate species richness

Estimate Std error T value P value

(Intercept) 3.525 0.353 9982 <2.22*%10°
163453

Drought —0.613  0.638 -0.96 0.339
T15 0215  0.454 0473 0.637
T60 3.815 0462 8251  1.249%10 3wk
Dry bromeliad —0.029 0.0145  —2.003 0.0472%*

days
WV 0.017  0.002 7755 1.92%107 12k

Drought: T15  0.443  0.575 0.771  0.442
Drought: T60  1.364  0.581 2.349  0.02%

Estimates + standard errors correspond to the best fitting mod-
els according to AIC scores. Adjusted R*=0.767, F statis-
tics=67.741, P<2.22%107'°. Variables not shown were not
retained in the final model. WV =water volume at the time
of sampling (ml), T15 and T60=15 and 60 days after rewet-
ting, N. brom 3 and N. brom 6 = patches of 3 and 6 bromeliads.
*P<0.05, ¥**P<0.001

Invertebrate community structure

Overall, variation in community structure was
explained by the interaction between drought and
time after TO, and by the number of dry bromeliad
days (Table 3). In other words, changes in commu-
nity structure over time were greater in bromeliads
that suffered drought compared to the control ones,
and the extent of changes in the treatment plants was
modulated by the number of dry bromeliad days but
not by bromeliad patch size.

Not all species were equally affected by drought
(Table S3). Drought mostly provoked a decline in
the biomass of Anopheles neivai Howard, Dyar &
Knab, 1913 and Culex stonei Lane & Whitman, 1943
(filter-feeding Culicidae), Toxorhynchites sp. (Culici-
dae, top predator), Microstigma maculatum Hagen,
1860 (Odonate, top predator) and Cecidomyiidae
(diptera, bromeliad leaf piercer). Biomasses, how-
ever, increased at 15 and 60 days after rewetting, as
shown by the positive interaction of drought and time
for these species. Conversely, drought had a positive
impact on the biomass of Culex spl (filter-feeding
Culicidae) at day 7, but their biomass declined at
day 15 and day 60. Regardless of drought, bromeliad
patch size had the strongest, negative effects on the
biomass of the top predators Microstigma maculatum
and Toxorhynchites sp., and the filter feeder Culex
stonei, mostly at the intermediate patch size (3 bro-
meliads) (Table S3). Other species were weakly or
not affected by drought and patch size.

Table 3 Analysis of deviance of the best fitting multivari-
ate generalized linear model, according to “AICsum” scores
and assumption assessment (graphically checked), explaining
invertebrate community structure in the bromeliads

Residual Deviance P value
degrees of
freedom
(Intercept) 142 - -
Drought 141 47.8220993 0.0038**
Number of brome- 139 34.3585196 0.2712
liads
Time from TO 137 519.793364 0.0001%***
Dry bromeliad days 136 43.3885061 0.0011%**
Water volume 135 152.248321 0.0001%%*%*
Drought: Time 133 109.11115  0.0001%**
from TO

*P<0.05, #*P<0.01, ***P <0.001
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Functional feeding groups

The biomass of all FFGs was negatively affected by
drought, either as a factor (significantly lower bio-
mass in treatment bromeliads compared to baseline
bromeliads) or more specifically expressed as number
of dry bromeliad days (Fig. 1, Table 4). Marginally
and highly significant interactions between drought
and bromeliad patch size were observed in preda-
tors (P<0.1) and collectors (P <0.01), respectively.
Whilst the pure effect of drought was to reduce the
biomass of predators and collectors, negative devia-
tions from the baseline were the lowest in patches

(a) Predators

(b) Shredders
1 3 & 1

° g
EO 0
@ 7 15 60 7 15 60 7 15 60 7 15 60 7
m
= (d) Collectors (e) Filter-feeders
5
s 1 3 ] 1
2
Y 10.0-
7.5-
20-
5.0-
10-
2.5-
0 0.0
7 15 60 7 15 60 7 15 60 7 15 60

of 3 (P<0.01) and 6 bromeliads (P <0.05), respec-
tively. Finally, we note that biomass correlated posi-
tively with water volume in all FFGs (P values <0.05
to 0.001). We did not find significant interaction
between drought and habitat patch size predictors.

Ecosystem resilience

Our SEM models allowed us to examine direct and
indirect effects of drought and patch size on the
relationships among components of the brome-
liad ecosystem through time (Fig. 2, Table S4). One
week after rewetting (day 7, Fig. 2a), predator and

(c) Scrapers

6 1 3 ]
10.0-
7.5-
5.0-
2.5-
0.0-
15 60 7 15 80 7 1560 7 15 60 7 15 60
k| ]
Treatment
— control
drought

15 60 7 15 60

Time after rewetting (in days)

Fig. 1 Changes in functional feeding group (FFG) biomass (mg dry weight per bromeliad) in patches of 1, 3 and 6 bromeliads, in

both control and treatment sets

@ Springer



Hydrobiologia

Table 4 Influence of drought, bromeliad patch size, time after rewetting and their interaction on the biomass of invertebrate FFGs

Predators Shredders Scrapers Collectors Filter feeders
R? adjusted 0.512 0.062 0.118 0.47 0.464
F statistic 13.426 4.1 10.525 16.717 21.464
(Intercept) 0.677 £0.187*** 0.382+0.081%**  0.626 +£0.106%*** 0.903 £0.197*** 0.127+0.108
Drought —0.061+0.148 -0.196£0.077* - —0.859+0.202%**  —0.407 +0.125%*
T15 —0.202 +£0.092* —0.222+0.092 - 0.104+0.138 —0.007£0.139
T60 0.248 +£0.094** 0.116 +£0.092 - 1.15+0.140%%* 0.037+0.142
Brom 3 —-0.275+£0.092%* - - —0.033+£0.226 -
Brom 6 —0.149+£0.092 - - —0.491+£0.226* -
Dry bromeliad days ~ —0.009+£0.003**  — —0.01+£0.003%**  — -
NL —0.04+£0.015* - - - -
'A% 0.003 +£0.001*** - 0.002+£0.001* 0.004 +0.001*** 0.006 £ 0.0006%#*
Drought: Brom 3 0.221+0.116% - - 0.27+0.286 -
Drought: Brom 6 0.048+0.116 - - 0.842+0.286%* -

Drought: T15
Drought: T60

0.196+0.116%
0.206+0.117%

0.305+0.176%
0.673 0178

Dry bromeliad days, number of bromeliad leaves (NL) and water volume (WV) were included in the models as covariables (see
text). T15 and T60=15 and 60 days after rewetting, Brom 3 and Brom 6 =patches of 3 and 6 bromeliads. Estimates and their stand-
ard deviation are for the best fitting linear models based on AIC scores. Variables not shown () were not retained in the best fitting

model. 5P <0.1, #P <0.05, **P <0.01, ***P <0.001

detritivore biomass (here shredders+ scrapers) were
significantly reduced in treatment bromeliads com-
pared to the control ones, denoting drought-induced
mortality (P<0.05 and P<0.001, respectively).
Detritivore and bacterial biomass were negatively
related to predator and detritivore biomass, respec-
tively (P<0.01 and P <0.05), suggesting a top-down
control of populations. Decomposition rates were
positively affected by invertebrate detritivore bio-
mass (detritivore—decomposition SEM path=0.001,
P <0.05). Bromeliad patch size had no significant
influence on any of the biotic compartments of the
system at this stage. Two weeks after the drought
(day 15, Fig. 2b), there was no significant effect of
drought on detritivore biomass, that is, no difference
between treatment and control bromeliads, suggesting
recovery of the shredder and scraper FFGs. Preda-
tors were still suffering the adverse effects of drought
(drought—predators SEM path=-0.058, P<0.01);
however, the negative deviation from baseline brome-
liads was lower within patches of 6 plants compared
to isolated bromeliads (P <0.05, Fig. 1, Supplemen-
tary Tables S4, S5). Correlated errors indicated a
positive relationship between fungal and bacterial
biomass at the surface of the leaf litter (P<0.01).
Last, decomposition did not relate to any of the biotic

compartments. Two months after rewetting (day 60,
Fig. 2c), predator biomass was enhanced in treatment
bromeliads (drought—predators SEM path=0.915,
P<0.01), and there was no significant causal rela-
tionship between predator and detritivore biomass.
Detritivores significantly reduced bacterial biomass
(detritivore-bacteria SEM path=-0.327, P<0.05).
Decomposition rates increased with fungal biomass
(fungi—decomposition SEM path=0.004, P<0.01).
At this time, correlated errors indicated a negative
relationship between fungal and bacterial biomass at
the surface of the leaf litter (P <0.05). Among the
habitat covariables, water volume had a significant
positive effect on detritivore biomass at day 7 and
on predator biomass at all sampling times (Table S4,
P <0.01), and a significant negative effect on bacterial
biomass (P <0.05) and fungal biomass (P <0.001) at
day 15 and day 60, respectively. Among covariables,
dry bromeliad days had a marginally negative impact
on detritivore biomass (P=0.05) and a significant
negative effect on predator biomass (P <0.001) after
60 days. Finally, the number of bromeliad leaves
(habitat complexity) negatively affected predator bio-
mass at day 7 (P <0.01) but correlated positively with
fungal biomass at day 60 (P <0.01).
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a)Day 7
Fischer's C = 46.184; p = 0.079; AIC = 110.184

Predators
R?=0.53

b) Day 15
Fischer's C= 30.041; p = 0.266; AIC = 92.041

Patch size

Drought |

l Detritivores
Ri=

Fungi Bacteria
R?=0.05 R*=0.23

Leaf litter decomposition
Ri=0.12

Predators
R?=0.38
‘0,053
’ Patch size
Detritivores

R=0.31
Fungi Bacteria
RI=0.16 Ri=0.20

Leaf litter decomposition
R?=0.05

c) Day 60

Fischer's C = 22.443; p = 0,805, AIC = 88,443

R*=0.49

Predators

Patch size }

Fungi

Detritivores
Ri=0,14

Bacteria

R*=0.38

Ri=0.18

Leaf litter decomposition
R2=0.22

Fig. 2 Structural equation modelling (SEM) of the relation-
ships between drought, bromeliad patch size, biotic compart-
ments (predators, detritivores, bacteria, fungi) and decom-
position rate for each sampling time. Linear relationships are
represented by simple arrows, and double arrows represent
correlated errors. Solid lines indicate a significant effect.

Discussion

Understanding whether and how isolation of water
bodies in rainforests affects their biodiversity and
resilience to drought is important to our knowledge of
the ecology of Neotropical freshwater environments
under environmental constraints. It also helps antici-
pate management efforts in the perspective of climate
change adaptation (Boucek & Rehage, 2014). We
found that habitat size (water volume) was a stronger
determinant of invertebrate species richness and bio-
mass per bromeliad than patch size, though the bio-
mass of certain species (notably the large-bodied

@ Springer

Standardized coefficients for each significant path indicate its
weight. Coefficients for patch size—predator path at day 15 rep-
resent the estimates of contrast post hoc tests. Green and red
numbers indicate positive and negative relationships, respec-
tively (*P<0.05; **P<0.01; ***P<0.001). Figure was cre-
ated using PowerPoint Office 2019 and edited with Inkscape

predators) declined at intermediate patch size. When
ecosystems were subject to a severe drought, larger
bromeliad patches attenuated the adverse effect on
the biomass of predators, probably because short-
range migration in dense patches allowed individuals
to find moist refuges (see discussion below). Still, the
recovery of aquatic communities and ecosystem func-
tions within tank bromeliads was mostly supported by
in situ resistance, whilst overall, the rescue effect of
immigration was weak. The resilience of multitrophic
aquatic communities and ecosystem functions thus
relied on survival and on the persistence of suitable
habitats. Whilst environmental management plans
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tend to focus on dense networks of connected water
bodies (Hill et al., 2021), our study shows that efforts
should not omit the small, isolated ones.

Contrary to our expectation, bromeliad inverte-
brate communities in close proximity did not recover
faster after an extreme drought than the isolated ones.
There was no significant interaction between bro-
meliad patch size and time after rewetting in any of
our models, that is, temporal changes in species and
FFG biomass after a drought were not conditioned
by island aggregation vs. isolation. We conclude that
inter-island colonization rates among clumped brome-
liads were negligible compared to background coloni-
zation from the surrounding forest, and that coloniza-
tion rates were similar for all bromeliads. Because our
manipulations were carried out at the level of brome-
liad patches, it is likely that the regional species pool
contributed to colonization through oviposition from
undisturbed patches. The female adults of bromeliad
insects in particular can travel distances ranging from
a few hundred metres to 25 km to lay their eggs (Guz-
man & Srivastava, 2020). This background coloniza-
tion, which is challenging to control in a field experi-
ment, could be seen as undesired noise in our results.
However, assuming that (i) recovery mostly relied on
survival (see paragraph below) and (ii) colonization
depends on the amount of source patches but not nec-
essarily proximity (Watling et al., 2020), we conclude
that the resilience capacity of the bromeliad ecosys-
tem should decline with increasing spatial extent of
drought events, e.g. from local to regional (Lopez-
Hoffman et al., 2013). Finally, though we standard-
ized bromeliad (container) size, rainfall and variation
in the immediate environment of each bromeliad (e.g.
overhanging tree canopy, throughfall) created spatial
variation in the actual habitat size (water volume)
during the post-drought phase. As predicted by the-
ory, larger aquatic habitats at any given time hosted
more species and individuals than the smaller ones
(see also Petermann et al., 2015). Altogether, these
results mean that the resilience of the bromeliad eco-
system to drought will be more sensitive to habitat-
dependent variation in the abundance of organisms
among individual spatial units, rather than to spatial
aggregation of habitats.

In line with our alternative hypothesis, in situ
resistance was an important driver of invertebrate
recovery to drought (see also Bonhomme et al., 2021;
Fournier et al., 2023). Resistance was mostly apparent

during the first days after rewetting (7 days), where
species suffered mortality (lower abundances than in
the control bromeliads), but overall were still occur-
ring in the treatment bromeliads. Survival to drought
depends on desiccation resistance traits (Céréghino
et al., 2020) and on whether individuals can find
moist refuges that buffer adverse conditions (Schef-
fers et al., 2014a, b; Strachan et al., 2015). Hence, not
all species were equally affected. Interestingly, the
negative deviation from baseline predator and collec-
tor biomass was less important in the larger groups
of bromeliads than in isolated bromeliads. Therefore,
though the community-weighted signal of patch size
was not significant (Table 3), some species could take
advantage of large patches to maintain larger popula-
tions (supplementary Table S3). Many aquatic larvae
of bromeliad insects, notably Odonates and Tipulidae,
are able to crawl on the aerial parts of leaves to find
water or food in more suitable leaf axils (Lounibos
& Frank, 2009; Dézerald et al., 2015). Other inver-
tebrate species are transported between adjacent bro-
meliads by means of phoresy (e.g. the annelid Aulo-
phorus superterrenus Michaelsen, 1912, Elpidium
bromeliarum Miiller, 1880, see Lopez et al., 2005).
Assuming that habitat complexity plays an impor-
tant climate buffering role in all ecosystem types
(Scheffers et al., 2014a, b), our observations suggest
that bromeliad aggregation can dampen the adverse
effects of drought in some invertebrate species, by
facilitating access to refuge microhabitats. This could
be particularly true of species such as Odonates that
use spatial avoidance as a prevailing strategy to cope
with water shrinkage (Dézerald et al., 2015). Two
weeks after rewetting (day 15), we observed the
combined effects of resistance and re-colonization.
Re-colonization was suggested by a sharp increase
in the abundance of species with very short genera-
tion times such as Culicidae (< 15 days, e.g. Anoph-
eles neivai, Culex stonei; Dézerald et al., 2017). At
the end of our experiment (day 60), species returned
to, or even exceeded, their baseline abundance. A
return to a “normal” state of communities after 15 to
60 days might a priori suggest either a weak impact
of extreme drought or high resilience of aquatic inver-
tebrates in the bromeliad ecosystem. Nevertheless,
resilience should not be interpreted in absolute time
units (e.g. days), but in biologically relevant units
such as generation times of the study populations
(Srivastava et al., 2004). We know that the time from
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hatching to adult stage of bromeliad invertebrates at
our study site ranges from 10 to 54 days in most spe-
cies (i.e. less than 60 days), and from 70 to 99 days
in two species (Cyphon sp., Elpidium bromeliarum;
Dézerald et al., 2017). This means that up to 6 suc-
cessive generations were required to return to a refer-
ence state of populations.

Theory predicts that food webs subject to envi-
ronmental disturbance disassemble from the upper
trophic levels (Holt, 1996; Ledger et al., 2011), result-
ing in a disruption of species interactions and ecosys-
tem functions (Mestre et al., 2018). Our results were
partially consistent with these predictions, as preda-
tors were more sensitive to drought and bromeliad
patch size than their detritivorous prey, and the recov-
ery of predator biomass lagged behind that of detri-
tivores. Yet, despite the negative effects of drought
on predator and detritivore biomass, significant SEM
pathways at incipient rewetting (day 7) depicted a
typical top-down control of trophic levels and litter
decomposition. However, ecological determinism of
food web components and decomposition, including
abiotic factors and trophic interactions, declined over
time as both survivors and colonizers rebuilt commu-
nities. It is therefore likely that homogeneous colo-
nization rates in our study area (see above) reduced
the statistical variance within most functional groups
(including macro- and micro-organisms) after 7 days,
so models detected few causal relationships at days
15 and 60. Among these relationships, the SEM sug-
gested a shift from a detritivore-based to a microbial-
based decomposition at day 60. Although we did not
directly test for the pure effect of micro-organisms
on decomposition (e.g. by excluding invertebrates
with fine mesh enclosures), this result is consistent
with previous findings of a dominant role of fungal
biomass and activity upon litter decomposition in the
geographic area (Leroy et al., 2017; Rodriguez-Pérez
et al., 2018). Finally, we note that the lasting effect
of drought on predator biomass included a positive
effect at day 60, i.e. predator biomass in the treatment
plants exceeded those found in control plants. Inter-
estingly, filter feeders, the most frequent prey of all
invertebrate predators in bromeliads (Dézerald et al.,
2013; Trzcinski et al., 2016), reached much higher
biomass values in the treatment than in the control
bromeliads from day 15 to day 60 (Table 4). It is thus
likely that the predator biomass increased with a time
lag in response to increasing prey availability. This

@ Springer

result also suggests a shift from environmental deter-
minism to bottom-up control of predator biomass
after a drought that could potentially be modulated by
the harshness of the disturbance and the biomass of
prey.

A mechanistic understanding of aquatic ecosys-
tem resistance and recovery to drought is relevant to
fundamental and applied ecology in geographic areas
such as the Neotropics, where little is known of how
ecosystems will respond to rainfall reductions under
future climate scenarios (Crausbay et al., 2020). The-
ory often suggests that small water bodies or wetlands
in close proximity could benefit from a rescue effect
of immigration from the nearby ecosystems, some-
thing that should promote the restoration of biodi-
versity and ecological functions after a drought event
(Jeffries, 1994; Chanut et al., 2023). Yet, our study
of small but widespread phytotelmata supports the
idea that the effects of in situ resistance and trophic
interactions on the post-drought trajectory of aquatic
ecosystems exceed those of immigration and habitat
isolation in Neotropical rainforests. For fundamental
research, functional traits that allow species to move
within microhabitats and exploit favourable microcli-
mates should therefore be relevant to further develop-
ment of predictive models (Scheffers, et al., 2014a,
b; Céréghino et al., 2020). For applied research, our
results add to the growing evidence that mitigation-
oriented plans should promote environments that
foster the provision of microclimatic buffering in
rainforests (Braem et al., 2023), without omitting the
small, isolated habitats.
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