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Abstract. Climate change and biodiversity loss are expected to simultaneously affect ecosystems,
however research on how each driver mediates the effect of the other has been limited in scope. The
multiple stressor framework emphasizes non-additive effects, but biodiversity may also buffer the
effects of climate change, and climate change may alter which mechanisms underlie biodiversity–func-
tion relationships. Here, we performed an experiment using tank bromeliad ecosystems to test the vari-
ous ways that rainfall changes and litter diversity may jointly determine ecological processes. Litter
diversity and rainfall changes interactively affected multiple functions, but how depends on the process
measured. High litter diversity buffered the effects of altered rainfall on detritivore communities, evi-
dence of insurance against impacts of climate change. Altered rainfall affected the mechanisms by
which litter diversity influenced decomposition, reducing the importance of complementary attributes
of species (complementarity effects), and resulting in an increasing dependence on the maintenance of
specific species (dominance effects). Finally, altered rainfall conditions prevented litter diversity from
fueling methanogenesis, because such changes in rainfall reduced microbial activity by 58%. Together,
these results demonstrate that the effects of climate change and biodiversity loss on ecosystems cannot
be understood in isolation and interactions between these stressors can be multifaceted.

Key words: complementarity effects; decomposition; detritivores; dominance effects; global changes; insurance
effects; litter diversity; rainfall manipulation; tank bromeliad ecosystems.

INTRODUCTION

Climate change and biodiversity loss are both expected to
have profound effects on how food webs are structured and
how ecosystems function. As both types of change are
simultaneously affecting ecosystems (Hooper et al. 2012), a
key question is whether their effects will be independent of
each other. To date, this question has been primarily consid-
ered in the context of biodiversity stabilizing ecosystems
against climatic stressors, such that biodiversity loss erodes
the ability of ecosystems to withstand the effects of climate
change. The rationale here is that even species that are func-
tionally equivalent can differ in their tolerance of climatic
stressors, insuring that ecosystem functions can be main-
tained in the face of climate change (Yachi and Loreau
1999, Ekl€of et al. 2012, Pires et al. 2018). The high potential
for such compensatory effects in diverse communities buf-
fers such communities against change driven by climatic
stressors. There is some empirical support for such insurance
effects of biodiversity, for example, diverse grasslands are
better able to remain productive following drought (Tilman

1996, Wang et al. 2007). Similarly, diverse microbial com-
munities seem to be more stable and the processes they per-
form more resilient to changes in temperature (Bruder et al.
2011, Awasthi et al. 2014). These effects of biodiversity on
stabilizing ecosystems against climate-induced changes con-
sider the magnitude, but not the direction, of deviations
from current conditions. This differs from the approach
taken under a multiple-stressor framework, where the direc-
tion of change is important in assessing additivity of biodi-
versity and climate effects on ecosystem properties.
Despite substantial interest in how biodiversity could

potentially mediate the effects of climate change (Ekl€of
et al. 2012), the converse process of how climate change
could mediate the functional effects of biodiversity loss has
largely only been examined for plant diversity and primary
productivity (Craven et al. 2016). Specifically, climate
change could alter the mechanisms by which biodiversity
affects ecosystem functioning, and thereby influence the
rates of these functions. The main mechanisms by which
biodiversity affects ecosystem functions are frequently
grouped into complementarity and dominance effects (Lor-
eau and Hector 2001, Fox 2005). Complementarity effects
act by niche differentiation, facilitation, and compensatory
dynamics while dominance effects predict that diverse com-
munities are more likely to contain functionally unique
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species that eventually come to dominate such communities
(Fox 2005, Behl and Stibor 2015). The relative importance
of complementarity and dominance mechanisms in driving
biodiversity–function mechanisms can be quantified if there
is information on species functioning when alone and in
combination with other species. Climate change creates win-
ners and losers in communities, such that only a subset of
species is resistant to the climatic stressor (Amundrud and
Srivastava 2015, Isbell et al. 2015). Indeed, classic insurance
effects of biodiversity require variance in species response to
stressors, with only the resistant species maintaining func-
tion. This leads to the expectation that selection effects will
become increasingly important under climatic stress and
complementary effects will diminish (Steudel et al. 2012).
Although complementary effects diminish for litter decom-
position under drought stress (Santonja et al. 2015), living
plants show either no change (Craven et al. 2016) or the
opposite pattern, with complementary effects (including
facilitation) increasing under stress (Mulder et al. 2001,
Steudel et al. 2011). The net effect of climate change on the
magnitude of biodiversity - ecosystem functions relation-
ships will depend on the combined effect of changes in com-
plementarity and dominance effects.
In this study, we use tank bromeliad ecosystems to test

experimentally the interactive effects of climate change and
biodiversity on the stability, mechanisms and additivity of
ecological processes. Tank bromeliads have been increas-
ingly used as model ecosystems to test many ecological
hypotheses (Farjalla et al. 2012, 2016, Pires et al. 2016,
2017, Marino et al. 2017). These miniature aquatic ecosys-
tems are fueled by inputs of litter from surrounding vegeta-
tion and supported by impounding of rainfall by bromeliad
leaves (Pires et al. 2016). Litter is the main source of energy
for the invertebrates and microbes that colonize this ecosys-
tem and its decomposition drives several processes in tank
bromeliad ecosystems (Fig. 1). We created a gradient in litter
diversity consisting of all combinations of the litter of three
plant species from our field site. Then we simulated climate
change based on two of the main predictions for precipita-
tion on the Atlantic coast of South America: an increase in
the temporal clustering of rainfall and an increase in the
occurrence of extreme rainfall events (Marengo et al. 2010).
We focus here on rainfall changes as it is expected that it will
have stronger effects on ecosystem functioning than temper-
ature increases in tropical regions (IPCC 2014). We mea-
sured as responses the abundance and richness of the
decomposer community, rates of litter decomposition, and
methane concentration in the water, as these variables repre-
sent some of the most important stocks and fluxes in the
tank bromeliad ecosystems (Srivastava 2006, Martinson
et al. 2010, Pires et al. 2016).
In bromeliads, a number of important processes are fueled

by litter (Fig. 1). When fresh litter falls into a bromeliad, it
is rapidly colonized by aquatic bacteria and fungi that begin
to enzymatically breakdown organic compounds. This
microbial conditioning increases the nutritive value and
digestibility of the litter, and is an important prerequisite for
processing by invertebrate detritivores (Leroy et al. 2017).
Invertebrates actively choose which bromeliads to colonize,
based on cues including drought risk and water chemistry
(Amundrud and Srivastava 2015, Hammill et al. 2015).

Under conditions of high microbial production and continu-
ous water, anoxic conditions develop and permit methano-
genesis (Altor and Mitsch 2008, Martinson et al. 2010). All
of these processes are potentially affected both by the tem-
poral patterning of rainfall and by litter diversity (Bruder
et al. 2011, Santonja et al. 2015). Bromeliads dry out if
there is a long continuous period without rain, potentially
disrupting microbial conditioning, dissuading invertebrates
from colonizing the bromeliad, and preventing the anoxic
conditions needed for methanogenesis (Brandt et al. 2015).
Litter species differ in their palatability and nutritive quality,
such that litter diversity may affect decomposition though a
combination of complementarity (e.g., litters may provide
complementary nutrients) and dominance (e.g., presence of
a palatable species) type mechanisms (Hoorens et al. 2003,
Santonja et al. 2015). When litter diversity increases decom-
position, methanogenesis should also increase.
We, therefore, predict that the effects of rainfall and litter

diversity on the bromeliad system will show the following
interdependencies (Fig. 1; inserted panels). We predict that
(1) litter diversity will reduce the sensitivity of the bromeliad
ecosystem to altered rainfall. For example, if litter types dif-
fer in their optimal rainfall distribution for decomposition,
then bromeliads that contain multiple litter types will more
likely to be able to maintain ambient levels of decomposi-
tion, and therefore detritivore density, under altered rainfall
conditions (Kominoski et al. 2009, Bruder et al. 2011, San-
tonja et al. 2015). We also predict that (2) altered rainfall
will shift the mechanisms underlying the litter diversity–de-
composition relationship from complementarity to domi-
nance. If, under altered rainfall conditions, only one of the
litter species is effectively conditioned by microbes, then
effects of litter diversity on decomposition will depend
increasingly on the presence of this species: a dominance
effect (van Meeteren et al. 2008, Duarte et al. 2009). Finally,
we predict that (3) altered rainfall will suppress the positive
effects of litter diversity on the magnitude of ecosystem
responses (a non-additive effect). This could occur in several
ways. If less frequent rainfall slows the microbial condition-
ing of some litter species (Jentsch et al. 2011, Santonja et al.
2015, Marino et al. 2017), then litter diversity–decomposi-
tion relationships may weaken due to the diminishing con-
tribution of complementarity effects. This could have
cascading effects on ecosystem processes driven by decom-
position, such as detritivore and microbial productivity
(Louca et al. 2016, 2017). Second, if rainfall change resulted
in an increased prevalence of drought, there may not be time
for the processes underlying litter diversity–function rela-
tionships to develop. For example, drought may disrupt the
development of anoxic conditions and therefore methane
production (Brandt et al. 2015).

MATERIAL AND METHODS

Model ecosystem and experimental area

We experimentally manipulated the water and litter inputs
for tank bromeliads, all species of Neoregelia cruenta (Gra-
ham) L. B. Smith. We performed the field experiment in an
open restinga area at Parque Nacional da Restinga de Juru-
batiba, Rio de Janeiro, Brazil (22°140 S, 41°330 W). The
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restinga vegetation at our site is a dune-based habitat, with
patches of shrubby vegetation where the tank bromeliad
Neoregelia cruenta is particularly abundant (Cogliatti-Car-
valho et al. 2001). Tank bromeliads contain numerous spe-
cies of aquatic invertebrates, mainly detritivores (Pires et al.
2016) that consume the fallen litter from the surrounding
vegetation. Litter, especially tough and waxy species, needs
to be microbially conditioned before detritivorous inverte-
brates can consume it. When microbial activity creates
anoxic conditions, bromeliads can be appreciable sources of
methane (Martinson et al. 2010, Louca et al. 2017).

Experimental design

We used a full-factorial design, composed of five rainfall
scenarios crossed with all combinations of three litter species
(seven litter combinations, including all one-, two- and
three-species combinations), with five replicates. Rainfall
scenarios were established based on precipitation projections
for southeastern Brazil for the second half of this century
(2071–2100), which includes increased temporal clustering
of rainfall and an increase in the occurrence of extreme rain-
fall events, but no changes on the total amount of rain in
the rainy season (Marengo et al. 2010). Similar changes are
expected in other tropical ecosystems (IPCC 2014). An
ambient scenario was established based on the daily rainfall
pattern over the rainy season (November–February) during
nine years for which meteorological data were collected at
our field site (1997–2005). This ambient scenario had a rain-
fall event of 25 mm every 7 d (Fig. 2). Our medium cluster-
ing (MC) scenario had two consecutive days with rain, each
with the same 25 mm of rainfall as the ambient scenario,
whereas the high clustering (HC) scenario had four

consecutive days of rain with the same 25 mm of rain falling
on each of these four days (Fig. 2). The medium amplitude
(MA) scenario had twice the ambient rainfall in one day
(i.e., 50 mm), whereas the high amplitude (HA) scenario
had four times the ambient rainfall in one day (i.e., 100 mm,
Fig. 2). As we intentionally constrained our rainfall manipu-
lations to have equivalent total amounts of rain, each altered
scenario necessarily altered several parameters simultane-
ously. For example, increases in the occurrence of extreme
rainfall events necessarily resulted in more consecutive days
without rain. However, our design, in which the number of
consecutive days without rain is similar between MC and
MA, and again between HC and HA, at least partially
accounted for these covariances. If the number of consecu-
tive days without rain was most important, then a likely
response would be Ambient < MC = MA < HC = HA,
whereas if the occurrence of high amplitude, extreme events
was most important, we would expect a response resembling
Ambient =MC = HC <MA < HA.
The litter species used in this experiment were the most

common representatives at the field site of three different
photosynthetic strategies (C3, Eugenia uniflora; C4, Cyperus
sp.; and CAM, Clusia hilariana). We used all one-, two-, and
three-species combinations between these three species, cre-
ating seven litter treatments. Litter was collected on site,
washed and dried at 60°C until its mass stabilized. All
bromeliads were dug up and washed to remove existing
detritivores and litter, in order to standardize initial condi-
tions. Bromeliad size is a strong determinant of bromeliad
water dynamics (Zotz and Thomas 1999, Marino et al.
2017), so we controlled for bromeliad size in several ways:
first, we chose bromeliads of approximately 30 cm in diame-
ter; second, we ensured that any residual variation in size
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FIG. 1. Potential effects of changes in litter diversity and rainfall scenarios on detritus-fueled processes in tank bromeliads. In the main
diagram, leaf litter entering the bromeliad (large brown leaf) is followed through time (dashed horizontal arrow) as it is colonized and condi-
tioned by microbes and then processed by invertebrate detritivores, resulting in decomposition (large light-brown leaf) and release of
methane, under anoxic conditions. Many of these processes are affected by the temporal distribution of rainfall and litter diversity, as indi-
cated by icons. The inserted plots reveal three particular ways in which rainfall and litter diversity may interactively affect a process: (1)
detritivores, for example, may be more sensitive (high absolute magnitude of change, regardless of direction) to altered rainfall at low litter
diversity than high litter diversity; (2) shifts in rainfall may change the relative of importance of complementarity (C) and dominance (D)
mechanisms underlying effects of litter diversity on decomposition; (3) there may be non-additive effects of altered rainfall and litter diver-
sity on ecosystem functions, illustrated here as methanogenesis requiring both ambient rainfall and high litter diversity.
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was evenly distributed among treatments; and third, we
measured the maximum volume of each bromeliad and used
it as a covariate in statistical analyses. Bromeliads were
replanted in the restinga in a spatially randomized arrange-
ment. Each bromeliad received a total of 1.2 g of litter of
the appropriate litter combination, in a substitutive design.
We kept bromeliads water-filled at the field site for 3 months
before the start of the experiment to allow macroinverte-
brate community assembly (incubation period). In addition
to these experimental bromeliads, we included, as a control,
an extra 35 bromeliads assembled identically those in the
main experiment (seven litter combinations, five replicates).
These bromeliads were destructively sampled at the end of
the assembly period to determine if litter diversity affected
response variables during this assembly period. No response
variable differed amongst the litter diversity treatments (for
all response variables, P > 0.17). After the assembly period,
each bromeliad was covered individually with a transparent
shelter, which allowed for light penetration and macroinver-
tebrate colonization but prevented natural inputs of rain.
The rainfall scenarios were simulated experimentally for

3 months (rainy season,) by adding mineral water to each
bromeliad using a watering can, according to the specific
rainfall scenario (Fig. 2).

Analytical procedures

Methane concentration in bromeliad-held water was sam-
pled monthly by slowly siphoning the undisturbed water
after 5 d of the last rainfall event for three months (95, 125,
and 155 d after the experimental set up). Methane sampling
was restricted to the rainfall manipulation period and we
postponed three months (incubation period) for the first
sampling to allow the re-establishment of the biological pro-
cess after bromeliad manipulation (Brandt et al. 2015). In
the end of the experiment, water was siphoned from brome-
liad leaves to analyze bacterial production (Haubrich et al.
2009, Louca et al. 2017). Bacterial production was evalu-
ated through the incorporation of 3H-leucine into bacterial
cells. In the field, water samples (1.2 mL) were incubated in
the dark for 45 min in 2.0 mL Eppendorf tubes containing
20 nmol/L of 3H-leucine (final concentration) at in situ tem-
perature and the incorporation interrupted by 90 lL of for-
mol PA. Radioactivity was measured by a Liquid
Scintillation System (Beckman LS-5600, Beckman Coulter,
Inc., Analytical Instrument Systems Development Center,
Fullerton, CA, USA) following procedures previously
described for tank bromeliad ecosystems (Haubrich et al.
2009).
Aquatic macroinvertebrates were collected from the

siphoned water as well as by leaf-by-leaf bromeliad dissec-
tion and washing. Macroinvertebrates were identified to spe-
cies, where possible, and morphospecies otherwise, as in
previous studies (Pires et al. 2016). Litter was collected and
separated into species. Litter was dried at 60°C until its mass
stabilized. Decomposition was quantified as the total loss of
dry litter mass. We also measured the maximum volume of
each bromeliad by filling the intact plant with water until its
capacity was reached (Pires et al. 2017).

Data analysis

We examined three distinct ways in which litter diversity
and rainfall scenario jointly affect aquatic ecosystems: the
effect of diversity in buffering ecosystems against rainfall
perturbations, the effect of rainfall on mechanisms underly-
ing diversity–function relationships, and the interactions
between diversity and rainfall on the magnitude of ecosys-
tem stocks and fluxes. To assess the potential buffering
effects of litter diversity on ecosystem functions, we devel-
oped a metric of sensitivity to rainfall change and assessed
the relationship of this metric to litter diversity using a ran-
domization approach. Specifically, we used as a metric of
sensitivity the squared difference of a response variable in a
particular litter mixture under an altered rainfall scenario
(mean, based on n = 5) from that in the same litter mixture
but ambient conditions (mean, based on n = 5). We then
regressed this metric of sensitivity against litter diversity. We
used a resampling method to generate bootstrap confidence
intervals for this slope: we repeated the above calculation of
the slope, but this time by randomly selecting, with replace-
ment, the two sets of five replicates from all data for the
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FIG. 2. Rainfall scenarios were established based on ambient
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increasing the amplitude of extreme events (to medium [MA] or
high [HA] amounts) without changing the total amount of rain over
the experimental period.
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given litter mixture irrespective of rainfall treatment. We
then repeated the randomization steps 1,000 times to gener-
ate 95% confidence intervals for the slope. If the slope of this
regression was negative, we concluded that increasing litter
diversity reduces the effect of rainfall changes on the
response variable, which represents a stabilizing effect.
To assess the effect of rainfall on mechanisms underlying

diversity–function relationships, we first partitioned the
effect of diversity on decomposition using a tripartite modi-
fication of the Price equation (Fox 2005). In proposing this
tripartite partitioning for biodiversity–function effects, Fox
(2005) argued that the dominance effect (DE) was most
analogous to the natural selection term of the original Price
equation, even though a previous partitioning method based
on the Price equation had summed TDCE (trait-dependent
complementarity effect) with DE to create a “selection
effect” (Loreau and Hector 2001). We opted to follow Fox’s
reasoning, and thus in our analysis combine TICE (trait-
independent complementarity effect) and TDCE to create a
total complementarity effect (TCE), distinct from DE. In
actuality, it matters little to our conclusions whether the Fox
(2005) tripartite or Loreau and Hector (2001) bipartite
method are followed, as TDCE is relatively minor in magni-
tude. Note that we were able to use tripartite partitioning as
we quantified separately the loss of dry mass for each litter
species in each rainfall scenario, and there are biologically
plausible interpretations of complementarity and domi-
nance for decomposition (for more details about the defini-
tions and calculations of these mechanisms, see
Appendix S1). We compared how TCE and DE values dif-
fered among rainfall scenarios with generalized linear mod-
els (GLMs) and we verified the importance of the TCE and
DE in each rainfall scenario by using a one-sample t test
that compares the TCE and DE values to zero.
Finally, to examine potential interactions between diver-

sity and rainfall on the magnitude of ecosystem stocks
and fluxes, we used generalized linear models (GLMs) to
analyze effects on litter decomposition, measures of the
macroinvertebrate community, and bacterial production,
and generalized mixed-effect models to analyze effects on
CH4 concentration with time as a random factor nested
with bromeliad identity. For all fixed-effects models, we
used bromeliad maximum volume at the end of the experi-
ment as a covariate, since bromeliad size directly determi-
nes how rainfall affects the depth of standing water within
bromeliad axils (Marino et al. 2017). All models were also
performed using litter identity as a covariate, but the
inclusion of this variable did not qualitatively affect the
results. Response variables were transformed as necessary
to conform to the model assumption about residual distri-
butions. We carried out the sensitivity analysis and GLMs
with base functions in R v. 3.2.2 and the GLMM with the
lme package (R Development Core Team 2015). We per-
formed the one-sample t-test and graphs by using Graph-
Pad Prism software v. 5.0 (GraphPad Software, La Jolla,
CA, USA).

RESULTS

We found that litter diversity and rainfall scenario jointly
affected aquatic ecosystems in the following ways: litter

diversity buffered detritivore communities from rainfall per-
turbations; rainfall changed the mechanisms underlying lit-
ter diversity–decomposition relationships, and interactions
between diversity and rainfall affected the magnitude of
methane emissions. However, no single response variable
showed all of these different types of interactive effects.
We observed that litter diversity was able to buffer the

effects of rainfall changes on the detritivore community.
Specifically, litter diversity reduced the sensitivity of detriti-
vore richness to rainfall change under all altered scenarios
(MC, slope �3.457, P = 0.024; MA, slope �4.957,
P = 0.001; HC, slope �3.14, P = 0.014; and HA, slope
�4.31, P = 0.004; bootstrapped sensitivity–diversity rela-
tionship for slope <0; Fig. 3a), and the sensitivity of detriti-
vore abundance to the effects of MA and HA rainfall
scenarios (MA, slope �5359, P = 0.026; HA, slope �5637,
P = 0.044; Fig. 3b). These buffering effects of litter diversity
were associated with differential effects of litter identity on
the detritivore community under altered rainfall. For exam-
ple, the response of detritivore richness to rainfall depended
on litter species (GLM, litter species 9 rainfall changes:
F8,58 = 2.52, P = 0.019). Similarly, detritivore abundance
responded differently to rainfall shifts depending on the
underlying litter species (Fig. 3c). The highest detritivore
abundances in E. uniflora litter monocultures occurred
under ambient rainfall, whereas the highest detritivore abun-
dances in Cyperus sp. litter monocultures and C. hilariana
litter monocultures occurred, respectively, under moderate
(MC and MA rainfall scenarios) and under all but moderate
rainfall scenarios (Fig. 3c). These buffering effects of litter
diversity on response to rainfall were limited to the detriti-
vore community; we did not observe similar buffering effects
on decomposition, bacterial production or methane concen-
tration in any altered rainfall scenarios (For all response
variable and rainfall scenarios, P > 0.113; see Appendix S1:
Table S1).
We also discovered that rainfall changed the mechanisms

underlying litter diversity–decomposition relationships. In
most rainfall scenarios, complementarity effects were preva-
lent (Fig. 4a), with most of this complementarity affect due
to trait-dependent complementarity (TDCE; Appendix S1:
Fig. S1). However, the magnitude of the complementarity
effect differed among rainfall scenarios (GLM,
F4,95 = 4.391, P = 0.002), with large positive complementar-
ity effects in ambient (one-sample t test, 0.086 � 0.03
(Mean � SE), P = 0.016; Fig. 4a), MA (one-sample t test,
0.185 � 0.03, P < 0.0001; Fig. 4a) and HC rainfall scenar-
ios (one-sample t test, 0.085 � 0.03, P = 0.013; Fig. 4a),
and insignificant positive effects in the other rainfall scenar-
ios. In terms of pairwise comparisons, total complementar-
ity effects were higher under MA than MC and HA rainfall
scenarios (Tukey HSD post-hoc test, Fig. 4, Appendix S1:
Table S2). Dominance effects also differed in both magni-
tude and sign between rainfall scenarios (GLM,
F4,95 = 3.58, P = 0.009), with dominance insignificant in
ambient and clustered rainfall scenarios, negative in the MA
rainfall scenario (one-sample t test, �0.030 � 0.008,
P < 0.001; Fig. 4b) and switching to positive in the HA rain-
fall scenario (one-sample t test, 0.010 � 0.004, P = 0.023;
Fig. 4b). Dominance effects could be linked to particular lit-
ter species. Under MA rainfall, C. hilariana litter species
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depressed decomposition in mixtures (GLM, F1,95 = 71.09,
P < 0.001) whereas under HA rainfall, E. uniflora litter
increased decomposition in mixtures (E. uniflora presence 9
HA rainfall scenario, GLM; F1,31 = 13.49, P < 0.001).
Finally, we asked if diversity and rainfall interacted to

affect the magnitude of ecosystem stocks and fluxes. We

observed a strong interaction between the effects of litter
diversity and rainfall changes on methane concentration
(GLMM, F4,500 = 3.38, P = 0.009; Fig. 5a, Appendix S1:
Table S3). Specifically, litter diversity positively affected
methane concentration in ambient rainfall conditions but
this effect of diversity disappears in altered rainfall scenarios
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(Fig. 5a). Although no other response variables showed an
interaction between litter diversity and rainfall in terms of
magnitude, both bacterial production and decomposition
were affected by one of these drivers. Rainfall changes sig-
nificantly decreased bacterial production in tank bromeliad
ecosystems (GLM, F4,165 = 4.46, P = 0.002; Fig. 5b,
Appendix S1: Table S3). In the HA rainfall scenario, bacte-
rial production was 58% lower than in ambient rainfall con-
ditions (Fig. 5b). Bacterial production was unaffected
by litter diversity (GLM, F1,169 = 0.02, P = 0.895;
Appendix S1: Table S3), the interaction between litter diver-
sity and rainfall scenario (GLM, F4,161 = 1.86, P = 0.120;
Appendix S1: Table S3) and the covariate of bromeliad size
(GLM, F1,170 = 2.81, P = 0.096; Appendix S1: Table S3).
By contrast, decomposition was positively affected by litter
diversity (GLM, F1,169 = 5.18, P = 0.024; Fig. 5c,
Appendix S1: Table S3) and the three litter species differed
substantially in their palatability to macroinvertebrates
(E. uniflora > Cyperus sp. > C. hilariana; Appendix S1:
Fig. S2; GLM, F2,70 = 51.84, P < 0.001). However, decom-
position was insensitive to changes in rainfall (GLM,
F4,165 = 0.90, P = 0.464; Appendix S1: Table S3), the inter-
action between rainfall and litter diversity (GLM,
F4,161 = 0.25, P = 0.918; Appendix S1: Table S3) and

bromeliad size (GLM, F1,170 = 0.81, P = 0.368; Appendix S1:
Table S3).

DISCUSSION

Climate change and biodiversity loss are the major drivers
of global change but their combined effects are still
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underexplored in the ecological literature. We simulated cli-
mate change and biodiversity loss in tank bromeliad ecosys-
tems and demonstrated that maintaining biodiversity can
decrease ecosystem sensitivity to climate change, that cli-
mate change can switch the mechanisms underlying biodi-
versity-function relationships, and that climate change and
biodiversity loss can have antagonistic effects on ecosystem
functioning. There are therefore interactive effects between
climate change and biodiversity loss on this tropical ecosys-
tem, but such interactive effects were limited to specific pro-
cesses.
Litter diversity stabilized the detritivore community

against the effects of predicted rainfall changes in our
field site, consistent with an insurance effect (Yachi and
Loreau 1999). This insurance effect is likely due to the
differential response of detritivores to specific litter spe-
cies in each rainfall scenario. Detritivore abundance
increased on Cyperus sp. litter after medium but not high
changes in rainfall, increased on C. hilariana litter after
high but not medium changes in rainfall, and decreased
on E. uniflora litter for all altered rainfall scenarios.
Because of statistical averaging of these litter-specific pat-
terns, mixtures of litter species tended to show minimal
differences in detritivore abundance and richness between
rainfall scenarios.
Given that E. uniflora litter was always the most palatable

of the three species, based on mass loss in the monocultures,
it may seem surprising that detritivores did not always
choose bromeliads with this litter species. Under ambient
conditions, detritivore abundance did follow the rank order
of the palatability of the litter species (E. uniflora > Cyperus
sp. > C. hilariana). However, under altered rainfall, it may
be that litter interferes with oviposition cues. For example,
C. hilariana litter is dense and sinks, revealing even small
quantities of standing water, whereas E. uniflora litter floats,
obscuring all but large quantities of standing water (Pires
et al. 2017). Insects are thought to choose phytotelmata
based on desiccation probability (Amundrud and Srivastava
2015) so it may be that differences in the buoyancy of litter
led to misleading oviposition cues. Thus, we hypothesize
that only high litter diversity allowed detritivores to encoun-
ter palatable litter despite effects of rainfall on oviposition
cues. A recent bromeliad study also suggests that changes in
rainfall can also lead to misleading oviposition cues in terms
of predator kairomones (Marino et al. 2017), pointing to
complex and largely unexpected effects of rainfall on insect
behavior.
Rainfall changes also led to a fundamental switch in the

underlying process by which litter diversity promoted
decomposition. In this study, as in several previous studies,
litter diversity was associated with increased total decompo-
sition (Gessner et al. 2010). Relationships between biodiver-
sity and ecosystem function can usefully be partitioned into
two broad subclasses of patterns, often interpreted to reflect
different ecological processes (Hillebrand and Matthiessen
2009). Complementarity can arise from functional differ-
ences between species in ecological niches (Fox 2005). Domi-
nance effects occur when one or a few species, with
inherently higher or lower functional rates, alter net rates of
functioning in mixtures (Fox 2005). In our system, comple-
mentarity was the main process underlying diversity–

decomposition relationships under ambient conditions,
when detritivore abundance followed the palatability of the
litter species. Although our experiment does not explore the
reasons for this complementarity, in other systems litter
mixtures are thought to provide a more balanced diet for
detritivores (Epps et al. 2007). This effect has been often
attributed to the elemental and structural differences
between litter species (Schimel and H€attenschwiler 2007,
Gessner et al. 2010).
Despite the importance of complementarity effects under

ambient rainfall, dominance mechanisms increased in rela-
tive importance under altered rainfall. In particular, under
HA rainfall, E. uniflora litter had a positive dominance
effect, such that bromeliads that included this species had
higher total decomposition. We suspect that this is due to
the disruption of oviposition cues under extreme rainfall
which allowed bromeliads with the less palatable litter spe-
cies (Cyperus sp. and C. hilariana) to attract detritivores.
Only if such litter mixtures with high detrital abundances
additionally contained the palatable E. uniflora could high
rates of litter decomposition occur, leading to a positive
diversity–decomposition relationship conditional on E. uni-
flora presence (i.e., positive dominance). Indeed, only in the
HA rainfall scenario where we observed positive dominance
was there a positive association between detritivore density
and the rate of E. uniflora decomposition. This positive
dominance mechanism did not operate under ambient con-
ditions, as there detritivore densities accurately tracked the
palatability of the litter species. This shift from complemen-
tarity to dominance effects in disturbed conditions is pre-
dicted by insurance theory but is not supported by studies
on living plants (Mulder et al. 2001, Steudel et al. 2011,
Wang et al. 2013, Craven et al. 2016, Wright et al. 2017).
We suggest that such studies on living plant diversity are dif-
ficult to compare to studies of litter diversity, such as ours.
For example, in living plant communities, the importance of
facilitation for plant communities has been well documented
to increase with climatic stress (Callaway et al. 2002), so it is
not surprising that facilitation also plays a greater role in
driving biodiversity-function effects under stress in some
studies (Mulder et al. 2001, Wang et al. 2013, Wright et al.
2017). However, decomposition of dead plant material is
fundamentally different than the production of live biomass,
in that litter does not compete for resources to maximize fit-
ness. Decomposition instead results from the action of other
species (i.e., microbes, invertebrates) on the litter.
Altered rainfall scenarios also had negative dominance

effects, associated with Clusia hilariana litter; bromeliads
that included this species had overall lower decomposition
than expected from monocultures. Although it is not clear
what mechanism is responsible for this negative dominance
under intermediate changes in rainfall, we do note that a
study of terrestrial decomposition also reported that
drought resulted in increasing numbers of antagonistic (mix-
tures less than expected from monoculture) interactions
between litter species (Santonja et al. 2015). In that study,
the authors suggested that synergistic relationships develop
slowly over time, as secondary metabolites are leached from
the litter, allowing the nutritional complementarity between
litter to determine decomposition; drought presumably
reduces the rate of leaching, disrupting the development of
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these synergistic effects. Clusia hilariana litter is a particu-
larly tough and waxy functional group that requires sub-
stantial microbial conditioning to be processed by
invertebrates (Dias et al. 2006). Microbial productivity
declined as rainfall became both more clustered and intense,
reducing the potential for such litter conditioning. In gen-
eral, microbial conditioning of organic matter is an impor-
tant prerequisite for detritivore decomposition (Vogel et al.
2013).
The final way in which litter diversity and rainfall inter-

acted was through non-additive effects on the magnitude of
ecosystem processes. Specifically, methane concentration in
the water within bromeliad tanks increased with litter diver-
sity, but only under ambient rainfall. Under altered rainfall,
methane concentrations were low regardless of litter diver-
sity. Methane, an important greenhouse gas, is produced by
the microbial decomposition of organic matter under anoxic
conditions. We suggest that under ambient conditions, the
high decomposition rates associated with diverse litter mix-
tures could result in methane production because microbial
productivity was high and water likely persistent, leading to
anoxia. As rainfall events became increasingly clustered and
high amplitude, we found that microbial productivity
dropped and drought was likely more prevalent, preventing
decomposition from fueling methanogenesis. Although our
experiment was only able to show how rainfall affected the
association between decomposition, microbial production,
and methane, future experiments could corroborate this
mechanism by directly manipulating the microbial commu-
nity or detrital amounts. Negative effects of drought on
microbial activity have been already documented in previous
studies using tank bromeliad ecosystems (Brandt et al.
2015, Marino et al. 2017), as well as in streams and soils
(Bruder et al. 2011, Vogel et al. 2013). Given that methane
is a greenhouse gas, this suggests a potential negative feed-
back whereby increased prevalence of drought reduces
methane emissions. This feedback should be broadly rele-
vant for shallow aquatic ecosystems subject to droughts. For
example, lower methane emissions are also observed in rice
paddies and wetlands following drought (Altor and Mitsch
2008, Green et al. 2017). An important question for future
research is to what degree this negative drought-methane
feedback offsets the previously established positive feedback
between warming and methane production (van Nes et al.
2015).
In sum, we have concluded that altered rainfall interacts

with diminished litter diversity to affect three aspects of
ecosystem functions: their stability, the underlying mecha-
nisms, and non-additivity in response. Such interdependen-
cies between drivers of global change have recently been
highlighted as key to predicting planetary state changes
(Hughes et al. 2013). However, it has generally been unap-
preciated the many different ways that such interdependen-
cies may occur. For example, although a multiple-stressor
approach is now increasingly applied to climate change stud-
ies, such approaches generally only consider whether stres-
sors have non-additive effects on the responses (Scheffer
et al. 2015). However, it is quite possible for climate change
to increase the variance of processes without affecting the
mean, and so to have insurance effects of diversity in the
absence of non-additive effects (Pires et al. 2018). In many

cases, such deviations in ecosystem properties are of con-
cern, and so assessments of insurance effects provide valu-
able guidance for climate mitigation policies (Nelson et al.
2013). Finally, we show that, although rainfall does not
affect the pattern between litter diversity and decomposi-
tion, it affects the process. The increasing reliance of decom-
position on a specific litter species on suggests a growing
fragility in the system. Our experiment is one of the first
from the tropics to explore multiple aspects of how ecosys-
tem properties will be impacted by concurrent biodiversity
loss and climate change. The results of our study underline
the importance of coupling both major drivers of global
change to determine the ecological functions in the coming
years.
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