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1 | INTRODUCTION

Freshwaters are among the most diverse ecosystems and provide
vital contributions to people (Lynch et al., 2023). Meanwhile, they
are highly vulnerable to anthropogenic stressors and have a limited
buffer capacity compared with terrestrial and marine ecosystems
(Angeler et al., 2014; Revenga et al., 2005). Owing to their impor-
tance to society and topographic location (i.e. rivers, lakes and
wetlands are often located at the lowest point in the landscape),
freshwater ecosystems are subject to the cumulative impacts of mul-
tiple stressors in the basin (Dudgeon et al., 2006; Fluet-Chouinard
et al., 2023). Stressors such as overexploitation of water and organ-
isms, habitat fragmentation, pollution and climate change, alone or
in concert, have led to drastic declines in freshwater biodiversity (He
et al., 2019; Tickner et al., 2020; WWF, 2022) and altered ecosystem
functions (Brauns et al., 2022; Jaiswal et al., 2021). The increasing
intensity of anthropogenic impacts on freshwaters has led to a grow-
ing scientific focus on the effects and interactions of multiple stress-
ors (Birk et al., 2020; He et al., 2023; Reid et al., 2019).

Although our knowledge of the multiple-stressor effects
in freshwaters has advanced in the last two decades (Jackson
et al., 2016; Orr et al., 2020), it remains challenging to predict the
magnitude and direction of interactions between stressors owing
to their complexity (Birk et al., 2020; Jackson et al., 2016; Piggott
et al., 2015). Manipulative experiments are an effective tool to in-
vestigate stressor interactions as they allow to control the influence
of other effects (e.g. abiotic and biotic variability) and help to dis-
entangle the effects of stressor interactions on targeted responses
from noise (Lange et al., 2018). To date, multiple-stressor exper-
iments have been primarily focused on assessing the responses
of species performance and community structure in freshwaters
(Jackson et al., 2016; Lange et al., 2018), while research on the inter-
active effects of multiple stressors on ecosystem functions remains
limited (He et al., 2023). Such knowledge gaps might impede our un-
derstanding of how multiple stressors interact on larger scales and,
therefore, hinder the development of effective freshwater conser-
vation and restoration actions (Vos et al., 2023).

Leaf litter decomposition is a frequently investigated ecosystem

function in multiple-stressor experiments focusing on freshwaters

4. Our meta-analysis highlights the need to incorporate local ecological complexi-
ties in manipulative experiments to improve predictions of multiple-stressor ef-
fects on biodiversity and ecosystem functions. The present study underscores
the importance of considering biotic interactions and adopting the metacommu-
nity framework in conservation and restoration actions to support the manage-

ment of freshwater ecosystems in an era of rapid global change.

additivity, antagonism, combined stressors, organic matter decomposition, synergism,

(He et al., 2023). Leaf litter from riparian vegetation is a key source of
nutrients and energy to freshwaters and provides vital resources to
heterotrophic organisms, including bacteria, fungi and invertebrates
(Marks, 2019; Figure 1). Microbes, such as fungi and bacteria, rely on
enzymatic mechanisms to break down litter, whereas invertebrates
can influence litter decomposition directly by feeding on leaf litter
(i.e. shredders; Canhoto & Graca, 2008) and indirectly through in-
teractions with microbial decomposers (i.e. grazers; Graca, 2001;
Wang et al., 2020). Therefore, the litter decomposition process is
highly sensitive to changes in abiotic environment and biotic com-
munities (Chauvet et al., 2016; Gessner et al., 2010). In addition,
litter quality (e.g. carbon:nitrogen:phosphorus ratio, lignin con-
centration), which can influence colonization of decomposers and
their interactions, also has a profound impact on this process (Graca
etal., 2001; Yue et al., 2022). Moreover, a growing number of studies
have suggested that mycorrhizal association of plants has a strong
link with leaf chemistry (Keller & Phillips, 2019; Wu et al., 2023;
Zhang et al., 2019). Plants associated with arbuscular mycorrhizae
(AM) are usually associated with lower lignin and cellulose concen-
trations (Peng et al., 2022), and lower carbon:nitrogen ratios (Taylor
et al., 2016) compared with those associated with ectomycorrhizae
(EcM), and such traits can influence the rate at which leaf litter de-
composes. Hence, leaf litter of AM-associated plants is often more
palatable and easier to colonize for aquatic invertebrates and micro-
bial decomposers than those associated with EcM (Yue et al., 2022).
Therefore, litter types included in the multiple-stressor experiments
may influence the observed effects of stressor interaction on litter
decomposition. However, such impact has not yet been explicitly
tested.

Various types of interactive effects on litter decomposition
have been observed in multiple-stressor experiments focusing on
freshwaters, including additive (Piggott et al., 2012), synergistic
(Matthaei et al., 2010), antagonistic (Du et al., 2022) and rever-
sal (Juvigny-Khenafou et al., 2021). The variability in observed
interactions in multiple-stressor experiments may arise from
external moderators (Lange et al., 2018), which include particu-
lar experimental settings in which ecological mechanisms might
occur differently, and that can determine the magnitude and di-

rection of the interactions (King et al., 2022), limiting our ability to
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FIGURE 1 Conceptual overview of factors affecting the process of leaf litter decomposition in freshwater ecosystems. The central
inner circle represents the biotic communities involved in leaf litter decomposition, while the outer semicircle represents external
stressors. Note that leaf litter can originate from plants that may associate with different types of mycorrhizal fungi. Created in BioRender.

com (CC-BY-NC-ND).

generalize results. Despite the surge of research about multiple-
stressor impacts on litter decomposition in freshwaters, the pre-
vailing interactive effects and recurring patterns have not been
comprehensively investigated (but see Jackson et al., 2016). To
our knowledge, no study has examined the potential impact of
external moderators (e.g. the involvement of macroinvertebrates,
dispersal potential, litter quality and quantity, habitat type and ex-
periment duration) on the interactive effects of stressors on litter
decomposition.

Here, we synthesize findings from published manipulative ex-
perimental studies to address two main research questions: (1)
How do multiple stressors interact to impact litter decomposi-
tion in freshwaters? and (2) Do external moderators such as the
involvement of macroinvertebrates in litter decomposition, the
dispersal potential of the setup, the quality and quantity of used
litter, habitat type and the duration of the experiment influence
stressor interactions? We used a meta-analytic approach to inves-
tigate multiple-stressor effects on litter decomposition in freshwa-
ter ecosystems and tested hypotheses associated with these two
research questions (Table 1). We discuss the potential of multiple-
stressor research for enhancing conservation and restoration and

provide recommendations for future investigations and manage-
ment actions to safeguard freshwater biodiversity and associated
ecosystem functions.

2 | METHODOLOGY

2.1 | Literature search and data extraction
To investigate interactions between multiple stressors while con-
trolling for changes in other target factors, we exclusively focused
on manipulative experiments with a factorial design. On 19 January
2023, we performed a literature search on the Web of Science to
identify relevant peer-reviewed studies published in English be-
fore 2023. In addition to the results yielded from Web of Science
(n=206), we conducted a snowball search method (i.e. relevant stud-
ies cited in the identified articles; n=2) (Supporting Information). All
data are available at FRED repository (https://doi.org/10.18728/igb-
fred-877.1; Medina Madariaga et al., 2024).

Publications were checked to confirm compliance with three cri-
teria (Figure S2). First, they should be a manipulative experimental
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TABLE 1 Tested hypotheses and respective justifications. H1 is associated with the first research question, while several moderator-
related hypotheses (H2.1-H2.6) are associated with the second research question.

Hypotheses

H1

H2.1

H2.2

H2.3

H2.4

H2.5

H2.6

Description

The overall stressor interaction is
additive

The involvement of
macroinvertebrates in the
experiments influences
the interactive effects of
multiple stressors on leaf litter
decomposition

Experiments which allow species
dispersal within their design
produce less additive interactions
between stressors

Mycorrhizal associations of
litter-producing plants used
in experiments influence the
interactive effect of stressors on
litter decomposition

Stressor interactions are different
between lotic ecosystems and
lentic ecosystems

Experiments with longer durations
report fewer additive interactions

Experiments using larger amounts
of leaf litter exhibit more
antagonistic interactions

Reasoning

Given the widely reported additive effects of multiple stressors on litter
decomposition in freshwaters (Chara-Serna et al., 2019; Jackson et al., 2016), we
expect that the overall effect size exhibits a similar pattern

Macroinvertebrates play an important role in the leaf litter decomposition process
in freshwaters (Yue et al., 2022). Shredders consume leaves and their feeding
activities depend on microbial conditioning of leaves (Graga et al., 2001). Grazers
feed on microbial decomposers in the biofilm on the leaf surface (Alvarez
& Peckarsky, 2005; Cibils Martina et al., 2014). Therefore, the involvement
of macroinvertebrates can affect litter decomposition in multiple-stressor
environments by directly feeding on leaves and indirectly via their interactions with
microbes

Experiments allowing species dispersal (i.e. open systems or artificial dispersal) can
reduce the dissimilarity of decomposer assemblages between different treatment
groups caused by stressors (De Boer et al., 2014). Therefore, species dispersal
between experimental units and the natural environment may compensate for the
altered performance of decomposers by stressors, leading to a reduced magnitude
of overall stressor additivity

Litter of AM-associated plants are generally more palatable and easier to colonize
for aquatic decomposers under stress than that of EcM-associated plants (Zhang
et al., 2019). The influence of litter quality on the feeding activity and colonization
of decomposers may further modify leaf litter decomposition in a multiple-stressor
context

Flow promotes oxygen and nutrient diffusion within leaf litter packs (Cummins
et al., 1980) and removes dead layers of periphytic biofilm from the litter surface
(McNamara & Leff, 2004), enhancing microbial colonization and activity. In
addition, strong flow can reduce periphyton abundance (Biggs et al., 1998). Hence,
we expect that multiple-stressor effects on litter decomposition are different in
lotic ecosystems than in lentic ecosystems

Experiments conducted during longer time spans reflect the mechanisms of resistance
and resilience of the ecosystem to multiple stressors (Jackson et al., 2021), while
experiments running over shorter periods of time do not allow for decomposers to
adapt to changes and therefore reflect only the most magnified responses

Larger amounts of litter allow for more space for decomposers to act upon and
provide potential refugia in stressful conditions, which may make the overall litter
decomposition process less susceptible to the changes caused by stressors

study performed in a freshwater or estuarine environment (n=53).
Each retained publication was then checked for the second criterion
(i.e. reporting a measurement of litter decomposition in response
to two or more stressors; n=237). Finally, included studies were se-
lected by the third criterion (i.e. providing sufficient data in the text,
tables or figures to calculate effect sizes; n=27).

We selected responses that measured the process of litter de-
composition (e.g. litter decomposition rate, mass loss, % loss). Given
the large variety of stressors explored in the identified 27 stud-
ies (https://doi.org/10.18728/igh-fred-877.1; Medina Madariaga
et al.,, 2024), we classified them into 10 major stressor categories
(Table S1). In addition, we collected data that were directly related
to our hypotheses, such as the involvement of macroinvertebrates
in litter decomposition (i.e. determined by the presence of macroin-
vertebrates in the experiments and used mesh size), whether disper-
sal was allowed during the experiment, the mycorrhizal associations
of plants included in the study (i.e. AM vs. EcM) according to the

FungalRoot database (Soudzilovskaia et al., 2020, 2022), initial litter
mass used, habitat types that were represented by the experiments
(i.e. lotic vs. lentic), and experimental duration (Table S2).

If a study included more than two stressors, data for all possible
combinations of two stressors were extracted. When available, dif-
ferent stressor combinations were noted as different observations.
When studies included more than two levels of stressor intensity,
the most extreme cases of interactions were considered by select-
ing only the responses resulting from the exposure to the highest in-
tensity of both stressors. The mean, standard deviation or standard
error of the response related to litter decomposition, the number
of replicates under treatment A (stressor 1), treatment B (stressor 2),
treatment AB (both stressors together) and control treatment of each
observation were extracted to calculate the effect sizes of the inter-
actions. These data were collected from the text or tables directly or
extracted from figures with the PlotDigitizer online tool (https:/plotd
igitizer.com).
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TABLE 2 Replication statement table
indicating scales of inference targeted in

e . Scale of inference
the statistical analysis.

Individual experiments

Individual experiments

Individual experiments

Individual experiments

Individual experiments

2.2 | Statistical analysis

2.21 | Replication statement

Detailed description is found in Table 2.

2.2.2 | Calculation of interaction effect sizes

The factorial form of the effect size (Hedges' g) of the interactions
for all observations was calculated in R (R Core Team, 2023) and
classified into additive, antagonistic, synergistic or reversal, based
on the approach proposed by Piggott et al. (2015; Figure S1) using
the MultipleStressR package (Burgess & Murrell, 2022). In addition, a
vote-counting approach was performed to assess the prevalence of
interaction types in the dataset (Jackson et al., 2016).

2.2.3 | Publication bias

We generated funnel plots reflecting the interaction effect size against
sample size, which were visually inspected to detect asymmetry
(Nakagawa et al., 2022). A modified version of Egger's regression test
(Egger et al., 1997; Sterne & Egger, 2005) for multivariate analysis was
performed to assess potential bias (Supporting Information).

2.2.4 | Multilevel meta-analysis

To estimate the global effect size and direction of the interactions
across all identified observations, statistical analyses were imple-
mented with the metafor package (Viechtbauer, 2010). A multilevel
meta-analysis to account for potential heterogeneity and correlation
of observations that originated from the same study was performed
by using the Code_manuscript as a random effect in the ‘rma.mv’
function and then proceeded with robust variance estimation (RVE;
Pustejovsky & Tipton, 2022). In addition to the random-effects model,
a series of mixed models were performed to test the effects of different
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Scale at which the factor of
interest is applied

Number of replicates at the
appropriate scale

Individual experiments 61

Without macroinvertebrate
involvement 20; With
macroinvertebrate
involvement 41

Pooled group of individual With dispersal 42; No dispersal
experiments 19

AM 27; EcM 33

Pooled group of individual
experiments

Pooled group of individual
experiments

Pooled group of individual Lentic 9; Lotic 52

experiments

moderators. We only included categories with more than seven ob-
servations in the analysis (Jackson et al., 2016; Lange et al., 2018;
Nakagawa & Cuthill, 2007). In addition, we explored the effect of con-
tinuous variables, such as duration and initial litter mass (centred and
scaled), on the magnitude and direction of stressor interactions.

To determine the importance of each moderator variable to de-
scribe the interaction effect size, we fitted a full model including the
moderator variables reported for all the studies in our analysis. We
used the dredge function in MuMIn package (Barton, 2023) coupled
with metafor package to obtain various models containing all possible
subsets of our moderator variables. Furthermore, we determined our
top model set based on the Akaike information criterion (AIC) weights
(i.e. AAIC =4). We also calculated the AAIC for each model, which rep-
resents the degree of deviation of the model in question compared
with the most parsimonious model. Finally, we obtained the relative
variable importance of each moderator variable by considering the
sum of the weights of the model in which the variable appeared. More
detailed information on each step of the multilevel meta-analysis is

found in the Supporting Information.

3 | RESULTS

3.1 | Overview of the multiple-stressor studies
included in the meta-analysis

Among the 27 studies included in our meta-analysis, the most fre-
quently investigated stressor category was nutrient enrichment
(e.g. nitrogen and phosphorus), followed by substrate alteration (e.g.
sedimentation and substrate modification) and hydrological altera-
tion (e.g. flow increase and drought). In terms of stressor combina-
tions, substrate and hydrological alteration were most frequently
combined (n=8 observations), along with the combination of tem-
perature alteration and nutrient enrichment (n=7). Nutrient en-
richment was also often combined with substrate alteration (n=7;
Figure 2a). All 27 studies were published after 2009, with one to
four studies published each year (Figure 2b). More studies were con-
ducted in lotic (1=23) rather than in lentic (n=4) habitats. From the
61 extracted observations, most were obtained from experiments
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FIGURE 2 Overview of the research studies (n=27) exploring the effect of multiple stressors on litter decomposition that were included
in the analysis by: (a) major stressor classes and their combinations, (b) year of publication, and (c) geographic location and type of habitat.

performed in flumes (n=20), circular mesocosms (n=19), indoor mi-
crocosms (n=14) and only a few (n=8) from outdoor ponds. Most
studies were conducted in New Zealand (n=5), Canada (n=4),
France (n=4), China (n=4) and Portugal (n=4) (Figure 2c). Leaves of
alders (Alnus spp.) were predominantly used as litter in the identified
experiments (n=26 observations), followed by mahoes (Melycitus

spp.; n=16) and birches (Betula spp.; n=6).

3.2 | Interaction effects magnitudes and directions
in the entire dataset

Vote counting showed that the majority of 61 interactive effect
sizes had additive stressor interactions (n=56), followed by antago-
nistic (n=23) and synergistic (n=2) interactions (Figure 3). However,
the overall random-effect model revealed an antagonistic interac-
tion between stressors (§=-0.49, 95% Cl=-0.87 to -0.12; Table 3).
The I values (i.e. 20.42%) for the overall model were below the 25%
threshold, indicating a consistency among studies included in the

meta-analysis.

3.3 | Publication bias

Eggers' tests revealed no significant relationships between inter-
action effect size and variance (intercept=-0.84, p=0.46), and
between interaction effect size and inverse pooled sample size

(intercept=-0.44, p=0.36), suggesting no publication bias. In addi-
tion, funnel plots were also visually inspected and showed no evi-
dence of bias (Figures S3 and S4).

3.4 | Effect of moderators on multiple-stressor
interactions

Multiple stressors showed an additive interaction effect on leaf
litter decomposition when macroinvertebrates were excluded,
EcM-associated plant litter was used, and lentic habitats were sim-
ulated (Table 3). In contrast, multiple-stressor interactions were
antagonistic when macroinvertebrates were involved in the litter
decomposition process, AM-associated plant litter was used, and
lotic habitats were simulated (Table 3). Experiment duration and
initial litter mass showed similar trends with antagonistic interac-
tion effect sizes, with non-significant negative trends at longer ex-
perimental spans (slope=-0.23, 95% Cl=-0.54 to 0.81), and with
larger amounts of initial litter mass (slope=-0.08, 95% Cl=-0.31
to 0.14).

Thirteen models were identified from our full model fitting based
on AlC values (i.e. AAIC <4). The plant mycorrhizal type was included
in most of the identified models (Table 4) and had the greatest rela-
tive importance (0.53), followed by the duration of the experiments
(0.36) (Figure 4). The involvement of macroinvertebrates, habitat
type and dispersal conditions showed similar relative importance
(i.e. 0.23; Figure 4).
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Publication Estimate [95% CI]
Moreirinha (2011)_1 I ] -6.45 [-9.55, -3.35]
Du (2022)_1 I . -3.60 [-6.02, -1.18]
Chara-Serna & Richardson (2021)_1 - . -2.67 [-4.60, -0.75]
Matthaei (2010)_2 . I ] 2.5410.30, 4.78]
Funck (2013)_1 i 1 2.55[0.54, 4.56]
Overall (RE model) ’ -0.49[-0.87, -0.12]

-10 -5 -2 - 0 1 2 5 10

Interaction effect size

FIGURE 3 Observed interactions (n=61) used in this meta-analysis. Interaction effect sizes were classified as additive (95% Cl
overlapping zero; n=56; grey), antagonistic (combined effect of stressors is less than the sum of their single effects; n=3; blue), and
synergistic (combined effect of stressors is greater than the sum of their single effects; n=2; red). The publication column indicates the first

author, year and observation (see: Section 2.1)

4 | DISCUSSION

Our study revealed an overall antagonistic interaction of multiple-
stressor effects on leaf litter decomposition in freshwaters, reject-
ing our first hypothesis (H1). It suggests that the cumulative effect
of paired stressors on litter decomposition was less than the sum
of their single effects. The result of our meta-analysis contrasts
with that of a previous meta-analysis (Jackson et al., 2016), where
an overall additive interaction of multiple-stressor effects on lit-
ter decomposition was detected. This difference can be attributed

to the higher sample size in our study (27 experiments contain-
ing 61 observations) compared with that of Jackson et al. (2016;
8 experiments and 14 observations). The difference in the direc-
tion between individual and overall interaction effects likely re-
flects an increase in statistical power resulting from combining
more studies in the meta-analysis (Lange et al., 2018). Moreover,
the individual responses included in our study were dominated by
interaction effect sizes with negative values but confidence inter-
vals overlapping zero. Confidence intervals are dependent on sam-
pling variances and meta-analysis provides a more robust estimate
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TABLE 3 Effect sizes and other statistics resulting from random and mixed effect meta-analysis for the moderator variables included in

this study.
Moderator
Moderator level g SE
Macroinvertebrate involvement  No Ml -0.547 0.305
With Ml -0.453 0.194
Dispersal potential No dispersal -0.586 0.333
With dispersal -0.421 0.196
Mycorrhizal type EcM -0.462 0.226
AM -0.379 0.147
Habitat type Lentic -0.540 0.341
Lotic -0.496 0.224
Experiment duration Intercept -0.453 0.188
Slope -0.234 0.158
Initial litter mass Intercept -0.578 0.205
Slope -0.083 0.111
Overall -0.494 0.183

Lower Upper

95% Cl 95% ClI p-value I? n Interaction type
-1.207 0.112 0.096 21.4 20  Additive
-0.782 -0.034 0.036 41 Antagonistic
-1.315 0.143 0.105 22.16 19  Additive
-0.851 0.009 0.054 42  Additive
-0.929 0.006 0.052 19.11 33  Additive
-0.683 -0.075 0.017 27  Antagonistic
-1.638 0.559 0.214 25.04 9  Additive
-0.964 -0.028 0.039 52 Antagonistic
-0.828 -0.078 0.019 19.52 61  Antagonistic
-0.549 0.081 0.143

-1.010 -0.148 0.012 18.56 47  Antagonistic
-0.301 0.1404  0.458

-0.874 -0.115 0.013 20.24 61  Antagonistic

Note: From left to right: Moderator explored, moderator level, Hedges' effect size (g), standard error (SE), lower and upper ends of the 95%
confidence interval (Cl), and p-value (significant values (a <0.05) in bold), I? statistic for heterogeneity, sample size (n) and resulting interaction type

according to confidence intervals. Bold should be added to p-values <0.050.

Abbreviations: AM, arbuscular mycorrhizae; EcM, ectomycorrhizae; MI, macroinvertebrate involvement.

TABLE 4 Thirteen most parsimonious models after fitting our ‘full model’ with variables reported for all our studies.

Macroinvertebrate Dispersal Mycorrhizal
Ranking involvement potential type
1 v
2
3
4 v
5 v
6 4 v
7 v v
8 v
9 v
10
11 v
12
13 v

Habitat Experiment
type duration df AAIC Weight
5 0.00 0.18
3 1.06 0.11
v 4 1.14 0.10
v 6 2.06 0.06
v 6 2.38 0.05
6 246 0.05
6 2.46 0.05
4 3.16 0.05
4 3.27 0.04
v 4 3.35 0.03
v 5 3.46 0.03
v v 5 3.49 0.03
v 5 3.51 0.03

Note: Cells with a check sign (¥) represent variables that were included in the model; df =degrees of freedom; AAIC=performing distance to the
most parsimonious model according to Akaike's information criterion. Weight refers to the Akaike weights, representing the probability of the model

being the most parsimonious model.

effect size and precision compared with individual studies (Cohn
& Becker, 2003).

In addition, our findings highlight that the direction of stressor
interaction effects depends on experimental conditions, such as the
involvement of macroinvertebrates, litter quality (i.e. assumed from
plant mycorrhizal association) and habitat type. The inclusion of mac-
roinvertebrates in the litter decomposition process led to antagonis-
tic interactions between stressors on litter decomposition (H2.1).

The process of litter decomposition involves both microbial and
macroinvertebrate communities (Gessner et al., 1999; Graca, 2001).
When stressors like warming or nutrient enrichment increase the
activity of microbial decomposers, shredders may further acceler-
ate the decomposition process (i.e. leading to synergistic interac-
tions) because they prefer litter that is well conditioned by microbes
(Foucreau et al., 2013). Instead, feeding activity of grazers (and to
a lesser extent of shredders because they also consume fungi and
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FIGURE 4 Relative importance of moderator variables in our full model (including variables reported for all studies).

bacteria when feeding on litter) can potentially control the excessive
growth of microbial decomposers (Cibils Martina et al., 2014), decel-
erating the increased litter decomposition rate driven by stressors
(i.e. causing antagonistic interactions). When stressors such as pesti-
cides lead to increased mortality of microbial decomposers, grazers
can remove dead biofilm on the surface of leaf litter and facilitate
colonization of stressor-tolerant microbial decomposers (Calapez
et al., 2020), enhancing litter decomposition. In addition, they may
also increase nutrient availability to microbes through excretion
(Schaller, 2013). Hence, the involvement of macroinvertebrates can
drive multiple-stressor effects on litter decomposition into either
direction, depending on the relative contributions of shredders and
grazers.

The detected overall antagonistic interaction between stressors
in our meta-analysis can be an amplified effect of grazer activity due
to experimental settings. In multiple-stressor experimental designs,
leaves are often used in small quantities and are not intensely com-
pressed, allowing access to both grazers and shredders. In natural
environments, grazers often only have access to superficial areas,
and shredders are mostly responsible for the decomposition of
under layers of leaf litter (Ruetz et al., 2002). The increase in relative
leaf litter area exposed to grazers under experimental conditions
may have amplified the effects of their interactions with microbial
decomposers. In addition, the inclusion of macroinvertebrates in
experiments increases the overall diversity and trophic complexity
of the system and could therefore enhance its resilience capacity
(Downing & Leibold, 2010; Rideout et al., 2022).

Dispersal is a major driver of local diversity and community
structure in freshwater ecosystems (Cottenie & De Meester, 2004),
as well as a promoter of regional recovery after disturbance (Reed
et al., 2000). Theoretically, enhanced dispersal has the capacity
to mask the effect of stressors due to mass effects (Heino, 2013).
However, different interaction types in systems with or without
dispersal were not observed in our study, rejecting our hypothesis
(H2.2). Similar results have been observed in another mesocosm
study (Turunen et al., 2018) where additive effects were observed
despite enhanced dispersal. A reason for this could be the lim-
ited duration of manipulative experiments (mean= 33 days), which
could have hampered our ability to see the effects of dispersal re-
ducing the effects of stressors on freshwater litter decomposition.
Indeed, a model designed by Traas et al. (2004) showed that the
recovery of some decomposer taxa after exposure to combined
stressors, might take up to 10 weeks to initiate when immigration
was allowed, and recovery without immigration was observed only
after 180days. Given the importance of time to observe the effect
of metacommunities under stress (Jackson et al., 2021), and the
importance of metacommunity to monitor freshwater ecosystems
(Cid et al., 2020), we call for more studies spanning over longer pe-
riods of time that explicitly consider dispersal and connectivity as
a potential driver of stressor interactions, and for experiments that
include recovery phases to better predict the responses of ecosys-
tem functions to multiple stressors in freshwater ecosystems.

Our results supported hypothesis H2.3 and emphasized the
impacts of litter quality on litter decomposition processes in
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freshwaters. Litter derived from AM-associated and EcM-associated
plants differ in chemical properties and decomposition rates (Keller &
Phillips, 2019). Compared with EcM-associated litter, AM-associated
litter could offer a continuous supply of high-quality food (e.g. higher
nitrogen:carbon ratio and lower lignin concentration) to both mac-
roinvertebrates and microbial decomposers (Yue et al., 2022). The
quality of food resources for decomposers may have a strong influ-
ence on their responses to multiple stressors. For example, the bet-
ter availability of high-quality food for decomposers may increase
their resilience to stressors that reduce their fitness and activities.
Deducing broader implications of this outcome would require fur-
ther empirical studies to reveal the underlying mechanisms. For
example, future studies need to investigate the influence of litter
quality (e.g. litter stoichiometry) on litter decomposition processes
under multiple stressors (Robbins et al., 2023).

We observed distinct stressor interactions between lotic and
lentic ecosystems (H2.4), which reflects the influence of water flow
on decomposer activities. Indeed, flowing waters have been associ-
ated with higher fungal biomass and therefore decomposer activity
(Bruder et al., 2016; Schlief & Mutz, 2009), increasing the palatability
of leaf material for shredders. Flow can also stimulate the diffusion
of oxygen within leaf packs, promoting leaf litter decomposition (Liu
et al., 2022). When stressors such as sedimentation are present,
flow disturbance can help remove sediment and debris from the lit-
ter surface, providing more space for microbial colonization. Some
stressors (e.g. nutrient enrichment and warming) might enhance mi-
crobial activity and accelerate litter decomposition. Fast flow can
reduce microbial biomass and control the excessive growth of pe-
riphytic biofilm (Biggs et al., 1998), leading to antagonistic stressor
interactions.

Experimental duration presented an initial antagonistic interac-
tion with slight trends to even more antagonistic interactions (H2.5).
This trend was not statistically significant, likely due to sample size:
only a handful of experiments were performed for over 60days
(n=3). However, ecosystem functions might have the capacity to
exhibit resilience against the effects of co-occurring stressors, and
develop antagonistic interactions over time (Romero et al., 2019).
Some mechanisms that could play a role in counteracting addi-
tive stressor effects are related to ecological memory (Jackson
et al., 2021), such as acclimation (Allison et al., 2013), or adaptation
to stressors. Similarly, our hypothesis that higher litter mass is asso-
ciated with more antagonistic interactions (H2.6) was not fully sup-
ported (i.e. the model slope was not statistically significant). Given
that all experiments cover a relatively short time span with small
amounts of leaf matter, more studies are warranted to investigate
multiple-stressor effects on litter decomposition, which could help
link multiple-stressor research to management actions.

Although the statistical tests supported the robustness of our
meta-analysis, we acknowledge the existence of limitations in our
study. The included studies were limited to only a few countries,
which may restrict the generalizability of the findings to a broader
range of freshwater ecosystems and climates. While there has
been an increase in manipulative multiple-stressor experiments

in freshwaters (He et al., 2023), our sample size remains relatively
small, which affects statistical power and the representativeness of
observed responses. Classifying stressor interactions into additive,
antagonistic, synergistic (Piggott et al., 2015) and reversals (Jackson
etal., 2016) allows for comparability between studies and processes.
However, we recognize that this approach might oversimplify things,
especially for processes where any category can result in an increase
or decrease compared with a control (e.g. litter decomposition).
Therefore, interpretations must be done carefully, by considering
the underlying mechanisms driving such responses, the organisms
and stressors involved, as well as the aims of the research study,
and in some cases, even re-scaling and analysing relative responses
(Tekin et al., 2020) is relevant to disentangle the effects of multiple
stressors on ecosystem functions.

Furthermore, limited data prevented a comprehensive as-
sessment of the effect of the stressor categories involved in the
development of interactions, which can be an important factor in
determining the magnitude and direction of interaction effect sizes.
Therefore, we advocate for more studies on the potential inter-
actions of emerging stressors, which are increasingly common in
freshwater ecosystems (Reid et al., 2019), and that provide more
data to perform analyses that can supply important insights for the
management of freshwater ecosystems. Moreover, a vast majority
of multiple-stressor experiments is performed with a mesocosm
setup, which could potentially bias our results to lotic conditions
with similar experiment designs. Nevertheless, the variability of
the studies in terms of stressor combination and litter types used
remains valuable. Additionally, the temporal dynamics of stressors
were rarely explored in the included studies, despite the influence of
timing and duration on ecological responses (Jackson et al., 2021).
Understanding how stressors manifest and interact during differ-
ent trajectories of stressor increase and release is crucial for a more
holistic assessment (Vos et al., 2023). Given the rapid growth in
multiple-stressor studies over time (He et al., 2023), a meta-analytic
approach could be a promising tool to improve our understanding of
the interactive effects of multiple stressors on different ecosystem
processes.

The insights derived from our meta-analysis have the potential
for improving multiple-stressor research and environmental man-
agement in freshwater ecosystems. Considering the specific charac-
teristics of an ecosystem, including the presence of particular litter
species and decomposer communities, as well as the local stressor
combinations, their scale and temporality can inform tailored inter-
ventions that align with the unique ecological dynamics of the system
(Jackson et al., 2021). Furthermore, our study selected only extreme
responses, to allow for comparability in terms of external moderators
and provide inferences about the mechanisms they can influence,
which could have played a role in the type of interactions observed
(Schafer & Piggott, 2018). For example, King et al. (2022) observed
that the development of interactions is highly dependent on the level
of the stressor and the duration it is applied. Therefore, it is advis-
able for multiple-stressor research studies aiming to predict inter-
actions resulting from combined stressors, to incorporate realistic
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gradient frameworks that allow to disentangle the effects of stressors
in ecosystem functions (Orr et al., 2022; Turschwell et al., 2022). We
emphasize the need to include more ecological complexity (Bruder
et al., 2019; Simmons et al., 2021) in freshwater multiple-stressor re-
search, to be able to communicate comprehensive and relatable re-
sults to environmental practitioners. Ecological complexity could be
addressed by assessing the impact of local trophic entities (e.g. macro-
invertebrates, fungi and bacteria), biological mechanisms (e.g. trophic
interactions), habitat types, as well as a more diverse selection of litter
species, inclusion of locally relevant stressor combinations and inten-
sities (Lange et al., 2018). Future studies can expand the temporal and
spatial scales of experimentation to resemble natural systems and im-
prove the transferability of research results to management actions
(Orr et al., 2020).

5 | CONCLUSIONS

Our study synthesized the findings of manipulative experimental
studies focusing on multiple-stressor effects on litter decomposition
in freshwaters. We systematically collected and analysed reported
responses from published research with a meta-analytical approach.
The individual interactive effects of multiple stressors on litter de-
composition in freshwaters were predominantly additive (91%).
However, our meta-analysis revealed an overall antagonistic interac-
tion between stressors across all identified studies, indicating that
the overall cumulative effect of paired stressors on litter decomposi-
tion was less than the sum of their single effects. The involvement
of macroinvertebrates in litter decomposition, the type of habitat
mimicked by the experimental system and the quality of the litter
used (assumed from plant mycorrhizal association) showed the po-
tential to shape stressor interactions. Therefore, it is important to
consider characteristics of local ecosystems (e.g. habitat types, com-
position of riparian plants and biotic interactions) and the impacts of
scales (e.g. temporal and spatial) in experimental design to improve
prediction of multiple-stressor effects on litter decomposition in
different freshwater ecosystems and provide insights for targeted
management strategies. Finally, we highlight the need for integrated
management strategies that consider local complexity to effectively
address challenges posed by multiple stressors in freshwater eco-
systems. Encompassing various organism groups and considering
local biotic interactions can optimize conservation and restoration
efforts, particularly by adopting a metacommunity framework for
managing stressors and facilitating the recovery of biodiversity and

ecological functions in freshwater ecosystems.

AUTHOR CONTRIBUTIONS

GMM and FH conceived the ideas and designed the methodology.
GMM, RA, IM and FH collected the data. GMM analysed the data.
GMM and FH led the writing of the first draft with substantial in-
puts from VF, GMD and SCJ. All authors contributed critically to the
drafts and gave the final approval for publication.

. BRITISH 1533
Functional Ecology ggg,tg,ﬁ;w
ACKNOWLEDGEMENTS
This study was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation; SFB 1439/1 2021-426547801)
and the Chinese Academy of Sciences (E3555122). We also ac-
knowledge funding by the Bundesministerium fir Bildung und
Forschung (BMBF, German Federal Ministry of Education and
Research; 033W034A) and the Portuguese Foundation for Science
and Technology (FCT; UIDP/04292/2020, UIDB/04292/2020,
LA/P/0069/2020, CEECIND/02484/2018). The graphic abstract and
Figure 1 were created in BioRender.com with a CC-BY-NC-ND Ii-
cense. Open Access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT

The authors have declared no conflicts of interest for this article.
Veronica Ferreira is an Associate Editor of Functional Ecology, but
took no part in the peer review and decision-making processes for
this paper.

DATA AVAILABILITY STATEMENT

All extracted data that were used for the meta-analysis can be
(https://doi.org/10.18728/igb-fred-877.1; Medina
Madariaga et al., 2024).

located in

STATEMENT OF INCLUSION

Our research involved a global review and utilized a meta-analysis
of existing data instead of collecting new data. Therefore, we did
not conduct data collection at a local level. Nonetheless, the authors
come from diverse geographical regions, aligning with the primary
regions of interest in the meta-analysis. Whenever relevant, studies
published by researchers from different regions were cited.

ORCID

Graciela Medina Madariaga

org/0000-0001-7975-0338

https://orcid.org/0000-0001-7688-2626

https://orcid.org/0000-0003-4699-7603
https://orcid.org/0000-0002-7403-7733
https://orcid.org/0000-0002-6349-9561

https://orcid.org/0000-0002-7594-8205

https://orcid.

Verénica Ferreira
Roshni Arora

India Mansour
Sonja C. Jdhnig
Fengzhi He

REFERENCES

Allison, S. D,, Lu, Y., Weihe, C., Goulden, M. L., Martiny, A. C., Treseder,
K. K., & Martiny, J. B. (2013). Microbial abundance and composition
influence litter decomposition response to environmental change.
Ecology, 94(3), 714-725.

Alvarez, M., & Peckarsky, B. L. (2005). How do grazers affect periphyton
heterogeneity in streams? Oecologia, 142(4), 576-587. https://doi.
org/10.1007/s00442-004-1759-0

Angeler, D. G., Allen, C. R., Birgé, H. E., Drakare, S., McKie, B. G., &
Johnson, R. K. (2014). Assessing and managing freshwater eco-
systems vulnerable to environmental change. Ambio, 43(Suppl 1),
113-125. https://doi.org/10.1007/s13280-014-0566-z

Barton, K. (2023). Mu-Min: Multi-model inference. R package version
1.47.5/r18.


http://biorender.com
https://doi.org/10.18728/igb-fred-877.1
https://orcid.org/0000-0001-7975-0338
https://orcid.org/0000-0001-7975-0338
https://orcid.org/0000-0001-7975-0338
https://orcid.org/0000-0001-7688-2626
https://orcid.org/0000-0001-7688-2626
https://orcid.org/0000-0003-4699-7603
https://orcid.org/0000-0003-4699-7603
https://orcid.org/0000-0002-7403-7733
https://orcid.org/0000-0002-7403-7733
https://orcid.org/0000-0002-6349-9561
https://orcid.org/0000-0002-6349-9561
https://orcid.org/0000-0002-7594-8205
https://orcid.org/0000-0002-7594-8205
https://doi.org/10.1007/s00442-004-1759-0
https://doi.org/10.1007/s00442-004-1759-0
https://doi.org/10.1007/s13280-014-0566-z

MEDINA MADARIAGA ET AL.

1534
Functional Ecology E :#::Liﬁ?;m

Biggs, B. J. F., Goring, D. G., & Nikora, V. I. (1998). Subsidy and stress
responses of stream periphyton to gradients in water velocity as
a function of community growth form. Journal of Phycology, 34(4),
598-607. https://doi.org/10.1046/j.1529-8817.1998.340598.x

Birk, S., Chapman, D., Carvalho, L., Spears, B. M., Andersen, H. E.,
Argillier, C., Auer, S., Baattrup-Pedersen, A., Banin, L., Beklioglu,
M., Bondar-Kunze, E., Borja, A., Branco, P., Bucak, T., Buijse, A. D.,
Cardoso, A. C., Couture, R. M., Cremona, F., de Zwart, D., ... Hering,
D. (2020). Impacts of multiple stressors on freshwater biota across
spatial scales and ecosystems. Nature Ecology & Evolution, 4(8),
1060-1068. https://doi.org/10.1038/s41559-020-1216-4

Brauns, M., Allen, D. C., Boéchat, |. G., Cross, W. F., Ferreira, V., Graeber,
D., Patrick, C. J., Peipoch, M., von Schiller, D., & Gticker, B. (2022).
A global synthesis of human impacts on the multifunctionality
of streams and rivers. Global Change Biology, 28(16), 4783-4793.
https://doi.org/10.1111/gcb.16210

Bruder, A., Frainer, A., Rota, T., & Primicerio, R. (2019). The importance
of ecological networks in multiple-stressor research and manage-
ment. Frontiers in Environmental Science, 7, 59. https://doi.org/10.
3389/fenvs.2019.00059

Bruder, A, Salis, R. K., McHugh, N. J., & Matthaei, C. D. (2016). Multiple-
stressor effects on leaf litter decomposition and fungal decomposers in
agricultural streams contrast between litter species. Functional Ecology,
30(7), 1257-1266. https://doi.org/10.1111/1365-2435.12598

Burgess, B. J., & Murrell, D. J. (2022). multiplestressR: An R package to
analyse factorial multiple stressor data using the additive and mul-
tiplicative null models. bioRxiv https://doi.org/10.1101/2022.04.
08.487622

Calapez, A. R, Elias, C. L., Alves, A., Almeida, S. F. P, Brito, A. G., & Feio,
M. J. (2020). Shifts in biofilms' composition induced by flow stagna-
tion, sewage contamination and grazing. Ecological Indicators, 111,
106006. https://doi.org/10.1016/j.ecolind.2019.106006

Canhoto, C., & Graga, M. A. S. (2008). Interactions between fungi and
stream invertebrates: Back to the future. Novel Techniques and Ideas
in Mycology, Fungal Diversity Research Series, 20, 305-325.

Chara-Serna, A. M., Epele, L. B., Morrissey, C. A., & Richardson, J. S.
(2019). Nutrients and sediment modify the impacts of a neonico-
tinoid insecticide on freshwater community structure and ecosys-
tem functioning. Science of the Total Environment, 692, 1291-1303.
https://doi.org/10.1016/j.scitotenv.2019.06.301

Chauvet, E., Ferreira, V., Giller, P. S., McKie, B. G., Tiegs, S. D., Woodward,
G., Elosegi, A., Dobson, M., Fleituch, T., Graca, M. A. S., Gulis, V.,
Hladyz, S., Lacoursiére, J. O., Lecerf, A., Pozo, J., Preda, E., Riipinen,
M., Risnoveanu, G., Vadineanu, A, ... Gessner, M. O. (2016). Litter
decomposition as an indicator of stream ecosystem functioning at
local-to-continental scales: Insights from the European RivFunction
project. Advances in Ecological Research, 55, 99-182.

Cibils Martina, L., Marquez, J., Principe, R., Gari, N., & Albarifio, R. (2014).
Does grazing change algal communities from grassland and pine af-
forested streams? A laboratory approach. Limnologica, 49, 26-32.
https://doi.org/10.1016/j.limno.2014.08.002

Cid, N., Bonada, N., Heino, J., Cafedo-Arglelles, M., Crabot, J.,
Sarremejane, R., Soininen, J., Stubbington, R., & Datry, T. (2020).
A metacommunity approach to improve biological assessments in
highly dynamic freshwater ecosystems. BioScience, 70(5), 427-438.

Cohn, L. D., & Becker, B. J. (2003). How meta-analysis increases statisti-
cal power. Psychological Methods, 8(3), 243-253. https://doi.org/10.
1037/1082-989X.8.3.243

Cottenie, K., & De Meester, L. (2004). Metacommunity structure:
Synergy of biotic interactions as selective agents and dispersal as
fuel. Ecology, 85(1), 114-119. https://doi.org/10.1890/03-3004

Cummins, K. W., Spengler, G. L., Ward, G. M., Speaker, R. M., Ovink, R.
W., Mahan, D. C., & Mattingly, R. L. (1980). Processing of confined
and naturally entrained leaf litter in a woodland stream ecosystem.
Limnology and Oceanography, 25(5), 952-957. https://doi.org/10.
4319/10.1980.25.5.0952

De Boer, M. K., Moor, H., Matthiessen, B., Hillebrand, H., & Eriksson, B.
K. (2014). Dispersal restricts local biomass but promotes the re-
covery of metacommunities after temperature stress. Oikos, 123(6),
762-768. https://doi.org/10.1111/j.1600-0706.2013.00927.x

Downing, A. L., & Leibold, M. A. (2010). Species richness facilitates eco-
system resilience in aquatic food webs: Species richness facilitates
resilience. Freshwater Biology, 55(10), 2123-2137. https://doi.org/
10.1111/j.1365-2427.2010.02472.x

Du, J.,, Qv, W,, Pu, G,, Qv, M., Zhang, J., Zhang, W., & Zhang, H. (2022).
How do visible and UV light affect the structure and function
of leaf-associated aquatic fungal communities polluted by TiO,
nanoparticles? Environmental Science: Nano, 9(1), 133-144. https://
doi.org/10.1039/D1EN00275A

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z. I., Knowler, D.
J., Lévéque, C., Naiman, R. J., Prieur-Richard, A. H., Soto, D., Stiassny,
M. L. J,, & Sullivan, C. A. (2006). Freshwater biodiversity: Importance,
threats, status and conservation challenges. Biological Reviews, 81(2),
163-182. https:/doi.org/10.1017/S1464793105006950

Egger, M., Smith, G. D., Schneider, M., & Minder, C. (1997). Bias in meta-
analysis detected by a simple, graphical test. British Medical Journal,
315, 629-634.

Fluet-Chouinard, E., Stocker, B. D., Zhang, Z., Malhotra, A., Melton, J. R,,
Poulter, B., Kaplan, J. O., Goldewijk, K. K., Siebert, S., Minayeva, T.,
Hugelius, G., Joosten, H., Barthelmes, A., Prigent, C., Aires, F., Hoyt,
A. M., Davidson, N., Finlayson, C. M., Lehner, B, ... Mcintyre, P. B.
(2023). Extensive global wetland loss over the past three centuries.
Nature, 614(7947), 281-286. https://doi.org/10.1038/s41586-022-
05572-6

Foucreau, N., Puijalon, S., Hervant, F., & Piscart, C. (2013). Effect of leaf
litter characteristics on leaf conditioning and on consumption by
Gammarus pulex. Freshwater Biology, 58(8), 1672-1681. https://doi.
org/10.1111/fwb.12158

Gessner, M. O., Chauvet, E., & Dobson, M. (1999). A perspective on leaf
litter breakdown in streams. Oikos, 85(2), 377-384. https://doi.org/
10.2307/3546505

Gessner, M. O., Swan, C. M., Dang, C. K., McKie, B. G., Bardgett, R. D.,
Wall, D. H., & Hattenschwiler, S. (2010). Diversity meets decompo-
sition. Trends in Ecology & Evolution, 25(6), 372-380. https://doi.org/
10.1016/j.tree.2010.01.010

Graca, M. A. S. (2001). The role of invertebrates on leaf litter decom-
position in streams—A review. International Review of Hydrobiology,
86(4-5), 383-393. https://doi.org/10.1002/1522-2632(200107)
86:4/5<383::AID-IROH383>3.0.CO;2-D

Graga, M. A. S., Cressa, C., Gessner, M. O., Feio, M. J., Callies, K. A., &
Barrios, C. (2001). Food quality, feeding preferences, survival
and growth of shredders from temperate and tropical streams:
Temperate and tropical shredders. Freshwater Biology, 46(7), 947-
957. https://doi.org/10.1046/j.1365-2427.2001.00729.x

He, F., Arora, R., & Mansour, I. (2023). Multispecies assemblages and
multiple stressors: Synthesizing the state of experimental research
in freshwaters. WIREs Water, 10, e1641. https://doi.org/10.1002/
wat2.1641

He, F., Zarfl, C., Bremerich, V., David, J. N. W., Hogan, Z., Kalinkat, G.,
Tockner, K., & Jahnig, S. C. (2019). The global decline of freshwater
megafauna. Global Change Biology, 25(11), 3883-3892. https://doi.
org/10.1111/gcb.14753

Heino, J. (2013). The importance of metacommunity ecology for envi-
ronmental assessment research in the freshwater realm. Biological
Reviews, 88(1), 166-178. https://doi.org/10.1111/j.1469-185X.
2012.00244.x

Jackson, M. C., Loewen, C. J. G., Vinebrooke, R. D., & Chimimba, C. T.
(2016). Net effects of multiple stressors in freshwater ecosystems:
A meta-analysis. Global Change Biology, 22(1), 180-189. https://doi.
org/10.1111/gcb.13028

Jackson, M. C., Pawar, S., & Woodward, G. (2021). The temporal dynam-
ics of multiple stressor effects: From individuals to ecosystems.


https://doi.org/10.1046/j.1529-8817.1998.340598.x
https://doi.org/10.1038/s41559-020-1216-4
https://doi.org/10.1111/gcb.16210
https://doi.org/10.3389/fenvs.2019.00059
https://doi.org/10.3389/fenvs.2019.00059
https://doi.org/10.1111/1365-2435.12598
https://doi.org/10.1101/2022.04.08.487622
https://doi.org/10.1101/2022.04.08.487622
https://doi.org/10.1016/j.ecolind.2019.106006
https://doi.org/10.1016/j.scitotenv.2019.06.301
https://doi.org/10.1016/j.limno.2014.08.002
https://doi.org/10.1037/1082-989X.8.3.243
https://doi.org/10.1037/1082-989X.8.3.243
https://doi.org/10.1890/03-3004
https://doi.org/10.4319/lo.1980.25.5.0952
https://doi.org/10.4319/lo.1980.25.5.0952
https://doi.org/10.1111/j.1600-0706.2013.00927.x
https://doi.org/10.1111/j.1365-2427.2010.02472.x
https://doi.org/10.1111/j.1365-2427.2010.02472.x
https://doi.org/10.1039/D1EN00275A
https://doi.org/10.1039/D1EN00275A
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1038/s41586-022-05572-6
https://doi.org/10.1038/s41586-022-05572-6
https://doi.org/10.1111/fwb.12158
https://doi.org/10.1111/fwb.12158
https://doi.org/10.2307/3546505
https://doi.org/10.2307/3546505
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1002/1522-2632(200107)86:4/5%3C383::AID-IROH383%3E3.0.CO;2-D
https://doi.org/10.1002/1522-2632(200107)86:4/5%3C383::AID-IROH383%3E3.0.CO;2-D
https://doi.org/10.1046/j.1365-2427.2001.00729.x
https://doi.org/10.1002/wat2.1641
https://doi.org/10.1002/wat2.1641
https://doi.org/10.1111/gcb.14753
https://doi.org/10.1111/gcb.14753
https://doi.org/10.1111/j.1469-185X.2012.00244.x
https://doi.org/10.1111/j.1469-185X.2012.00244.x
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028

MEDINA MADARIAGA ET AL.

Trends in Ecology & Evolution, 36(5), 402-410. https://doi.org/10.
1016/j.tree.2021.01.005

Jaiswal, D., Pandey, U., Mishra, V., & Pandey, J. (2021). Integrating re-
silience with functional ecosystem measures: A novel paradigm
for management decisions under multiple-stressor interplay in
freshwater ecosystems. Global Change Biology, 27(16), 3699-3717.
https://doi.org/10.1111/gcb.15662

Juvigny-Khenafou, N. P. D., Piggott, J. J., Atkinson, D., Zhang, Y., Wu, N.,
& Matthaei, C. D. (2021). Fine sediment and flow velocity impact
bacterial community and functional profile more than nutrient en-
richment. Ecological Applications, 31(1), €02212. https://doi.org/10.
1002/eap.2212

Keller, A. B., & Phillips, R. P. (2019). Leaf litter decay rates differ be-
tween mycorrhizal groups in temperate, but not tropical, forests.
New Phytologist, 222(1), 556-564. https://doi.org/10.1111/nph.
15524

King, O. C., van de Merwe, J. P., Campbell, M. D., Smith, R. A., Warne, M.
S. J., & Brown, C. J. (2022). Interactions among multiple stressors
vary with exposure duration and biological response. Proceedings of
the Royal Society B: Biological Sciences, 289(1974), 20220348.

Lange, K., Bruder, A., Matthaei, C. D., Brodersen, J., & Paterson, R. A.
(2018). Multiple-stressor effects on freshwater fish: Importance of
taxonomy and life stage. Fish and Fisheries, 19(6), 974-983. https://
doi.org/10.1111/faf.12305

Liu, S., He, G., Fang, H., Xu, S., & Bai, S. (2022). Effects of dissolved ox-
ygen on the decomposers and decomposition of plant litter in lake
ecosystem. Journal of Cleaner Production, 372, 133837. https://doi.
org/10.1016/j.jclepro.2022.133837

Lynch, A. J,, Cooke, S. J., Arthington, A. H., Baigun, C., Bossenbroek, L.,
Dickens, C., Harrison, I., Kimirei, I., Langhans, S. D., Murchie, K. J.,
Olden, J. D., Ormerod, S. J., Owuor, M., Raghavan, R., Samways,
M. J., Schinegger, R., Sharma, S., Tachamo-Shah, R. D., Tickner, D.,
... Jahnig, S. C. (2023). People need freshwater biodiversity. WIREs
Water, 10(3), e1633. https://doi.org/10.1002/wat2.1633

Marks, J. C. (2019). Revisiting the fates of dead leaves that fall into streams.
Annual Review of Ecology, Evolution, and Systematics, 50(1), 547-568.
https:/doi.org/10.1146/annurev-ecolsys-110218-024755

Matthaei, C. D., Piggott, J. J., & Townsend, C. R. (2010). Multiple stress-
ors in agricultural streams: Interactions among sediment addition,
nutrient enrichment and water abstraction: Sediment, nutrients
and water abstraction. Journal of Applied Ecology, 47(3), 639-649.
https://doi.org/10.1111/j.1365-2664.2010.01809.x

McNamara, C. J., & Leff, L. G. (2004). Bacterial community composition
in biofilms on leaves in a northeastern Ohio stream. Journal of the
North American Benthological Society, 23(4), 677-685. https://doi.
org/10.1899/0887-3593(2004)023<0677:BCCIBO>2.0.CO;2

Medina Madariaga, G., Ferreira, V., Arora, R., Mansour, |., David, G. M.,
Jahnig, S. C., & He, F. (2024). Multiple stressor effects on leaf lit-
ter decomposition in freshwater ecosystems: A meta-analysis.
IGB Leibniz-Institute of Freshwater Ecology and Inland Fisheries
https://doi.org/10.18728/igh-fred-877.1

Nakagawa, S., & Cuthill, I. C. (2007). Effect size, confidence interval and
statistical significance: A practical guide for biologists. Biological
Reviews, 82, 591-605. https://doi.org/10.1111/j.1469-185X.2007.
00027.x

Nakagawa, S., Lagisz, M., Jennions, M. D., Koricheva, J., Noble, D. W.
A., Parker, T. H., Sdnchez-Téjar, A., Yang, Y., & O'Dea, R. E. (2022).
Methods for testing publication bias in ecological and evolution-
ary meta-analyses. Methods in Ecology and Evolution, 13(1), 4-21.
https://doi.org/10.1111/2041-210X.13724

Orr, J. A., Rillig, M. C., & Jackson, M. C. (2022). Similarity of anthropogenic
stressors is multifaceted and scale dependent. Natural Sciences, 2,
€20210076. https://doi.org/10.1002/ntls.20210076

Orr, J. A., Vinebrooke, R. D., Jackson, M. C., Kroeker, K. J., Kordas, R. L.,
Mantyka-Pringle, C., van den Brink, P. J., de Laender, F., Stoks, R.,
Holmstrup, M., Matthaei, C. D., Monk, W. A, Penk, M. R., Leuzinger,

Functional Ecology e | 15

SOCIETY
S., Schafer, R. B., & Piggott, J. J. (2020). Towards a unified study
of multiple stressors: Divisions and common goals across research
disciplines. Proceedings of the Royal Society B: Biological Sciences,
287(1926), 20200421. https://doi.org/10.1098/rspb.2020.0421

Peng, Y., Yuan, J., Hedénec, P, Yue, K., Ni, X,, Li, W., Wang, D., Yuan, C.,
Tan, S., & Wu, F. (2022). Mycorrhizal association and life form dom-
inantly control plant litter lignocellulose concentration at the global
scale. Frontiers in Plant Science, 13, 926941.

Piggott, J. J., Lange, K., Townsend, C. R., & Matthaei, C. D. (2012).
Multiple stressors in agricultural streams: A mesocosm study of in-
teractions among raised water temperature, sediment addition and
nutrient enrichment. PLoS One, 7(11), e49873. https://doi.org/10.
1371/journal.pone.0049873

Piggott, J. J., Townsend, C. R., & Matthaei, C. D. (2015).
Reconceptualizing synergism and antagonism among multiple
stressors. Ecology and Evolution, 5(7), 1538-1547. https://doi.org/
10.1002/ece3.1465

Pustejovsky, J. E., & Tipton, E. (2022). Meta-analysis with robust variance
estimation: Expanding the range of working models. Prevention
Science, 23, 425-438. https://doi.org/10.1007/s11121-021-01246
-3

R Core Team. (2023). R: A language and environment for statistical comput-
ing [Computer software]. R Foundation for Statistical Computing.
https://www.R-project.org/

Reed, D. C., Raimondi, P. T., Carr, M. H., & Goldwasser, L. (2000). The role
of dispersal and disturbance in determining spatial heterogeneity in
sedimentary organisms. Ecology, 81(7), 2011-2026. https://doi.org/
10.1890/0012-9658(2000)081[2011:TRODAD]2.0.CO;2

Reid, A. J.,, Carlson, A. K., Creed, |. F,, Eliason, E. J., Gell, P. A., Johnson,
P. T. J, Kidd, K. A., MacCormack, T. J., Olden, J. D., Ormerod, S. J.,
Smol, J. P., Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D.,
& Cooke, S. J. (2019). Emerging threats and persistent conserva-
tion challenges for freshwater biodiversity. Biological Reviews, 94(3),
849-873.

Revenga, C., Campbell, I., Abell, R., De Villiers, P., & Bryer, M. (2005).
Prospects for monitoring freshwater ecosystems towards the 2010
targets. Philosophical Transactions of the Royal Society, B: Biological
Sciences, 360(1454), 397-413.

Rideout, N. K., Compson, Z. G., Monk, W. A., Bruce, M. R., Hajibabaei, M.,
Porter, T. M., Wright, M. T. G., & Baird, D. J. (2022). Environmental
filtering of macroinvertebrate traits influences ecosystem func-
tioning in a large river floodplain. Functional Ecology, 36(11), 2791~
2805. https://doi.org/10.1111/1365-2435.14168

Robbins, C. J., Manning, D. W. P., Halvorson, H. M., Norman, B. C., Eckert,
R. A., Pastor, A., Dodd, A. K., Jabiol, J., Bastias, E., Gossiaux, A., &
Mehring, A. S. (2023). Nutrient and stoichiometry dynamics of de-
composing litter in stream ecosystems: A global synthesis. Ecology,
104(7), e4060. https://doi.org/10.1002/ecy.4060

Romero, F., Acufa, V., Font, C., Freixa, A., & Sabater, S. (2019). Effects
of multiple stressors on river biofilms depend on the time scale.
Scientific Reports, 9(1), 15810. https://doi.org/10.1038/541598-
019-52320-4

Ruetz, C. R., Newman, R. M., & Vondracek, B. (2002). Top-down con-
trol in a detritus-based food web: Fish, shredders, and leaf break-
down. Oecologia, 132(2), 307-315. https://doi.org/10.1007/s0044
2-002-0953-1

Schéfer, R. B., & Piggott, J. J. (2018). Advancing understanding and pre-
diction in multiple stressor research through a mechanistic basis for
null models. Global Change Biology, 24(5), 1817-1826.

Schaller, J. (2013). Invertebrate grazers are a crucial factor for grass litter
mass loss and nutrient mobilization during aquatic decomposition.
Fundamental and Applied Limnology, 183(4), 287-295.

Schlief, J., & Mutz, M. (2009). Effect of sudden flow reduction on the
decomposition of alder leaves (Alnus glutinosa [L.] Gaertn.) in a tem-
perate lowland stream: A mesocosm study. Hydrobiologia, 624(1),
205-217. https://doi.org/10.1007/s10750-008-9694-4


https://doi.org/10.1016/j.tree.2021.01.005
https://doi.org/10.1016/j.tree.2021.01.005
https://doi.org/10.1111/gcb.15662
https://doi.org/10.1002/eap.2212
https://doi.org/10.1002/eap.2212
https://doi.org/10.1111/nph.15524
https://doi.org/10.1111/nph.15524
https://doi.org/10.1111/faf.12305
https://doi.org/10.1111/faf.12305
https://doi.org/10.1016/j.jclepro.2022.133837
https://doi.org/10.1016/j.jclepro.2022.133837
https://doi.org/10.1002/wat2.1633
https://doi.org/10.1146/annurev-ecolsys-110218-024755
https://doi.org/10.1111/j.1365-2664.2010.01809.x
https://doi.org/10.1899/0887-3593(2004)023%3C0677:BCCIBO%3E2.0.CO;2
https://doi.org/10.1899/0887-3593(2004)023%3C0677:BCCIBO%3E2.0.CO;2
https://doi.org/10.18728/igb-fred-877.1
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1111/2041-210X.13724
https://doi.org/10.1002/ntls.20210076
https://doi.org/10.1098/rspb.2020.0421
https://doi.org/10.1371/journal.pone.0049873
https://doi.org/10.1371/journal.pone.0049873
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1007/s11121-021-01246-3
https://doi.org/10.1007/s11121-021-01246-3
https://www.r-project.org/
https://doi.org/10.1890/0012-9658(2000)081%5B2011:TRODAD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B2011:TRODAD%5D2.0.CO;2
https://doi.org/10.1111/1365-2435.14168
https://doi.org/10.1002/ecy.4060
https://doi.org/10.1038/s41598-019-52320-4
https://doi.org/10.1038/s41598-019-52320-4
https://doi.org/10.1007/s00442-002-0953-1
https://doi.org/10.1007/s00442-002-0953-1
https://doi.org/10.1007/s10750-008-9694-4

MEDINA MADARIAGA ET AL.

1536
Functional Ecology [ e

Simmons, B. I., Blyth, P. S. A, Blanchard, J. L., Clegg, T., Delmas, E.,
Garnier, A., Griffiths, C. A., Jacob, U., Pennekamp, F., Petchey, O. L.,
Poisot, T., Webb, T. J., & Beckerman, A. P. (2021). Refocusing mul-
tiple stressor research around the targets and scales of ecological
impacts. Nature Ecology & Evolution, 5(11), 1478-1489. https://doi.
org/10.1038/s41559-021-01547-4

Soudzilovskaia, N. A., He, J., Rahimlou, S., Abarenkov, K., Brundrett, M.
C., & Tedersoo, L. (2022). FungalRoot v.2.0—An empirical data-
base of plant mycorrhizal traits: A response to Bueno et al. (2021).
‘Towards a consistent benchmark for plant mycorrhizal association
databases’. New Phytologist, 235(5), 1689-1691. https://doi.org/10.
1111/nph.18207

Soudzilovskaia, N. A., Vaessen, S., Barcelo, M., He, J., Rahimlou, S.,
Abarenkov, K., Brundrett, M. C., Gomes, S. I. F., Merckx, V., &
Tedersoo, L. (2020). FungalRoot: Global online database of plant
mycorrhizal associations. New Phytologist, 227(3), 955-966. https://
doi.org/10.1111/nph.16569

Sterne, J. A. C., & Egger, M. (2005). Regression methods to detect pub-
lication and other bias in meta-analysis. In H. R. Rothstein, A. J.
Sutton, & M. Borenstein (Eds.), Publication bias in meta-analysis:
Prevention, assessment, and adjustments (pp. 99-110). John Wiley &
Sons.

Taylor, M. K., Lankau, R. A., & Wurzburger, N. (2016). Mycorrhizal asso-
ciations of trees have different indirect effects on organic matter
decomposition. Journal of Ecology, 104(6), 1576-1584.

Tekin, E., Diamant, E. S., Cruz-Loya, M., Enriquez, V., Singh, N., Savage,
V. M., & Yeh, P. J. (2020). Using a newly introduced framework to
measure ecological stressor interactions. Ecology Letters, 23, 1391~
1403. https://doi.org/10.1111/ele.13533

Tickner, D., Opperman, J. J., Abell, R., Acreman, M., Arthington, A.
H., Bunn, S. E., Cooke, S. J., Dalton, J., Darwall, W., Edwards, G.,
Harrison, I., Hughes, K., Jones, T., Leclére, D., Lynch, A. J., Leonard,
P., McClain, M. E., Muruven, D., Olden, J. D,, ... Young, L. (2020).
Bending the curve of global freshwater biodiversity loss: An emer-
gency recovery plan. BioScience, 70(4), 330-342. https://doi.org/
10.1093/biosci/biaa002

Traas, T. P, Janse, J. H., van den Brink, P. J., Brock, T. C. M., & Aldenberg,
T. (2004). A freshwater food web model for the combined ef-
fects of nutrients and insecticide stress and subsequent recovery.
Environmental Toxicology and Chemistry, 23, 521-529. https://doi.
org/10.1897/02-524

Turschwell, M. P.,, Connolly, S. R., Schifer, R. B., De Laender, F., Campbell,
M. D., Mantyka-Pringle, C., Jackson, M. C., Kattwinkel, M., Sievers,
M., Ashauer, R., Coté, |. M., Connolly, R. M., van den Brink, P. J., &
Brown, C. J. (2022). Interactive effects of multiple stressors vary
with consumer interactions, stressor dynamics and magnitude.
Ecology Letters, 25, 1483-1496. https://doi.org/10.1111/ele.14013

Turunen, J., Louhi, P., Mykr&, H., Aroviita, J., Putkonen, E., Huusko, A.,
& Muotka, T. (2018). Combined effects of local habitat, anthro-
pogenic stress, and dispersal on stream ecosystems: A mesocosm
experiment. Ecological Applications, 28(6), 1606-1615. https://doi.
org/10.1002/eap.1762

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software, 36(3), 1-48. https://doi.org/
10.18637/jss.v036.i103

Vos, M., Hering, D., Gessner, M. O., Leese, F., Schifer, R. B., Tollrian,
R., Boenigk, J., Haase, P., Meckenstock, R., Baikova, D., Bayat, H.,

Beermann, A., Beisser, D., Beszteri, B., Birk, S., Boden, L., Brauer,
V., Brauns, M., Buchner, D., ... Sures, B. (2023). The asymmetric
response concept explains ecological consequences of multiple
stressor exposure and release. Science of the Total Environment, 872,
162196. https://doi.org/10.1016/j.scitotenv.2023.162196

Wang, F., Lin, D., Li, W., Dou, P, Han, L., Huang, M., Qian, S., & Yao, J.
(2020). Meiofauna promotes litter decomposition in stream eco-
systems depending on leaf species. Ecology and Evolution, 10(17),
9257-9270. https://doi.org/10.1002/ece3.6610

Wu, S. W,, Shi, Z. Y., Huang, M., Yang, S., Yang, W. Y., & Li, Y. J. (2023).
Influence of mycorrhiza on C: N: P stoichiometry in senesced
leaves. Journal of Fungi, 9(5), 588.

WWEF. (2022). Living planet report 2022—Building a nature-positive society.
WWEF.

Yue, K., de Frenne, P., van Meerbeek, K., Ferreira, V., Fornara, D. A.,
Wu, Q., Ni, X., Peng, Y., Wang, D., Hedénec, P, Yang, Y., Wu, F,,
& Pefuelas, J. (2022). Litter quality and stream physicochemical
properties drive global invertebrate effects on instream litter de-
composition. Biological Reviews, 97(6), 2023-2038. https://doi.org/
10.1111/brv.12880

Zhang, M., Cheng, X., Geng, Q., Shi, Z., Luo, Y., & Xu, X. (2019). Leaf litter
traits predominantly control litter decomposition in streams world-
wide. Global Ecology and Biogeography, 28(10), 1469-1486. https://
doi.org/10.1111/geb.12966

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Ten major stressor categories included in our meta-analysis.
Table S2. Name and levels of the categorical moderator variables
included in our study with the criteria used for their classification.
Figure S1. Conceptual model of multiple stressor interactions
[modified from Lange et al. (2018) and Piggott et al. (2015)].

Figure S2. PRISMA diagram depicting the information flow during
the literature search and screening protocols implemented in this
meta-analysis (O'Dea et al., 2021).

Figure S3. Funnel plot illustrating the interaction effect sizes
(Hedges' g) of litter decomposition under two stressors in freshwater
ecosystems against the standard error.

Figure S4. The relationship between standardized interaction effect

sizes (Hedges' g) and pooled sample sizes.

How to cite this article: Medina Madariaga, G., Ferreira, V.,
Arora, R., Mansour, |., David, G. M., Jahnig, S. C., & He, F.
(2024). Multiple-stressor effects on leaf litter decomposition in
freshwater ecosystems: A meta-analysis. Functional Ecology,
38, 1523-1536. https://doi.org/10.1111/1365-2435.14571



https://doi.org/10.1038/s41559-021-01547-4
https://doi.org/10.1038/s41559-021-01547-4
https://doi.org/10.1111/nph.18207
https://doi.org/10.1111/nph.18207
https://doi.org/10.1111/nph.16569
https://doi.org/10.1111/nph.16569
https://doi.org/10.1111/ele.13533
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1897/02-524
https://doi.org/10.1897/02-524
https://doi.org/10.1111/ele.14013
https://doi.org/10.1002/eap.1762
https://doi.org/10.1002/eap.1762
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1016/j.scitotenv.2023.162196
https://doi.org/10.1002/ece3.6610
https://doi.org/10.1111/brv.12880
https://doi.org/10.1111/brv.12880
https://doi.org/10.1111/geb.12966
https://doi.org/10.1111/geb.12966
https://doi.org/10.1111/1365-2435.14571

	Multiple-­stressor effects on leaf litter decomposition in freshwater ecosystems: A meta-­analysis
	Abstract
	1|INTRODUCTION
	2|METHODOLOGY
	2.1|Literature search and data extraction
	2.2|Statistical analysis
	2.2.1|Replication statement
	2.2.2|Calculation of interaction effect sizes
	2.2.3|Publication bias
	2.2.4|Multilevel meta-­analysis


	3|RESULTS
	3.1|Overview of the multiple-­stressor studies included in the meta-­analysis
	3.2|Interaction effects magnitudes and directions in the entire dataset
	3.3|Publication bias
	3.4|Effect of moderators on multiple-­stressor interactions

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	STATEMENT OF INCLUSION
	REFERENCES


