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Abstract Understanding the consequences of ongoing biodiversity changes for ecosystems is a
pressing challenge. Controlled biodiversity-ecosystem function experiments with random
biodiversity loss scenarios have demonstrated that more diverse communities usually provide
higher levels of ecosystem functioning. However, it is not clear if these results predict the
ecosystem consequences of environmental changes that cause non-random alterations in
biodiversity and community composition. We synthesized 69 independent studies reporting 660
observations of the impacts of two pervasive drivers of global change (chemical stressors and
nutrient enrichment) on animal and microbial decomposer diversity and litter decomposition. Using
meta-analysis and structural equation modeling, we show that declines in decomposer diversity and
abundance explain reduced litter decomposition in response to stressors but not to nutrients.
While chemical stressors generally reduced biodiversity and ecosystem functioning, detrimental
effects of nutrients occurred only at high levels of nutrient inputs. Thus, more intense
environmental change does not always result in stronger responses, illustrating the complexity of
ecosystem consequences of biodiversity change. Overall, these findings provide strong evidence
that the consequences of observed biodiversity change for ecosystems depend on the kind of
environmental change, and are especially significant when human activities decrease biodiversity.

Introduction

Human activities cause global environmental changes with important consequences for biodiversity
and the functioning of ecosystems. Understanding these consequences is crucial for better policy
and conservation strategies, which will ultimately promote human well-being too (IPBES, 2019). A
key question is to what extent changes in ecosystem functioning are mediated by changes at which
dimensions of biodiversity. Extensive research has demonstrated that biodiversity is needed for the
stable provenance and enhancement of ecosystem processes and functions (Cardinale et al., 2012;
Schuldt et al., 2018; Tilman et al., 2012). However, this body of evidence is mostly based on
experiments comparing ecosystem functioning in artificial communities with varying number of spe-
cies. Such experiments might not capture the complex ways by which shifts in biodiversity induced
by global change ultimately affect ecosystem functioning (De Laender et al, 2016;
Eisenhauer et al., 2019b).

Early biodiversity-ecosystem function (BEF) experiments typically controlled for environmental
gradients, thus not accounting for the underlying drivers of biodiversity change (De Laender et al.,
2016; Srivastava and Vellend, 2005; Wardle, 2016). These early experiments also focused on spe-
cies richness as the sole biodiversity index, and manipulated it directly and randomly. However,
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elLife digest Ecosystems are at their healthiest when they have a high level of biodiversity — that
is, a wide variety of different species all living together. But human activity is changing the
environment and putting ecosystems under pressure. One of the places this is most evident is in the
communities of organisms responsible for breaking down dead plants.

These organisms - called decomposers — are highly sensitive to pesticides, metals and other
chemical stressors, as well as excess nutrients, such as nitrogen, released by industry and farming.
Exposing decomposers to these chemicals can change both the number of individuals of each
species and the number of different species that are present. In other words, these chemicals can,
respectively, alter both the abundance and diversity of decomposer communities. Controlled
experiments in simplified conditions suggest that these changes in biodiversity affect ecosystem
health. But, it remained unclear to what extent these results applied to real-world scenarios of
environmental change.

To test the findings of controlled experiments, Beaumelle et al. investigated how chemical
stressors and excess nutrients affect the breakdown of leaf litter — the debris of decomposing leaves
that forms on top of soil. Previous studies suggest that the reduced biodiversity caused by chemicals
should result in leaf litter breaking down more slowly. Whereas the loss in biodiversity caused by
nutrients will increase the number of some decomposer species, causing leaf litter to break down
faster or slower, depending on local conditions.

Beaumelle et al. tested these predictions by gathering the results from 69 independent studies
conducted across the globe. The results showed that stressors caused the diversity and abundance
of decomposers to decline, which reduced the breakdown of leaf litter, as expected. But, the
outcomes of excess nutrients were more varied. Low levels of excess nutrients increased the
breakdown of leaf litter, but at high levels slowed down the rate leaves decomposed. Furthermore,
the effect excess nutrients had on biodiversity in decomposer communities changed according to
the types of organisms in the ecosystem. This suggests that variations in biodiversity can impact
ecosystems differently depending on the type of environmental change.

The breakdown of leaf litter plays a critical role in carbon balance, and this has knock-on effects
for the Earth’s climate. This work suggests that improving biodiversity is crucial to maintain the
health of ecosystems, but successful strategies will have to be adjusted depending on the type of
human impact (for example, chemical stressors or nutrient additions). These findings could help
researchers design better approaches for boosting ecosystem health in the future.

environmental change will often elicit non-random changes in several facets of biodiversity
(Eisenhauer et al., 2016; Giling et al., 2019; van der Plas, 2019) (community composition and pop-
ulation densities (Glassman et al., 2018; Spaak et al., 2017), functional diversity (Cadotte et al.,
2011; Craven et al., 2018, Heemsbergen et al., 2004), trophic diversity (Soliveres et al., 2016;
Wang and Brose, 2018; Zhao et al., 2019). The selective effects of environmental change emerge
because organisms differ in their response to environmental change. For example, larger organisms
and predators are often more negatively affected than smaller organisms at lower trophic levels
(Hines et al., 2015; Sheridan and Bickford, 2011, Srivastava and Vellend, 2005; Voigt et al.,
2007). Using realistic extinction scenarios, experiments found contrasting effects of non-random
shifts in biodiversity on ecosystem functioning (e.g. Cardenas et al., 2017; Jonsson et al., 2002,
Melguizo-Ruiz et al., 2020; Oliveira et al., 2019; Smith and Knapp, 2003, Zavaleta and Hulvey,
2004). In addition, several variables that are not directly related to biodiversity control ecosystem
functions (e.g. physiological rates [Dib et al., 2020; Thakur et al., 2018] and alterations of physical
and chemical conditions [De Laender et al., 2016; Giling et al., 2019]). When environmental change
affects these mechanisms, teasing out the relative importance of biodiversity-mediated effects is
complicated even more. Given the number of different potential mechanisms, quantifying the extent
to which shifts in biodiversity underpin the effect of environmental change on ecosystem functioning
under real-world scenarios of global change is a key challenge for ecology (De Laender et al., 2016;
Duffy et al., 2017; Eisenhauer et al., 2019b; Srivastava and Vellend, 2005; van der Plas, 2019;
Wardle, 2016). Incorporating the impacts of environmental change drivers into BEF studies and
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meta-analyses is an important step forward to address such questions (De Laender et al., 2016;
Eisenhauer et al., 2019b).

The vast majority of BEF experiments has focused on plant richness and ecosystem functions such
as biomass production (van der Plas, 2019). However, litter decomposition has a tremendous
importance in ecosystems and biogeochemical cycles (Follstad Shah et al., 2017). Small changes in
the rate of this process can have important consequences for the overall carbon balance. Indeed,
increases in decomposition rates could have positive feedback effects on climate warming by
enhancing C losses (Kirschbaum, 2000). The diversity of decomposers (invertebrates and microor-
ganisms that fragment and decompose organic matter in both aquatic and terrestrial systems) is cru-
cial for litter decomposition (Eisenhauer et al., 2012; Garcia-Palacios et al., 2013; Gessner et al.,
2010; Handa et al., 2014; Hattenschwiler et al., 2005) and for other ecosystem functions as well
(Eisenhauer et al., 2019a; Lefcheck et al., 2015; Schuldt et al., 2018). Despite the importance of
decomposers, BEF experiments focusing on litter decomposition more often addressed the influ-
ence of plant litter diversity than of decomposers (Gessner et al., 2010; Tonin et al., 2018). In a
meta-analysis, decomposer diversity had a greater effect on decomposition than the diversity of
plant litter (Srivastava et al., 2009), although also weak and neutral effects have been reported
(van der Plas, 2019). Facilitation and complementarity through niche partitioning are primary mech-
anisms underlying the positive relationship between decomposer diversity and decomposition
(Gessner et al., 2010; Hattenschwiler et al., 2005; Tonin et al., 2018). Experiments conducted in
natural conditions and reflecting realistic extinction scenarios are still relatively scarce, and demon-
strate contrasting effects of non-random shifts in decomposer diversity on decomposition
(Cdrdenas et al., 2017, Jonsson et al., 2002; Melguizo-Ruiz et al., 2020; Wenisch et al., 2017).
The need to quantify environmental change effects on decomposer diversity, along with potential
knock-on effects on litter decomposition, is therefore particularly pressing.

There is a variety of environmental change drivers, and different types of drivers may have diverse
effects on biodiversity and ecosystem functions (De Laender et al., 2016; Dib et al., 2020). We pos-
tulate that there are two main categories of environmental change: stressors and resource shifts.
While stressors cannot be consumed, and act as conditions that alter growth rates (e.g., tempera-
ture, drought, chemical stressors), resources are by definition consumed (e.g., CO, or mineral
nutrients), which has important implications for how they should enter theory (Chase and Leibold,
2003; De Laender, 2018). Chemical stressors and nutrient enrichment are important case studies of
environmental stressors and resource enrichment, because their presence is increasing rapidly
(Bernhardt et al., 2017) and they are projected to have severe effects on biodiversity (Mazor et al.,
2018). They are also of particular relevance for decomposer communities. Chemical stressors such
as metals and pesticides decrease the diversity, abundance, growth and activity of decomposers
across terrestrial and aquatic systems (e.g. Hogsden and Harding, 2012; Pelosi et al., 2014; Scha-
fer, 2019). In contrast, nutrient enrichment can have positive impacts on the abundance and physio-
logical rates of decomposer organisms by reducing resource limitations (Treseder, 2008), but at the
same time decrease decomposer diversity (Lecerf and Chauvet, 2008; Woodward et al., 2012).
Across ecosystems, stressors and nutrients can exert opposite impacts on litter decomposition rates,
with decreases in response to chemical stressors but increases following nutrient enrichment
(Ferreira et al., 2015; Ferreira et al., 2016). In addition, decomposition involves both microorgan-
isms and invertebrates (Bardgett and van der Putten, 2014; Gessner et al., 2010;
Hattenschwiler et al., 2005) that may respond differently to stressors and nutrients with a higher
sensitivity of invertebrates than microorganisms (Peters et al., 2013; Siebert et al., 2019). Although
many published case studies report shifts in decomposer diversity and in rates of litter decomposi-
tion at sites impacted by stressors and nutrients, biodiversity-mediated effects have not yet been
quantified across systems.

Here we addressed the question if the effects of stressors and nutrient enrichment on decom-
poser diversity and abundance explain the response of litter decomposition to these two types of
pervasive environmental change drivers (Figure 1). We synthesized 69 published case studies report-
ing the impact of stressors (metals, pesticides) and nutrients (nitrogen or phosphorous additions) on
litter decomposition and on decomposer diversity (taxa richness, Shannon diversity, evenness) or
abundance (density, biomass) at sites differing in stressor or nutrient levels. Our comprehensive
global dataset of 660 observations encompasses studies across taxonomic groups (animal (soil
micro-, meso- and macrofauna, stream macroinvertebrates) and microbial (fungi and bacteria)
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Figure 1. Schematic representation of the structural hypotheses tested in this study. Green arrows depict
expected positive effects, red arrows represent negative effects. Stressors and nutrients are hypothesized to
decrease decomposer diversity. The response of decomposers diversity to environmental change drivers
determines the response of decomposition (Srivastava et al., 2009). Nutrients are hypothesized to increase
decomposer abundance. Stressors and nutrients can affect litter decomposition independent of changes in
decomposer diversity and abundance, especially through changes in physiological activity (De Laender et al.,
2016; Giling et al., 2019).

decomposers), ecosystems (aquatic and terrestrial), and study types (experimental and observa-
tional) (Figure 2). We quantified the effect size of environmental change on decomposer diversity or
abundance and on litter decomposition within studies using correlation coefficients between stressor
or nutrient levels and decomposer diversity, abundance, and litter decomposition. We also charac-
terized stressor and nutrient intensities, and standardized their levels in water, soil, or sediment
using environmental quality criteria issued by environmental authorities (e.g. ECHA, USEPA,
UKTAG). Using meta-analysis and structural equation modelling (SEM), we first compared the overall
effects of stressors and nutrients on decomposers and decomposition across systems and studies
(first meta-analysis), and second, addressed to what extent changes in decomposer diversity and
abundance mediate the impacts of these two contrasting drivers of environmental change on
decomposition (second meta-analysis and SEM). Third, we explored the effects of three main moder-
ators on decomposers diversity, abundance, and decomposition responses, as found in the second
meta-analysis: stressor or nutrient intensity, taxonomic group (animal vs. microbes) and study type
(experimental vs. observational studies).

We expected that chemical stressors and nutrients would have contrasting effects on decomposer
diversity and abundance, and on litter decomposition across ecosystems and studies (Figure 1). We
hypothesized that chemical stressors generally decrease decomposer diversity, abundance
(Hogsden and Harding, 2012; Petrin et al., 2008), and litter decomposition rates (Ferreira et al.,
2016; Peters et al., 2013), and that nutrients generally decrease decomposer diversity (Lecerf and
Chauvet, 2008; Woodward et al., 2012) but increase decomposer abundance and litter decompo-
sition rates (based on physiological effects and decreasing resource limitations (Bergfur et al.,
2007, Ferreira et al., 2015; Treseder, 2008, Woodward et al., 2012). We further hypothesized
that litter decomposition responses to environmental change depend on changes in decomposer
diversity and abundance, and expected an overall positive relationship independent of environmen-
tal change intensity (Srivastava et al., 2009).

Results

Description of the data and overall patterns

The final dataset contained 69 (case) studies from 59 publications, representing 660 observations.
Data were mostly from Europe (44 ; 443 (studies; observations)) and North and South America (19;
168), while Asia (2; 9) and Oceania (4; 40) were less well represented (Figure 2A). The studies cov-
ered aquatic (55; 388) and terrestrial systems (14; 272) (Figure 2C), and used observational (43; 336)
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Figure 2. Description of the data used in the present meta-analysis. (A) Countries represented and corresponding
number of observations, (B) decomposer diversity and abundance metrics covered, and (C) ecosystem types and
decomposer taxonomic groups (animals: soil micro-, meso-, macro-fauna, stream macroinvertebrates; and
microbial decomposers: fungi and bacteria) represented.

or experimental approaches (26; 324). Studies reported abundance (66; 463) or diversity responses
(48; 197) (Figure 2B) of soil and benthic invertebrates (48; 509) and microbes (fungi and bacteria)
associated with litter materials (36; 151) (Figure 2C). Chemical stressors were mostly metals (13;
257) and pesticides (12; 66) associated with industrial activities, accidental spills, and agricultural
practices. Nutrient enrichment studies addressed fertilization by various N and/or P forms (26; 175),
and eutrophication due to agricultural runoffs (10; 59) or wastewater effluents (4; 44). There was no
study reporting nutrient enrichment impacts on soil decomposer diversity in the dataset. Funnel
plots and intercepts of Egger’s regression showed evidence for positive publication bias in nutrient
enrichment studies reporting decomposer abundance (Appendix 2—figure 1, Appendix 2—figure
2; Appendix 2—table 1). No publication bias was detected in the other datasets.

We found largely contrasting effects of stressors and nutrients on each of the three response vari-
ables in a first-level meta-analysis comparing the overall effects of the two drivers of environmental
change (Figure 3, Appendix 2—table 2). Chemical stressors overall decreased decomposer diver-
sity, abundance and litter decomposition across studies (Figure 3). Nutrient enrichment tended to
decrease decomposer diversity but to increase abundance, and decomposition, although these
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trends were not significant as indicated by confidence intervals of the grand mean effects overlap-
ping with zero (Figure 3).

Biodiversity-mediated effects of stressors and nutrients on litter
decomposition

The responses of decomposition and of decomposer diversity and abundance to chemical stressors
were correlated: decreases in decomposition were associated with decreases in decomposer diver-
sity and abundance (Figure 4 upper panels). We did not find such a relationship for nutrients.
Instead, a range of positive and negative responses of decomposer diversity, abundance, and
decomposition to nutrients were found, without significant associations between them (Figure 4
lower panels). In addition, when decomposer diversity and abundance responses to nutrients were
close to zero, there was a wide range of decomposition responses (intercepts from Figure 4 lower
panels).

According to our overarching hypothesis, the SEM indicated that the effects of stressors on litter
decomposition were mediated by shifts in decomposer diversity and abundance. Including the direct
paths from decomposer diversity or abundance to litter decomposition improved both the models
according to mediation tests and AIC comparisons (Figure 5). In addition, the path coefficients from
diversity and abundance to the decomposition response to stressors had (standardized) values
higher than 0.1 (Figure 5) and were statistically different from zero (Appendix 2—table 3). However,
in contrast to chemical stressors, the SEM did not support biodiversity-mediated effects of nutrient
enrichment on litter decomposition. While the mediation test and AIC indicated that the decom-
poser diversity-mediated path improved the model (Figure 5), the path coefficient was not signifi-
cantly different from O (Appendix 2—table 3). The decomposer abundance-mediated path of
nutrients was not supported by the data: an SEM without the direct path from decomposer abun-
dance to decomposition could not be rejected based on the mediation test (Figure 5), and including
this path did not improve the model according to the AIC comparison. Besides, we found publica-
tion bias in this dataset (Appendix 2—figure 2, Appendix 2—table 1), and model check indicated
that the residuals of the nutrients-abundance model were non-independent from the fitted values.
Thus, the results from this model are reported here for comparison purposes only.

The magnitude of the biodiversity-mediated effects of chemical stressors on decomposition was
stronger than that of the direct effects of stressor intensity on decomposition. The indirect effect of
stressors on decomposition mediated by diversity (i.e. mathematical product of the standardized
paths from stressor intensity to decomposer diversity and from diversity to decomposition Figure 5)
was higher than the direct effect of stressors on decomposition, while the abundance-mediated
effect of stressors was negligible (Figure 5). In the case of nutrient enrichment, however, decomposi-
tion responses were not explained by shifts in decomposer diversity and abundance, and the direct
effects of nutrient intensity dominated the total effect (Figure 5). Finally, between-model compari-
sons (based on unstandardized path coefficients [Grace, 2006)) revealed that decomposer diversity

Biodiversity Abundance Litter decomposition
Stressors (23; 86){ @~ (29; 250) s (32; 71) o
Nutrients (26; 88) o (40; 174) {® (40; 94) HoH
4 0 1 10 A1 40
Effect size Effect size Effect size

Figure 3. Grand mean effect sizes of chemical stressors and nutrient enrichment on decomposer diversity (taxa
richness and diversity indices), abundance (density and biomass), and litter decomposition. Effect sizes are
z-transformed correlation coefficients. Error bars show 95% confidence intervals. Numbers in parentheses indicate
number of studies and observations, respectively. Symbols show the significance level for the comparison between
mean effect size and zero (***p<0.001; *p<0.05). For full model results, see Appendix 2—table 2.

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 6 of 40


https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology
Stressors - Diversity Stressors - Abundance

c c
S 2 S 2
B ‘0 Stressor intensity
2 17 o / g 1 ¢ 100
£ b £ 7.5
So s S o
% ® % 5.0
c -1 1 s :Q c -1 3 L 2 :‘. 25
(<] *> o * 0.0
© -2 © -2+ *
£ . £
w -3+ + QM =8.6;p = 0.003 (23; 100) LI -3+ QM = 9.2; p = 0.002 (28; 282)

2 0 2 2 0 2 4

Effect on biodiversity Effect on abundance

Nutrients - Diversity Nutrients - Abundance

c - c
:"g 27 . "g 27 o )
g 1 ,3 3 g 1 Nutrient intensity
£ e £ 4
S op==== T e S 0=
@ R I o | 2
T * T
c '1 - L 4 c '1 7 0
o o
Q -2 Q-2 2
£ £
W -3 QM =0.4; p=0.53 (26; 97)| W -3 QM = 1.3; p = 0.25 (39; 181)

2 0 2 2 0 2 4

Effect on biodiversity Effect on abundance

Figure 4. Relationship between the responses of decomposition and decomposer diversity and abundance to
chemical stressors and nutrient enrichment. Variables are effect sizes (z-transformed correlation coefficients) of
stressors or nutrients on litter decomposition and on animal and microbial decomposer diversity (left panels) or
abundance/biomass (right panels). Gray symbols are individual observations of effect sizes; Colored symbols
indicate mean effect size on diversity or abundance across individual observations for a unique litter
decomposition measurement (see methods). Lines represent meta-regressions between effect sizes for
decomposition and decomposers, where solid lines are statistically significant (p<0.05), dashed lines are non-
significant (p>0.05), and thin lines depict the regression’s confidence interval. QM and p represent the model
heterogeneity and p-values of the meta-regressions, respectively, with sample size (number of studies; number of
observations).

was a stronger driver of decomposition response to stressors than decomposer abundance (unstan-
dardized paths were 0.42 and 0.24 for diversity and abundance, respectively, Appendix 2—table 3).

Sensitivity analyses revealed that the results were robust to the inclusion of approximated stan-
dard deviations (Appendix 3—table 1; Appendix 3—table 2), and extreme values of effect sizes
(Appendix 3—table 3; Appendix 3—table 4). We found partially different results when using log-
response ratios as effect sizes (Appendix 3—table 5; Appendix 3—table 6), due to lower sample
sizes and emergence of extreme values in these datasets. In addition, the log-response ratio is prob-
ably sensitive to the various metrics of biodiversity, abundance, and decomposition covered by the
individual studies that we included, while correlation coefficients better accommodate such discrep-
ancies (Koricheva et al., 2013).

Response of animal and microbial decomposers and decomposition to
stressor and nutrient intensity

Despite the overall negative effects of stressors on decomposition, negative responses in decompo-
sition were not associated with higher stressor intensity (Figure 5, Figure 6). This result held for two
complementary approaches: multivariate SEM (Figure 5) that relied on data resampling to account
for replicated values of decomposition matching several decomposer responses (e.g. for different
taxa in the same litterbag), and meta-regressions (Figure 6) where data resampling was not
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Figure 5. Decomposer diversity and abundance explained litter decomposition response to chemical stressors but
not to nutrient enrichment. Structural equation models investigating decomposer diversity- or abundance-
mediated effects of chemical stressors and nutrient enrichment on litter decomposition across 69 studies. Arrows
represent relationships between stressor or nutrient intensity levels, and effect sizes of stressors or nutrients on
litter decomposition and on decomposer diversity (taxa richness, Shannon diversity, or evenness: left panels) or
abundance and biomass (right panels). Values along the arrows are standardized path coefficients. Green, red,
and gray arrows indicate positive, negative, and non-significant relationships, respectively. Curved arrows depict
the indirect effects of stressors or nutrients on decomposition as mediated by diversity or abundance. Arrow
widths are scaled relative to the magnitude of standardized path coefficients. C statistic, P-value (P<0.05 indicate
poor model fit), and sample sizes (number of studies; number of observations). Results of mediation tests:
comparison with models omitting the path from diversity or abundance to decomposition (AAIC < —2 indicates
that reduced models were not consistent with the data).

necessary (see Materials and methods). There was mixed support for a stressor intensity effect on
decomposer diversity across the two approaches: decomposer diversity responses decreased with
stressor intensity according to the SEM (Figure 5), but this trend was not significant according to
the second level meta-analysis (Figure 6). Similar slopes were obtained both with the SEM relying
on data resampling (the slope of the relationship was —0.10 + 0.04, Appendix 2—table 3) and with
the meta-regression (the slope was —0.05 + 0.03). The differences between the two approaches can
be explained by the different data included. Decomposer abundance responses were not associated
to stressor intensity in both the SEM and meta-regression approaches (Figure 5, Figure 6). We
found different patterns for nutrient enrichment, where decomposition responses decreased with
nutrient intensity (Figure 5, Figure 6), from positive effects at low intensity to negative effects at
higher intensity (Figure 6). A similar pattern was observed for decomposer diversity, where
responses decreased with nutrient intensity from positive to neutral to negative responses at high
nutrient levels (Figure 6). Nutrient intensity, however, did not explain the responses of decomposer
abundance (Figure 5, Figure 6), and both positive and negative responses were found at high nutri-
ent levels.
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The meta-analysis further revealed clear discrepancies between the response of animal and micro-
bial (fungi and bacteria) decomposers to stressors and nutrients. Animal decomposers responded
more strongly to chemical stressors than microbial decomposers. The mean effects of chemical stres-
sors on animal decomposer diversity and abundance were more negative than that on microbial
decomposers, confirmed by Wald type tests of the second-level meta-analyses (Figure 7 upper pan-
els, Appendix 2—table 4). Animal decomposers overall decreased in diversity but increased in
abundance in response to nutrient enrichment (Figure 7, lower panels). On the other hand, the
mean effects of nutrients on microbial decomposer diversity and abundance had lower magnitudes
compared to animals (Appendix 2—table 4), with confidence intervals overlapping with zero (Fig-
ure 7 lower left panel). Finally, there was no clear difference between observational and experimen-
tal studies (Figure 7, Appendix 2—table 4), and between biodiversity responses in terms of taxa
richness or of diversity indices (Appendix 2—table 4).

Discussion

The present synthesis brings new insights into how changes in decomposer biodiversity induced by
two pervasive drivers of environmental change ultimately affect decomposition. We find concomitant
changes in biodiversity and decomposition under the influence of chemical stressors but not nutrient
enrichment, highlighting that real-world patterns relating shifts in biodiversity and ecosystem func-
tioning depend on the type of environmental change. In fact, we observed significant correlations
between effects on biodiversity and ecosystem function in a scenario where chemical stressors
caused a significant decline in biodiversity. In contrast, in cases where nutrient enrichment caused
variable responses in biodiversity, relationships between biodiversity and ecosystem function
responses were weaker. It remains an understudied but important question if results of controlled
BEF experiments are applicable to non-random changes in biodiversity caused by human activities
(e.g. De Laender et al., 2016; Duffy et al., 2017, Eisenhauer et al., 2019b; Srivastava and Vel-
lend, 2005; van der Plas, 2019; Wardle, 2016). The present results provide strong empirical evi-
dence for significant real-world BEF relationships when environmental changes decrease
biodiversity.

Biodiversity-mediated effects of chemical stressors on decomposition
Chemical stressors caused consistent reductions in decomposer diversity and abundance as well as
in litter decomposition rates, in line with several previous case studies (Beketov et al., 2013;
Malaj et al., 2014) and meta-analyses (Ferreira et al., 2016; Peters et al., 2013). Adding to the
previous knowledge, the present meta-analysis shows that changes in decomposer diversity and
abundance explained the decomposition response to stressors, providing evidence for the expecta-
tion that shifts in biodiversity mediate the impact of chemical stressors on decomposition. We
acknowledge that despite the SEM analysis, the approach conducted here remains correlative. How-
ever, our study builds on a body of experimental and observational evidence that already demon-
strated that more diverse and abundant decomposer communities support higher decomposition
rates, albeit not under the influence of environmental change (e.g. Garcia-Palacios et al., 2013;
Handa et al., 2014).

We especially complement a previous meta-analysis showing the importance of decomposer
diversity for decomposition across experiments manipulating the richness of invertebrate and micro-
bial decomposer communities (Srivastava et al., 2009). We extend on this and show that non-ran-
dom biodiversity losses induced by stressors are closely associated with decreases in decomposition
across a wide range of studies. A recent review pointed out that in naturally assembled terrestrial
communities, studies more often found neutral and to a lesser extent positive relationships between
decomposer diversity and decomposition (van der Plas, 2019). In that review, communities were
not influenced by environmental change drivers, and the vote counting approach used is sensitive to
the statistical power of individual studies and could have increased the probability of finding non-sig-
nificant relationships (Koricheva et al., 2013). In line with our findings, an experiment mimicking the
sequence in which freshwater invertebrate decomposers are lost after disturbances showed that
decreasing non-randomly the number of species decreased decomposition rates (Jonsson et al.,
2002).
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Figure 6. Decomposer and decomposition responses to the intensity levels of chemical stressors and nutrient
enrichment. Values are effect sizes (z-transformed correlation coefficients). Stressor or nutrient intensity represents
the standardized level of environmental change in the treatment with the highest level (values < 0: observed level
below quality criteria considered to be safe for the environment; values > 0: observed level above quality criteria).
Point size is proportional to the inverse of the variance in effect size. Lines are the slopes and 95% confidence
intervals from bivariate meta-regressions, with associated QM statistics, p-value and sample size (number of
studies; number of observations).

Biodiversity-ecosystem function experiments manipulating biodiversity directly are key to under-
stand the mechanisms involved in this relationship (Eisenhauer et al., 2016), especially because they
control for the effects of environmental heterogeneity or abundance. However, in real-world scenar-
ios, environmental change drivers affect both biodiversity and abundance simultaneously. As demon-
strated here, this is especially the case for stressors that decrease decomposer diversity and
abundance (Hogsden and Harding, 2012). The abundance or biomass of different decomposers is
of critical importance for decomposition (e.g. Bergfur et al., 2007, Ebeling et al., 2014,
Manning and Cutler, 2018). Even at constant richness and community composition, strong
decreases in abundance can have important impacts on ecosystem functioning (Spaak et al., 2017,
but see Dainese et al., 2019). It is beyond the scope of the present meta-analysis to disentangle the
effects of biodiversity from the effects of abundance, and we found that both contributed to explain
shifts in decomposition in separate analyses. It is interesting to note that the few cases where nega-
tive effect sizes of stressors on biodiversity were associated with positive effect sizes on decomposi-
tion were also cases where decomposer abundance was positively associated with stressors
(Figure 4). Although we cannot specifically test this with the present data, it seems that in those par-
ticular cases (Lucisine et al., 2015), increases in decomposer abundance counteracted the negative
effects of decreases in decomposer diversity (Dornelas et al., 2019). Those results could therefore
be in line with the mass-ratio hypothesis (Grime, 1998; Smith and Knapp, 2003). Indeed, an exclu-
sion experiment showed that dominant, small, detritivores can compensate reductions in litter
decomposition caused by the removal of large detritivores (Cardenas et al., 2017). These concomi-
tant shifts in both diversity and abundance further have important implications for our estimates of
diversity responses, as studies mostly reported richness to estimate decomposer diversity, but rarely
corrected for the sampling effort (Gotelli and Colwell, 2001). This means that lower abundances
rather than a lower number of species per se might have directly caused some of the negative
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Figure 7. Moderator effects on decomposer diversity and abundance responses to chemical stressors and nutrient
enrichment. Responses of decomposer diversity (taxa richness and diversity indices) and abundance (densities and
biomass) to stressors and nutrients according to the taxonomic group (animals and microbes) and study type
(Expe. = experimental; Obs. = observational studies). Values are mean effect sizes (z-transformed correlation
coefficients) and 95% confidence intervals derived from meta-analytic models. Sample sizes are reported for each
moderator: (number of studies; number of observations).

effects on biodiversity reported here (Chase and Knight, 2013). This common caveat in meta-analy-
sis approaches that rely on how individual studies report biodiversity, also applies to the present
study, and reinforces the importance of reporting raw data in future studies on the impacts of chemi-
cal stressors on biodiversity and ecosystem functioning.

The effects of changes in decomposer diversity and abundance on decomposition found in the
present study might also have channeled changes in community and food-web structure not cap-
tured by our biodiversity metrics. Changes in keystone species (Hattenschwiler et al., 2005), func-
tional diversity (Cadotte et al., 2011, Dangles et al., 2012, Heemsbergen et al., 2004), vertical
diversity (Gessner et al., 2010; Melguizo-Ruiz et al., 2020, Wang and Brose, 2018; Zhao et al.,
2019), or dominance patterns (Dangles and Malmqvist, 2004) might have shifted concomitantly to
taxonomic diversity and abundance. Moreover, these different components of diversity might act at
different timings of decomposition (Oliveira et al., 2019). Unfortunately, studies rarely reported
such measurements together with decomposition. For example in our dataset, only seven studies
reported evenness. Future studies need to explore shifts in decomposer community composition in
more detail to better understand what particular aspect of biodiversity is responsible for changes in
decomposition rates (Giling et al., 2019, Hattenschwiler et al., 2005). In particular, few of the
included studies reported comparable functional groups allowing to address the effect of functional
diversity across the multiple systems and taxonomic groups addressed by the present analysis.
Future synthesis work could specifically address the effect of functional diversity, by focusing on a
given system type. Indeed, there is ample evidence that shifts in functional diversity are crucial for
decomposition (Heemsbergen et al., 2004), and that facilitative interactions occur primarily

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659

11 of 40


https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

between decomposers of contrasting body size (Dangles et al., 2012; Tonin et al., 2018). This is
especially the case for interactions between animal and microbial decomposers, where fragmenta-
tion of litter by detritivores facilitates access for microbial decomposers (Eisenhauer et al., 2010;
Hattenschwiler et al., 2005; Yang et al., 2012).

Here, we found that invertebrates were more affected by chemical stressors than microbes,
across aquatic and terrestrial ecosystems. Invertebrate decomposers are particularly sensitive to the
impacts of metals and pesticides (Hogsden and Harding, 2012; Pelosi et al., 2014; Peters et al.,
2013; Schéfer, 2019). Microbial decomposers are known to be sensitive to metals (Giller et al.,
2009) and pesticides as well (DeLorenzo et al., 2001). Nevertheless, our result is consistent with the
general expectation that larger organisms are more sensitive to environmental change due to longer
generation time, higher energetic demands and lower population densities (Hines et al., 2015;
Sheridan and Bickford, 2011, Woodward et al., 2005; Yvon-Durocher et al., 2011, Baas and
Kooijman, 2015). These different sensitivities between groups of decomposers could imply that the
biodiversity-mediated effects of stressors on decomposition are more strongly linked to shifts in
invertebrates than microbes, as reported in a previous review (Peters et al., 2013). However, in
another meta-analysis focusing on microbial-driven decomposition rates, changes in fungal biomass
and richness explained shifts in decomposition under the impacts of chemical stressors, but also of
nutrient enrichment (Lecerf and Chauvet, 2008).

Nutrient-induced changes in decomposition were not related to shifts
in decomposer diversity
The impacts of nutrient enrichment on litter decomposition and decomposer diversity were different
from those caused by stressors, confirming our expectations. These different biodiversity and func-
tion responses led to different emergent relationships between decomposer diversity and decompo-
sition compared to stressors. We found that nutrients had a variety of effects ranging from positive
to negative depending on the taxonomic group (Figure 7) and nutrient intensity (Figure 6), and
resulting in neutral overall mean effects (Figure 3). Previous syntheses also found positive
(Ferreira et al., 2015) as well as inconsistent (Knorr et al., 2005) responses of decomposition rates
to nutrient enrichment in streams. The relatively small mean effect of nutrient enrichment on decom-
position in the present meta-analysis could be explained by the use of correlation as an effect size,
which does not capture potentially non-monotonic responses of decomposition to nutrients
(Woodward et al., 2012). However, we noted that most of the studies included in the present
meta-analysis did not individually span nutrient gradients sufficiently large to capture this potential
non-monotonous response. Taken together, the studies show positive effects on decomposition at
low nutrient intensities that shifted toward neutral to negative effects at higher intensities (Figure 6),
which is consistent with previous findings (Ferreira et al., 2015; Woodward et al., 2012). Low-nutri-
ent intensities might have enhanced microbial activity and biomass by alleviating resource limitation,
resulting in enhanced decomposition. At higher intensities, however, negative impacts on inverte-
brates might have decreased decomposition rates (Peters et al., 2013; Woodward et al., 2012).
These nutrient intensity patterns contrasted with the results for chemical stressors. The overall
negative effects of stressors (Figure 3) on decomposition were not explained by stressor intensity
levels (Figure 6), and there was mixed support for a stressor intensity effect on decomposer diversity
based on two complementary data analysis approaches (SEM based on data resampling (Figure 5)
vs. second level meta-analysis Figure 6). Thus, negative responses to chemical stressors happened
across the range of stressor intensity. Such contrasting patterns between stressor and nutrient inten-
sity effects may reflect the greater number of stressor types (different metals, pesticides, mixtures)
covered by individual studies compared to the limited number of nutrients. In addition, due to the
higher variability of stressor types, we relied on more variable sources to standardize stressor levels
compared to nutrients in the diversity dataset (Materials and methods, Appendix 1—table 1). With
the data at hand, it was not possible to test the influence of the environmental quality criteria used
to standardize stressor and nutrient levels, because such an effect would be confounded with
stressor or nutrient types. The datasets were all dominated by environmental quality criteria based
on similar methodologies (for 75% to 100% of observations, see Material and Methods). However,
future studies focusing on stressor intensity effects across ecosystems would greatly benefit from
coordinated efforts to derive quality criteria encompassing the vast and rapidly increasing number of
chemical stressors (Wang et al., 2020).
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Contrary to our expectation, nutrient-induced shifts in decomposer diversity and abundance were
not associated with shifts in decomposition rates across studies. We found that increasing nutrient
intensity decreased the effects on decomposition and on decomposer diversity, but not on decom-
poser abundance. Statistically controlling for the effect of nutrient intensity with SEM indicated no
residual association between shifts in decomposer diversity or abundance and in decomposition
rates, that is a non-significant BEF relationship. Changes in microbial abundance in response to nitro-
gen deposition explained the responses of different ecosystem functions in terrestrial systems in pre-
vious meta-analyses (Garcia-Palacios et al., 2015; Treseder, 2008). Here, we show that this pattern
cannot be generalized across aquatic and terrestrial systems and across animal and microbial
decomposers. Contrary to stressors, when the diversity and abundance of animal and microbial
decomposers were not affected by nutrients, we observed large positive and negative shifts in
decomposition (intercepts of Figure 4), that were explained by nutrient intensity (Figure 4: negative
effects on decomposition at invariant biodiversity are associated with high intensities and positive
effects with lower intensities). Together, these results show that nutrient-induced shifts in decom-
poser diversity were not as strong drivers of decomposition changes as stressor-induced biodiversity
shifts. These differences may be partly due to the different mechanisms underlying the effects of
stressors and nutrients. Based on previous studies, we speculate that our results are due to the com-
plex responses of animal and microbial decomposers at different nutrient intensities (Ferreira et al.,
2015; Lecerf and Chauvet, 2008; Treseder, 2008; Woodward et al., 2012).

Animal decomposers showed a stronger response to nutrients than microbes. Invertebrate
decomposers overall decreased in diversity, but they increased in abundance under nutrient enrich-
ment. These results could reflect a loss of sensitive taxa to the benefit of tolerant taxa that were
able to use additional resources and would then increase in density (Bergfur et al., 2007). Overall,
microbial decomposers responded little to nutrient enrichment, probably reflecting a mixture of pos-
itive and negative effects that nutrients can have on microbial growth (Lecerf and Chauvet, 2008;
Treseder, 2008), as well as on different microbial taxa. Indeed, nutrients can alleviate resource limi-
tations at low intensities, but can also exert toxic effects at high intensities. The initial levels of
nutrients thus condition subsequent responses in decomposers and decomposition to nutrient
enrichment (Ferreira et al., 2015; Knorr et al., 2005). Furthermore, at high intensities, nutrients can
be associated with other chemical stressors (e.g. pesticides in agricultural runoffs) (Ferreira et al.,
2015; Woodward et al., 2012). The influence of interactive effects of stressors and nutrients was
impossible to quantify with the data at hand, given that only a few experiments assessed the effects
of both drivers independently, but many observational studies may have been confounded by such
joint effects. Chemical stressors and nutrients are often co-occurring in e.g. agricultural landscapes,
and the consequences of such combinations are still poorly understood (Alexander et al., 2013;
Alexander et al., 2016; Barmentlo et al., 2018; Chara-Serna et al., 2019; Chara-Serna and
Richardson, 2018; Fernandez et al., 2016). Furthermore, stressor and nutrient effects might be
modulated by climatic and other environmental conditions, and studies on interaction effects are
scarce (Rillig et al., 2019; Thakur et al., 2018). Finally, although our comparison of stressors versus
resources allowed us to test a clear concept, any kind of grouping in ecological studies may mask
some of the variation within the categories and future studies may be interested in different catego-
ries. Indeed, a given environmental change driver can represent a stressor for a given species, and a
resource for another species (Connell et al., 2018). As data availability improves, future work could
include different environmental change drivers. This would also allow to test additional groupings of
drivers and ecological concepts unifying stressors and resources (De Laender, 2018; Harley et al.,
2017).

Conclusions

This study brings new insights into the real-world patterns relating ecosystem function to non-ran-
dom changes in biodiversity induced by environmental change. We found that the consequences of
changes in biodiversity for ecosystem functioning depend on the type of environmental change.
Real-world scenarios do not necessarily involve concomitant changes in both biodiversity and func-
tion across terrestrial and aquatic systems. We further found that with the environmental quality cri-
teria used in risk assessment, there were already significant positive and negative effects on
decomposers and decomposition (Figure 6), highlighting the need to better incorporate biodiversity
and ecosystem function into ecological risk assessment programs (De Laender and Janssen, 2013).
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Finally, we report overall negative effects of chemical stressors on biodiversity and ecosystem func-
tioning across terrestrial and aquatic ecosystems that reinforce recent calls to consider chemical
stressors as important global change drivers and address their impacts on biodiversity and ecosys-
tems (Bernhardt et al., 2017; Mazor et al., 2018; Steffen et al., 2015). Positive real-world BEF
relationships may be particularly significant in cases where environmental changes decrease biodi-
versity, such as in the case of chemical stressors. Such information are crucial if we are to design pol-
icy and conservation strategies able to reconcile human development with biodiversity conservation.

Materials and methods

Data collection

We searched the Web of Science for studies that addressed the impact of environmental drivers and
recorded decomposer community responses and litter decomposition rates. The search strategy is
fully reported in Supplementary Methods (Appendix 1). The search retrieved 2536 references.
Abstracts and titles were screened to identify a final set of 61 records that met our inclusion criteria
(PRISMA plot, Appendix 1—figure 1, and list of included references (Appendix 4). To be included
in the meta-analysis, studies had to:

e Report litter decomposition (rates, mass loss, proportion of mass remaining) and the diversity,
abundance, or biomass of decomposers at sites differing in chemical stressor or nutrient
levels.

e Focus on naturally assembled communities subjected to the impact of chemical stressors or
nutrient enrichment. Studies that manipulated decomposer diversity directly were not consid-
ered to only focus on non-random biodiversity change scenarios. We included mesocosm stud-
ies only when they used field-sampled communities and left time for the community to reach
an equilibrium in mesocosms in order to reflect real-world conditions as much as possible.

e Report the response of animal (benthic macroinvertebrates, or soil micro, meso or macrofauna)
or microbial decomposers (bacteria or fungi from decomposing leaves or in surrounding water
or soil samples).

e Report decomposer abundance (density or biomass), or decomposer diversity (taxa richness,
Shannon diversity, evenness).

When a reference reported different environmental change drivers or geographical areas with a
specific reference site for each case, we considered these as individual (case) studies (Garcia-
Palacios et al., 2015). We extracted means or sums, standard deviations, and sample sizes of litter
decomposition, decomposer diversity, and abundance (outcomes) in non-impacted vs. impacted
sites (control-treatment studies), or at each site when gradients of chemical stressors or nutrients
were investigated (gradient studies). When response variables were reported at different time
points, we kept only the last time point to capture long-term responses. For studies reporting
decomposition, decomposer abundance or diversity for several litter types (e.g. different litter spe-
cies), several groups of organisms (e.g. functional feeding groups for macroinvertebrates), and sev-
eral diversity metrics (e.g. Shannon indices and taxon richness), we created separate observations
within case studies. We also extracted chemical stressor or nutrient levels at those sites (water, soil,
or sediment concentrations of chemical stressors or nutrients, or application rate of pesticides or fer-
tilizers). The study type (experimental vs. observational), taxonomic group (animal decomposers or
microbial decomposers) and metric of diversity (taxa richness or diversity indices (Shannon diversity
and evenness)) were also recorded. We used the online software Webplotdigitizer to extract data
from figures (Rohatgi, 2018). We converted standard errors and confidence intervals into standard
deviations using the equations in Lajeunesse, 2013. When reported as mass loss, litter decomposi-
tion data were transformed into k rates using the exponential decay equation used in Ferreira et al.,
2015.

Effect size calculation

We used z-transformed correlation coefficients as effect sizes in order to cope with the heterogene-
ity of data and study types (Koricheva et al., 2013). For control-treatment studies, we first calcu-
lated Hedge's d, and then transformed Hedge’s d into correlation coefficients (Lajeunesse, 2013).
For gradient studies (four or more treatment levels), we calculated correlation coefficients between
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the mean values of abundance, diversity, or decomposition rate and the corresponding chemical
stressor or nutrient concentrations. When means, standard deviations, or sample sizes were missing,
we contacted the authors to retrieve the data. When the information could not be retrieved, stan-
dard deviations were approximated from the data, using the linear relationship between mean val-
ues and standard deviations across our datasets (Lajeunesse, 2013).

Standardization of chemical stressors and nutrient enrichment
intensities

Given the variability in the different stressors and nutrients combinations in the studies, stressor and
nutrient levels were standardized into a common environmental change driver intensity (ECDiyzensiry)
as follows:

ECDime’mf,V = lOg( [CompOI"ndl—Lreatmem/[Compoundilcr[teria)

where [Compound;] were environmental quality criteria set by European or US environmental

authorities for the chemical stressor or nutrient considered (Appendix 1—table 1), and

criteria

[Compound;) ,pumens Were the concentrations of the chemical stressor or nutrient at the treatment or
impacted sites. When multiple stressors or nutrients were reported, we used the standardized inten-
sity of the stressor or nutrient corresponding to the highest standardized intensity for the rest of the
analyses.

We used consistent sources for the environmental quality criteria as much as possible. For chemi-
cals, we relied primarily on quality criteria from the European Chemical Agency (ECHA) and United
States Environmental Protection Agency (USEPA) that use standardized procedures across aquatic
and terrestrial realms based on ecotoxicological data. For nutrients, we relied mostly on European
Water Framework Directive (WFD) benchmarks. Using various sources for those quality criteria was
inevitable due to the high number of chemicals and the various way the authors reported stressor or
nutrient levels in individual studies. When we could not find quality criteria for the stressors or
nutrients considered in the studies in our main sources, we relied on the authors’ statements and
expert knowledge regarding their stressor or nutrient levels (e.g. citation for ecotoxicological data,
or synthesis studies, or recommended application rates of pesticides [Appendix 1—table 1)).
Despite this, the final datasets were all dominated by similar sources for standardizing stressor and
nutrient intensity levels: thresholds from ECHA or USEPA for 80% and 90% of observations in the
stressor-diversity and stressor-abundance datasets, respectively, and for nutrients, thresholds from
WFD for 100% and 75% of observations in the nutrient-diversity and nutrient-abundance datasets,
respectively.

Overall effects of chemical stressors and nutrient enrichment: first-level
meta-analysis

We first tested the differences between the effects of chemical stressors and nutrient enrichment on
decomposer diversity, abundance and litter decomposition responses by quantifying the grand
mean effect sizes on the three response variables (first level meta-analysis). Three separate meta-
analyses were conducted, one for each response variable, and included the type of driver (stressors
or nutrients) as a categorical moderator, and a random effect of the case study. We used a weighted
meta-analysis giving more weight to effect sizes derived from studies with larger sample sizes.
Weights were the inverse of the variance in z-transformed correlation coefficients (Viechtba-
uer, 2010). Publication bias was evaluated using funnel plots with environmental change driver type
as covariate. The intercepts from Egger's regressions (standardized effect size vs. precision = 1/SE)
were inspected for significant deviation from zero that would indicate publication bias
(Koricheva et al., 2013). Residual plots were used to detect strong deviation from normality and
outliers. We estimated the grand mean effect sizes and compared the effect of chemical stressors
and of nutrients using Wald-type chi-square tests. The rma.mv () function of the R package metafor
was used (R Development Core Team, 2018; Viechtbauer, 2010).
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Relationship between biodiversity and decomposition: Structural
equation modelling

An SEM was fitted to estimate the relationship between decomposer diversity or abundance and lit-
ter decomposition responses to environmental change drivers while controlling for the joint influence
of stressor or nutrient intensity and categorical covariates. We used piecewise SEM (Lefcheck, 2001)
estimating two linear mixed effect models, one for decomposition (z;p) and one for decomposer
diversity or abundance responses (z3), with a random effect of the case study on the intercepts.
These two sub-models embedded in the piecewise SEM were the second-level meta-analyses in our
hierarchical approach. The random effect structure, weighting approach and variance structure were
coded with the R package nlme (Pinheiro et al., 2018) in a way that fully reproduced the meta-anal-
ysis approach of weighting and of known residual variance (Viechtbauer, 2017):

2.0~ 28 + ECDiptensiry + study type, random = ~1|Case study/ID

28~ ECDjptensiry + study type + taxonomic group (+ diversity metric), random = ~1|Case study/ID

This SEM was tested separately for each of four datasets: Stressors — Biodiversity; Stressors —
Abundance; Nutrients — Biodiversity and Nutrients — Abundance datasets. The influence of the diver-
sity metric (diversity indices versus taxa richness) was tested in the Biodiversity datasets only. We ini-
tially considered more complex model structures, but were unable to use them for analysis due to
data limitations (in particular the effect of the ecosystem type and of interactions between our
covariates).

Ouitliers, relationships between covariates, and non-linear patterns between continuous covariates
were explored graphically. Studies often reported different decomposer diversity or abundance val-
ues for the same litter decomposition (e.g. when several taxonomic or functional groups were
reported in the same litterbag). This variability could have affected the model estimates. We thus
used data resampling to account for duplicated effect sizes on litter decomposition in the analyses.
A stratified resampling was conducted, where for each duplicated value of effect size on decomposi-
tion, one randomly selected effect size on biodiversity was kept at each out of 1000 iterations. The
models were fitted for each data resampling iteration, and we averaged model estimates and statis-
tics across iterations and used the means as final values (path coefficients and standard error of the
path and intercepts, Chi-square statistics and AICs).

Goodness-of-fit of the SEMs was assessed using directed separation tests based on the Fisher’s C
statistic. We used mediation tests to explore the significance of the path between decomposer
diversity or abundance and litter decomposition based on the Fisher’s C statistic of SEM that did not
include the biodiversity-mediated path (Lefcheck, 2001; Shipley, 2009). We calculated the p-value
associated with the mean Fisher’'s C statistic across data resampling iterations (p-value<0.05 indi-
cated poor model fit). The AICs of models with and without the biodiversity-mediated paths were
further compared using averaged AICs across data resampling iterations. We considered the biodi-
versity (or abundance) path to be consistent with the data when the SEM without the biodiversity-
path had p-value<0.05 (poor fit) and was not associated with a better AIC value (i.e. lower than two
units) than the SEM including the biodiversity path. Residuals from the two sub-models of each SEM
were graphically evaluated for strong departure to normality and relationship with the fitted values
(Duffy et al., 2015). For these analyses, we averaged the residuals across data resampling iterations
for each observation. We finally compared the relative magnitude of the biodiversity-mediated path
versus the direct path from stressor or nutrient intensity to litter decomposition based on the mathe-
matical product of the standardized path coefficients (Grace, 2006).

Moderator analyses: second-level meta-analyses

In order to quantify the influence of the categorical (study type, taxonomic group and diversity met-
rics) and continuous (environmental change intensity) moderators on the three response variables,
we further analyzed the results of the second-level meta-analyses (i.e. the sub-models embedded in
the SEMs). The data resampling used in the SEM was no longer necessary, because there were no
repeated values of decomposition matching different decomposer diversity or abundance measure-
ments in this univariate approach. We quantified the effects of the different moderators based on
the Wald-type chi-square tests derived with the R package metafor (Viechtbauer, 2010).
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Sensitivity analyses

We finally tested the robustness of the results to the approximation of standard deviations, the pres-
ence of extreme values, and the metric of effect size used. The analyses were re-run with datasets
that did not include the effect sizes for which we approximated standard deviations, for datasets
that did not include extreme values of effect sizes (values beyond the whiskers of boxplots that is
below quantile 1 minus 1.5 times the interquartile range or above quantile 3 plus 1.5 times the inter-
quartile range). Finally, we calculated log-response ratios instead of correlation coefficients as effect
sizes and re-run the analyses.

Acknowledgements

LB was funded by the Synthesis Centre (sDiv) of the German Centre for Integrative Biodiversity
Research (iDiv) Halle-Jena-Leipzig, funded by the German Research Foundation (FZT 118). We are
grateful to Helen R P Phillips, Benjamin Rosenbaum, Adam T Clark and Katharina Gerstner for
data analysis advice and to Simone Cesarz for creating the images for Figures 1 and 5.

Additional information

Funding
Funder Grant reference number  Author
Synthesis Centre (sDiv) of the  FZT 118 Léa Beaumelle

German Centre for Integrative
Biodiversity Research (iDiv)
Halle-Jena-Leipzig, funded by
the German Research Founda-
tion

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Léa Beaumelle, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation,
Visualization, Methodology, Writing - original draft, Writing - review and editing; Frederik De
Laender, Nico Eisenhauer, Conceptualization, Supervision, Funding acquisition, Writing - review and
editing

Author ORCIDs
Léa Beaumelle () https://orcid.org/0000-0002-7836-8767
Nico Eisenhauer (&) http://orcid.org/0000-0002-0371-6720

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.55659.sa
Author response https://doi.org/10.7554/eLife.55659.5a2

Additional files

Supplementary files
« Transparent reporting form

Data availability

Data and codes for the analyses are available on the iDiv Data repository (DOI: https://doi.org/10.
25829/idiv.1868-15-3033) and GitHub (https://github.com/leabeaumelle/BEFunderGlobalChange;
copy archived at https://github.com/elifesciences-publications/BEFunderGlobalChange).

The following dataset was generated:

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 17 of 40


https://orcid.org/0000-0002-7836-8767
http://orcid.org/0000-0002-0371-6720
https://doi.org/10.7554/eLife.55659.sa1
https://doi.org/10.7554/eLife.55659.sa2
https://doi.org/10.25829/idiv.1868-15-3033
https://doi.org/10.25829/idiv.1868-15-3033
https://github.com/leabeaumelle/BEFunderGlobalChange
https://github.com/elifesciences-publications/BEFunderGlobalChange
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Database and

Author(s) Year Dataset title Dataset URL Identifier

Beaumelle L, 2020 Biodiversity mediated effects of https://doi.org/10.25829/ German Centre for
De Laender F, Ei- stressors and nutrients on idiv.1868-15-3033 Integrative

senhauer N decomposition Biodiversity Research

(iDiv) Halle-Jena-
Leipzig, 10.25829/idiv.
1868-15-3033

References

Abelho M, Martins TF, Shinn C, Moreira-Santos M, Ribeiro R. 2016. Effects of the fungicide pyrimethanil on
biofilm and organic matter processing in outdoor lentic mesocosms. Ecotoxicology 25:121-131. DOI: https://
doi.org/10.1007/s10646-015-1574-x, PMID: 26496930

Alexander AC, Luis AT, Culp JM, Baird DJ, Cessna AJ. 2013. Can nutrients mask community responses to
insecticide mixtures? Ecotoxicology 22:1085-1100. DOI: https://doi.org/10.1007/s10646-013-1096-3, PMID: 23
832151

Alexander AC, Culp JM, Baird DJ, Cessna A. 2016. Nutrient-insecticide interactions decouple density-dependent
predation pressure in aquatic insects. Freshwater Biology 61:2090-2101. DOI: https://doi.org/10.1111/fwb.
12711

Allison SD, Gartner TB, Mack MC, McGuire K, Treseder K. 2010. Nitrogen alters carbon dynamics during early
succession in boreal forest. Soil Biology and Biochemistry 42:1157-1164. DOI: https://doi.org/10.1016/j.soilbio.
2010.03.026

Artigas J, Majerholc J, Foulquier A, Margoum C, Volat B, Neyra M, Pesce S. 2012. Effects of the fungicide
tebuconazole on microbial capacities for litter breakdown in streams. Aquatic Toxicology 122-123:197-205.
DOI: https://doi.org/10.1016/j.aquatox.2012.06.011, PMID: 22824240

Baas J, Kooijman SA. 2015. Sensitivity of animals to chemical compounds links to metabolic rate. Ecotoxicology
24:657-663. DOI: https://doi.org/10.1007/s10646-014-1413-5, PMID: 25564013

Bardgett RD, van der Putten WH. 2014. Belowground biodiversity and ecosystem functioning. Nature 515:505-
511. DOI: https://doi.org/10.1038/nature 13855

Barmentlo SH, Parmentier EM, de Snoo GR, Vijver MG. 2018. Thiacloprid-induced toxicity influenced by
nutrients: evidence from in situ bioassays in experimental ditches. Environmental Toxicology and Chemistry 37:
1907-1915. DOI: https://doi.org/10.1002/etc.4142, PMID: 29600525

Beketov MA, Kefford BJ, Schafer RB, Liess M. 2013. Pesticides reduce regional biodiversity of stream
invertebrates. PNAS 110:11039-11043. DOI: https://doi.org/10.1073/pnas. 1305618110, PMID: 23776226

Bergfur J, Johnson RK, Sandin L, Goedkoop W, Nygren K. 2007. Effects of nutrient enrichment on boreal
streams: invertebrates, fungi and leaf-litter breakdown. Freshwater Biology 52:1618-1633. DOI: https://doi.
org/10.1111/j.1365-2427.2007.01770.x

Bernhardt ES, Rosi EJ, Gessner MO. 2017. Synthetic chemicals as agents of global change. Frontiers in Ecology
and the Environment 15:84-90. DOI: https://doi.org/10.1002/fee.1450

Bott TL, Jackson JK, McTammany ME, Newbold JD, Rier ST, Sweeney BW, Battle JM. 2012. Abandoned coal
mine drainage and its remediation: impacts on stream ecosystem structure and function. Ecological
Applications 22:2144-2163. DOI: https://doi.org/10.1890/11-1735.1, PMID: 23387116

Brosed M, Lamothe S, Chauvet E. 2016. Litter breakdown for ecosystem integrity assessment also applies to
streams affected by pesticides. Hydrobiologia 773:87-102. DOI: https://doi.org/10.1007/s10750-016-2681-2

Cabrini R, Canobbio S, Sartori L, Fornaroli R, Mezzanotte V. 2013. Leaf packs in impaired streams: the influence
of leaf type and environmental gradients on breakdown rate and invertebrate assemblage composition. Water,
Air, & Soil Pollution 224:1697. DOI: https://doi.org/10.1007/s11270-013-1697-8

Cadotte MW, Carscadden K, Mirotchnick N. 2011. Beyond species: functional diversity and the maintenance of
ecological processes and services. Journal of Applied Ecology 48:1079-1087. DOI: https://doi.org/10.1111/j.
1365-2664.2011.02048.x

Cardenas RE, Donoso DA, Argoti A, Dangles O. 2017. Functional consequences of realistic extinction scenarios
in amazonian soil food webs. Ecosphere 8:€01692. DOI: https://doi.org/10.1002/ecs2.1692

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C, Venail P, Narwani A, Mace GM, Tilman D, Wardle
DA, Kinzig AP, Daily GC, Loreau M, Grace JB, Larigauderie A, Srivastava DS, Naeem S. 2012. Biodiversity loss
and its impact on humanity. Nature 486:59-67. DOI: https://doi.org/10.1038/nature 11148, PMID: 22678280

Carlisle DM, Clements WH. 2005. Leaf litter breakdown, microbial respiration and shredder production in metal-
polluted streams. Freshwater Biology 50:380-390. DOI: https://doi.org/10.1111/j.1365-2427.2004.01323.x

Chaffin JL, Valett HM, Webster JR, Schreiber ME. 2005. Influence of elevated as on leaf breakdown in an
appalachian headwater stream. Journal of the North American Benthological Society 24:553-568. DOI: https://
doi.org/10.1899/04-058.1

Chara-Serna AM, Epele LB, Morrissey CA, Richardson JS. 2019. Nutrients and sediment modify the impacts of a
neonicotinoid insecticide on freshwater community structure and ecosystem functioning. Science of the Total
Environment 692:1291-1303. DOI: https://doi.org/10.1016/j.scitotenv.2019.06.301, PMID: 31539961

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 18 of 40


https://doi.org/10.25829/idiv.1868-15-3033
https://doi.org/10.25829/idiv.1868-15-3033
https://doi.org/10.1007/s10646-015-1574-x
https://doi.org/10.1007/s10646-015-1574-x
http://www.ncbi.nlm.nih.gov/pubmed/26496930
https://doi.org/10.1007/s10646-013-1096-3
http://www.ncbi.nlm.nih.gov/pubmed/23832151
http://www.ncbi.nlm.nih.gov/pubmed/23832151
https://doi.org/10.1111/fwb.12711
https://doi.org/10.1111/fwb.12711
https://doi.org/10.1016/j.soilbio.2010.03.026
https://doi.org/10.1016/j.soilbio.2010.03.026
https://doi.org/10.1016/j.aquatox.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22824240
https://doi.org/10.1007/s10646-014-1413-5
http://www.ncbi.nlm.nih.gov/pubmed/25564013
https://doi.org/10.1038/nature13855
https://doi.org/10.1002/etc.4142
http://www.ncbi.nlm.nih.gov/pubmed/29600525
https://doi.org/10.1073/pnas.1305618110
http://www.ncbi.nlm.nih.gov/pubmed/23776226
https://doi.org/10.1111/j.1365-2427.2007.01770.x
https://doi.org/10.1111/j.1365-2427.2007.01770.x
https://doi.org/10.1002/fee.1450
https://doi.org/10.1890/11-1735.1
http://www.ncbi.nlm.nih.gov/pubmed/23387116
https://doi.org/10.1007/s10750-016-2681-2
https://doi.org/10.1007/s11270-013-1697-8
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1002/ecs2.1692
https://doi.org/10.1038/nature11148
http://www.ncbi.nlm.nih.gov/pubmed/22678280
https://doi.org/10.1111/j.1365-2427.2004.01323.x
https://doi.org/10.1899/04-058.1
https://doi.org/10.1899/04-058.1
https://doi.org/10.1016/j.scitotenv.2019.06.301
http://www.ncbi.nlm.nih.gov/pubmed/31539961
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Chara-Serna AM, Richardson JS. 2018. Chlorpyrifos interacts with other agricultural stressors to alter stream
communities in laboratory microcosms. Ecological Applications 28:162-176. DOI: https://doi.org/10.1002/eap.
1637, PMID: 29024139

Chase JM, Knight TM. 2013. Scale-dependent effect sizes of ecological drivers on biodiversity: why standardised
sampling is not enough. Ecology Letters 16:17-26. DOI: https://doi.org/10.1111/ele.12112

Chase JM, Leibold MA. 2003. Ecological Niches: Linking Classical and Contemporary Approaches. University of
Chicago Press. DOI: https://doi.org/10.1023/B:BIOC.0000029366.24837 .fc

Chung N, Suberkropp K. 2008. Influence of shredder feeding and nutrients on fungal activity and community
structure in headwater streams. Fundamental and Applied Limnology / Archiv Fir Hydrobiologie 173:35-46.
DOI: https://doi.org/10.1127/1863-9135/2008/0173-0035

Connell SD, Doubleday ZA, Foster NR, Hamlyn SB, Harley CDG, Helmuth B, Kelaher BP, Nagelkerken |, Rodgers
KL, Sara G, Russell BD. 2018. The duality of ocean acidification as a resource and a stressor. Ecology 99:1005-
1010. DOI: https://doi.org/10.1002/ecy.2209

Covich AP, Austen MC, Balocher F, Chauvet E, Cardinale BJ, Biles CL, Inchausti P, Dangles O, Solan M, Gessner
MO, Statzner B, Moss B. 2004. The role of biodiversity in the functioning of freshwater and marine benthic
ecosystems. BioScience 54:767-775. DOI: https://doi.org/10.1641/0006-3568(2004)054[0767:TROBIT]2.0.CO;2

Craven D, Eisenhauer N, Pearse WD, Hautier Y, Isbell F, Roscher C, Bahn M, Beierkuhnlein C, Bénisch G,
Buchmann N, Byun C, Catford JA, Cerabolini BEL, Cornelissen JHC, Craine JM, De Luca E, Ebeling A, Griffin
JN, Hector A, Hines J, et al. 2018. Multiple facets of biodiversity drive the diversity-stability relationship. Nature
Ecology & Evolution 2:1579-1587. DOI: https://doi.org/10.1038/s41559-018-0647-7, PMID: 30150740

Creamer RE, Rimmer DL, Black HIJ. 2008. Do elevated soil concentrations of metals affect the diversity and
activity of soil invertebrates in the long-term? Soil Use and Management 24:37-46. DOI: https://doi.org/10.
1111/j.1475-2743.2007.00131.x

Dainese M, Martin EA, Aizen MA, Albrecht M, Bartomeus |, Bommarco R, Carvalheiro LG, Chaplin-Kramer R,
Gagic V, Garibaldi LA, Ghazoul J, Grab H, Jonsson M, Karp DS, Kennedy CM, Kleijn D, Kremen C, Landis DA,
Letourneau DK, Marini L, et al. 2019. A global synthesis reveals biodiversity-mediated benefits for crop
production. Science Advances 5:eaax0121. DOI: https://doi.org/10.1126/sciadv.aax0121, PMID: 31663019

Dangles O, Carpio C, Woodward G. 2012. Size-dependent species removal impairs ecosystem functioning in a
large-scale tropical field experiment. Ecology 93:2615-2625. DOI: https://doi.org/10.1890/12-0510.1,

PMID: 23431592

Dangles O, Malmqvist B. 2004. Species richness-decomposition relationships depend on species dominance.
Ecology Letters 7:395-402. DOI: https://doi.org/10.1111/j.1461-0248.2004.00591.x

De Laender F, Rohr JR, Ashauer R, Baird DJ, Berger U, Eisenhauer N, Grimm V, Hommen U, Maltby L, Melian
CJ, Pomati F, Roessink |, Radchuk V, Van den Brink PJ. 2016. Reintroducing environmental change drivers in
Biodiversity-Ecosystem functioning research. Trends in Ecology & Evolution 31:905-915. DOI: https://doi.org/
10.1016/j.tree.2016.09.007, PMID: 27742415

De Laender F. 2018. Community- and ecosystem-level effects of multiple environmental change drivers: beyond
null model testing. Global Change Biology 24:5021-5030. DOI: https://doi.org/10.1111/gcb.14382

De Laender F, Janssen CR. 2013. The ecosystem perspective in ecotoxicology as a way forwardfor the ecological
risk assessment of chemicals: how ecosystem ecotoxicology can inform risk assessment. Integrated
Environmental Assessment and Management 9:e34-e38. DOI: https://doi.org/10.1002/ieam.1428

Delorenzo ME, Scott Gl, Ross PE. 2001. Toxicity of pesticides to aquatic microorganisms: a review.
Environmental Toxicology and Chemistry 20:84-98. DOI: https://doi.org/10.1002/etc.5620200108,

PMID: 11351418

Dib V, Pires APF, Casa Nova C, Bozelli RL, Farjalla VF. 2020. Biodiversity-mediated effects on ecosystem
functioning depend on the type and intensity of environmental disturbances. Oikos 129:433-443. DOI: https://
doi.org/10.1111/0ik.06768

Dornelas M, Gotelli NJ, Shimadzu H, Moyes F, Magurran AE, McGill BJ. 2019. A balance of winners and losers in
the anthropocene. Ecology Letters 22:847-854. DOI: https://doi.org/10.1111/ele. 13242, PMID: 30874368

Duarte S, Pascoal C, Cassio F. 2004. Effects of zinc on leaf decomposition by fungi in streams: studies in
microcosms. Microbial Ecology 48:366-374. DOI: https://doi.org/10.1007/s00248-003-2032-5, PMID: 15692857

Duarte S, Pascoal C, Céssio F. 2008. High diversity of fungi may mitigate the impact of pollution on plant litter
decomposition in streams. Microbial Ecology 56:688-695. DOI: https://doi.org/10.1007/s00248-008-9388-5,
PMID: 18443846

Duarte S, Pascoal C, Cassio F. 2009a. Functional stability of stream-dwelling microbial decomposers exposed to
copper and zinc stress. Freshwater Biology 54:1683-1691. DOI: https://doi.org/10.1111/].1365-2427.2009.
02217 .x

Duarte S, Pascoal C, Garabétian F, Cassio F, Charcosset JY. 2009b. Microbial decomposer communities are
mainly structured by trophic status in circumneutral and alkaline streams. Applied and Environmental
Microbiology 75:6211-6221. DOI: https://doi.org/10.1128/AEM.00971-09, PMID: 19648371

Duffy JE, Reynolds PL, Bostrédm C, Coyer JA, Cusson M, Donadi S, Douglass JG, Ekléf JS, Engelen AH, Eriksson
BK, Fredriksen S, Gamfeldt L, Gustafsson C, Hoarau G, Hori M, Hovel K, Iken K, Lefcheck JS, Moksnes PO,
Nakaoka M, et al. 2015. Biodiversity mediates top-down control in eelgrass ecosystems: a global comparative-
experimental approach. Ecology Letters 18:696-705. DOI: https://doi.org/10.1111/ele. 12448, PMID: 25983129

Duffy JE, Godwin CM, Cardinale BJ. 2017. Biodiversity effects in the wild are common and as strong as key
drivers of productivity. Nature 549:261-264. DOI: https://doi.org/10.1038/nature23886, PMID: 28869964

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 19 of 40


https://doi.org/10.1002/eap.1637
https://doi.org/10.1002/eap.1637
http://www.ncbi.nlm.nih.gov/pubmed/29024139
https://doi.org/10.1111/ele.12112
https://doi.org/10.1023/B:BIOC.0000029366.24837.fc
https://doi.org/10.1127/1863-9135/2008/0173-0035
https://doi.org/10.1002/ecy.2209
https://doi.org/10.1641/0006-3568(2004)054[0767:TROBIT]2.0.CO;2
https://doi.org/10.1038/s41559-018-0647-7
http://www.ncbi.nlm.nih.gov/pubmed/30150740
https://doi.org/10.1111/j.1475-2743.2007.00131.x
https://doi.org/10.1111/j.1475-2743.2007.00131.x
https://doi.org/10.1126/sciadv.aax0121
http://www.ncbi.nlm.nih.gov/pubmed/31663019
https://doi.org/10.1890/12-0510.1
http://www.ncbi.nlm.nih.gov/pubmed/23431592
https://doi.org/10.1111/j.1461-0248.2004.00591.x
https://doi.org/10.1016/j.tree.2016.09.007
https://doi.org/10.1016/j.tree.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27742415
https://doi.org/10.1111/gcb.14382
https://doi.org/10.1002/ieam.1428
https://doi.org/10.1002/etc.5620200108
http://www.ncbi.nlm.nih.gov/pubmed/11351418
https://doi.org/10.1111/oik.06768
https://doi.org/10.1111/oik.06768
https://doi.org/10.1111/ele.13242
http://www.ncbi.nlm.nih.gov/pubmed/30874368
https://doi.org/10.1007/s00248-003-2032-5
http://www.ncbi.nlm.nih.gov/pubmed/15692857
https://doi.org/10.1007/s00248-008-9388-5
http://www.ncbi.nlm.nih.gov/pubmed/18443846
https://doi.org/10.1111/j.1365-2427.2009.02217.x
https://doi.org/10.1111/j.1365-2427.2009.02217.x
https://doi.org/10.1128/AEM.00971-09
http://www.ncbi.nlm.nih.gov/pubmed/19648371
https://doi.org/10.1111/ele.12448
http://www.ncbi.nlm.nih.gov/pubmed/25983129
https://doi.org/10.1038/nature23886
http://www.ncbi.nlm.nih.gov/pubmed/28869964
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Dunck B, Lima-Fernandes E, Céassio F, Cunha A, Rodrigues L, Pascoal C. 2015. Responses of primary production,
leaf litter decomposition and associated communities to stream eutrophication. Environmental Pollution 202:
32-40. DOI: https://doi.org/10.1016/j.envpol.2015.03.014

Ebeling A, Meyer ST, Abbas M, Eisenhauer N, Hillebrand H, Lange M, Scherber C, Vogel A, Weigelt A, Weisser
WW. 2014. Plant diversity impacts decomposition and herbivory via changes in aboveground arthropods. PLOS
ONE 9:€106529. DOI: https://doi.org/10.1371/journal.pone.0106529, PMID: 25226237

Eisenhauer N, Horsch V, Moeser J, Scheu S. 2010. Synergistic effects of microbial and animal decomposers on
plant and herbivore performance. Basic and Applied Ecology 11:23-34. DOI: https://doi.org/10.1016/j.baae.
2009.11.001

Eisenhauer N, Reich PB, Isbell F. 2012. Decomposer diversity and identity influence plant diversity effects on
ecosystem functioning. Ecology 93:2227-2240. DOI: https://doi.org/10.1890/11-2266.1

Eisenhauer N, Barnes AD, Cesarz S, Craven D, Ferlian O, Gottschall F, Hines J, Sendek A, Siebert J, Thakur MP,
Turke M. 2016. Biodiversity-ecosystem function experiments reveal the mechanisms underlying the
consequences of biodiversity change in real world ecosystems. Journal of Vegetation Science 27:1061-1070.
DOI: https://doi.org/10.1111/jvs. 12435

Eisenhauer N, Bonn A, A. Guerra C. 2019a. Recognizing the quiet extinction of invertebrates. Nature
Communications 10:1. DOI: https://doi.org/10.1038/s41467-018-07916-1

Eisenhauer N, Schielzeth H, Barnes AD, Barry K, Bonn A, Brose U, Bruelheide H, Buchmann N, Buscot F, Ebeling
A, Ferlian O, Freschet GT, Giling DP, Hattenschwiler S, Hillebrand H, Hines J, Isbell F, Koller-France E, Kénig-
Ries B, de Kroon H, et al. 2019b. A multitrophic perspective on biodiversity-ecosystem functioning research.
Advances in Ecological Research 61:1-54. DOI: https://doi.org/10.1016/bs.aecr.2019.06.001, PMID: 31908360

Englert D, Zubrod JP, Schulz R, Bundschuh M. 2013. Effects of municipal wastewater on aquatic ecosystem
structure and function in the receiving stream. Science of the Total Environment 454-455:401-410.

DOI: https://doi.org/10.1016/j.scitotenv.2013.03.025, PMID: 23562693

Estevez E, Rodriguez-Castillo T, Alvarez-Cabria M, Pefias FJ, Gonzalez-Ferreras AM, Lezcano M, Barquin J. 2017.
Analysis of structural and functional indicators for assessing the health state of mountain streams. Ecological
Indicators 72:553-564. DOI: https://doi.org/10.1016/].ecolind.2016.08.052

Fanin N. 2015. Interactive effects of C, N and P fertilization on SoilMicrobial community structure and function in
an amazonian rain forest. Functional Ecology 29:140-150. DOI: https://doi.org/10.1111/1365-2435.12329

Fernandes |, Duarte S, Céssio F, Pascoal C. 2009. Mixtures of zinc and phosphate affect leaf litter decomposition
by aquatic fungi in streams. Science of the Total Environment 407:4283-4288. DOI: https://doi.org/10.1016/j.
scitotenv.2009.04.007, PMID: 19411090

Fernandez D, Tummala M, Schreiner VC, Duarte S, Pascoal C, Winkelmann C, Mewes D, Mufoz K, Schifer RB.
2016. Does nutrient enrichment compensate fungicide effects on litter decomposition and decomposer
communities in streams? Aquatic Toxicology 174:169-178. DOI: https://doi.org/10.1016/j.aquatox.2016.02.
019, PMID: 26963520

Ferreira V, Gulis V, Graca MA. 2006. Whole-stream nitrate addition affects litter decomposition and associated
fungi but not invertebrates. Oecologia 149:718-729. DOI: https://doi.org/10.1007/s00442-006-0478-0,

PMID: 16858587

Ferreira V, Castagneyrol B, Koricheva J, Gulis V, Chauvet E, Graca MAS. 2015. A meta-analysis of the effects of
nutrient enrichment on litter decomposition in streams. Biological Reviews 90:669-688. DOI: https://doi.org/
10.1111/brv.12125

Ferreira V, Koricheva J, Duarte S, Niyogi DK, Guérold F. 2016. Effects of anthropogenic heavy metal
contamination on litter decomposition in streams - A meta-analysis. Environmental Pollution 210:261-270.
DOI: https://doi.org/10.1016/j.envpol.2015.12.060, PMID: 26774191

Follstad Shah JJ, Kominoski JS, Ardén M, Dodds WK, Gessner MO, Griffiths NA, Hawkins CP, Johnson SL,
Lecerf A, LeRoy CJ, Manning DWP, Rosemond AD, Sinsabaugh RL, Swan CM, Webster JR, Zeglin LH. 2017.
Global synthesis of the temperature sensitivity of leaf litter breakdown in streams and rivers. Global Change
Biology 23:3064-3075. DOI: https://doi.org/10.1111/9cb.13609, PMID: 28039909

Gan H, Zak DR, Hunter MD. 2013. Chronic nitrogen deposition alters the structure and function of detrital food
webs in a northern hardwood ecosystem. Ecological Applications 23:1311-1321. DOI: https://doi.org/10.1890/
12-1895.1, PMID: 24147404

Garcia-Palacios P, Maestre FT, Kattge J, Wall DH. 2013. Climate and litter quality differently modulate the
effects of soil fauna on litter decomposition across biomes. Ecology Letters 16:1045-1053. DOI: https://doi.
org/10.1111/ele. 12137, PMID: 23763716

Garcia-Palacios P, Vandegehuchte ML, Shaw EA, Dam M, Post KH, Ramirez KS, Sylvain ZA, de Tomasel CM, Wall
DH. 2015. Are there links between responses of soil microbes and ecosystem functioning to elevated CO ,, N
deposition and warming? A global perspective . Global Change Biology 21:1590-1600. DOI: https://doi.org/
10.1111/gcb.12788

Gessner MO, Swan CM, Dang CK, McKie BG, Bardgett RD, Wall DH, Hattenschwiler S. 2010. Diversity meets
decomposition. Trends in Ecology & Evolution 25:372-380. DOI: https://doi.org/10.1016/j.tree.2010.01.010,
PMID: 20189677

Giling DP, Beaumelle L, Phillips HRP, Cesarz S, Eisenhauer N, Ferlian O, Gottschall F, Guerra C, Hines J, Sendek
A, Siebert J, Thakur MP, Barnes AD. 2019. A niche for ecosystem multifunctionality in global change research.
Global Change Biology 25:763-774. DOI: https://doi.org/10.1111/gcb.14528, PMID: 30449061

Giller KE, Witter E, McGrath SP. 2009. Heavy metals and soil microbes. Soil Biology and Biochemistry 41:2031-
2037. DOI: https://doi.org/10.1016/j.s0ilbio.2009.04.026

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 20 of 40


https://doi.org/10.1016/j.envpol.2015.03.014
https://doi.org/10.1371/journal.pone.0106529
http://www.ncbi.nlm.nih.gov/pubmed/25226237
https://doi.org/10.1016/j.baae.2009.11.001
https://doi.org/10.1016/j.baae.2009.11.001
https://doi.org/10.1890/11-2266.1
https://doi.org/10.1111/jvs.12435
https://doi.org/10.1038/s41467-018-07916-1
https://doi.org/10.1016/bs.aecr.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31908360
https://doi.org/10.1016/j.scitotenv.2013.03.025
http://www.ncbi.nlm.nih.gov/pubmed/23562693
https://doi.org/10.1016/j.ecolind.2016.08.052
https://doi.org/10.1111/1365-2435.12329
https://doi.org/10.1016/j.scitotenv.2009.04.007
https://doi.org/10.1016/j.scitotenv.2009.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19411090
https://doi.org/10.1016/j.aquatox.2016.02.019
https://doi.org/10.1016/j.aquatox.2016.02.019
http://www.ncbi.nlm.nih.gov/pubmed/26963520
https://doi.org/10.1007/s00442-006-0478-0
http://www.ncbi.nlm.nih.gov/pubmed/16858587
https://doi.org/10.1111/brv.12125
https://doi.org/10.1111/brv.12125
https://doi.org/10.1016/j.envpol.2015.12.060
http://www.ncbi.nlm.nih.gov/pubmed/26774191
https://doi.org/10.1111/gcb.13609
http://www.ncbi.nlm.nih.gov/pubmed/28039909
https://doi.org/10.1890/12-1895.1
https://doi.org/10.1890/12-1895.1
http://www.ncbi.nlm.nih.gov/pubmed/24147404
https://doi.org/10.1111/ele.12137
https://doi.org/10.1111/ele.12137
http://www.ncbi.nlm.nih.gov/pubmed/23763716
https://doi.org/10.1111/gcb.12788
https://doi.org/10.1111/gcb.12788
https://doi.org/10.1016/j.tree.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20189677
https://doi.org/10.1111/gcb.14528
http://www.ncbi.nlm.nih.gov/pubmed/30449061
https://doi.org/10.1016/j.soilbio.2009.04.026
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Glassman Sl, Weihe C, Li J, Albright MBN, Looby ClI, Martiny AC, Treseder KK, Allison SD, Martiny JBH. 2018.
Decomposition responses to climate depend on microbial community composition. PNAS 115:11994-11999.
DOI: https://doi.org/10.1073/pnas.1811269115, PMID: 30397146

Gotelli NJ, Colwell RK. 2001. Quantifying biodiversity: procedures and pitfalls in the measurement and
comparison of species richness. Ecology Letters 4:379-391. DOI: https://doi.org/10.1046/j.1461-0248.2001.
00230.x

Grace JB. 2006. Structural Equation Modelling and Natural Systems. Cambridge University Press. DOI: https://
doi.org/10.1017/CBO9780511617799

Grime JP. 1998. Benefits of plant diversity to ecosystems: immediate, filter and founder effects. Journal of
Ecology 86:902-910. DOI: https://doi.org/10.1046/}.1365-2745.1998.00306.x

Gulis V, Ferreira V, Graca MAS. 2006. Stimulation of leaf litter decomposition and associated fungi and
invertebrates by moderate eutrophication: implications for stream assessment. Freshwater Biology 51:1655—
1669. DOI: https://doi.org/10.1111/j.1365-2427.2006.01615.x

Gulis V, Suberkropp K. 2003. Leaf litter decomposition and microbial activity in nutrient-enriched and unaltered
reaches of a headwater stream. Freshwater Biology 48:123-134. DOI: https://doi.org/10.1046/].1365-2427.
2003.00985.x

Hagen EM, Webster JR, Benfield EF. 2006. Are leaf breakdown rates a useful measure of stream integrity along
an agricultural landuse gradient? Journal of the North American Benthological Society 25:330-343.

DOI: https://doi.org/10.1899/0887-3593(2006)25[330:ALBRAU]2.0.CO;2

Handa IT, Aerts R, Berendse F, Berg MP, Bruder A, Butenschoen O, Chauvet E, Gessner MO, Jabiol J, Makkonen
M, McKie BG, Malmqvist B, Peeters ET, Scheu S, Schmid B, van Ruijven J, Vos VC, Hattenschwiler S. 2014.
Consequences of biodiversity loss for litter decomposition across biomes. Nature 509:218-221. DOI: https://
doi.org/10.1038/nature 13247, PMID: 24805346

Harley CDG, Connell SD, Doubleday ZA, Kelaher B, Russell BD, Sara G, Helmuth B. 2017. Conceptualizing
ecosystem tipping points within a physiological framework. Ecology and Evolution 7:6035-6045. DOI: https://
doi.org/10.1002/ece3.3164, PMID: 28808563

Hattenschwiler S, Tiunov AV, Scheu S. 2005. Biodiversity and litter decomposition in terrestrial ecosystems.
Annual Review of Ecology, Evolution, and Systematics 36:191-218. DOI: https://doi.org/10.1146/annurev.
ecolsys.36.112904.151932

Heemsbergen DA, Berg MP, Loreau M, van Hal JR, Faber JH, Verhoef HA. 2004. Biodiversity effects on soil
processes explained by interspecific functional dissimilarity. Science 306:1019-1020. DOI: https://doi.org/10.
1126/science.1101865, PMID: 15528441

Hines J, Eisenhauer N, Drake BG. 2015. Inter-annual changes in detritus-based food chains can enhance plant
growth response to elevated atmospheric CO2. Global Change Biology 21:4642-4650. DOI: https://doi.org/10.
1111/gcb.12965, PMID: 25953075

Hobbelen PHF, van den Brink PJ, Hobbelen JF, van Gestel CAM. 2006. Effects of heavy metals on the structure
and functioning of detritivore communities in a contaminated floodplain area. Soil Biology and Biochemistry 38:
1596-1607. DOI: https://doi.org/10.1016/j.s0ilbio.2005.11.010

Hobbie SE, Eddy WC, Buyarski CR, Adair EC, Ogdahl ML, Weisenhorn P. 2012. Response of decomposing litter
and its microbial community to multiple forms of nitrogen enrichment. Ecological Monographs 82:389-405.
DOI: https://doi.org/10.1890/11-1600.1

Hogsden KL, Harding JS. 2012. Consequences of acid mine drainage for the structure and function of benthic
stream communities: a review. Freshwater Science 31:108-120. DOI: https://doi.org/10.1899/11-091.1

Hogsden KL, Harding JS. 2013. Leaf breakdown, detrital resources, and food webs in streams affected by mine
drainage. Hydrobiologia 716:59-73. DOI: https://doi.org/10.1007/s10750-013-1544-3

Hopkins JM, Marcarelli AM, Bechtold HA. 2011. Ecosystem structure and function are complementary measures
of water quality in a polluted, Spring-Influenced river. Water, Air, & Soil Pollution 214:409-421. DOI: https://
doi.org/10.1007/s11270-010-0432-y

IPBES. 2019. Summary for Policymakers of the Global Assessment Report on Biodiversity and Ecosystem Services
of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services: IPBES secretariat.

Iwai CB, Noller B. 2010. Ecotoxicological assessment of diffuse pollution using biomonitoring tool for sustainable
land use in Thailand. Journal of Environmental Sciences 22:858-863. DOI: https://doi.org/10.1016/5S1001-0742
(09)60189-3

Johnson KS, Thompson PC, Gromen L, Bowman J. 2014. Use of leaf litter breakdown and macroinvertebrates to
evaluate gradient of recovery in an acid mine impacted stream remediated with an active alkaline doser.
Environmental Monitoring and Assessment 186:4111-4127. DOI: https://doi.org/10.1007/s10661-014-3684-y

Jonsson M, Dangles O, Malmqvist B, Gueérold F. 2002. Simulating species loss following perturbation: assessing
the effects on process rates. Proceedings of the Royal Society of London. Series B: Biological Sciences 269:
1047-1052. DOI: https://doi.org/10.1098/rspb.2002.1979

Kirschbaum UF. 2000. Will changes in soil organic carbon act as a positive or negative feedback on global
warming? Biogeochemistry 48:21-51. DOI: https://doi.org/10.1023/A:1006238902976

Knorr M, Frey SD, Curtis PS. 2005. Nitrogen additions and litter decomposition: a meta-analysis. Ecology 86:
3252-3257. DOI: https://doi.org/10.1890/05-0150

Koricheva J, Gurevitch J, Mengersen K. 2013. Handbook of Meta-Analysis in Ecology and Evolution. Princeton
University Press. DOI: https://doi.org/10.1515/9781400846184

Lajeunesse M. 2013. Recovering missing or partial data from studies: A survey of conversions and imputations
for meta-analysis. In: Koricheva J, Gurevitch J, Mengersen K (Eds). Handbook of Meta-Analysis in Ecology and

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 21 of 40


https://doi.org/10.1073/pnas.1811269115
http://www.ncbi.nlm.nih.gov/pubmed/30397146
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1017/CBO9780511617799
https://doi.org/10.1017/CBO9780511617799
https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1111/j.1365-2427.2006.01615.x
https://doi.org/10.1046/j.1365-2427.2003.00985.x
https://doi.org/10.1046/j.1365-2427.2003.00985.x
https://doi.org/10.1899/0887-3593(2006)25[330:ALBRAU]2.0.CO;2
https://doi.org/10.1038/nature13247
https://doi.org/10.1038/nature13247
http://www.ncbi.nlm.nih.gov/pubmed/24805346
https://doi.org/10.1002/ece3.3164
https://doi.org/10.1002/ece3.3164
http://www.ncbi.nlm.nih.gov/pubmed/28808563
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1126/science.1101865
https://doi.org/10.1126/science.1101865
http://www.ncbi.nlm.nih.gov/pubmed/15528441
https://doi.org/10.1111/gcb.12965
https://doi.org/10.1111/gcb.12965
http://www.ncbi.nlm.nih.gov/pubmed/25953075
https://doi.org/10.1016/j.soilbio.2005.11.010
https://doi.org/10.1890/11-1600.1
https://doi.org/10.1899/11-091.1
https://doi.org/10.1007/s10750-013-1544-3
https://doi.org/10.1007/s11270-010-0432-y
https://doi.org/10.1007/s11270-010-0432-y
https://doi.org/10.1016/S1001-0742(09)60189-3
https://doi.org/10.1016/S1001-0742(09)60189-3
https://doi.org/10.1007/s10661-014-3684-y
https://doi.org/10.1098/rspb.2002.1979
https://doi.org/10.1023/A:1006238902976
https://doi.org/10.1890/05-0150
https://doi.org/10.1515/9781400846184
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Evolution. Oxford University Press. p. 195-206. DOI: https://doi.org/10.23943/princeton/9780691137285.003.
0013

Lecerf A, Usseglio-Polatera P, Charcosset J-Y, Lambrigot D, Bracht B, Chauvet E. 2006. Assessment of functional
integrity of eutrophic streams using litter breakdown and benthic macroinvertebrates. Archiv Fiir Hydrobiologie
165:105-126. DOI: https://doi.org/10.1127/0003-9136/2006/0165-0105

Lecerf A, Chauvet E. 2008. Diversity and functions of leaf-decaying fungi in human-altered streams. Freshwater
Biology 53:1658-1672. DOI: https://doi.org/10.1111/].1365-2427.2008.01986.x

Lefcheck JS. 2001. piecewiseSEM : piecewise structural equation modelling in r for ecology, evolution, and
systematics. Methods in Ecology and Evolution 7:12. DOI: https://doi.org/10.1111/2041-210X.12512

Lefcheck JS, Byrnes JEK, Isbell F, Gamfeldt L, Griffin JN, Eisenhauer N, Hensel MJS, Hector A, Cardinale BJ,
Duffy JE. 2015. Biodiversity enhances ecosystem multifunctionality across trophic levels and habitats. Nature
Communications 6:7936. DOI: https://doi.org/10.1038/ncomms7936, PMID: 25907115

Lima-Fernandes E, Fernandes |, Pereira A, Geraldes P, Cassio F, Pascoal C. 2015. Eutrophication modulates
plant-litter diversity effects on litter decomposition in streams. Freshwater Science 34:31-41. DOI: https://doi.
org/10.1086/679223

Liu P, Huang J, Sun OJ, Han X. 2010. Litter decomposition and nutrient release as affected by soil nitrogen
availability and litter quality in a semiarid grassland ecosystem. Oecologia 162:771-780. DOI: https://doi.org/
10.1007/s00442-009-1506-7, PMID: 19921269

Lopes ML, Rodrigues AM, Quintino V. 2017. Can the leaf-bag technique detect benthic macrofauna responses to
sediment contamination by metals and metalloids in estuaries? Marine Pollution Bulletin 124:171-180.
DOI: https://doi.org/10.1016/j.marpolbul.2017.07.027, PMID: 28733039

Lucisine P, Lecerf A, Danger M, Felten V, Aran D, Auclerc A, Gross EM, Huot H, Morel JL, Muller S, Nahmani J,
Maunoury-Danger F. 2015. Litter chemistry prevails over litter consumers in mediating effects of past steel
industry activities on leaf litter decomposition. Science of the Total Environment 537:213-224. DOI: https://doi.
org/10.1016/j.scitotenv.2015.07.112, PMID: 26282755

Malaj E, von der Ohe PC, Grote M, Kiihne R, Mondy CP, Usseglio-Polatera P, Brack W, Schafer RB. 2014.
Organic chemicals jeopardize the health of freshwater ecosystems on the continental scale. PNAS 111:9549-
9554. DOI: https://doi.org/10.1073/pnas.1321082111, PMID: 24979762

Manning P, Cutler GC. 2018. Ecosystem functioning is more strongly impaired by reducing dung beetle
abundance than by reducing species richness. Agriculture, Ecosystems & Environment 264:9-14. DOI: https://
doi.org/10.1016/j.agee.2018.05.002

Matthaei CD, Piggott JJ, Townsend CR. 2010. Multiple stressors in agricultural streams: interactions among
sediment addition, nutrient enrichment and water abstraction. Journal of Applied Ecology 47:639-649.
DOI: https://doi.org/10.1111/j.1365-2664.2010.01809.x

Mazor T, Doropoulos C, Schwarzmueller F, Gladish DW, Kumaran N, Merkel K, Di Marco M, Gagic V. 2018.
Global mismatch of policy and research on drivers of biodiversity loss. Nature Ecology & Evolution 2:1071-
1074. DOI: https://doi.org/10.1038/s41559-018-0563-x, PMID: 29784980

Mederiros AO. 2015. Microbial colonisation and litter decomposition in a cerrado stream are limited by low
dissolved nutrient concentrations. Limnetica 34:283-292. DOI: https://doi.org/10.23818/limn.34.22

Melguizo-Ruiz N, Jiménez-Navarro G, De Mas E, Pato J, Scheu S, Austin AT, Wise DH, Moya-Larafio J. 2020.
Field exclusion of large soil predators impacts lower trophic levels and decreases leaf-litter decomposition in
dry forests. Journal of Animal Ecology 89:334-346. DOI: https://doi.org/10.1111/1365-2656.13101, PMID: 314
94934

Menéndez M. 2009. Response of early Ruppia cirrhosa litter breakdown to nutrient addition in a coastal lagoon
affected by agricultural runoff. Estuarine, Coastal and Shelf Science 82:608-614. DOI: https://doi.org/10.1016/j.
ecss.2009.02.029

Mesquita A, Pascoal C, Céassio F. 2007. Assessing effects of eutrophication in streams based on breakdown of
eucalypt leaves. Fundamental and Applied Limnology / Archiv Ftir Hydrobiologie 168:221-230. DOI: https://
doi.org/10.1127/1863-9135/2007/0168-0221

Milcu A, Heim A, Ellis RJ, Scheu S, Manning P. 2011. Identification of general patterns of nutrient and labile
carbon control on soil carbon dynamics across a successional gradient. Ecosystems 14:710-719. DOI: https://
doi.org/10.1007/s10021-011-9440-z

Moreirinha C, Duarte S, Pascoal C, Céssio F. 2011. Effects of cadmium and phenanthrene mixtures on aquatic
fungi and microbially mediated leaf litter decomposition. Archives of Environmental Contamination and
Toxicology 61:211-219. DOI: https://doi.org/10.1007/s00244-010-9610-6, PMID: 20957352

Miinze R, Orlinskiy P, Gunold R, Paschke A, Kaske O, Beketov MA, Hundt M, Bauer C, Schitirmann G, Méder M,
Liess M. 2015. Pesticide impact on aquatic invertebrates identified with chemcatcher passive samplers and the
SPEAR(pesticides) index. Science of the Total Environment 537:69-80. DOI: https://doi.org/10.1016/].scitotenv.
2015.07.012, PMID: 26282741

Niyogi DK, Lewis WM, McKnight DM. 2001. Litter breakdown in mountain streams affected by mine drainage:
biotic mediation of abiotic controls. Ecological Applications 11:506-516. DOI: https://doi.org/10.1890/1051-
0761(2001)011[0506:LBIMSA]2.0.CO;2

Niyogi DK, Cheatham CA, Thomson WH, Christiansen JM. 2009. Litter breakdown and fungal diversity in a
stream affected by mine drainage. Fundamental and Applied Limnology / Archiv Fiir Hydrobiologie 175:39-48.
DOI: https://doi.org/10.1127/1863-9135/2009/0175-0039

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 22 of 40


https://doi.org/10.23943/princeton/9780691137285.003.0013
https://doi.org/10.23943/princeton/9780691137285.003.0013
https://doi.org/10.1127/0003-9136/2006/0165-0105
https://doi.org/10.1111/j.1365-2427.2008.01986.x
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1038/ncomms7936
http://www.ncbi.nlm.nih.gov/pubmed/25907115
https://doi.org/10.1086/679223
https://doi.org/10.1086/679223
https://doi.org/10.1007/s00442-009-1506-7
https://doi.org/10.1007/s00442-009-1506-7
http://www.ncbi.nlm.nih.gov/pubmed/19921269
https://doi.org/10.1016/j.marpolbul.2017.07.027
http://www.ncbi.nlm.nih.gov/pubmed/28733039
https://doi.org/10.1016/j.scitotenv.2015.07.112
https://doi.org/10.1016/j.scitotenv.2015.07.112
http://www.ncbi.nlm.nih.gov/pubmed/26282755
https://doi.org/10.1073/pnas.1321082111
http://www.ncbi.nlm.nih.gov/pubmed/24979762
https://doi.org/10.1016/j.agee.2018.05.002
https://doi.org/10.1016/j.agee.2018.05.002
https://doi.org/10.1111/j.1365-2664.2010.01809.x
https://doi.org/10.1038/s41559-018-0563-x
http://www.ncbi.nlm.nih.gov/pubmed/29784980
https://doi.org/10.23818/limn.34.22
https://doi.org/10.1111/1365-2656.13101
http://www.ncbi.nlm.nih.gov/pubmed/31494934
http://www.ncbi.nlm.nih.gov/pubmed/31494934
https://doi.org/10.1016/j.ecss.2009.02.029
https://doi.org/10.1016/j.ecss.2009.02.029
https://doi.org/10.1127/1863-9135/2007/0168-0221
https://doi.org/10.1127/1863-9135/2007/0168-0221
https://doi.org/10.1007/s10021-011-9440-z
https://doi.org/10.1007/s10021-011-9440-z
https://doi.org/10.1007/s00244-010-9610-6
http://www.ncbi.nlm.nih.gov/pubmed/20957352
https://doi.org/10.1016/j.scitotenv.2015.07.012
https://doi.org/10.1016/j.scitotenv.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26282741
https://doi.org/10.1890/1051-0761(2001)011[0506:LBIMSA]2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011[0506:LBIMSA]2.0.CO;2
https://doi.org/10.1127/1863-9135/2009/0175-0039
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Oliveira RAC, Marques R, Marques MCM. 2019. Plant diversity and local environmental conditions indirectly
affect litter decomposition in a tropical forest. Applied Soil Ecology 134:45-53. DOI: https://doi.org/10.1016/].
apsoil.2018.09.016

Ouédraogo E, Mando A, Brussaard L. 2004. Soil macrofaunal-mediated organic resource disappearance in semi-
arid west africa. Applied Soil Ecology 27:259-267. DOI: https://doi.org/10.1016/j.apsoil.2004.03.003

Pascoal C, Pinho M, Cassio F, Gomes P. 2003. Assessing structural and functional ecosystem condition using leaf
breakdown: studies on a polluted river. Freshwater Biology 48:2033-2044. DOI: https://doi.org/10.1046/.1365-
2427.2003.01130.x

Pearson RG, Connolly NM. 2000. Nutrient enhancement, food quality and community dynamics in a tropical
rainforest stream. Freshwater Biology 43:31-42. DOI: https://doi.org/10.1046/].1365-2427.2000.00504.x

Pelosi C, Barot S, Capowiez Y, Vandenbulcke F. 2014. Pesticides and earthworms. A Review. Agronomy for
Sustainable Development 34:199-228. DOI: https://doi.org/10.1007/s13593-013-0151-z

Pérez J, Basaguren A, Descals E, Larrafiaga A, Pozo J. 2013. Leaf-litter processing in headwater streams of
northern iberian peninsula: moderate levels of eutrophication do not explain breakdown rates. Hydrobiologia
718:41-57. DOI: https://doi.org/10.1007/s10750-013-1610-x

Perkiomaki J, Kiikkilda O, Moilanen M, Issakainen J, Tervahauta A, Fritze H. 2003. Cadmium-containing wood ash
in a pine forest: effects on humus microflora and cadmium concentrations in mushrooms, berries, and needles.
Canadian Journal of Forest Research 33:2443-2451. DOI: https://doi.org/10.1139/x03-169

Peters K, Bundschuh M, Schéafer RB. 2013. Review on the effects of toxicants on freshwater ecosystem functions.
Environmental Pollution 180:324-329. DOI: https://doi.org/10.1016/j.envpol.2013.05.025

Petrin Z, Englund G, Malmgqyist B. 2008. Contrasting effects of anthropogenic and natural acidity in streams: a
meta-analysis. Proceedings of the Royal Society B: Biological Sciences 275:1143-1148. DOI: https://doi.org/10.
1098/rspb.2008.0023

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. 2018. NIme: Linear and Nonlinear Mixed Effects Models.
R Package. 1.0.

Piscart C, Genoel R, Doledec S, Chauvet E, Marmonier P. 2009. Effects of intense agricultural practices on
heterotrophic processes in streams. Environmental Pollution 157:1011-1018. DOI: https://doi.org/10.1016/].
envpol.2008.10.010, PMID: 19028003

Quintao JMB, Rezende RS, Janior JFG. 2013. Microbial effects in leaf breakdown in tropical reservoirs of
different trophic status. Freshwater Science 32:933-950. DOI: https://doi.org/10.1899/12-112.1

R Development Core Team. 2018. R: A language and environment for statistical computing. Vienna, Austria, R
Foundation for Statistical Computing. http://www.r-project.org

Rillig MC, Ryo M, Lehmann A, Aguilar-Trigueros CA, Buchert S, Wulf A, lwasaki A, Roy J, Yang G. 2019. The role
of multiple global change factors in driving soil functions and microbial biodiversity. Science 366:886-890.
DOI: https://doi.org/10.1126/science.aay2832, PMID: 31727838

Rohatgi A. 2018. WebPlotDigitizer. https://automeris.io/\WebPlotDigitizer [Accessed April 7, 2019].

Schéafer RB, Caquet T, Siimes K, Mueller R, Lagadic L, Liess M. 2007. Effects of pesticides on community
structure and ecosystem functions in agricultural streams of three biogeographical regions in Europe. Science
of the Total Environment 382:272-285. DOI: https://doi.org/10.1016/j.scitotenv.2007.04.040, PMID: 17555800

Schéafer RB. 2019. Responses of freshwater macroinvertebrates to pesticides: insights from field studies. Current
Opinion in Environmental Science & Health 11:1-7. DOI: https://doi.org/10.1016/j.coesh.2019.06.001

Schuldt A, Assmann T, Brezzi M, Buscot F, Eichenberg D, Gutknecht J, Hardtle W, He JS, Klein AM, Kuhn P, Liu
X, Ma K, Niklaus PA, Pietsch KA, Purahong W, Scherer-Lorenzen M, Schmid B, Scholten T, Staab M, Tang Z,
et al. 2018. Biodiversity across trophic levels drives multifunctionality in highly diverse forests. Nature
Communications 9:2989. DOI: https://doi.org/10.1038/s41467-018-05421-z, PMID: 30065285

Schultheis AS. 1997. Structural and functional responses of stream insects toCopper pollution. Hydrobiologia
346:85-93. DOI: https://doi.org/10.1023/A:1002909914774

Shaftel RS, King RS, Back JA. 2011. Breakdown rates, nutrient concentrations, and macroinvertebrate
colonization of bluejoint grass litter in headwater streams of the Kenai Peninsula, alaska. Journal of the North
American Benthological Society 30:386-398. DOI: https://doi.org/10.1899/10-086.1

Sheridan JA, Bickford D. 2011. Shrinking body size as an ecological response to climate change. Nature Climate
Change 1:401-406. DOI: https://doi.org/10.1038/nclimate 1259

Shipley B. 2009. Confirmatory path analysis in a generalized multilevel context. Ecology 90:363-368.

DOI: https://doi.org/10.1890/08-1034.1, PMID: 19323220

Siebert J, Thakur MP, Reitz T, Schadler E, Schulz R, Yin AW, Eisenhauer N. 2019. Extensive grassland-use
sustains high levels of soil biological activity, but does not alleviate detrimental climate change effects. In:
Bohan D. A, Dumbrell A. J (Eds). Advances in Ecological Research. Elsevier. p. 25-58. DOI: https://doi.org/10.
1016/bs.aecr.2019.02.002

Smith MD, Knapp AK. 2003. Dominant species maintain ecosystem function with non-random species loss.
Ecology Letters 6:509-517. DOI: https://doi.org/10.1046/j.1461-0248.2003.00454.x

Soliveres S, van der Plas F, Manning P, Prati D, Gossner MM, Renner SC, Alt F, Arndt H, Baumgartner V,
Binkenstein J, Birkhofer K, Blaser S, Blithgen N, Boch S, B6hm S, Bérschig C, Buscot F, Diekétter T, Heinze J,
Holzel N, et al. 2016. Biodiversity at multiple trophic levels is needed for ecosystem multifunctionality. Nature
536:456-459. DOI: https://doi.org/10.1038/nature 19092, PMID: 27533038

Spaak JW, Baert JM, Baird DJ, Eisenhauer N, Maltby L, Pomati F, Radchuk V, Rohr JR, Van den Brink PJ, De
Laender F. 2017. Shifts of community composition and population density substantially affect ecosystem
function despite invariant richness. Ecology Letters 20:1315-1324. DOI: https://doi.org/10.1111/ele.12828

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 23 of 40


https://doi.org/10.1016/j.apsoil.2018.09.016
https://doi.org/10.1016/j.apsoil.2018.09.016
https://doi.org/10.1016/j.apsoil.2004.03.003
https://doi.org/10.1046/j.1365-2427.2003.01130.x
https://doi.org/10.1046/j.1365-2427.2003.01130.x
https://doi.org/10.1046/j.1365-2427.2000.00504.x
https://doi.org/10.1007/s13593-013-0151-z
https://doi.org/10.1007/s10750-013-1610-x
https://doi.org/10.1139/x03-169
https://doi.org/10.1016/j.envpol.2013.05.025
https://doi.org/10.1098/rspb.2008.0023
https://doi.org/10.1098/rspb.2008.0023
https://doi.org/10.1016/j.envpol.2008.10.010
https://doi.org/10.1016/j.envpol.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19028003
https://doi.org/10.1899/12-112.1
http://www.r-project.org
https://doi.org/10.1126/science.aay2832
http://www.ncbi.nlm.nih.gov/pubmed/31727838
https://automeris.io/WebPlotDigitizer
https://doi.org/10.1016/j.scitotenv.2007.04.040
http://www.ncbi.nlm.nih.gov/pubmed/17555800
https://doi.org/10.1016/j.coesh.2019.06.001
https://doi.org/10.1038/s41467-018-05421-z
http://www.ncbi.nlm.nih.gov/pubmed/30065285
https://doi.org/10.1023/A:1002909914774
https://doi.org/10.1899/10-086.1
https://doi.org/10.1038/nclimate1259
https://doi.org/10.1890/08-1034.1
http://www.ncbi.nlm.nih.gov/pubmed/19323220
https://doi.org/10.1016/bs.aecr.2019.02.002
https://doi.org/10.1016/bs.aecr.2019.02.002
https://doi.org/10.1046/j.1461-0248.2003.00454.x
https://doi.org/10.1038/nature19092
http://www.ncbi.nlm.nih.gov/pubmed/27533038
https://doi.org/10.1111/ele.12828
https://doi.org/10.7554/eLife.55659

e Llfe Research article

Ecology

Srivastava DS, Cardinale BJ, Downing AL, Duffy JE, Jouseau C, Sankaran M, Wright JP. 2009. Diversity has
stronger top-down than bottom-up effects on decomposition. Ecology 90:1073-1083. DOI: https://doi.org/10.
1890/08-0439.1, PMID: 19449701

Srivastava DS, Vellend M. 2005. Biodiversity-Ecosystem function research: is it relevant to conservation? Annual
Review of Ecology, Evolution, and Systematics 36:267-294. DOI: https://doi.org/10.1146/annurev.ecolsys.36.
102003.152636

Steffen W, Richardson K, Rockstrém J, Cornell SE, Fetzer |, Bennett EM, Biggs R, Carpenter SR, de Vries W, de
Wit CA, Folke C, Gerten D, Heinke J, Mace GM, Persson LM, Ramanathan V, Reyers B, Sorlin S. 2015.
Sustainability. planetary boundaries: guiding human development on a changing planet. Science 347:1259855.
DOI: https://doi.org/10.1126/science.1259855, PMID: 25592418

Talk A. 2016. Effects of multiple butLow pesticide loads on aquatic fungal communities colonizing leaf litter.
Journal of EnvironmentalSciences 46:116-125. DOI: https://doi.org/10.1016/].jes.2015.11.028

Thakur MP, Reich PB, Hobbie SE, Stefanski A, Rich R, Rice KE, Eddy WC, Eisenhauer N. 2018. Reduced feeding
activity of soil detritivores under warmer and drier conditions. Nature Climate Change 8:75-78. DOI: https://
doi.org/10.1038/s41558-017-0032-6, PMID: 29375673

Thompson MSA. 2016. Gene-to-ecosystem impacts of a catastrophic pesticide spill: testing a multilevel
bioassessment approach in a river ecosystem. Freshwater Biology 61:2037-2050. DOI: https://doi.org/10.1111/
fwb.12676

Tilman D, Reich PB, Isbell F. 2012. Biodiversity impacts ecosystem productivity as much as resources,
disturbance, or herbivory. PNAS 109:10394-10397. DOI: https://doi.org/10.1073/pnas.1208240109

Tonin AM, Pozo J, Monroy S, Basaguren A, Pérez J, Goncalves JF, Pearson R, Cardinale BJ, Boyero L. 2018.
Interactions between large and small detritivores influence how biodiversity impacts litter decomposition.
Journal of Animal Ecology 87:1465-1474. DOI: https://doi.org/10.1111/1365-2656.12876, PMID: 29928758

Treseder KK. 2008. Nitrogen additions and microbial biomass: a meta-analysis of ecosystem studies. Ecology
Letters 11:1111-1120. DOI: https://doi.org/10.1111/].1461-0248.2008.01230.x, PMID: 18673384

van der Plas F. 2019. Biodiversity and ecosystem functioning in naturally assembled communities. Biological
Reviews 94:1220-1254. DOI: https://doi.org/10.1111/brv.12499

Viechtbauer W. 2010. Conducting meta-analyses in R with the metafor package. Journal of Statistical Software
36:1-48. DOI: https://doi.org/10.18637/jss.v036.i03

Viechtbauer W. 2017. A Comparison of the rma() and the Im(), Ime(), and Imer() Functions. The Metafor Package.
3.1-123. http://www.metafor-project.org/doku.php/tips:rma_vs_Im_Ime_Imer

Voigt W, Perner J, Hefin Jones T. 2007. Using functional groups to investigate community response to
environmental changes: two grassland case studies. Global Change Biology 13:1710-1721. DOI: https://doi.
org/10.1111/j.1365-2486.2007.01398.x

Wang Z, Walker GW, Muir DCG, Nagatani-Yoshida K. 2020. Toward a global understanding of chemical
pollution: a first comprehensive analysis of national and regional chemical inventories. Environmental Science &
Technology 54:2575-2584. DOI: https://doi.org/10.1021/acs.est.9b06379, PMID: 31968937

Wang S, Brose U. 2018. Biodiversity and ecosystem functioning in food webs: the vertical diversity hypothesis.
Ecology Letters 21:9-20. DOI: https://doi.org/10.1111/ele. 12865, PMID: 29057554

Wardle DA, Yeates GW, Bonner KI, Nicholson KS, Watson RN. 2001. Impacts of ground vegetation management
strategies in a kiwifruit orchard on the composition and functioning of the soil biota. Soil Biology and
Biochemistry 33:893-905. DOI: https://doi.org/10.1016/50038-0717(00)00235-2

Wardle DA. 2016. Do experiments exploring plant diversity-ecosystem functioning relationships inform how
biodiversity loss impacts natural ecosystems? Journal of Vegetation Science 27:646-653. DOI: https://doi.org/
10.1111/jvs. 12399

Wenisch B, Fernandez DG, Szécs E, Mckie BG, Schafer RB. 2017. Does the loss of climate sensitive detritivore
species alter leaf decomposition? Aquatic Sciences 79:869-879. DOI: https://doi.org/10.1007/s00027-017-
0538-z

Woodcock TS, Huryn AD. 2005. Leaf litter processing and invertebrate assemblages along a pollution gradient in
a Maine (USA) headwater stream. Environmental Pollution 134:363-375. DOI: https://doi.org/10.1016/j.envpol.
2004.09.020, PMID: 15620582

Woodward G, Ebenman B, Emmerson M, Montoya JM, Olesen JM, Valido A, Warren PH. 2005. Body size in
ecological networks. Trends in Ecology & Evolution 20:402-409. DOI: https://doi.org/10.1016/].tree.2005.04.
005, PMID: 16701403

Woodward G, Gessner MO, Giller PS, Gulis V, Hladyz S, Lecerf A, Malmqvist B, McKie BG, Tiegs SD, Cariss H,
Dobson M, Elosegi A, Ferreira V, Graca MA, Fleituch T, Lacoursiére JO, Nistorescu M, Pozo J, Risnoveanu G,
Schindler M, et al. 2012. Continental-scale effects of nutrient pollution on stream ecosystem functioning.
Science 336:1438-1440. DOI: https://doi.org/10.1126/science.1219534, PMID: 22700929

Yang X, Yang Z, Warren MW, Chen J. 2012. Mechanical fragmentation enhances the contribution of collembola
to leaf litter decomposition. European Journal of Soil Biology 53:23-31. DOI: https://doi.org/10.1016/j.ejsobi.
2012.07.006

Yvon-Durocher G, Montoya JM, Trimmer M, Woodward GUY. 2011. Warming alters the size spectrum and shifts
the distribution of biomass in freshwater ecosystems. Global Change Biology 17:1681-1694. DOI: https://doi.
org/10.1111/j.1365-2486.2010.02321.x

Zavaleta ES, Hulvey KB. 2004. Realistic species losses disproportionately reduce grassland resistance to
biological invaders. Science 306:1175-1177. DOI: https://doi.org/10.1126/science. 1102643, PMID: 15539600

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 24 of 40


https://doi.org/10.1890/08-0439.1
https://doi.org/10.1890/08-0439.1
http://www.ncbi.nlm.nih.gov/pubmed/19449701
https://doi.org/10.1146/annurev.ecolsys.36.102003.152636
https://doi.org/10.1146/annurev.ecolsys.36.102003.152636
https://doi.org/10.1126/science.1259855
http://www.ncbi.nlm.nih.gov/pubmed/25592418
https://doi.org/10.1016/j.jes.2015.11.028
https://doi.org/10.1038/s41558-017-0032-6
https://doi.org/10.1038/s41558-017-0032-6
http://www.ncbi.nlm.nih.gov/pubmed/29375673
https://doi.org/10.1111/fwb.12676
https://doi.org/10.1111/fwb.12676
https://doi.org/10.1073/pnas.1208240109
https://doi.org/10.1111/1365-2656.12876
http://www.ncbi.nlm.nih.gov/pubmed/29928758
https://doi.org/10.1111/j.1461-0248.2008.01230.x
http://www.ncbi.nlm.nih.gov/pubmed/18673384
https://doi.org/10.1111/brv.12499
https://doi.org/10.18637/jss.v036.i03
http://www.metafor-project.org/doku.php/tips:rma_vs_lm_lme_lmer
https://doi.org/10.1111/j.1365-2486.2007.01398.x
https://doi.org/10.1111/j.1365-2486.2007.01398.x
https://doi.org/10.1021/acs.est.9b06379
http://www.ncbi.nlm.nih.gov/pubmed/31968937
https://doi.org/10.1111/ele.12865
http://www.ncbi.nlm.nih.gov/pubmed/29057554
https://doi.org/10.1016/S0038-0717(00)00235-2
https://doi.org/10.1111/jvs.12399
https://doi.org/10.1111/jvs.12399
https://doi.org/10.1007/s00027-017-0538-z
https://doi.org/10.1007/s00027-017-0538-z
https://doi.org/10.1016/j.envpol.2004.09.020
https://doi.org/10.1016/j.envpol.2004.09.020
http://www.ncbi.nlm.nih.gov/pubmed/15620582
https://doi.org/10.1016/j.tree.2005.04.005
https://doi.org/10.1016/j.tree.2005.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16701403
https://doi.org/10.1126/science.1219534
http://www.ncbi.nlm.nih.gov/pubmed/22700929
https://doi.org/10.1016/j.ejsobi.2012.07.006
https://doi.org/10.1016/j.ejsobi.2012.07.006
https://doi.org/10.1111/j.1365-2486.2010.02321.x
https://doi.org/10.1111/j.1365-2486.2010.02321.x
https://doi.org/10.1126/science.1102643
http://www.ncbi.nlm.nih.gov/pubmed/15539600
https://doi.org/10.7554/eLife.55659

L]
ELlfe Research article Ecology

Zhao Q, Van den Brink PJ, Carpentier C, Wang YXG, Rodriguez-Sanchez P, Xu C, Vollbrecht S, Gillissen F,
Vollebregt M, Wang S, De Laender F. 2019. Horizontal and vertical diversity jointly shape food web stability
against small and large perturbations. Ecology Letters 22:1152-1162. DOI: https://doi.org/10.1111/ele.13282,
PMID: 31095883

Beaumelle et al. eLife 2020;9:€55659. DOI: https://doi.org/10.7554/eLife.55659 25 of 40


https://doi.org/10.1111/ele.13282
http://www.ncbi.nlm.nih.gov/pubmed/31095883
https://doi.org/10.7554/eLife.55659

ELife Research article Ecology
Appendix 1

Supplementary Methods
Search strategy

We collected data from published papers reporting the effect of various global change drivers
on both decomposition rates and decomposer communities. The search strategy first involved
the selection of a relevant search term combination. We compared different search term
combinations based on the number of studies retrieved, their potential relevance (based on
screening the titles in the search), and on maximizing the retrieval of pre-identified papers that
fully matched the inclusion criteria. We used search terms of previous meta-analyses and
literature reviews (Covich et al., 2004; Garcia-Palacios et al., 2015; Srivastava et al., 2009).
The following search terms were used to identify studies looking at the impact of various
global change drivers on both decomposition rates and decomposer communities. The search
was done on ISI Web Of Science on November 17th 2017 and retrieved 2536 records.

TS=("global change” OR “environmental change” OR disturbance* OR stress* OR “climat*
change” OR drought OR temperature* OR warming OR heat* OR precipitation* OR rain* OR
flood* OR irrigation OR moisture OR watering OR fire OR “carbon dioxide” OR CO2 OR
acidification OR “nitrogen deposition” OR “nutrient deposition” OR “atmospheric deposition”
OR *eutroph* OR fertili* OR “nutrient* enrichment” OR “nutrient pollut*” OR “land-use” OR
“landuse” OR “agricultural intensi*” OR desertif* OR pollut* OR pesticide* OR metal* OR
“over-exploit*” OR overexploit* OR toxi* OR contamin* OR over-fish* OR invasi* OR alien OR
“habitat loss” OR “habitat fragment*” OR “habitat degrad*” OR "habitat destruct*" )

AND

TS = ((decomposition OR processing OR breakdown OR decay OR ‘mass loss’) AND (litter
OR leaf OR leaves OR bark OR wood))

AND

TS = ((“species richness” OR richness OR “number of species” OR “number of taxa” OR
“species diversity” OR “taxonomic diversity” OR biodiversity OR Shannon* OR even- ness OR
“community composition” OR “community structure” OR “functional diversity” OR “trait
diversity” OR “functional traits” OR “functional group richness” OR “trait-based”) AND
(decomposer* OR detritivore* OR *invertebrate* OR microb* OR microorganism* OR bacteri*
OR fung* OR archaea OR shredder OR *invertebrate* OR hyphomycete* OR “leaf-
shredding” OR “leaf-eat*” OR “leaf-consum*” “leaf-feed*” OR “litter-feed*” OR “litter-eat*"
OR “litter-shredding” OR protozoa* OR protist* OR springtail OR collembol* OR mite* OR
acari* OR enchytraeid* OR nematod* OR rotifer* OR isopod* OR earthworm* OR termite*
OR microarthropod* OR macroarthropod* OR microfauna OR mesofauna OR macrofauna)).

Abstracts were individually screened using the online software Abstrackr (http://abstrackr.
cebm.brown.edu/account/login) to identify references matching our inclusion criteria. At the
screening step, tags were given to classify studies according to the type of drivers. This step
resulted in 384 articles potentially relevant for the meta-analysis, 2152 abstracts did not match
the inclusion criteria (mostly because they were not looking at both decomposition rates and
decomposer communities responses to global change, or because they manipulated
decomposer communities directly).

Appendix 1—figure 1 reports the PRISMA diagram describing the different steps to
assemble our datasets. After full text screening of the 112 potentially relevant papers, 61
papers verified our inclusion criteria and reported data that we could extract for the meta-
analysis. For the SEM analysis, two papers were further excluded because some data needed
for the models were missing (typically the levels of nutrients or stressors).
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2536 papers identified - 6 additional papers - other
database searching sources

2536 of papers - title and

abstract screened 2152 papers excluded

272 full-text articles
excluded - not
stressors/nutrients

384 full-text articles
potentially relevant

112 papers assessed for 51 papers excluded -
eligibility incomplete data reported

61 papers included in
quantitative synthesis
(meta-analysis)

2 papers excluded -
incomplete data reported

final 59 papers included in
SEM

Appendix 1—figure 1. PRISMA plot describing the data collection steps of the meta-analysis.
SEM = structural equation modeling.

Environmental quality standards

Appendix 1—table 1. Environmental quality criteria for stressors and nutrients. Quality
criteria were used to standardized the intensity levels of the different chemical stressors across
studies included in the meta-analysis.

Chemical or Quality
System nutrient Unit1 Unit2 criteria  Citation
aquatic fungicide: ug/l - 0.69 Abelho M, Martins TF, Shinn C, Moreira-
pyrimethanil Santos M, Ribeiro R. 2016. Effects of the
fungicide pyrimethanil on biofilm and or-
ganic matter processing in outdoor lentic
mesocosms. Ecotoxicology 25:121-131.
aquatic fungicide: te- g/l - 0.10 https://echa.europa.eu/documents/10162/
buconazole 41e9d7aa-4559-f904-9cb5-0a0d5f0d6445

Appendix 1—table 1 continued on next page
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Chemical or Quality

System nutrient Unit1 Unit2 criteria  Citation

aquatic As ug/l - 13.00 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.316

aquatic Al ug/l - 87.00 https://www.govinfo.gov/content/pkg/FR-
2018-12-21/pdlf/2018-27745.pdf

aquatic Cu ug/l - 10.10 https://echa.europa.eu/brief-profile/-/brief-
profile/100.124.825

aquatic Zn ug/l - 20.60 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.341

aquatic Fe ug/l - 1000.00  https://www.epa.gov/wgc/national-recom-
mended-water-quality-criteria-aquatic-life-
criteria-table

aquatic Mn ug/l - 1000.00  https://www.epa.gov/wgc/national-recom-
mended-water-quality-criteria-aquatic-life-
criteria-table

aquatic Hg ug/l - 0.06 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.278

aquatic Cd ug/l - 0.19 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.320

aquatic insecticide: ug/l - 0.08 https://www.epa.gov/wgc/national-recom-

chlorpyrifos mended-water-quality-criteria-aquatic-life-

criteria-table

aquatic phenanthrene  ug/I - 51.40 Wu, J. Y., Yan, Z. G,, Liu, Z. T., Liu, J. D.,
Liang, F., Wang, X. N., & Wang, W. L. (2015).
Development of water quality criteria for
phenanthrene and comparison of the sen-
sitivity between native and non-native spe-
cies. Environmental Pollution, 196, 141-146.

aquatic Zn mg/kg - 117.80 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.341

aquatic Cd mag/kg - 1.80 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.320

aquatic Hg mg/kg - 9.30 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.278

aquatic Pb ma/kg - 186.00 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.273

terrestrial  Cu mg/kg - 106.35 https://echa.europa.eu/brief-profile/-/brief-
profile/100.124.825

terrestrial  Zn ma/kg - 35.60 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.341

terrestrial ~ Ni mg/kg - 29.90 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.283

terrestrial  Mn ma/kg - 3.40 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.277

terrestrial  Hg ug/kg - 22.00 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.278

terrestrial  Pb ma/kg - 212.00 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.273

terrestrial  Cd mg/kg - 0.90 https://echa.europa.eu/brief-profile/-/brief-
profile/100.028.320

terrestrial  insecticide: kg/ha - 1.25 lwai CB, Noller B. 2010. Ecotoxicological

chlorpyrifos

assessment of diffuse pollution using bio-
monitoring tool for sustainable land use in
Thailand. Journal of Environmental Sciences
22:858-863.
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Appendix 1—table 1 continued

Chemical or Quality
System nutrient Unit1 Unit2 criteria  Citation
terrestrial  insecticide: kg/ha - 1.25 Iwai CB, Noller B. 2010. Ecotoxicological
endosulfan assessment of diffuse pollution using bio-
monitoring tool for sustainable land use in
Thailand. Journal of Environmental Sciences
22:858-863.
terrestrial  herbicide: kg/ha - 1.88 Iwai CB, Noller B. 2010. Ecotoxicological
atrazine assessment of diffuse pollution using bio-
monitoring tool for sustainable land use in
Thailand. Journal of Environmental Sciences
22:858-863.
terrestrial  insecticide: kg/ha - 31.25 lwai CB, Noller B. 2010. Ecotoxicological
carbofuran assessment of diffuse pollution using bio-
monitoring tool for sustainable land use in
Thailand. Journal of Environmental Sciences
22:858-863.
aquatic pesticide arbitrary - 1.00 Talk A. 2016. Effects of multiple butLow
mixture pesticide loads on aquatic fungal commu-
nities colonizing leaf litter. Journal of En-
vironmentalSciences 46:116-125.
terrestrial  herbicide: kg/ha - 4.32 European Food Safety Authority (EFSA).
glyphosate Conclusion on the peer review of the
pesticide risk assessment of the active
substance glyphosate. EFSA Journal 13,
(2015).
terrestrial  herbicide: si-  kg/ha - 0.10 https://ec.europa.eu/food/plant/pesticides/
mazine eu-pesticides-database/public/?event = ac-
tivesubstance.detail and language = EN
and selectedID = 1853
aquatic pesticide sum or max - —3.50 Schéfer, R. B., Caquet, T., Siimes, K.,
mixture of TU (toxic Mueller, R., Lagadic, L., & Liess, M. (2007).
units) Effects of pesticides on community structure
and ecosystem functions in agricultural
streams of three biogeographical regions in
Europe. Science of the Total Environment,
382(2-3), 272-285.
aquatic DIN mg/I N 3.05 Ministére de I'Environnement, de |'Energie

et de la Mer. Guide technique Relatif a
|'évaluation de I'état des eaux de surface
continen- tales (cours d'eau, canaux, plans
d’eau). (2016).

aquatic NH4+ mg/I NH;  0.10 Ministere de I'Environnement, de |'Energie
et de la Mer. Guide technique Relatif a
|'évaluation de |'état des eaux de surface
continen- tales (cours d'eau, canaux, plans
d’eau). (2016).

aquatic NO3 ma/I NO;  10.00 Ministere de I'Environnement, de I'Energie
et de la Mer. Guide technique Relatif a
|'évaluation de |'état des eaux de surface
continen- tales (cours d'eau, canaux, plans
d'eau). (2016).

aquatic NO2 mg/! NO, 0.10 Ministere de I'Environnement, de I'Energie
et de la Mer. Guide technique Relatif a
|'évaluation de |'état des eaux de surface
continen- tales (cours d'eau, canaux, plans
d’eau). (2016).

aquatic Total_N mg/I N 0.67 US EPA, O. Water Quality Criteria. US EPA
(2013). Available at: https://www.epa.gov/
wqc. (Accessed: 7th January 2019)
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Appendix 1—table 1 continued

Chemical or Quality
System nutrient Unit1 Unit2 criteria  Citation

aquatic SRP mg/| PO3 0.10 Guide technique Relatif a I'évaluation de
|'état des eaux de surface continen- tales
(cours d'eau, canaux, plans d'eau). (Minis-
tére de I'Environnement, de |'Energie et de
la Mer, 2016).

aquatic Total_P mg/I P 0.05 Guide technique Relatif a I'évaluation de
|'état des eaux de surface continen- tales
(cours d'eau, canaux, plans d’eau). (Minis-
tére de I'Environnement, de |'Energie et de
la Mer, 2016).

terrestrial N deposition  kg/ha/yr N 20.00 Pardo, L.H., Fenn, M.E., Goodale, C.L.,
Geiser, L.H., Driscoll, C.T., Allen, E.B.,
Baron, J.S., Bobbink, R., Bowman, W.D.,
Clark, C.M., Emmett, B., Gilliam, F.S.,
Greaver, T.L., Hall, S.J., Lilleskov, E.A., Liu,
L., Lynch, J.A., Nadelhoffer, K.J., Perakis, S.
S., Robin-Abbott, M.J., Stoddard, J.L.,
Weathers, K.C. and Dennis, R.L. (2011),
Effects of nitrogen deposition and empirical
nitrogen critical loads for ecoregions of the
United States. Ecological Applications, 21:
3049-3082. doi:10.1890/10-2341.1; derived
critical loads (i.e. level of deposition below
which no detrimental ecological effect
occurs over the long term according to
current knowledge) from empirical data for
various (plant) species and ecosystems

terrestrial P fertilization  kg/ha/yr P 35.00 Amery, F., & Schoumans, O. F. (2014).
Agricultural phosphorus legislation in Eur-
ope. Institute for Agricultural and Fisheries
Research (ILVO).
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Appendix 2

Meta-analysis

Publication bias
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Appendix 2—figure 1. Assessment of publication bias. Stressors: Funnel plots of each
response variables (decomposer diversity, abundance and decomposition) in the two datasets
(stressors - diversity and stressors - abundance). Meta-analytic models included the effect of
stressor intensity (standardized levels) as a covariate.
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Appendix 2—figure 2. Assessment of publication bias. Nutrients: Funnel plots of each
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response variables (decomposer diversity, abundance and decomposition) in the two datasets
(stressors - diversity and stressors - abundance). Meta-analytic models included the effect of
nutrient intensity (standardized levels) as a covariate.
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Appendix 2—table 1. Assessment of publication bias. Results from Egger’s regressions showing
the intercepts, standard error (SE) and p-value of regressions between standard normal deviate
of each response variable (effect sizes) and the inverse of their standard errors. Models also

included stressor or nutrient intensity as a covariate.

Dataset Variable Publication bias p Publication bias Intercept SE

Stressors - Biodiv Biodiversity 0.10 no -1.36 0.83
Stressors - Biodiv Decomposition 0.58 no —1.07 1.94
Stressors - Abdc Abundance 0.14 no —1.49 1.02
Stressors - Abdc Decomposition 0.68 no —0.67 1.60
Nutrients - Biodiv Biodiversity 0.37 no 0.76 0.86
Nutrients - Biodiv Decomposition 0.19 no 3.35 2.55
Nutrients - Abdc Abundance 0.08 no 1.21 0.70
Nutrients - Abdc Decomposition <0.001 pub. bias 5.31 1.45

Meta-analysis - first level: overall mean effects

Appendix 2—table 2. First level meta-analysis comparing the effects of chemical stressors
and nutrient enrichment. Results of Wald-type chi-square tests comparing the grand mean
effect sizes of the three response variables (decomposer diversity, abundance and litter

decomposition) between chemical stressors and nutrient enrichment.

Response o]V} Df N p-value
Diversity 25.65 2 174 <0.001
Abundance 7.92 2 424 0.019
Litter decomposition 17.61 2 165 <0.001

SEM analysis

Appendix 2—table 3. Summary table of structural equation modelling (SEM) analysis.
Unstandardized path coefficients from SEMs for the four datasets: Stressors - Biodiversity

(Biodiv), Stressors - Abundance (Abdc), Nutrients - Biodiversity and Nutrients, Abundance.
SEMs also incorporated categorical predictors (study type, taxonomic group and diversity
metric, see Materials and methods).

Dataset Response Predictor Estimate SE Crit.value Df p-Value
Stressors - Biodiv.  Decomposition  Diversity 0.42 0.17 250 19 0.022
Stressors - Biodiv.  Decomposition  Stressor intensity ~ —0.02 0.04 047 19 0.643
Stressors - Biodiv  Diversity Stressor intensity  —0.10 0.04 244 18 0.025
Stressors - Abdc Decomposition  Abundance 0.24 0.08 297 25 0.007
Stressors - Abdc Decomposition  Stressor intensity  —0.01 0.03 -0.41 25 0.683
Stressors - Abdc  Abundance Stressor intensity ~ 0.00 0.05 0.03 25  0.977
Nutrients - Biodiv.  Decomposition  Diversity 0.01 0.11  0.06 20 0.951
Nutrients - Biodiv.  Decomposition  Nutrient intensity ~ —0.08 0.06 —1.21 20 0.239
Nutrients - Biodiv  Diversity Nutrient intensity ~ —0.25 0.07 —-3.51 19 0.002
Nutrients - Abdc ~ Decomposition  Abundance 0.08 0.10 0.76 44 0.451
Nutrients - Abdc ~ Decomposition  Nutrient intensity ~ —0.12 0.05 -2.16 44 0.037
Nutrients - Abdc  Abundance Nutrient intensity ~ —0.06 0.06 —1.00 44 0.321
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Meta-analysis - second-level: categorical moderators

Appendix 2—table 4. Main effects of categorical predictors on decomposer diversity,
abundance and decomposition in the four datasets: Stressors - Biodiversity (Biodiv),
Stressors - Abundance (Abdc), Nutrients - Biodiversity and Nutrients, Abundance. Results
are QM statistics and associated p-values of the second-level meta-analyses.

Dataset Response Predictor (o] p-value
Stressors - Biodiv Diversity Taxonomic group 4.80 0.028
Stressors - Abdc Abundance Taxonomic group 10.10 0.001
Nutrients - Biodiv Diversity Taxonomic group 12.77 <0.001
Nutrients - Abdc Abundance Taxonomic group 4.53 0.033
Stressors - Biodiv Diversity Study type 1.89 0.169
Stressors - Abdc Abundance Study type 0.92 0.338
Nutrients - Biodiv Diversity Study type 0.24 0.625
Nutrients - Abdc Abundance Study type 0.98 0.323
Stressors - Biodiv Diversity Diversity metric 1.67 0.196
Nutrients - Biodiv Diversity Diversity metric 2.35 0.125
Stressors - Biodiv Decomposition Study type 0.16 0.693
Stressors - Abdc Decomposition Study type 1.85 0.174
Nutrients - Biodiv Decomposition Study type 2.69 0.101
Nutrients - Abdc Decomposition Study type 0.18 0.674
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Appendix 3

Sensitivity analyses

Influence of approximating standard deviations

When studies did not report standard deviations associated with the mean decomposer
diversity or abundance or the mean decomposition rates, we used linear approximations to
estimate the variance based on our data (see Materials and methods). We tested the influence
of those approximations on the final results by running the structural equation modelling
(SEM) analysis without those effect sizes for which standard deviations were approximated.
Overall, the same patterns were found showing that approximating missing standard
deviations had limited effects on the final SEM results.

Appendix 3—table 1. Results of mediation tests from structural equation modeling (SEM)
analysis based on data without approximated standard deviations. C statistic and associated
p-value for SEM without the path from biodiversity or abundance to decomposition for the four
datasets: Stressors - Diversity, Stressors - Abundance, Nutrients - Diversity and Nutrients -
Abundance. AAIC is the difference in AIC score between models with and without biodiversity-
or abundance-mediated effects.

Dataset C statistic Df p-value AAIC No. of studies N
Stressors, Biodiv 12.42 6 0.053 -8.32 16 58
Stressors, Abdc 10.15 4 0.038 —6.82 23 216
Nutrient, Biodiv 13.33 6 0.038 —1.46 21 67
Nutrient, Abdc 3.82 4 0.432 —-0.12 32 127

Appendix 3—table 2. Summary table of structural equation modeling (SEM) analysis based on
data without approximated standard deviations. Standardized (Std.est.) and
unstandardized estimate (Est.) path coefficients from SEMs for the four datasets.

Std. Crit. p-
Dataset Response Predictor est. Estt. SE value Df value
Stress., Biodiv. Decomposition  Diversity 0.52 0.50 0.16 3.16 12 0.008
Stres., Biodiv.  Decomposition  Stressor intensity —0.26 —0.05 003 -1.54 12 0.148
Stress., Biodiv  Diversity Stressor intensity  —0.39 —-0.08 004 -1.89 11 0.085
Stress., Abdc  Decomposition  Abundance 0.40 0.27 0.09 291 19 0.009
Stress., Abdc  Decomposition  Stressor intensity  —0.11 —-0.02 003 -0.77 19 0.450
Stress., Abdc  Abundance Stressor intensity  0.08 0.03 0.06 0.46 19  0.649
Nut., Biodiv Decomposition  Diversity —-0.04 -0.04 012 -0.35 10 0.732
Nut., Biodiv Decomposition  Nutrient intensity  —0.31 -0.14 0.09 —-1.52 10  0.161
Nut., Biodiv Diversity Nutrient intensity ~ —0.49 -023 010 -239 9  0.040
Nut., Abdc Decomposition  Abundance 0.05 0.04 0.13 033 29 0742
Nut., Abdc Decomposition  Nutrient intensity —0.26 —-0.12 006 —-1.91 29 0.066
Nut., Abdc Abundance Nutrient intensity  —0.20 -0.10 0.07 -1.40 29 0.173

Influence of extreme values
We re-run our SEMs with datasets excluding extreme values of effect sizes. Extreme values
were defined as values exceeding the whiskers of boxplots. Overall, we found similar

patterns showing that extreme effect sizes had limited effects on the final SEM results.
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Appendix 3—table 3. Results of mediation tests from structural equation modeling (SEM)
analysis based on data excluding extreme values of effect sizes. C statistic and associated
p-value for SEM without the path from biodiversity or abundance to decomposition for the four
datasets: Stressors - Diversity, Stressors - Abundance, Nutrients - Diversity and Nutrients -
Abundance. AAIC is the difference in AIC score between models with and without biodiversity-
or abundance-mediated effects.

Dataset C statistic Df p-value AAIC No. of studies N
Stressors, Biodiv 10.18 6 0.117 —6.71 22 94
Stressors, Abdc 7.39 4 0.117 —4.23 27 254
Nutrient, Biodiv 14.80 6 0.022 —4.85 26 93
Nutrient, Abdc 2.74 4 0.603 0.15 35 159
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Appendix 3—table 4. Summary table of structural equation modelling (SEM) analysis based
on data excluding extreme values of effect sizes. Standardized (Std.est.) and

unstandardized estimate (Est.) path coefficients from SEMs for the four datasets.

Std. Crit. -
Dataset Response Predictor est. Estt. SE value Df value
Stress., Biodiv.  Decomposition  Diversity 0.41 0.40 0.18 2.20 18 0.041
Stress., Biodiv. Decomposition  Stressor intensity —0.04 —-0.01 0.04 -024 18 0.814
Stress., Biodiv  Diversity Stressor intensity —0.44 —-0.10 0.04 -275 17 0.014
Stress., Abdc  Decomposition  Abundance 0.30 0.24 011 224 23 0.035
Stress., Abdc  Decomposition  Stressor intensity  0.05 0.01 0.03 0.35 23 0.731
Stress., Abdc  Abundance Stressor intensity  0.00 0.00 0.04 -0.02 23  0.980
Nut., Biodiv Decomposition  Diversity 0.00 0.00 0.11  0.02 19 0.986
Nut., Biodiv Decomposition  Nutrient intensity —0.18 —0.08 0.06 -1.30 19 0.210
Nut., Biodiv Diversity Nutrient intensity  —0.53 -0.24 0.07 -3.36 18 0.003
Nut., Abdc Decomposition  Abundance 0.00 0.00 0.09 0.04 37 0.968
Nut., Abdc Decomposition  Nutrient intensity —0.38 —-0.13 004 —-3.26 37 0.002
Nut., Abdc Abundance Nutrient intensity  —0.24 -0.09 005 -1.73 37 0.092

Influence of the effect size metric

We tested the influence of the metric of effect size selected on the results of the SEMs. Log-
response ratios were calculated instead of correlation coefficients and the models were re-
run based on those data. The results were partially different from the original analysis. For
nutrients, similar patterns were found, however for stressors there was limited support for
the biodiversity- and abundance-mediated effects on decomposition responses. We noted

extreme values of log-response ratios that may have explained such patterns. Besides, the
log-response ratio has a different interpretation compared to correlation coefficients. Log-
response ratios are sensitive to the different metrics of diversity and abundance, taxa groups,

litter types etc. used across studies included in this meta-analysis. Therefore, this result

reinforced our choice of correlation coefficients as relevant effect sizes in the present meta-

analysis.
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Appendix 3—table 5. Results of mediation tests from structural equation modeling (SEM)
analysis based on data using log-response ratio as an effect size. C statistic and associated
p-value for SEM without the path from biodiversity or abundance to decomposition for the four
datasets: Stressors - Diversity, Stressors - Abundance, Nutrients - Diversity and Nutrients -
Abundance. AAIC is the difference in AIC score between models with and without biodiversity-
or abundance-mediated effects.

Dataset C statistic Df p-value AAIC No. of studies N
Stressors, Biodiv 411 6 0.662 —0.02 22 70
Stressors, Abdc 5.59 4 0.232 —2.22 37 150
Nutrient, Biodiv 8.03 1) 0.236 —2.08 14 78
Nutrient, Abdc 341 4 0.492 —0.44 21 307

Appendix 3—table 6. Summary table of structural equation modeling (SEM) analysis based on
data using log-response ratio as an effect size. Standardized (Std.est.) and unstandardized
estimate (Est.) path coefficients from SEMs for the four datasets.

Dataset Response Predictor Std.est Est. SE  Critvalue Df p-value
Stress., Biodiv.  Decomposition  Diversity 0.18 0.12 0.15 0.80 15  0.437
Stress., Biodiv.  Decomposition  Stressor intensity  —0.24 —-0.05 0.04 -—-1.47 15 0.163
Stress., Biodiv  Diversity Stressor intensity  —0.35 -0.12 0.03 -—-4.17 15 0.001
Stress., Abdc  Decomposition  Abundance 0.14 0.04 0.05 086 28 0.396
Stress., Abdc  Decomposition  Stressor intensity  0.09 0.02 0.04 055 28 0.586
Stress., Abdc  Abundance Stressor intensity  —0.14 -0.11 011 -1.03 28 0.312
Nut., Biodiv Decomposition  Diversity 0.29 0.19 0.10 1.80 14 0.094
Nut., Biodiv Decomposition  Nutrient intensity —0.15 —0.07 0.08 -0.96 14 0.352
Nut., Biodiv Diversity Nutrient intensity —0.20 -0.16 0.07 -2.11 14 0.054
Nut., Abdc Decomposition  Abundance 0.06 0.04 0.06 059 42 0.559
Nut., Abdc Decomposition  Nutrient intensity —0.36 -0.16 0.05 -3.08 42 0.004
Nut., Abdc Abundance Nutrient intensity —0.01 0.00 0.08 -0.08 42 0.935
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