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ABSTRACT

A multitude of anthropogenic stressors drive biodiversity loss and alter ecosystem functioning. Freshwaters, which contribute dis-
proportionally to global biodiversity and biogeochemical cycles, are particularly threatened. Although the relationship between
biodiversity and ecosystem functions (BEF) is generally well-established, especially in terrestrial ecosystems, the role of multiple,
co-occurring stressors in modulating the relationship remains unclear. We conducted a meta-analysis to address this knowledge gap
by assessing the effect of multiple stressors on the relationship between taxon richness and four measures of ecosystem function. The
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relationship was generally positive, with the slope becoming steeper as the number of stressors increased, suggesting that exposure to

multiple stressors exacerbates impacts of biodiversity loss on ecosystem function. Multiple stressor effects on both taxon richness and

ecosystem functions were largely predictable from individual stressor effects, although antagonistic effects on ecosystem functions
emerged in 14% of the considered cases. The type of stressor and ecosystem function, along with taxonomic group, exerted no influ-
ence on the BEF relationship, contrary to our expectations. Microbial production and biomass declined most strongly in response to
stressors, despite notable variability. Overall, our findings imply that functional consequences of freshwater biodiversity loss are more

severe under multifaceted environmental change than previously assumed.

1 | Introduction

Freshwater ecosystems play a disproportionate role for global
biodiversity and biogeochemical processes relative to their small
areal extent (Aufdenkampe et al. 2011; Battin et al. 2023; Pekel
et al. 2016). Covering only 2.3% of the global land surface area,
freshwaters host at least 9.5% of the currently described ani-
mal species and remove 20% of all land-based nitrogen sources
(Mulholland et al. 2008; Reid et al. 2019; Seitzinger et al. 2006).
They transport and partially process quantities of carbon equiv-
alent to approximately 25% of the estimated global terrestrial net
ecosystem production (Battin et al. 2023).

Freshwater ecosystems are affected by a wide range of stressors,
defined here as anthropogenic factors that push ecosystems be-
yond their natural range of variation. Major stressors include habi-
tat degradation through hydromorphological or land use changes,
resource exploitation (e.g., mining, fishing), pollution (e.g., nutri-
ent and toxicant inputs), climate change and invasive species (Diaz
et al. 2019; Dudgeon et al. 2006; Jaureguiberry et al. 2022). These
stressors often co-occur and can interact to produce non-additive
impacts on ecosystems (Lemm et al. 2021; Schifer et al. 2016).
These impacts have been associated with a turnover in species
composition and an overall loss of biodiversity (Ceballos et al. 2015;
Cowie et al. 2022; Dornelas et al. 2019; Toszogyova et al. 2024).
Consequently, populations of around half of the fish and inver-
tebrate species in streams and rivers are in decline, with most
of these impaired as occurrences distinctly deviate from undis-
turbed conditions (Feio et al. 2023). This widespread impairment
is also linked to changes in ecosystem functions, which pertain to
processes that control the flow of energy and matter within eco-
systems. A global synthesis found that anthropogenic stressors,
particularly those related to wastewater discharge, agriculture
and urbanisation, strongly affect river ecosystem functions such
as organic matter decomposition and biomass production (Brauns
et al. 2022). However, the role of biodiversity in these effects was
not addressed, though essential for predicting the consequences of
biodiversity loss on ecosystem functioning.

Broad evidence from different types of ecosystems supports the
hypothesis that biodiversity loss contributes to reduced ecosys-
tem functions (Artamendi et al. 2025; Cardinale et al. 2012; Hong
et al. 2022; Tilman et al. 2014). Further, this relationship between
biodiversity loss and ecosystem functions is typically negative
and amplifying. However, the shape can vary with ecosystem
type, ecosystem process, organism group, the degree of overlap
in functional traits among community members, and spatial and
temporal scales at which the relationship is examined (Cardinale
et al. 2012; Hooper et al. 2012; Qiu and Cardinale 2020; Smeti
et al. 2019). The type of stressor (e.g., a toxicant or climate change)

may also be influential (Beaumelle et al. 2020; Jonsson et al. 2002).
For example, the results of a meta-analysis suggest that declines
in animal and microbial decomposer diversity can slow leaf de-
composition when exposed to toxic chemicals, whereas similar im-
pairments by nutrient supply only occur at high enrichment levels
(Beaumelle et al. 2020).

In addition to stressor type, the number of stressors—or stressor
richness—may mediate the effects of biodiversity on ecosystem
function, as observed in terrestrial ecosystems (Rillig et al. 2023;
Song et al. 2023; Yang et al. 2022; Zhou et al. 2024). However, the
number of stressors was confounded with overall stressor inten-
sity in most of these studies (Schéfer et al. 2023), which may have
masked effects of stressor richness on the biodiversity-ecosystem
function relationship (Holmes et al. 2021). This begs the question
of whether increasing the number of stressors affects the BEF re-
lationship even when the overall stressor intensity remains un-
changed. In support of this idea, a theoretical analysis using three
ecological community models found that stressor richness at fixed
total stressor intensity levels increases the effect on ecosystem
functions. By contrast, the effect on biodiversity was weaker and
varied with the type of community model (Holmes et al. 2021).
Empirical studies addressing this question are lacking.

To address these knowledge gaps, we conducted a meta-analysis
to examine the effect of single and multiple stressor effects on the
relationship between change in biodiversity (taxon richness) and
change in ecosystem functions, and explored how the number of
stressors, stressor type, organism group and type of ecosystem
function affect this relationship (Figure 1). We hypothesised (1)
that biodiversity loss driven by multiple stressors reduces ecosys-
tem function (Beaumelle et al. 2020) and (2) that an increase in
stressor richness exacerbates the effect (cf. Benkwitt et al. 2020).
The latter hypothesis is based on the assumption that a combi-
nation of stressors differing in modes of action (e.g., physical vs.
biochemical) increases the likelihood of losing dominant or key-
stone species that disproportionately affect ecosystem functions
(Cardinale et al. 2012; Orr, Piggott, et al. 2024).

2 | Methods
2.1 | Data Selection for Meta-Analysis

We queried a recently established database on multiple stressor
effects in freshwaters (Orr, Macaulay, et al. 2024, Orr, Piggott,
et al. 2024) for experimental studies that simultaneously de-
termined responses of biodiversity and ecosystem functions.
The search yielded 241 records, which we pre-screened to as-
sess whether both biodiversity and an ecosystem function were
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determined (Figure S1). We excluded 103 records lacking at least
one piece of that information. Suitability of the remaining 138 re-
cords for the meta-analysis was evaluated based on three criteria:

« Did the reported community comprise at least 4 taxa? Low
taxon richness typically coincided with identifications at a
high taxonomic level (e.g., phylum) and rarely resulted in a
loss of taxa over the study period.

« Was an ecosystem function or a proxy of an ecosystem func-
tion determined? Accepted proxies included for production
were rates of photosynthesis, enzyme activity and changes
in biomass, in addition to two central ecosystem processes,
primary production and organic matter decomposition
(Table 1). Inclusion of proxies indicative of changes in eco-
system functions was facilitated by our choice to compare
treatments with controls.

+ Could the ecosystem function, or proxy thereof, be a priori at-
tributed to the characterised community? While all freshwa-
ter communities can contribute to production of biomass, we

specifically considered the contribution of primary producers
to photosynthesis and of heterotrophic microorganisms and
macroinvertebrates to litter decomposition (Table 1).

We excluded 60 of 138 records that failed to meet at least one of the
three criteria (Table S1 and Figure S1). For 34 of the remaining 78
records, we extracted data on stressor treatments, taxon richness,
Shannon diversity and ecosystem functions, along with general in-
formation such as geographical location and study duration.

To ensure consistency across the seven authors involved in data
extraction, we provided written guidance and conducted an
online training session using three test datasets. Discrepancies
were discussed and used to refine the guidance. In addition, all
extracted data were validated by one of two lead authors. For 44
of the remaining 78 records, the required information had been
generated but not fully reported (Figure S1). We contacted the
respective authors, who provided the requested data in 21 cases
(Figure S1). Six records were omitted from the meta-analysis for
several reasons. For a study on macrophytes and two studies on

Stressor type

l: : Arichness ——— Afunction

Organism group

FIGURE1 |

.
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.
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Ecosystem function

Overview of key questions addressed in the present meta-analysis: how do the number and type of stressors, organism group and type

of ecosystem function mediate relationships between changes in taxon richness and ecosystem function in freshwaters.

TABLE1 |

Overview of broad organism groups and associated ecosystem functions or their proxies considered in the present meta-analysis, with

the number of individual observations and, in parentheses, the number of studies shown. Enzyme activity was excluded due to insufficient sample

size and is therefore not shown.

Biomass®
(biomass/unit of

Organismic group volume or area)

Leaf decomposition
(% mass loss/
unit of time)

Production (biomass
produced/unit of
time/volume or area)

Photosynthesis®
(carbon produced/unit
of volume or area)

Heterotrophic 3(1) 62 (14)
microorganisms?

Algaeb 0 0
Zooplankton® 16 (4) 0
Macroinvertebrates? 0 81 (15)

0 10 (2)
69 (12) 57 (9)
0 0
0 0

aGrouping of bacterial, fungal and other eukaryotic microbial communities.
bGrouping of diatom, epilithic algal, periphytic and phytoplankton communities.
°Grouping of micro- and metazooplankton communities.

dGrouping of benthic macroinvertebrate communities.

¢Proxy of biomass production.
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enzyme activities, the effect size for a group could not be esti-
mated with fewer than three data points. In another study, the
experimental design deviated greatly from all others, hamper-
ing the calculation of a meaningful response metric. Finally, we
removed two studies that only reported Shannon diversity and
lacked data on taxon richness. Conversely, we added two of our
own data sets that matched all of our criteria (see Text S1 for
details). This resulted in a total of 51 records that were included
in the meta-analysis. Most records (85%) originated from short-
term (< 90days) and small-scale laboratory or mesocosm exper-
iments (Table S1).

2.2 | Data Pre-Processing and Harmonisation

Data pre-processing consisted of harmonising units and ter-
minology by aggregating data to higher taxonomic or other
grouping levels (i.e., heterotrophic microorganisms, algae, zoo-
plankton, macroinvertebrates; Table 1), stressors (Table S2) and
ecosystem functions (Table 1). This grouping mainly served to
ensure a sufficient sample size for between-group comparisons of
taxa, stressors and functions, to balance sample size as much as
possible, and to combine stressors inducing the same direction of
effects. For example, we discriminated between stressors related
to habitat (e.g., habitat disturbance, drought), nutrients and water
quality, with the latter chiefly concerning contaminants, oxygen
and temperature (Table S2). In studies that determined multiple
functions per organism group, we considered only the combi-
nation of function and organism group that yielded the highest
sample size across the database. For example, as only a few stud-
ies measured biomass of heterotrophic microorganisms and zoo-
plankton besides leaf decomposition or biomass production, we
prioritised the last two in the analyses. Most studies determined
leaf decomposition and biomass production as ecosystem func-
tions, as well as the rate of photosynthesis as a proxy for primary
production (Table 1). In the 15 studies reporting data for multi-
ple time points, we used the mean responses to aggregate data
within each of those studies and thus harmonise the data set
across all 51 studies, most of which reported only mean responses
over time. Qualitatively similar results were obtained when using
only the time point resulting in the greatest treatment effect in
terms of taxon richness in a given study, defined as the time point
where taxon richness in the treatment deviated most from the
control (see Table S3 for details). All measurements made before
exposure to stressors were omitted from the analyses.

2.3 | Calculation of Log Response Ratios as a
Measure of Effect Size

We used log response ratios (LRR) defined as the log (respon-
setreatment/responsecontrol) to quantify effect sizes and model
the BEF relationship, with the control defined as in the original
study, corresponding to the response without stressor exposure.
Thus, we modelled the change in ecosystem function in re-
sponse to a change in taxon richness or Shannon diversity. This
approach is in line with other meta-analyses examining how
stressors influence the BEF relationship (Beaumelle et al. 2020)
and allowed us to aggregate studies from diverse contexts by
standardising treatment effect sizes as ratios relative to the con-
trol or baseline group (Hillebrand and Gurevitch 2016).

With small sample sizes, LRRs lead to a systematic over- or un-
derestimation of effect sizes when the treatment mean is larger or
smaller than the control mean, respectively (Lajeunesse 2015).
This bias arises from increased sampling variability and can
also affect variance estimates when parameter values are close
to zero. To mitigate this bias, we applied the ‘all cases’ correc-
tion proposed by Nakagawa et al. (Nakagawa, Yang, et al. 2023;
Nakagawa, Noble, et al. 2023), which introduces the smallest
bias according to their comparative simulation study of cor-
rection methods. Approximately 1.3% of values were excluded
because LRRs could not be calculated from zero or negative
values. These cases arose from instances of zero taxon richness
or ecosystem functions with negative production rates. Zero
taxon richness occurred in two studies on leaf decomposition by
aquatic fungi, where fungal presence was inferred from short-
term assays of aquatic hyphomycete sporulation. Negative pro-
duction rates were associated with biomass loss under stressors.
We removed only the specific data points; the studies were re-
tained in the dataset.

2.4 | Data Analysis

Prior to the data analysis, we harmonised all data across stud-
ies as follows. We invariably considered only the highest level
of each stressor from a given study, because the majority of the
considered studies (67%) included only two levels, namely one
treatment level beside the control (Figure S2).

To test our hypotheses, we fitted a linear mixed-effects model
(LMM) with the LRR of ecosystem functions (LRREF) as the
response variable, multiple predictors as fixed effects, and study
ID as a random effect to account for between-study differences.
We included the LRR of taxon richness (LRRTR) as predictor as
well as interactions with all other predictors to evaluate the BEF
relationship and identify potential moderators. We also fitted a
model using the LRR of Shannon diversity (LRRSD) instead of
LRRTR, but given a considerably lower sample size and similar
results, we primarily focus on LRRTR below. Additional predic-
tors included the number of stressors (NS) as continuous predic-
tors, and taxonomic group (TG), stressor combination (SC; e.g.,
nutrient, habitat, water quality; Figure 4) and type of ecosystem
function (EF) as categorical predictors. Stressor combination
was nested within number of stressors and taxonomic group
within ecosystem function. Our model equation was:

LRRg;: ~ LRRyg +NS/SC+EF/TG + LRR g X NS
+LRRg XEF+ LRR g XNS/SC + LRRx X EF/TG

Under the assumption that stressor intensity is reflected by a
change in taxon richness, the method we adopted allowed us
to distinguish effects caused by the number of stressors and
stressor intensity. This distinction was achieved by holding the
change in taxon richness constant across different numbers of
stressors considered in the model. In other words, we compared
the effects of variation in the number of stressors on ecosystem
functions while maintaining equivalent stressor intensities, as
indicated by the same change in taxon richness. This approach
is supported by the fact that results were similar when we re-
placed the log-response ratio of taxon richness (LRRTR) by the
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log-response ratio of Shannon diversity (LRRSD) in the model
equation, which means also considering abundance changes
(see Results). Thus, when adjusted for the observed change in
taxonomic richness (aka stressor intensity), the effect of the
number of stressors on ecosystem functions is unlikely to be
merely driven by shifts in species abundance.

We tested for collinearity between predictors based on asso-
ciations using Cramer's V and set a threshold for predictor
pre-selection at 0.7, in line with a simulation study (Dormann
et al. 2013). All but the association between type of ecosystem
function and taxonomic group (Cramer's V=0.76) were below
this threshold. Cramer's V' was 0.18 and 0.17 for the association
between stressor combination and type of ecosystem function
and taxonomic group, respectively. However, this association
was rather uninformative since both variables were nested
factors in the model. We manually removed statistically non-
significant terms (p>0.05) using stepwise backward selection
to identify the most relevant predictors (Dunkler et al. 2014;
Harrell 2015). For statistically significant interactions, the cor-
responding main effects were retained to ensure correct estima-
tion and interpretation of the interaction terms (Finney 1948).
We used Cook's distance to identify studies with a potentially
disproportionate influence (values >0.5, a commonly used
conservative threshold) and refitted the model after remov-
ing those studies (Maindonald and Braun 2010). To further
assess model robustness, we performed a leave-one-study-out
cross-validation.

Publication bias was tested for a three-level random-effects
meta-analysis model using the metafor package (version 4.6.0)
in R (Viechtbauer 2010). We used LRRTR and LRREF and
their corresponding sampling variances as input variables. The
model accounted for the hierarchical structure of the data, in-
corporating study-level variance (between-study heterogene-
ity) and within-study variances (to account for multiple effect
sizes reported in a given study). The restricted maximum like-
lihood (REML) method was used for parameter estimation.
Subsequently, we used funnel plots and Egger's test to assess po-
tential publication bias. In addition, we quantified heterogeneity
at both the between- and within-study level using the I? statistic
(Nakagawa, Noble, et al. 2023).

We also calculated model deviation ratios (MDR) for both taxon
richness and ecosystem function to identify non-additive effects
(i.e., synergism or antagonism). MDRs are commonly used in
ecotoxicology for that purpose (Schifer et al. 2023) and are de-
fined as the ratio of observed effects to predicted effects based
on single-stressor impacts. Given that we used LRRs, additivity
implies a multiplicative null model. This null model assumes
a lack of an interaction between two given stressors and that
the overall effect is the product of the independent probabilities
(Schifer and Piggott 2018). This means that for the loss of taxa
from a community, the joint effect is the product of the indi-
vidual proportional species losses. For the 16 studies involving
more than two stressors, we only used stressor pairs in the anal-
yses (i.e., stressor 1 and 2, stressor 1 and 3, and stressor 2 and 3)
and omitted treatments with three or more stressors. We used
the boundaries suggested in Cedergreen (2014), where MDRs
>2 are interpreted as synergism and MDRs < 0.5 are considered
to be due to antagonism. For consistency, we multiplied LRRs

by —1 when both stressors had negative signs, because other-
wise the boundaries defined in Cedergreen (2014) for synergism
and antagonism would be reversed. Moreover, we omitted 12 of
100 observations from the analysis where both LRRs were indis-
tinguishable from noise around the control treatment and had
opposite signs, because an analysis of those data would require
a different definition of synergism and antagonism (Piggott
et al. 2015). Noise was defined as +25% of the global coeffi-
cient of variation around the control to balance the number of
excluded cases with the inclusion of fairly small values around
the control, which occasionally result in very high MDRs that
are an artefact of dividing random numbers around the mean.
Subsequently, we ran LMMs for both MDRs as described above
to identify whether deviation from the null model depended on
any of the predictors. Finally, we examined the association be-
tween both types of MDRs using Pearson correlations, to anal-
yse whether deviations from the null model correlated between
the LRRs of taxon richness and ecosystem functions.

All data were processed and analysed in R (version 4.4.2). The
data and code are provided at https://doi.org/10.5281/zenodo.
17545525.

3 | Results

3.1 | The Effect of Multiple Stressors on
Biodiversity-Ecosystem Function Relationship

The changes in taxon richness, which also reflect stressor
intensity, and ecosystem functions covered a wide gradient
ranging from approximately 0.2- and 0.1-fold to 3- and 10-
fold of the controls, respectively (Figure 2). The best-fit model
after stepwise model selection contained the LRR of ecosys-
tem function as the response variable and five explanatory
variables (LRR richness, type of ecosystem function, number
of stressors, organism group nested within type of ecosystem
function, and stressor combination nested within number of
stressors), as well as the interaction between LRR richness and
number of stressors (linear mixed-effects model: n =271, 49
groups, marginal R?=0.15, conditional R?>=0.44; see Table S4
for p-values of variables). The large difference between the
marginal and conditional R? points to a considerable between-
study variation, likely due to variation in study designs.
Despite ample variation, the relationship between change in
taxon richness and change in ecosystem functions was posi-
tive overall (Figure 2a). However, the number of stressors also
influenced the relationship, indicated by a significant inter-
action with taxon richness (Figure 2b). Specifically, the slope
of the relationship became steeper as the number of stress-
ors increased from one to three, indicating that the effect of
taxon loss on ecosystem function increases with the number
of stressors. The model including change in Shannon diver-
sity, accounting for abundances instead of taxon richness,
displayed a very similar pattern (Figure S4). Neither the type
of ecosystem function, organism group nor stressor combina-
tion significantly affected the BEF relationship (Table S4 and
Figure S5). Despite variation among most organism groups
and ecosystem functions, effect sizes were predominantly
negative for the influence of heterotrophic microorganisms
on microbial biomass and biomass production, revealing
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FIGURE 2 | Marginal effect of (A) LRR richness on LRR ecosystem
functions and (B) the interaction between LRR richness and number of
stressors on LRR ecosystem functions (p=0.02 in full model, Table S4).
One outlier at x=0.28 and y=—5.76 not shown. See Figure S3 for a ver-
sion of panel B including the individual observations, which are not
shown here for best visibility of trends. The line represents the predict-
ed effect in the linear mixed-effects model when all other variables are
held constant. The shaded area represents the 95% confidence intervals

of the model prediction.

reductions in ecosystem functions (Figure 3). Furthermore,
effects on functions related to productivity were more variable
for heterotrophic microorganisms than for other organism
groups. Combinations of stressors involving nutrient supply
increased ecosystem functions more often than other combi-
nations, although the difference was not statistically signifi-
cantly (Figure 4). These stressor combinations also exhibited
a tendency towards increased richness, but the pattern was
less pronounced and consistent than for ecosystem functions
(Figure S6). Removing two potentially influential studies
identified by Cook's distance did not alter our two key results
(Table S4), that is, neither the positive relationship between
the LRRs of ecosystem function and taxon richness nor the
significant interaction between LRR richness and number of

stressors. Similarly, the leave-one-study-out cross-validation
confirmed the robustness of the results (Table S5).

3.2 | Predictability of Multiple-Stressor Effects
From Single Stressors

Observed effects of multiple stressors largely matched predic-
tions based on the multiplicative null model that we adopted
by using LRRs as a measure of effect size (Figure 5). With al-
most all MDRs falling within the conventional range of 0.5-2,
indicative of additive effects (Cedergreen 2014), taxon rich-
ness did not display synergism, and only rarely antagonism
(1%). MDRs for ecosystem function varied more strongly, in-
cluding a few cases of synergism (3%) and a larger proportion
of antagonistic effects (14%). The MDRs for taxon richness and
ecosystem function were not correlated (r=-0.023, p=0.83,
n=386). Neither taxonomic group, stressor combination nor
type of ecosystem function significantly affected the MDRs
for either taxon richness or ecosystem function (p > 0.17-0.65,
n =286, linear mixed-effects models), except in the model for
MDR ecosystem function where type of ecosystem function
was close to statistical significance (p =0.06, Figure S7). This
suggests that deviation from the null model prediction, in-
cluding synergism and antagonism, was largely independent
of these predictors.

3.3 | Assessment of Publication Bias

For taxon richness, neither the funnel plot nor Egger's test
(p=0.88) showed evidence of publication bias (Figure S8A).
The funnel plot for ecosystem functions (Figure S8B) suggests a
slight asymmetry towards positive effect sizes, but this was not
significant (Egger’s test, p=0.30). Heterogeneity was primarily
driven by between-study variation, with I? values of 58% (taxon
richness) and 84% (ecosystem function). Within-study heteroge-
neity accounted for a much smaller proportion of variance (0%
for taxon richness and 2% for ecosystem function). Significant
heterogeneity beyond sampling error was detected with Q =648
and 2762 for taxon richness and ecosystem functions, respec-
tively (both df=269 and p <0.0001).

4 | Discussion

The positive relationship we found between changes in taxon
richness and changes in ecosystem function concurs with re-
sults of other meta-analyses (Cardinale et al. 2012; Tilman
et al. 2014). The increasing slope of the relationship with the
number of stressors suggests that effects of biodiversity loss
on ecosystem functions increase with the number of stressors,
supporting our two initial hypotheses. A second key finding is
that multiple-stressor effects on both taxon richness and eco-
system functions largely followed predictions of our multipli-
cative null model, antagonistic effects on ecosystem functions
constituting approximately 14% of casesnotwithstanding. We
found no evidence that stressor type, type of ecosystem func-
tion or organism group influence the relationship between
change in taxon richness and change in ecosystem function.
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4.1 | Relationship Between Biodiversity
and Ecosystem Functions Under Multiple Stressors

Our finding that the slope of the relationship between change
in taxon richness and change in ecosystem function increased
with the number of stressors (Figure 2b) aligns with a theoreti-
cal study in which two of three alternative ecological community
models demonstrated, at fixed stressor intensity, effects on eco-
system function increasing with the number of stressors (Holmes
et al. 2021). Numerous empirical studies, predominantly from ter-
restrial ecosystems, have likewise reported concurrent declines in
ecosystem functions and biodiversity as the number of stressors
increases (Rillig et al. 2023; Song et al. 2023; Yang et al. 2022; Zhou
et al. 2024). However, since overall stressor intensity generally in-
creases with the number of stressors, these studies were unable
to resolve the relative contributions of stressor richness versus
intensity (Holmes et al. 2021; Schifer et al. 2023). Our approach

addresses this limitation by holding the change in taxon rich-
ness constant across different numbers of stressors, in contrast
to previous studies, where taxon richness generally declined with
stressor number. Assuming that stressor intensity is reflected in
richness change, our method allowed us to disentangle the effects
of stressor number from those of stressor intensity.

The greater impact on ecosystem function we observed at con-
stant stressor intensity may result from a larger proportion of
affected species in a community (Orr, Macaulay, et al. 2024;
Orr, Piggott, et al. 2024). Unless correlations between species’
tolerances to stressors are positive and strong, a phenome-
non termed positive co-tolerance, additional stressors affect
a larger number of species (Holmes et al. 2021; Schifer and
Piggott 2018; Vinebrooke et al. 2004). Since stressors initially
reduce the abundance of species before ultimately leading
to species losses, an increase in the number of stressors is
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likely to lead to declines in the abundances of a larger frac-
tion of species, even when overall taxon richness remains
unchanged. These declines in abundance may in turn affect
ecosystem functions. This explanation is consistent with the
finding that our analysis using Shannon diversity, which re-
flects both taxon richness and evenness, produced similar
results as the analysis based on taxon richness (Figure S4b).
Therefore, even when evenness is maintained, the underlying
distribution of abundances can shift to a larger proportion of
affected species, disproportionately impacting functionally
important taxa. Moreover, impacts of stressors may be sub-
lethal, affecting the activity of species or altering species inter-
actions, both of which can have consequences for ecosystem
functions (Maltby and Hills 2008; Romanuk et al. 2010).

We found a positive relationship between changes in taxa rich-
ness and changes in ecosystem function consistent with the
stressor gradient hypothesis (Bertness and Callaway 1994),
which posits that positive interactions increase along an envi-
ronmental stress gradient. However, this matching pattern does
not necessarily imply the same underlying mechanism (Fugére
et al. 2012). Indeed, our observed pattern could also result from
additional stressors reducing functional redundancy, thereby
leading to a closer coupling of biodiversity and ecosystem func-
tion as species are lost. A more detailed examination of the
underlying mechanisms would require data on the functional
traits of the organisms involved, which remain scarce for most
organism groups included in our analysis.

4.2 | Multiple-Stressor Effects Match With Null
Model Predictions

Multiple stressor effects on the relationship between taxon rich-
ness and ecosystem function largely followed the prediction of
our multiplicative null model (Figure 5), although effects on

ecosystem functions were antagonistic in about 14% of the re-
lationships, that is, weaker than expected based on the individ-
ual effects. This aligns with an empirical study that identified
predominantly multiplicative and antagonistic effects from 255
combinations of multiple chemical stressors (Smith et al. 2024).
Our assessment is based on model deviation ratios (MDRs)
along with defined MDR boundaries beyond which deviations
from the null model prediction are considered synergistic or an-
tagonistic effects. MDRs are commonly used in ecotoxicology
to evaluate chemical mixture effects, whereas ecological stud-
ies have largely relied on statistical significance testing (Belden
et al. 2007). Statistical significance testing, however, is strongly
influenced by sample size and data variability and may there-
fore obscure between-study comparisons (Popovic et al. 2024).
Meta-analyses on multiple-stressor effects have often found
relatively high frequencies of deviation from null model pre-
dictions, commonly between 50% and 80% of the considered
cases, but the effect size of the deviations has only rarely been
reported (Cote et al. 2016; Crain et al. 2008; Jackson et al. 2016).
By contrast, using the conventional MDR cut-offs of 0.5 and 2,
only a few cases deviated from the null model prediction in our
study, which took the shape of a normal probability distribution
around the prediction (Schéfer et al. 2023). Thus, the majority
of observed deviations may be driven by chance as opposed to
an ecological mechanism.

The slightly skewed deviations towards antagonism observed
for ecosystem functions (Figure 5) match a synthesis of meta-
analyses on multiple-stressor effects, where the combined
stressor effects at the community and ecosystem level were
also predominantly antagonistic (Cote et al. 2016). In addition,
a recent meta-analysis of multiple stressor experiments found
predominantly additive effects on leaf litter decomposition in
freshwaters (Medina Madariaga et al. 2024). Several mecha-
nisms may contribute to this dampening effect. First, compen-
satory dynamics of some taxa may increase their contribution to
ecosystem functions in response to the decline or loss of other
taxa, leading to a partial maintenance of ecosystem functions.
Secondly, positive stressor co-tolerances of taxa in conjunction
with negative associations between tolerance and importance
for maintaining ecosystem functions means that two given
stressors would individually remove the same taxa that make
notable contributions to ecosystem functions (Vinebrooke
et al. 2004). When both of these stressors act jointly, the addi-
tional effect on ecosystem function would be disproportionately
lower (i.e., less than additive =antagonistic). However, given
the frequently missing information on community composi-
tion and the functional capacity of the constituent species, the
significance of this mechanism remains speculative. This not-
withstanding, our analysis revealed that two related ecosystem
functions, biomass and biomass production, responded antag-
onistically (Figure S7), possibly suggesting compensatory dy-
namics driven by the persisting taxa that benefit from increased
resource availability when sensitive taxa are lost. Such antago-
nistic effects may be limited to single ecosystem functions, yet
disappear when responses of multiple ecosystem functions are
assessed simultaneously in the context of multifunctionality (Li
et al. 2024; Tilman et al. 2014). This could not be tested in our
study due to a shortage of published data. Moreover, due to sam-
ple size constraints, our analysis was limited to pairs of stress-
ors, although meta-analyses have found non-additive effects,

8 of 12

Global Change Biology, 2025



particularly synergistic effects, to be more frequent as the num-
ber of stressors increases (Crain et al. 2008; Tekin et al. 2018).

In a nutshell, our analysis shows that while additional stressors
exacerbate effects on ecosystem functions, even when overall
stressor intensity is unchanged, this effect is largely predictable
based on effects determined for individual stressors. However,
despite this lack of synergistic effects, our findings highlight the
urgency of mitigating biodiversity loss in the face of multiple
stressors threatening species persistence with mostly additive
effects on ecosystem functions.

4.3 | Influence of Stressor and Organism Type on
BEF Relationships

Neither stressor type, organism type nor another driver, apart
from the number of stressors, affected BEF relationships, as in-
dicated by the lack of interaction effects with LRR richness. This
outcome contradicts previous meta-analyses, which identified
stressor type and type of ecosystem function as moderators of
BEF relationships (Beaumelle et al. 2020; Cardinale et al. 2011;
Hong et al. 2022). For example, biodiversity and leaf decompo-
sition were significantly correlated under toxicant exposure but
not under nutrient supply (Beaumelle et al. 2020). One potential
explanation for this discrepancy is that variability in our dataset
may have masked potential differences between stressors, be-
cause a two- to threefold lower sample size reduced statistical
power. This explanation is at best partial, however, because an-
other meta-analysis involving a much larger sample size than the
study by Beaumelle et al. (2020) also failed to detect differences
between effects of nutrient supply and climatic stressors on BEF
relationships (Hong et al. 2022). Generally, meta-analyses of
multiple stressors in freshwater ecosystems suggest that addi-
tive and synergistic community effects are common (Jackson
et al. 2016; Morris et al. 2022). This observation points to fre-
quent neutral and negative stressor co-tolerances, suggesting
that individual stressors often impact different species in fresh-
water communities. Consequently, unless all taxa contribute
equally to an ecosystem function, different stressors are likely
to have distinct effects on that function, underscoring the rele-
vance of stressor type. However, for broad ecosystem functions
such as community biomass production or organic matter de-
composition where many, if not all taxa, contribute, these dif-
ferences may be less pronounced, as observed in our study (Orr,
Macaulay, et al. 2024; Orr, Piggott, et al. 2024).

Although stressor type did not affect the overall relationship
between biodiversity and ecosystem function, our analysis re-
vealed that exposure to stressors involving changes in nutrients
produced a consistently positive mean response of ecosystem
functions compared to control levels. This response differs to
that of other stressors, which tended to show negative or variable
mean responses (Figure 4), thus largely matching results of pre-
vious meta-analyses. In particular, as noted above, Beaumelle
et al. (2020) found predominantly negative effects for toxicants,
whereas the direction of nutrient effects depended on the or-
ganism group, being predominantly negative for animals and
positive for microbial decomposers. Likewise, Hong et al. (2022)
reported mainly positive effects for nutrients, but generally neg-
ative or variable outcomes for temperature and drought. Lastly,

a synthesis of responses to anthropogenic stressors also found
consistently positive effects of nutrients on multiple ecosystem
functions, whereas exposure to most other stressors yielded
variable or negative responses (Brauns et al. 2022).

The negative response to stressors other than nutrients was
expected because even when no species are lost, stressors can
still reduce species abundances and impair physiological pro-
cesses that are instrumental in ensuring ecosystem functions.
Nutrients, in contrast, are a critical resource enabling biomass
production, particularly by autotrophs. Nevertheless, nutrients
can also impair organisms and ecosystem functions, whether in-
directly, for example through oxygen depletion associated with
lake eutrophication, or directly when nutrients or their transfor-
mation products, such as nitrite or ammonium, reach toxic lev-
els (Berenzen et al. 2001). Accordingly, biodiversity, particularly
of animals, showed a hump-shape response to nutrients along
a gradient across 71 lakes (Jeppesen et al. 2000), and a similar
hump-shaped relationship driven by the occurrence of benthic
macroinvertebrates was observed on leaf decomposition across
100 headwater streams (Woodward et al. 2012), also underlined
by the meta-analysis of Beaumelle et al. (2020).

Finally, neither the type of ecosystem function nor the organism
group, nested within ecosystem function type, influenced the
BEF relationship in our study. This finding aligns with results
of previous meta-analyses by Hong et al. (2022) and Cardinale
et al. (2011), who found that effects of taxon loss were similar
for biomass production and nutrient uptake, which both showed
amplifying negative responses to taxon loss (biomass pro-
duction: 79%, nutrient uptake: 89%). However, only 61% of the
studies examining organic matter decomposition followed this
pattern. Despite these general trends, the high variability, small
sample sizes per group and differences in gradient lengths of ef-
fect sizes related to taxon loss in our dataset may have masked
potential differences between organism groups or ecosystem
functions (Figure S5).

5 | Conclusions

Our meta-analysis provides empirical evidence that multiple
stressors tend to exacerbate the effects of taxon loss on ecosys-
tem function in freshwater ecosystems. The increasing steep-
ness of the BEF relationship with the number of stressors rising
illustrates that multiple stressors not only accelerate biodiversity
loss but also amplify the functional consequences of a given level
of loss in taxon richness or Shannon diversity, likely by dispro-
portionately affecting functionally important taxa and altering
community interactions. This underscores the need to consider
multiple-stressor impacts when assessing ecological responses
to environmental change, irrespective of stressor type and tax-
onomic group. Our findings highlight the urgency of mitigating
biodiversity loss in the face of multiple interacting stressors.

Author Contributions

R.B.S., D.H.,, M.0.G.,, LM.P., M.B., J.A.O.: conceptualisation. C.S.,
R.B.S., C.K.F,, S.0.:validation. C.S., R.B.S., C.K.F., LM.P.: formal analy-
sis. D.B., A.J.B.,S.A.B,,J.B., M.0.G,, M.B., A.B.-C, B.J.C., G.M.D., A.F.,

Global Change Biology, 2025

9o0f12



PF,UH., TTYL,S.JM., GM.M, N.ASM., ILMP,JA.O,S.O,A.S.,
A.-MV.: data curation. R.B.S., C.S., M\V,, S.A.B., MW.,, B.S., H.S.B.:
writing - original draft. All: writing - review and editing.

Acknowledgements

This synthesis is an outcome of the Collaborative Research Centre
RESIST (CRC 1439/2—project number: 426547801) funded by the
German Research Foundation (DFG). Open Access funding enabled
and organized by Projekt DEAL.

Funding

This work was supported by Deutsche Forschungsgemeinschaft
(426547801).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data and code are provided at https://doi.org/10.5281/zenodo.
15178037.

References

Artamendi, M., P. A. Martin, I. Bartomeus, and A. Magrach. 2025. “Loss
of Pollinator Diversity Consistently Reduces Reproductive Success for
Wild and Cultivated Plants.” Nature Ecology & Evolution 9, no. 2: 296-
313. https://doi.org/10.1038/541559-024-02595-2.

Aufdenkampe, A. K., E. Mayorga, P. A. Raymond, et al. 2011. “Riverine
Coupling of Biogeochemical Cycles Between Land, Oceans, and
Atmosphere.” Frontiers in Ecology and the Environment 9, no. 1: 53-60.
https://doi.org/10.1890/100014.

Battin, T.J., R. Lauerwald, E. S. Bernhardt, et al. 2023. “River Ecosystem
Metabolism and Carbon Biogeochemistry in a Changing World.” Nature
613, no. 7944: 449-459.

Beaumelle, L., F. De Laender, and N. Eisenhauer. 2020. “Biodiversity
Mediates the Effects of Stressors but Not Nutrients on Litter
Decomposition.” eLife 9: €55659. https://doi.org/10.7554/eLife.55659.

Belden, J. B, R. J. Gilliom, and M. J. Lydy. 2007. “How Well Can We
Predict the Toxicity of Pesticide Mixtures to Aquatic Life?” Integrated
Environmental Assessment and Management 3, no. 3: 364-372.

Benkwitt, C. E., S. K. Wilson, and N. A. J. Graham. 2020. “Biodiversity
Increases Ecosystem Functions Despite Multiple Stressors on Coral
Reefs.” Nature Ecology & Evolution 4, no. 7: 919-926. https://doi.org/10.
1038/s41559-020-1203-9.

Berenzen, N., R. Schulz, and M. Liess. 2001. “Effects of Chronic
Ammonium and Nitrite Contamination on the Macroinvertebrate
Community in Running Water Microcosms.” Water Research 35, no. 14:
3478-3482.

Bertness, M. D., and R. Callaway. 1994. “Positive Interactions in
Communities.” Trends in Ecology & Evolution 9, no. 5: 191-193. https://
doi.org/10.1016/0169-5347(94)90088-4.

Brauns, M., D. C. Allen, I. G. Boéchat, et al. 2022. “A Global Synthesis of
Human Impacts on the Multifunctionality of Streams and Rivers.” Global
Change Biology 28, no. 16: 4783-4793. https://doi.org/10.1111/gcb.16210.

Cardinale, B.J., J. E. Duffy, A. Gonzalez, et al. 2012. “Biodiversity Loss
and Its Impact on Humanity.” Nature 486, no. 7401: 59-67. https://doi.
org/10.1038/naturel1148.

Cardinale, B.J.,K.L.Matulich, D. U. Hooper, et al. 2011. “The Functional
Role of Producer Diversity in Ecosystems.” American Journal of Botany
98, no. 3: 572-592. https://doi.org/10.3732/ajb.1000364.

Ceballos, G., P. R. Ehrlich, A. D. Barnosky, A. Garcia, R. M. Pringle,
and T. M. Palmer. 2015. “Accelerated Modern Human-Induced Species
Losses: Entering the Sixth Mass Extinction.” Science Advances 1, no. 5:
€1400253. https://doi.org/10.1126/sciadv.1400253.

Cedergreen, N. 2014. “Quantifying Synergy: A Systematic Review of
Mixture Toxicity Studies Within Environmental Toxicology.” PLoS One
9, no. 5: 1-12. https://doi.org/10.1371/journal.pone.0096580.

Cote, I. M., E. S. Darling, and C. J. Brown. 2016. “Interactions
Among Ecosystem Stressors and Their Importance in Conservation.”
Proceedings of the Royal Society B: Biological Sciences 283, no. 1824:
20152592. https://doi.org/10.1098/rspb.2015.2592.

Cowie, R. H., P. Bouchet, and B. Fontaine. 2022. “The Sixth Mass
Extinction: Fact, Fiction or Speculation?” Biological Reviews 97, no. 2:
640-663. https://doi.org/10.1111/brv.12816.

Crain, C. M., K. Kroeker, and B. S. Halpern. 2008. “Interactive and
Cumulative Effects of Multiple Human Stressors in Marine Systems.”
Ecology Letters 11, no. 12: 1304-1315. https://doi.org/10.1111/j.1461-
0248.2008.01253.x.

Diaz, S., J. Settele, E. Brondizio, et al. 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, Bonn, Germany.

Dormann, C. F., J. Elith, S. Bacher, et al. 2013. “Collinearity: A Review
of Methods to Deal With It and a Simulation Study Evaluating Their
Performance.” Ecography 36, no. 1: 27-46. https://doi.org/10.1111/j.
1600-0587.2012.07348.x.

Dornelas, M., N. J. Gotelli, H. Shimadzu, F. Moyes, A. E. Magurran,
and B. J. McGill. 2019. “A Balance of Winners and Losers in the
Anthropocene.” Ecology Letters 22, no. 5: 847-854. https://doi.org/10.
1111/ele.13242.

Dudgeon, D., A. H. Arthington, M. O. Gessner, et al. 2006. “Freshwater
Biodiversity: Importance, Threats, Status and Conservation
Challenges.” Biological Reviews 81, no. 2: 163-182. https://doi.org/10.
1017/s1464793105006950.

Dunkler, D., M. Plischke, K. Leffondré, and G. Heinze. 2014.
“Augmented Backward Elimination: A Pragmatic and Purposeful Way
to Develop Statistical Models.” PLoS One 9, no. 11: 1-19. https://doi.org/
10.1371/journal.pone.0113677.

Feio, M. J., R. M. Hughes, S. R. Q. Serra, et al. 2023. “Fish and
Macroinvertebrate Assemblages Reveal Extensive Degradation of the
World's Rivers.” Global Change Biology 29, no. 2: 355-374. https://doi.
org/10.1111/gcb.16439.

Finney, D. J. 1948. “Main Effects and Interactions.” Journal of the
American Statistical Association 43, no. 244: 566-571.

Fugere, V., P. Andino, R. Espinosa, F. Anthelme, D. Jacobsen, and O.
Dangles. 2012. “Testing the Stress-Gradient Hypothesis With Aquatic
Detritivorous Invertebrates: Insights for Biodiversity-Ecosystem
Functioning Research.” Journal of Animal Ecology 81, no. 6: 1259-1267.
https://doi.org/10.1111/J.1365-2656.2012.01994.X.

Harrell, F. E. 2015. Regression Modeling Strategies: With Applications
to Linear Models, Logistic Regression, and Survival Analysis. Springer.

Hillebrand, H., and J. Gurevitch. 2016. “Meta-Analysis and Systematic
Reviews in Ecology.” In Encyclopedia of Life Sciences, 1-11. Wiley.
https://doi.org/10.1002/9780470015902.20003272.pub2.

Holmes, M., J. W. Spaak, and F. De Laender. 2021. “Stressor Richness
Intensifies Productivity Loss but Mitigates Biodiversity Loss.” Ecology
and Evolution 11, no. 21: 14977-14987. https://doi.org/10.1002/
ece3.8182.

Hong, P., B. Schmid, F. De Laender, et al. 2022. “Biodiversity Promotes
Ecosystem Functioning Despite Environmental Change.” Ecology
Letters 25, no. 2: 555-569. https://doi.org/10.1111/ele.13936.

10 of 12

Global Change Biology, 2025


https://doi.org/10.5281/zenodo.15178037
https://doi.org/10.5281/zenodo.15178037
https://doi.org/10.1038/s41559-024-02595-2
https://doi.org/10.1890/100014
https://doi.org/10.7554/eLife.55659
https://doi.org/10.1038/s41559-020-1203-9
https://doi.org/10.1038/s41559-020-1203-9
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1111/gcb.16210
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.3732/ajb.1000364
https://doi.org/10.1126/sciadv.1400253
https://doi.org/10.1371/journal.pone.0096580
https://doi.org/10.1098/rspb.2015.2592
https://doi.org/10.1111/brv.12816
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/ele.13242
https://doi.org/10.1111/ele.13242
https://doi.org/10.1017/s1464793105006950
https://doi.org/10.1017/s1464793105006950
https://doi.org/10.1371/journal.pone.0113677
https://doi.org/10.1371/journal.pone.0113677
https://doi.org/10.1111/gcb.16439
https://doi.org/10.1111/gcb.16439
https://doi.org/10.1111/J.1365-2656.2012.01994.X
https://doi.org/10.1002/9780470015902.a0003272.pub2
https://doi.org/10.1002/ece3.8182
https://doi.org/10.1002/ece3.8182
https://doi.org/10.1111/ele.13936

Hooper, D. U., E. C. Adair, B. J. Cardinale, et al. 2012. “A Global
Synthesis Reveals Biodiversity Loss as a Major Driver of Ecosystem
Change.” Nature 486, no. 7401: 105-108.

Jackson, M. C., C. J. G. Loewen, R. D. Vinebrooke, and C. T. Chimimba.
2016. “Net Effects of Multiple Stressors in Freshwater Ecosystems: A
Meta-Analysis.” Global Change Biology 22, no. 1: 180-189. https://doi.
org/10.1111/gcb.13028.

Jaureguiberry, P., N. Titeux, M. Wiemers, et al. 2022. “The Direct
Drivers of Recent Global Anthropogenic Biodiversity Loss.” Science
Advances 8, no. 45: eabm9982. https://doi.org/10.1126/sciadv.abm9982.

Jeppesen, E., J. Peder Jensen, M. S@ndergaard, T. Lauridsen, and
F. Landkildehus. 2000. “Trophic Structure, Species Richness and
Biodiversity in Danish Lakes: Changes Along a Phosphorus Gradient.”
Freshwater Biology 45, no. 2: 201-218. https://doi.org/10.1046/j.1365-
2427.2000.00675.x.

Jonsson, M., O. Dangles, B. Malmgqvist, and F. Guerold. 2002.
“Simulating Species Loss Following Perturbation: Assessing the Effects
on Process Rates.” Proceedings of the Royal Society of London, Series B:
Biological Sciences 269, no. 1495: 1047-1052.

Lajeunesse, M. J. 2015. “Bias and Correction for the Log Response Ratio
in Ecological Meta-Analysis.” Ecology 96, no. 8: 2056-2063. https://doi.
0rg/10.1890/14-2402.1.

Lemm, J. U., M. Venohr, L. Globevnik, et al. 2021. “Multiple Stressors
Determine River Ecological Status at the European Scale: Towards an
Integrated Understanding of River Status Deterioration.” Global Change
Biology 27, no. 9: 1962-1975. https://doi.org/10.1111/gcb.15504.

Li, Y., A. Schuldt, A. Ebeling, et al. 2024. “Plant Diversity Enhances
Ecosystem Multifunctionality via Multitrophic Diversity.” Nature
Ecology & Evolution 8, no. 11: 2037-2047. https://doi.org/10.1038/s4155
9-024-02517-2.

Maindonald, J. H., and J. Braun. 2010. Data Analysis and Graphics Using
R: An Example-Based Approach. Cambridge University Press.

Maltby, L., and L. Hills. 2008. “Spray Drift of Pesticides and Stream
Macroinvertebrates: Experimental Evidence of Impacts and
Effectiveness of Mitigation Measures.” Environmental Pollution 156, no.
3:1112-1120. https://doi.org/10.1016/j.envpol.2008.04.013.

Medina Madariaga, G., V. Ferreira, R. Arora, et al. 2024. “Multiple-
Stressor Effects on Leaf Litter Decomposition in Freshwater Ecosystems:
A Meta-Analysis.” Functional Ecology 38, no. 7: 1523-1536. https://doi.
org/10.1111/1365-2435.14571.

Morris, O. F., C. J. G. Loewen, G. Woodward, et al. 2022. “Local
Stressors Mask the Effects of Warming in Freshwater Ecosystems.”
Ecology Letters 25, no. 11: 2540-2551. https://doi.org/10.1111/ele.14108.

Mulholland, P. J.,, A. M. Helton, G. C. Poole, et al. 2008. “Stream
Denitrification Across Biomes and Its Response to Anthropogenic
Nitrate Loading.” Nature 452, no. 7: 202-205.

Nakagawa, S., D. W. A. Noble, M. Lagisz, R. Spake, W. Viechtbauer,
and A. M. Senior. 2023. “A Robust and Readily Implementable Method
for the Meta-Analysis of Response Ratios With and Without Missing
Standard Deviations.” Ecology Letters 26, no. 2: 232-244. https://doi.
org/10.1111/ele.14144.

Nakagawa, S., Y. Yang, E. L. Macartney, R. Spake, and M. Lagisz. 2023.
“Quantitative Evidence Synthesis: A Practical Guide on Meta-Analysis,
Meta-Regression, and Publication Bias Tests for Environmental
Sciences.” Environmental Evidence 12, no. 1: 8. https://doi.org/10.1186/
$13750-023-00301-6.

Orr,J. A.,S.J. Macaulay, A. Mordente, et al. 2024. “Studying Interactions
Among Anthropogenic Stressors in Freshwater Ecosystems: A
Systematic Review of 2396 Multiple-Stressor Experiments.” Ecology
Letters 27, no. 6: e14463. https://doi.org/10.1111/ele.14463.

Orr, J. A., J. I. Piggott, A. L. Jackson, M. C. Jackson, and J.-F. Arnoldi.
2024. “Variability of Functional and Biodiversity Responses to

Perturbations Is Predictable and Informative.” Nature Communications
15, no. 1: 10352. https://doi.org/10.1038/s41467-024-54540-3.

Pekel, J.-F., A. Cottam, N. Gorelick, and A. S. Belward. 2016. “High-
Resolution Mapping of Global Surface Water and Its Long-Term
Changes.” Nature 540, no. 7633: 418-422. https://doi.org/10.1038/natur
€20584.

Piggott, J. J., C. R. Townsend, and C. D. Matthaei. 2015.
“Reconceptualizing Synergism and Antagonism Among Multiple
Stressors.” Ecology and Evolution 5, no. 7: 1538-1547. https://doi.org/
10.1002/ece3.1465.

Popovic, G., T.J. Mason, S. M. Drobniak, et al. 2024. “Four Principles for
Improved Statistical Ecology.” Methods in Ecology and Evolution 15, no.
2:266-281. https://doi.org/10.1111/2041-210X.14270.

Qiu, J., and B. J. Cardinale. 2020. “Scaling Up Biodiversity—-Ecosystem
Function Relationships Across Space and Over Time.” Ecology 101, no.
11: e03166. https://doi.org/10.1002/ecy.3166.

Reid, A.J., A. K. Carlson, L. F. Creed, et al. 2019. “Emerging Threats
and Persistent Conservation Challenges for Freshwater Biodiversity.”
Biological Reviews 94, no. 3: 849-873. https://doi.org/10.1111/brv.
12480.

Rillig, M. C.,, M. G. A. van der Heijden, M. Berdugo, et al. 2023.
“Increasing the Number of Stressors Reduces Soil Ecosystem Services
Worldwide.” Nature Climate Change 13: 478-483. https://doi.org/10.
1038/s41558-023-01627-2.

Romanuk, T. N., R. J. Vogt, A. Young, C. Tuck, and M. W. Carscallen.
2010. “Maintenance of Positive Diversity-Stability Relations Along a
Gradient of Environmental Stress.” PLoS One 5, no. 4: e10378. https://
doi.org/10.1371/journal.pone.0010378.

Schifer, R. B., M. Jackson, N. Juvigny-Khenafou, et al. 2023. “Chemical
Mixtures and Multiple Stressors: Same but Different?” Environmental
Toxicology and Chemistry 42, no. 9: 1915-1936. https://doi.org/10.1002/
etc.5629.

Schifer, R. B., B. Kiihn, E. Malaj, A. Konig, and R. Gergs. 2016.
“Contribution of Organic Toxicants to Multiple Stress in River
Ecosystems.” Freshwater Biology 61, no. 12: 2116-2128.

Schifer, R. B., and J. J. Piggott. 2018. “Advancing Understanding and
Prediction in Multiple Stressor Research Through a Mechanistic Basis
for Null Models.” Global Change Biology 24, no. 5: 1817-1826. https://
doi.org/10.1111/gcb.14073.

Seitzinger, S., J. A. Harrison, J. K. Bohlke, et al. 2006. “Denitrification
Across Landscapes and Waterscapes: A Synthesis.” Ecological
Applications 16, no. 6: 2064-2090. https://doi.org/10.1890/1051-
0761(2006)016[2064:DALAWA2.0.CO;2.

Smeti, E., D. von Schiller, I. Karaouzas, et al. 2019. “Multiple Stressor
Effects on Biodiversity and Ecosystem Functioning in a Mediterranean
Temporary River.” Science of the Total Environment 647: 1179-1187.
https://doi.org/10.1016/j.scitotenv.2018.08.105.

Smith, T. P., T. Clegg, E. Ransome, et al. 2024. “High-Throughput
Characterization of Bacterial Responses to Complex Mixtures of
Chemical Pollutants.” Nature Microbiology 9, no. 4: 938-948. https://
doi.org/10.1038/s41564-024-01626-9.

Song, Z., Y. Hautier, and C. Wang. 2023. “Grassland Stability Decreases
With Increasing Number of Global Change Factors: A Meta-Analysis.”
Science of the Total Environment 898: 165651. https://doi.org/10.1016/].
scitotenv.2023.165651.

Tekin, E., C. White, T. M. Kang, et al. 2018. “Prevalence and Patterns
of Higher-Order Drug Interactions in Escherichia coli.” NPJ Systems
Biology and Applications 4, no. 1: 31. https://doi.org/10.1038/s4154
0-018-0069-9.

Tilman, D., F.Isbell,andJ. M. Cowles. 2014. “Biodiversity and Ecosystem
Functioning.” Annual Review of Ecology, Evolution, and Systematics 45,
no. 1: 471-493. https://doi.org/10.1146/annurev-ecolsys-120213-091917.

Global Change Biology, 2025

11 of 12


https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1126/sciadv.abm9982
https://doi.org/10.1046/j.1365-2427.2000.00675.x
https://doi.org/10.1046/j.1365-2427.2000.00675.x
https://doi.org/10.1890/14-2402.1
https://doi.org/10.1890/14-2402.1
https://doi.org/10.1111/gcb.15504
https://doi.org/10.1038/s41559-024-02517-2
https://doi.org/10.1038/s41559-024-02517-2
https://doi.org/10.1016/j.envpol.2008.04.013
https://doi.org/10.1111/1365-2435.14571
https://doi.org/10.1111/1365-2435.14571
https://doi.org/10.1111/ele.14108
https://doi.org/10.1111/ele.14144
https://doi.org/10.1111/ele.14144
https://doi.org/10.1186/s13750-023-00301-6
https://doi.org/10.1186/s13750-023-00301-6
https://doi.org/10.1111/ele.14463
https://doi.org/10.1038/s41467-024-54540-3
https://doi.org/10.1038/nature20584
https://doi.org/10.1038/nature20584
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1111/2041-210X.14270
https://doi.org/10.1002/ecy.3166
https://doi.org/10.1111/brv.12480
https://doi.org/10.1111/brv.12480
https://doi.org/10.1038/s41558-023-01627-2
https://doi.org/10.1038/s41558-023-01627-2
https://doi.org/10.1371/journal.pone.0010378
https://doi.org/10.1371/journal.pone.0010378
https://doi.org/10.1002/etc.5629
https://doi.org/10.1002/etc.5629
https://doi.org/10.1111/gcb.14073
https://doi.org/10.1111/gcb.14073
https://doi.org/10.1890/1051-0761(2006)016%5B2064:DALAWA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B2064:DALAWA%5D2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2018.08.105
https://doi.org/10.1038/s41564-024-01626-9
https://doi.org/10.1038/s41564-024-01626-9
https://doi.org/10.1016/j.scitotenv.2023.165651
https://doi.org/10.1016/j.scitotenv.2023.165651
https://doi.org/10.1038/s41540-018-0069-9
https://doi.org/10.1038/s41540-018-0069-9
https://doi.org/10.1146/annurev-ecolsys-120213-091917

Toszogyova, A., J. Smycka, and D. Storch. 2024. “Mathematical Biases
in the Calculation of the Living Planet Index Lead to Overestimation of
Vertebrate Population Decline.” Nature Communications 15, no. 1: 5295.
https://doi.org/10.1038/s41467-024-49070-x.

Viechtbauer, W. 2010. “Conducting Meta-Analyses in R With the
Metafor Package.” Journal of Statistical Software 36, no. 3: 1-48. https://
doi.org/10.18637/jss.v036.i03.

Vinebrooke, R. D., K. L. Cottingham, J. Norberg, et al. 2004. “Impacts
of Multiple Stressors on Biodiversity and Ecosystem Functioning: The
Role of Species Co-Tolerance.” Oikos 104, no. 3: 451-457.

Woodward, G., M. O. Gessner, P. S. Giller, et al. 2012. “Continental-
Scale Effects of Nutrient Pollution on Stream Ecosystem Functioning.”
Science 336, no. 6: 1438-1440. https://doi.org/10.1126/science.1219534.

Yang, G., M. Ryo, J. Roy, et al. 2022. “Multiple Anthropogenic Pressures
Eliminate the Effects of Soil Microbial Diversity on Ecosystem
Functions in Experimental Microcosms.” Nature Communications 13,
no. 1: 4260. https://doi.org/10.1038/s41467-022-31936-7.

Zhou, G., N. Eisenhauer, C. Terrer, et al. 2024. “Resistance of Ecosystem
Services to Global Change Weakened by Increasing Number of
Environmental Stressors.” Nature Geoscience 17, no. 9: 882-888. https://
doi.org/10.1038/s41561-024-01518-x.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Supporting information.
Table S1: Supplementary table.

12 of 12

Global Change Biology, 2025


https://doi.org/10.1038/s41467-024-49070-x
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1126/science.1219534
https://doi.org/10.1038/s41467-022-31936-7
https://doi.org/10.1038/s41561-024-01518-x
https://doi.org/10.1038/s41561-024-01518-x

	Effects of Biodiversity Loss on Freshwater Ecosystem Functions Increase With the Number of Stressors
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Data Selection for Meta-Analysis
	2.2   |   Data Pre-Processing and Harmonisation
	2.3   |   Calculation of Log Response Ratios as a Measure of Effect Size
	2.4   |   Data Analysis

	3   |   Results
	3.1   |   The Effect of Multiple Stressors on Biodiversity-Ecosystem Function Relationship
	3.2   |   Predictability of Multiple-Stressor Effects From Single Stressors
	3.3   |   Assessment of Publication Bias

	4   |   Discussion
	4.1   |   Relationship Between Biodiversity and Ecosystem Functions Under Multiple Stressors
	4.2   |   Multiple-Stressor Effects Match With Null Model Predictions
	4.3   |   Influence of Stressor and Organism Type on BEF Relationships

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


