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Abstract: Ecosystems are strongly influenced by multiple anthropogenic stressors, including a wide range of chemicals and
their mixtures. Studies on the effects of multiple stressors have largely focussed on nonchemical stressors, whereas studies
on chemical mixtures have largely ignored other stressors. However, both research areas face similar challenges and require
similar tools and methods to predict the joint effects of chemicals or nonchemical stressors, and frameworks to integrate
multiple chemical and nonchemical stressors are missing. We provide an overview of the research paradigms, tools, and
methods commonly used in multiple stressor and chemical mixture research and discuss potential domains of cross-
fertilization and joint challenges. First, we compare the general paradigms of ecotoxicology and (applied) ecology to explain
the historical divide. Subsequently, we compare methods and approaches for the identification of interactions, stressor
characterization, and designing experiments. We suggest that both multiple stressor and chemical mixture research are too
focused on interactions and would benefit from integration regarding null model selection. Stressor characterization is
typically more costly for chemical mixtures. While for chemical mixtures comprehensive classification systems at sub-
organismal level have been developed, recent classification systems for multiple stressors account for environmental context.
Both research areas suffer from rather simplified experimental designs that focus on only a limited number of stressors,
chemicals, and treatments. We discuss concepts that can guide more realistic designs capturing spatiotemporal stressor
dynamics. We suggest that process-based and data-driven models are particularly promising to tackle the challenge of
prediction of effects of chemical mixtures and nonchemical stressors on (meta-)communities and (meta-)food webs.
We propose a framework to integrate the assessment of effects for multiple stressors and chemical mixtures. Environ Toxicol
Chem 2023;42:1915-1936. © 2023 The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals
LLC on behalf of SETAC.
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hospitable for life (Barnosky et al., 2012; Steffen et al,
2018; 2018). Major anthropogenic stressors of biodiversity
are habitat degradation through land/sea use change, over-
exploitation, climate change, and pollution with chemicals
(Diaz et al., 2019). These stressors frequently co-occur spatially
and temporally. Almost the entire ocean (97.7%) was subject to
multiple stressors in a global analysis of 19 stressors (Halpern
et al., 2015). Similarly, an analysis of German river monitoring

INTRODUCTION

Globally, ecosystems are influenced by humans at an un-
precedented scale and magnitude (Steffen et al., 2015; Waters
et al.,, 2016). The pervasive footprint of human activities has
resulted in substantial losses of biodiversity and is affecting the
functioning of ecosystems, making them potentially less
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data and four stressors found that in more than 95% of sam-
pling sites two or more stressors occurred above thresholds for
ecological risks (Schéfer et al., 2016). In a study on diatom,
invertebrate, and fish communities in 434 US streams and on
five stressors, 68% of streams had two or more stressors at
levels suggesting adverse effects (Waite et al., 2021). Thus,
multiple stressors are the new norm in ecosystems.
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Predicting the responses of organisms, populations, com-
munities, and food webs to multiple stressors represents a
major challenge (Figure 1), partly due to potential interactions
between stressors that are widely occurring in ecosystems
(Cote et al., 2016). An analysis of mesocosm experiments and
of European monitoring data of lakes and rivers for 174 paired
stressor combinations identified interactions in 33% of cases
(Birk et al., 2020). Another study found that stressor interactions
explained more than half of the variance in ecological status in
over 50,000 European river subcatchments (Lemm et al., 2021).
Experimental studies with aquatic and soil microcosms and with
plant communities found that stressor interactions were more
frequent when the number of stressors increased (Rillig
et al., 2019; SpeiBer et al., 2022; Suleiman et al., 2022). Note
that stressor interactions can also be a consequence of the
statistical model used when diagnosing interactions and may
not have a mechanistic basis (see General mechanisms and
identification of interactions with null models section for
details), although this still complicates prediction.

In real-world ecosystems, chemicals typically occur simulta-
neously as mixtures. For example, a screening of 2316 chem-
icals in Greek wastewater samples detected 398 chemicals

(Gago-Ferrero et al., 2020). Of 970 target compounds, that is,
chemicals selected for chemical analysis, 426 chemicals with
approximately 30 different modes of action toward organisms
were found in three Central European rivers (Busch
etal., 2017). Studies in agricultural areas of Central and Eastern
Europe found up to 50 pesticides, a group of chemicals de-
signed to adversely affect organisms, in a single water sample
from streams (Halbach et al., 2021; Moschet et al., 2014;
Schreiner et al.,, 2021). Of 82 target compounds, 76 were
detected in soils in regions with different land uses around
Paris, France (Gaspéri et al., 2018).

A reliable prediction of chemical effects often requires
consideration of the full mixture. Several studies reviewed by
Posthuma et al. (2019) demonstrated associations between
chemical mixtures and ecological responses. Bioassays with
water samples from streams and rivers suggest that although
many chemicals occur at low concentrations, they need to
be considered to explain the response of the bioassays (e.g.,
Escher et al., 2020; Neale et al., 2020). Indeed, multiple
chemicals with a similar mode of action, each occurring at low
concentrations that would cause no or only negligible effects,
may together exert a strong effect, which is called the
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FIGURE 1: Overview of the tools and methods of multiple stressor and chemical mixture research with joint challenges and research gaps. Idealized

representation. Blue text highlights the tools and methods that are of particular interest for the other research areas.
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“something from nothing” effect (Silva et al., 2002; Thrupp
etal., 2018; Figure 2A). A large number of experimental studies
in the laboratory, mostly with only two or three chemicals and
single species, has found interactions between chemicals that
likely have a mechanistic basis (Rodea-Palomares et al., 2015).
A recent meta-analysis of mixture experiments including var-
ious chemical classes found on average 35% of interactions
(Martin et al., 2021). Mixtures containing pesticides and bio-
cides that frequently occur in ecosystems (Liess et al., 2021;
Riedo et al., 2021; Wolfram et al., 2021), were particularly
prone to exert interactions. In contrast to these experimental
systems, several studies on pesticides in agricultural streams
found that the highest estimated toxicity for a single pesticide
in a sample, in other words ignoring mixture toxicity com-
pletely, was sufficient to explain the ecological response
(Liess et al., 2021; Schéfer et al., 2013). Thus, experiments
may strongly overestimate the relevance of interactions for
real-world ecosystems.

Although multiple stressors are ubiquitous and often include
chemical mixtures, biotic responses to them have largely been
studied separately (but see, e.g., Burton & Johnston, 2010).
This is despite the fact that chemical and nonchemical stressors
act jointly, sometimes through mechanistic interactions, on
organisms (Holmstrup et al., 2010; Laskowski et al., 2010; Liess

et al.,, 2016). The lack of an integrative approach to studying
both chemical and other stressors reflects the disciplinary di-
visions that exist between scientific communities in which
(applied) ecologists and ecotoxicologists use distinct research
topics, paradigms, journals, and conferences (Bernhardt et al.,
2017; Hodgson, Halpern & Essington, 2019; Orr et al., 2020;
Schéfer et al., 2016). Notwithstanding, to predict the responses
of biological systems to multiple stressors and multiple chem-
icals as well as combinations of both requires an overarching
framework that integrates and thereby benefits the associated
research communities (Pirotta et al., 2022). Below we describe
and discuss the approaches for multiple stressor and chemical
mixture research and provide an outlook on potential synthesis
in different domains (Figure 1).

THE GENERAL APPROACH
OF ECOTOXICOLOGY AND
(APPLIED) ECOLOGY

Ecotoxicology is a relatively young discipline, which has
partly inherited its methodological focus from (mammalian)
toxicology, at least for research with an applied scope
(Newman & Clements, 2008). Mammalian toxicology has a
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FIGURE 2: lllustration of several concepts related to stressor intensity-response relationships. (A) Concept of equipotency and the phenomenon of

“Something from nothing” for five chemicals A to E. At the equipotent concentration level (Cgp), each compound causes the same effect in isolation.
In the absence of interactions and assuming the same mode of action, compounds at equipotent concentrations in a mixture are perfectly
exchangeable. This is illustrated by five compounds in a mixture at Cgp equalling five times the single compound A. (B) Predicted effect when
assuming linearity and effect observed when the stressor intensity—response relationship is nonlinear. In this case, doubling the level of an individual
stressor would be perceived as synergism when using a simple addition model.
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strong focus on extrapolating chemical effects from a few se-
lected species (e.g., rat, mouse) to humans (Abou-Donia, 2015),
whereas a major part of ecotoxicological research aims to
quantify the responses of a few selected species to (typically
single) chemicals under controlled laboratory conditions, as a
basis to evaluate the potential implications of chemicals in
ecosystems (Cairns, 1986; Schéafer, 2014). Standardized ex-
perimental test systems with single, laboratory-adapted spe-
cies and chemicals still form the backbone of current chemical
regulatory risk assessment (Dale et al., 2008). Key applications
of risk assessment include prospective chemical safety assess-
ment (e.g., Registration, Evaluation, Authorisation and Re-
striction of Chemicals [European Commission (EC), 2006]),
retrospective environmental quality assessment (e.g., European
Water Framework Directive [EC, 2000]) and life cycle impact
assessments. A literature analysis found that 53% of all studies
on pesticide effects in freshwater ecosystems focussed on a
single organism, the water flea Daphnia magna, which is a
surrogate test species used to assess toxicity toward in-
vertebrates (Beketov & Liess, 2012). Field studies on com-
munities in real ecosystems constituted less than 1% of all
studies. In situ bioassays, where organisms are deployed in
ecosystems to assess the potential effects of chemicals, are
more frequently conducted but typically also rely on individuals
of a single species (Burton & Nordstrom, 2004; Sarkis
et al., 2023). However, extrapolating results from single species
experiments to ecosystems, for instance in the case of fresh-
water ecosystems with more than 100 000 known invertebrate
species (Balian et al., 2008), remains a major challenge and was
rated among the most important current research challenges in
ecotoxicology (Van den Brink et al., 2018). Besides the in-
heritance of methods from toxicology, the ecotoxicological
research's focus on single species and often single chemicals
under controlled laboratory conditions is driven by its strong
connection to regulatory chemical risk assessment. The regu-
latory frameworks differ between chemical groups (e.g., pesti-
cides, biocides, nanoparticles), but generally rely on single
species as representatives for whole organism groups and
trophic levels, and simplified experimental designs that ignore
additional stressors (van Dijk et al., 2021). This regulatory
footprint is also visible in the strong focus of ecotoxicological
modeling on individuals and populations (Larras et al., 2022).

Compared with a large part of ecotoxicological research,
ecological studies more frequently use field experiments and
surveys in ecosystems to establish links between stressors and
ecological responses, although laboratory studies are also
widely used in multiple stressor research. However, these
studies have largely ignored chemicals as stressors except for
nutrients (Bernhardt et al., 2017; Groh et al., 2022; Schafer
et al., 2016; Schneeweiss et al., 2023; Sigmund et al., 2023).
For example, analyses of general and specific (e.g., freshwater)
ecological journals found a comparatively low amount of
studies on toxic chemicals, and related United States national
project funding was negligible (Bernhardt et al., 2017; Persson
et al., 2022; Schéfer et al., 2016). This is presumably owed to
disciplinary division, that is, that toxic chemicals are regarded
as the subject matter of a different discipline (Orr et al., 2020)

and to the complexity of characterizing mixture exposures and
related ecological effects, which requires sophisticated and
costly methods of sampling and analyzing chemicals (see
below; Sigmund et al., 2023). Moreover, the sheer amount and
potential interactions between chemicals have for long com-
plicated the identification of causal relationships and the im-
plementation of eco-epidemiological approaches aligning
applied ecology with ecotoxicology (Bro-Rasmussen & Lakke,
1984; Posthuma et al., 2020).

Overall, the above described research paradigms can his-
torically explain the gap between multiple stressor research
and chemical mixture research (Figure 1). A contemporary
analysis of the state of progress in the respective disciplines
follows and highlights domains with potential for synergy.

GENERAL MECHANISMS AND
IDENTIFICATION OF INTERACTIONS
WITH NULL MODELS

From a mechanistic perspective, stressors can interact two-
fold. First, a stressor can moderate the intensity of other
stressors, hereafter called intensity interaction. For example,
increased turbidity through sand input in experimental streams
decreased the predation of invertebrates (Louhi et al., 2017).
Second, the effect of a stressor on an organism, population,
community, or food web may influence the effect of a different
stressor, hereafter called effect interaction. For example, pre-
dation by fish modified the response of a zooplankton com-
munity to warming in a mesocosm experiment (MacLennan &
Vinebrooke, 2021). In this context, chemical mixtures represent
a special case of multiple stressors to which the same two types
of interaction, that is, intensity and effect interaction, apply. A
chemical can modify the concentration of a second chemical,
for example nanoparticles modify pesticide concentrations
(Seitz et al., 2012), and one chemical may influence the re-
sponse of organisms to a second chemical, for example
azole fungicides can reduce the biotransformation in in-
vertebrates and thereby increase their sensitivity to pyrethroids
(Cedergreen et al., 2017). Other factors such as the ecological
context, for example the organisms involved and biological
level, are relevant for prediction of stressor effects (Thompson
et al., 2018).

In both multiple stressor and chemical mixture research,
many studies have focussed on identifying cases of effect in-
teractions. These manifest themselves as deviations of the
observed joint effects from the predicted joint effects, where
the prediction is calculated with a null model using the in-
dividual effects of the stressors. If the observed joint effect is
larger and smaller than predicted, this is called synergism and
antagonism, respectively (as compared with the null model).
Synergism and antagonism occur widely and hamper pre-
diction for both multiple nonchemical stressors (Darling &
Cote, 2008; Dieleman et al., 2012) and multiple chemicals
(Cedergreen, 2014; Martin et al., 2021), but also combinations
of chemical and nonchemical stressors (Holmstrup et al., 2010;
Laskowski et al., 2010; Liess et al., 2016). However, while
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mechanistic effect interactions manifest as synergism or an-
tagonism, the diagnosis of synergism and antagonism does
not necessarily indicate an underlying mechanistic effect
interaction (Figure 1).

What constitutes synergism and antagonism depends on a
null model that is used to predict the joint effect from the
individual stressors (Dey & Koops, 2021; Piggott et al., 2015).
Different null models are typically used in multiple stressor and
chemical mixture research. In multiple stressor research, the
majority of studies used a linear statistical model in data
analysis such as analysis of variance. This implies using a
simple addition model or, sometimes unknowingly, when log-
transformed data are used (Griffen et al., 2016), a multiplicative
null model (for details on models see Schafer & Piggott, 2018).
At the biological level of communities and food webs, the co-
tolerance concept can assist in the selection of an appropriate
null model (Vinebrooke et al., 2004). The concept provides
hypotheses on the community outcome of multiple stressors
based on the correlation of species tolerances to the individual
stressors. For example, if all species in a community exhibit a
negative co-tolerance, that is, tolerances to different stressors
are negatively correlated, each stressor would affect different
fractions of the community. The simple addition null model
may then be most appropriate to predict the joint effect. By
contrast, in the absence of co-tolerance, that is, tolerances
exhibit no correlation, the multiplicative null model may
provide the most appropriate prediction.

The multiplicative model is also frequently used in ecotox-
icology, but under the name of independent action (Bliss, 1939),
effect addition, or response addition. It has been developed
with a focus on chemicals that act biochemically dissimilarly in an
organism, whereas the model of concentration addition has
been developed for chemicals that act biochemically similarly in
an organism (Loewe & Muischnek, 1926). The predictions of
concentration addition and independent action converge in the
case of mixtures with many chemicals at low effect levels, for
example up to 10% of the total possible effect, where the effect
is typically mortality (Escher et al., 2020). Given the frequent
similarity in prediction accuracy and that data is often lacking to
fit an independent action model (see below for details), the
concentration addition model has been suggested as the
standard tool for chemical risk assessment in different regions
such as the European Union (Frische et al., 2014), the United
States (Belden & Brain, 2018), and China (Chen et al., 2020).
Comparative discussions on null model selection are largely
lacking in ecosystem management focusing on multiple stres-
sors. Another model that is often used rather implicitly is the
dominance null model. This model predicts that the joint effect
equals that of the stressor or chemical with the highest individual
effect, hence it ignores all other stressors and chemicals. Inter-
estingly, a recent analysis found that for the combined effect of
climate change and a second stressor in freshwater ecosystems,
the dominance model best explained the observed effect
(Morris et al., 2022), in particular when stressor intensities dif-
fered strongly. In addition, several studies on pesticides in ag-
ricultural streams found that the dominance model yielded
similarly strong associations with ecological community metrics

as the concentration addition for all detected pesticides (Liess
etal., 2021; Schéfer et al., 2013). This was largely due to a strong
difference in the toxic potency of the most toxic chemical
compared with all other chemicals (cf. Price & Han, 2011). By
contrast, a meta-analysis of studies with mortality as response
found that the dominance model exhibited the highest bias (Dey
& Koops, 2021), although no model performed best in both
accuracy and precision. Overall, it remains largely open which
null model yields the most accurate and precise prediction for a
given multiple stressor scenario, while for chemical mixtures
concentration addition represents a widely accepted standard
model.

In contrast to multiple stressor research, for chemical mix-
tures a formalized method has been widely adopted to eval-
uate which size of departure between data and null model
prediction constitutes synergism or antagonism, the so-called
model deviation ratio (MDR; Belden et al., 2007). The MDR is
obtained by dividing the null model prediction by the observed
joint effect, where >1 is synergism and <1 is antagonism.
Several meta-analyses and reviews employed MDR boundaries
of 0.5 and 2 as matching with the null model (Belden
et al., 2007; Cedergreen, 2014; Martin et al., 2021). However,
narrower boundaries (0.83 to 1.25), translating into more cases
of apparent synergism and antagonism, have also been used
(Carnesecchi et al., 2019). The MDR approach has been criti-
cized for only relying on the effect size and ignoring the de-
pendence of the MDR on the sample size (Macacu &
Guillot, 2020). In response, a statistical significance test in-
corporating the sample size has been suggested (Macacu &
Guillot, 2020), where synergism and antagonism are a function
of effect size and sample size. Conversely, many studies have
criticized statistical significance testing because statistical sig-
nificance is not necessarily biological significance (Cohen,
1994; Pernet, 2017; Schober et al., 2018) and a statistical in-
teraction does not imply mechanistic interaction of stressors or
chemicals. For large sample sizes, even minor deviations from a
null model are statistically significant. By contrast, small sample
sizes in factorial designs, which often apply to multiple stressor
studies, lack the power to detect interactions, in particular when
the observational error is relevant (Burgess et al., 2021, 2022).
However, multiple stressor research largely relies on statistical
significance testing to identify synergism and antagonism. An
alternative to purely effect-size driven MDR boundaries and sig-
nificance testing for both multiple stressor and chemical mixture
research could be MDR boundaries based on standardized effect
sizes such as Cohen's d or Hedge's g, which are frequently used
in meta-analyses (Jackson, 2015).

While joint effects of multiple stressors are typically only
predicted within the context of a specific study where in-
dividual and joint effects have been measured (Hodgson &
Halpern, 2019), the joint effects of chemical mixtures are often
predicted for exposure concentrations, for instance determined
in field studies, in the absence of measured effects, using effect
data from single species laboratory tests and a null model,
typically concentration addition. The concentration addition
model requires effect data for a defined effect level to
benchmark and aggregate the toxic potency of different
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chemicals. In most cases the median effect concentration
(EC50), defined as the effect concentration where half of the
test population exhibits a specific effect, is used because it is
available from public databases and, in case of missing data,
tools such as quantitative structure—activity relationship models
allow for reliable prediction (Astuto et al., 2022). Quantitative
structure—activity relationships predict properties such as the
EC50 for an organism for nontested chemicals based on
mathematical relationships between the chemical structure and
respective properties, established using experimental data.
To use independent action as null model, in contrast, would
typically require the full dose-response relationship to derive
an effect for a given exposure concentration of a chemical.
However, full dose-response relationships are comparatively
scarce compared with EC50 data. Hence, the concentration
addition model is commonly applied to evaluate the joint
effects of a chemical mixture found in ecosystems (e.g.,
Ginebreda et al., 2014; Liess et al., 2021; Markert et al., 2020;
Rorije et al., 2022; Schafer et al., 2013). Although mixture
predictions rather provide a crude proxy of risks to populations
or communities (see Process-based models for predicting
ecosystem effects of multiple stressors and chemical mixtures
section), they can be useful to evaluate the relevance of a
chemical mixture, for example through comparison with risk
thresholds (Schafer et al., 2016). Multiple stressor research
would clearly benefit from the ecotoxicological approach to
provide standardized effects data. Besides data compilation,
which has been done, for instance, for temperature tolerance
(e.g., Pottier et al., 2022), this would also require a move
toward regression designs in multiple stressor studies that
allow for establishing stressor intensity-response relationships
(see Experimental design in chemical mixture and multiple
stressor research section).

The general approach of screening for synergism and an-
tagonism has been heavily criticized in multiple stressor re-
search (De Laender, 2018; Griffen et al., 2016; Pirotta
et al., 2022; Schéfer & Piggott, 2018; Segner et al., 2014;
Simmons et al., 2021). The main criticism is that the classi-
fication of effects does not provide mechanistic understanding
and that rather mechanistic models should be developed (as
discussed in Process-based models for predicting ecosystem
effects of multiple stressors and chemical mixtures section).
Many studies have shown that the outcome of the classification
depends on the study context including (1) the study design, in
particular the chosen stressor intensities in factorial designs,
(2) the level of biological organization, where, for example,
additive effects on the population level become nonadditive
through species interactions in a community (Thompson
et al.,, 2018), and (3) the time point of classification because
effect sizes and directions can change in dynamic systems (Baas
et al., 2007; Brooks & Crowe, 2019; e.g., Streib et al., 2022).
Thus, a nonadditive classification does not imply a mechanistic
effect interaction. In response, recent developments include a
null model for the community-level based on the simple addi-
tive model (Thompson et al., 2018) and concentration addition
and independent action (De Zwart & Posthuma, 2005), a more
widely applicable version of independent action for multiple

stressors (Tekin et al., 2020), and new null model approaches
with a stronger mechanistic basis such as the stressor addition
model (Liess et al., 2016). Using the more widely applicable
version of independent action strongly reduced the frequency
of synergism compared with a simple additive null model and
yielded predominantly additive and antagonistic interactions
(Tekin et al., 2020). The stressor addition model provided
better predictions than concentration addition and in-
dependent action models for studies combining a chemical
and a nonchemical stressor, and was least biased in multiple
stressor studies with mortality as response (Dey & Koops, 2021;
Liess et al., 2016). Interestingly, the criticism on the classi-
fication of effects is much weaker in chemical mixture research
than in multiple stressor research. This is likely because the vast
majority of studies in chemical mixture research focuses on
single species tests and bioassays (Cedergreen, 2014; Martin
et al., 2021), where strong departures from the null model
(typically concentration addition) are relatively likely to indicate
mechanistic effect interactions of the involved chemicals.
Overall, a stronger exchange on null models between multiple
stressors and chemical mixture research might benefit both
research areas.

CHARACTERIZING STRESSORS AND THEIR
MODES OF ACTION

Both multiple stressor research and chemical mixture re-
search require a reliable quantification of stressors. Stressors
can be separated into physical (e.g., warming, soil compaction,
water flow velocity, fire, land use change), chemical (e.g., water
reduction, nutrients, salinity, metals, pesticides), and biological
(e.g., invasive species, disease) categories (Rillig et al., 2021),
although overlaps exist (e.g., between chemical and physical
stressors: microplastics, nanoparticles, and soot particles).
Compared with the quantification of most physical and bio-
logical stressors and several chemical stressors such as nu-
trients, salinity, or water level, the labor and financial costs to
comprehensively quantify toxicants are much higher (Sigmund
et al., 2023). While costly measurement devices and sensors
are by no means specific to chemical stressors (e.g., spec-
trophotometer for nanoparticles, weather stations, sensors for
humidity or radiation), the sheer amount of potential chemicals
and the fact that many of these are toxic in the smallest traces
makes their quantification very costly because complex sample
processing steps are often required (e.g., extraction from or-
ganisms or soils). Note that despite these efforts current mix-
ture characterizations are rather incomplete, that is, they miss
ecotoxicologically relevant chemicals (Escher et al., 2020).
Moreover, compared with several stressors such as land use
change and soil compaction that are press disturbances, sev-
eral chemicals occur in pulses and thereby require a high
temporal resolution of sampling (Rillig et al., 2021). For ex-
ample, ecologically relevant pesticide concentrations in
streams can exhibit a high variability over short time scales
(e.g., hours and a few days; Leu et al., 2004; Stehle et al., 2013)
and related automated sampling devices require strong
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technical expertise and are costly (Halbach et al., 2021;
Moschet et al., 2014; Stravs et al., 2021). Overall, a major dif-
ference between multiple stressor research and chemical mix-
ture research is that a comprehensive quantification of mixtures
requires more labor and financial resources than most
other global change stressors considered in multiple stressor
research.

The classification of stressors including chemicals may
support prediction of their effects. Chemical classification
systems mainly rely on the so-called mode of action, although
its definition and classification approaches differ in their
focus. The focus can be on physiological effects, target site,
or chemical structure and the level of complexity may vary
strongly (Escher, 2013; Kienzler et al., 2017, 2019). While
early classifications suggested four classes (inert, less inert,
reactive, specifically acting; Verhaar et al., 1992), six broad
and 31 specific modes of action have been suggested more
recently (Martin et al., 2013). Modes of action are particularly
relevant in the context of chemical mixtures because similarly
and dissimilarly acting chemicals are assumed to be pre-
dictable by the concentration addition and independent ac-
tion models, respectively. Physiological modes of action that
focus on the energy processing in organisms (e.g., assim-
ilation, maintenance, growth, or reproduction of an organism)
may be useful to bridge the gap to multiple stressor research
(Ashauer & Jager, 2018). Bioenergetic models could use
these physiological modes of action to predict the joint effect
of chemicals, nonchemical stressors, or combinations of both
(Ashauer & Jager, 2018). By contrast, comprehensive classi-
fication schemes for nonchemical stressors in the context of
multiple stressor research have emerged only recently, al-
though their importance has long been recognized (Breitburg
et al., 1998). Two very broad schemes discriminating three or
four modes of action of stressors have been introduced (Galic
et al., 2018; Schafer & Piggott, 2018). Recently, Rillig et al.
(2021) suggested a classification system with multiple cate-
gories including effect mechanisms, effect directions for dif-
ferent organism groups, and nature of the stressor (e.g.,
stressor is physical and is a particle, stressor is chemical and
organic). A recent classification expands the stressor classi-
fication to the environmental context and also considers the
sources of stressors, temporal and spatial profiles, and tol-
erances of major organism groups (Orr et al., 2022). This
concept can feed into a more comprehensive risk assessment
of multiple stressors that in addition to evaluating their mode
of action classifies the environmental occurrence and organ-
isms at risk. Finally, so-called threat webs have been sug-
gested as a tool to identify the causal co-occurrence of
stressors (Geary et al., 2019). An earlier study suggested the
classification of stressors by frequency of occurrence in an
ecosystem based on habitat types within an ecosystem
(Burton & Johnston, 2010). Overall, ecotoxicological research
has provided a comprehensive classification system for the
mode of action of chemicals, which may inform further de-
velopment in multiple stressor research. Conversely, chem-
ical mixture research could benefit from multiple stressor
research on how to consider environmental context when

identifying potential realistic mixtures and organism groups
at risk (for a case study see Bracewell et al., 2019).

EXPERIMENTAL DESIGN IN CHEMICAL
MIXTURE AND MULTIPLE STRESSOR
RESEARCH

Number of stressors and chemicals

A vast number of experiments has been conducted to study
the effects of multiple stressors (see meta-analyses by Ban
et al., 2014; Crain et al., 2008; Heugens et al., 2001; Jackson
et al., 2016; Matthaei & Lange, 2016) and chemical mixtures
(see meta-analyses by Belden et al., 2007; Cedergreen, 2014;
Martin et al., 2021). Both research areas have been biased in
their experimental designs toward strongly simplified scenarios
(Hodgson & Halpern, 2019). For chemicals, the majority of
mixture experiments has been performed with small mixtures
under simplified conditions that deviate strongly from those
found in real-world ecosystems (Martin et al., 2021). Specifi-
cally, they have been mainly conducted with (1) binary and
ternary mixtures, (2) at equipotent concentrations, and (3) in the
laboratory under controlled conditions using single species of
plants or invertebrates and mammalian bioassays. Although a
relevant fraction (e.g., 12%-36% depending on the group of
chemicals in Cedergreen, 2014; 35% in Martin et al., 2021) of
cases in the experiments exhibited synergism or antagonism,
owing to the simplified experimental conditions this fraction
may be overestimated compared with real-world ecosystems.
However, this would not impinge on the general relevance of
additive mixture effects (Posthuma et al., 2019). First, with
typically hundreds of chemicals, the size of real mixtures is
considerably larger than those considered in most experiments
(Busch et al., 2017; Gago-Ferrero et al., 2020; Halbach
et al., 2021; Massei et al., 2018; Schreiner et al., 2021). For a
given effect level, departures from the concentration addition
prediction generally decrease with an increase in the number of
chemicals (Rodea-Palomares et al, 2015; Warne &
Hawker, 1995), although as long as the number of chemicals
remains relatively small (~10 or less), effect interactions may
also increase (Chen et al., 2015; Rodea-Palomares et al., 2010;
Tian et al., 2012). Second, most experiments used equipotent
concentrations of chemical mixtures, that is, all chemicals
constituting a mixture are present at concentrations that would,
if the chemical occurred alone, trigger the same effect
(Figure 2A). Deviations from null models for chemical mixtures
typically peak at equipotency following the climax hypothesis
(Lin et al., 2005; Tian et al., 2012). However, environmental
mixtures depart strongly from equipotency (Geissen
et al., 2021; Schafer et al., 2013; Vallotton & Price, 2016;
Weisner et al., 2021). For example, of 34 354 river water sam-
ples, only approximately 10% of chemicals contributed 90% of
the predicted additive effect (Rorije et al., 2022). Finally, effect
interactions are strongly species-dependent and may change
with the effect level. For example, a ternary mixture of lipid
regulators exhibited an antagonistic and synergistic interaction
at low and high effect levels, respectively, in the bacterium
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Vibrio fischeri (Phylum: Pseudomonadota), whereas the oppo-
site pattern was found in a cyanobacterium (Anabeana spp.;
Baek et al., 2019).

Studies on multiple stressors exhibit similar shortcomings.
Most studies have only considered two stressors, whereas in real-
world ecosystems frequently a much higher number of stressors
co-occur (Griffen et al., 2016, van Moorsel et al.,, 2023; Rillig
et al., 2019; Suleiman et al., 2022). Recent studies with soil and
aquatic microcosms demonstrated that increasing the number of
stressors increases changes in the effect direction, thereby re-
ducing the capacity for prediction (Rillig et al., 2019). However,
an increase in the number of stressors was typically associated
with an increase in the overall effect level. Here, multiple stressor
research may benefit from the concept of equipotency in
chemical mixture research. Although equipotency may be non-
representative for real-world conditions, when increasing the
number of stressors care should be taken to keep the effect level
constant (Figure 2A), otherwise an increase in the effect size may
simply result from a higher stressor intensity and would also be
expected if the intensity of a single stressor increased. Fur-
thermore, in the case of nonlinear stressor intensity—response
relationships that are common, even an increase in a single
stressor would yield to nonadditive responses when analyzing
the data with a linear statistical model (Hunsicker et al., 2016;
Pirotta et al., 2022). A modeling study demonstrated for different
levels of biological organization that synergism and antagonism
can simply result from nonlinear stressor intensity-response re-
lationships without any underlying mechanistic interactions
(Turschwell et al., 2022). Another major issue that is much more
pronounced in multiple stressor than chemical mixture research is
the restricted number of treatments levels, frequently just two or
three, per stressor (Griffen et al., 2016). For example, less than
15% of studies in two meta-analyses of multiple stressor studies
used five or more treatment levels of a factor, which are a min-
imum requirement to estimate stressor intensity-response rela-
tionships (Griffen et al., 2016; Matthaei & Lange, 2016). Thus,
differences between studies in the classification of interaction
types and effect directions for the same stressors may partly be
the result of study designs with too few treatment levels, which
also excludes the selection of some null models. Furthermore,
this leads to between-study variance, translating into weak pre-
dictive power (Pirotta et al., 2022). Finally, many studies also lack
realism by using simplified spatial and temporal stressor profiles,
which is discussed next.

The temporal and spatial dimension of stressors
and their effects

In multiple stressor and chemical mixture experiments,
typically two stressors are applied simultaneously. Under more
realistic real-world scenarios with desynchronized and dynamic
stressors, the complexity of predicting effects is likely to increase
(Fraker et al., 2022; Jackson et al., 2021). Stressors operate over
different time scales, and long-term stressors that have been
affecting ecosystems for decades, such as excessive nutrient
input, may interact with pulsed stressors such as heatwaves.

Pulsed stressors commonly occur at different magnitudes of
stressor intensity and vary in their duration. Chemicals also
exhibit pronounced temporal patterns. Given a continuous
release, some chemicals exhibit relatively constant exposure
(e.g., pharmaceuticals; Hernando et al., 2006), whereas others
increase (e.g., novel chemicals), decrease (e.g., phased out
chemicals), or show pronounced short-term or seasonal (e.g.,
pesticides; Halbach et al., 2021) trends. Comparatively few
studies have manipulated temporal profiles of stressors, but
these studies demonstrated that, among others, stressor dura-
tion, variability, timing, and time lag between pulsed stressors
influence the overall impact (Bertocci et al., 2005; Bulleri
et al., 2014; Fukami, 2001; Molinos & Donohue, 2010; Ostrowski
et al., 2022; Verheyen & Stoks, 2019). Even long after a chemical
or nonchemical stressor has disappeared, it may still influence
the trajectory of ecological systems, which is called legacy or
carry-over effect, and thereby determine how they respond to
current and emerging stressors (Harding et al., 1998; Landis
et al.,, 1996; Ryo et al., 2019).

The prediction of the effects of dynamic ocusisors is further
complicated by the fact that the stressor order (e.g., order of
chemical exposures) can determine the effects. For instance,
if a species is negatively and positively affected by stressors
A and B, respectively, first exposure to A would lead to stronger
suppression than first exposure to B. Indeed, several studies on
chemical and nonchemical stressors demonstrated that the
stressor order can matter (Ashauer et al., 2017; Brooks &
Crowe, 2019; Fukami, 2001; Rillig et al., 2015). The co-tolerance
concept helps in assessing when stressor order matters (Floder &
Hillebrand, 2012; MacLennan & Vinebrooke, 2021). A negative
and positive correlation of tolerance to stressors has been hy-
pothesized to increase and decrease the relevance of stressor
order, respectively (MacLennan & Vinebrooke, 2021). This con-
cept easily translates to chemicals and may be useful for chemical
mixture research. Conversely, toxicokinetic—toxicodynamic
(TKTD) models are widely used in ecotoxicology and provide a
mechanistic understanding of toxicity in organisms over time
(Ashauer & Escher, 2010). They have successfully predicted the
effects of different exposure profiles of chemicals on organisms
(Ashauer et al., 2016; Bart et al., 2021), although mainly for single
species. Toxicokinetic-toxicodynamic models and related bio-
energetic models (details in next section) could be adapted for
other stressors and then be useful for multiple stressor research
(Goussen et al., 2020). Finally, a recent study introduced the
concept of stressor action curves, based on the stressor addition
null model, that successfully predicted synergistic effects for
different sequential treatments of a chemical and nonchemical
stressor on a single species (Schunck & Liess, 2022).

Most experimental studies are of short duration and thereby
ignore the adaptive potential of stressed organisms (Boyd
et al., 2018; but see Orr et al,, 2021). While adaptation to
stressors including chemicals has been found in many studies
(Becker & Liess, 2017; Jeremias et al., 2018; Lasky, 2019),
adaptation typically involves a trade-off that may compromise
population viability (Siddique et al, 2020; Tikhonov
et al., 2020). Meta-analyses of experimental studies with up to
1-year duration in different systems found contradictory results
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of the influence of experimental duration on the effects of
multiple stressors (Darling & Cote, 2008; Lange et al., 2018).
However, on longer time scales such as years, the effects of
stressors dampened (Leuzinger et al., 2011). This may be due
to adaptation, but also recolonization from other patches,
which highlights the importance of the spatial dimension.

Similar to the temporal dimension, the spatial dimension of
multiple stressors and chemical mixture effects has received
little attention. Most studies have been conducted using spa-
tially restrictive microcosms and mesocosms, thereby ignoring
species dispersal (Nystrom & Folke, 2001; Ryser et al., 2021;
Schiesari et al., 2018; Streib et al., 2022). However, dispersal
can be important because it may sustain populations in patches
affected by stressors and thereby reduce the extinction risk, a
phenomenon described in the source-sink concept and called
the rescue effect (Furrer & Pasinelli, 2016; Gotelli, 1991;
Pulliam, 1988). However, dispersal dynamics can also threaten
the persistence of metapopulations. In case of too high dis-
persal mortality or stressor-driven population decline in too
many patches in a landscape, this may deplete populations in
connected source patches and eventually lead to meta-
population collapse (Amarasekare, 2004; Harvey et al., 2018;
Spromberg & Scholz, 2011; Willson & Hopkins, 2013). Besides
stressor effects, dispersal can also propagate the stressor itself.
This is, for instance, important for chemicals that can enter food
chains via bioaccumulation in dispersing organisms and con-
sequently influence distant ecosystems (Schiesari et al., 2018).
Several studies have shown that this mechanism also acts
across ecosystems as cross-ecosystem biomagnification
through the transport of chemicals via dispersing organisms
(Laws et al., 2016; Previsi¢ et al., 2021; Walters et al., 2008).
Moreover, alien species, if they become invasive, are a bio-
logical stressor that may affect ecosystems far from the location
of initial introduction (Early et al., 2016; Vila et al., 2011).

The relevance of the spatial dimension for the propagation
of stressors and their effects depends on the connectivity of
habitats (Heino et al., 2021). The connectivity of habitats in a
landscape is determined by the dispersal ability of organisms,
the distance between habitat patches, and the influence of the
landscape structure on dispersal, including dispersal mortality
(Amarasekare, 2004; Streib et al., 2022). Physical structures in
the landscape such as dams or roads can strongly constrain the
movement of resources and organisms, thereby reducing
habitat connectivity (Lange et al., 2018). Chemical pollution can
also represent an “invisible wall” impeding dispersal of or-
ganisms (Schiesari et al., 2018). Stressors can also directly affect
the dispersal ability of organisms through effects on their
fitness.

While we have so far discussed the spatial dimension from
the perspective of organisms, the stressors themselves often
have different spatial profiles that determine the local co-
occurrence in a habitat patch: while some stressors are very
local (e.g., emission of chemical), others occur at the scale of
landscapes or regions (e.g., heatwave, drought; Boyd
et al., 2018; Brown et al., 2014; Morris et al., 2022; Streib
et al., 2022). Chemicals can create spatial gradients of ex-
posure in a landscape through a combination of transport

processes and diffusion as well as processes decreasing their
bioavailability such as degradation or binding to matter (e.g.,
soil, sediment; Schiesari et al., 2019). Understanding the spatial
patterns of stressors is a necessary prerequisite to predict the
identity of (multiple) stressors a population, community or food
web is exposed to (Geary et al., 2019). The same applies to
chemical mixtures.

Overall, both multiple stressor research and chemical mix-
ture research have largely ignored the temporal and spatial
dimension. This evokes questions on the degree of ecological
relevance achieved. Both research areas would benefit from
closer cooperation on how to integrate the temporal and
spatial dimension into study design. The temporal dimension
could be integrated by using realistic stressor dynamics
(Gunderson et al., 2016) or through experimental designs that
allow for subsequent parameterization of models that can
predict the effects for different temporal dynamics (Bart
et al., 2022; Goussen et al., 2020). The spatial dimension could
be integrated by considering different habitat patches within
an experimental unit (e.g., Turunen et al., 2018), but for very
mobile (e.g., flying) organisms and organisms that are larger
than arthropods, field studies and process-based models may
be more feasible.

PROCESS-BASED MODELS FOR
PREDICTING ECOSYSTEM EFFECTS
OF MULTIPLE STRESSORS AND
CHEMICAL MIXTURES

To date, the focus on meta-analyses and on experiments
with limited realism (see above) has delayed the development
of a predictive understanding of the joint effects of multiple
stressors and chemical mixtures in ecosystems. Process-based
models may fill knowledge gaps of when and how chemical
and nonchemical stressors interact to cause ecological sur-
prises. They are the only tool that can capture all temporal and
spatial scales as well as all biological levels, although not in a
single model. Yet, this typically comes at the cost of uncertainty
and complex model development requires a strong coordi-
nated effort (Hodgson & Halpern, 2019). Most models can
easily be adopted in different research areas because param-
eters and variables in mathematical equations are open to
different interpretations. For example, a parameter that pro-
vides a mortality rate per unit increase of a variable could be
interpreted as a response to both a chemical and nonchemical
stressor. Several reviews have provided overviews on process-
based models in ecotoxicology, with a general focus (Astuto
et al., 2022; Larras et al., 2022; Schmolke et al., 2010) or with a
focus on specific model types (Baas et al., 2009; Schmolke
et al.,, 2017; Sherborne et al., 2020). However, reviews ocusing
on community or food web models for chemical mixtures are
lacking. Similarly, reviews on process-based models for mul-
tiple stressor research are rather scarce (but see Hodgson &
Halpern, 2019; van Moorsel et al., 2023; Pirotta et al., 2022;
Simmons et al., 2021), but a wide range of resources provides
an overview of ecological models for different biological levels
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and purposes (Cabral et al., 2018; Grimm & Berger, 2016; Jopp
et al.,, 2011; Jorgensen & Fath, 2011; Pilowsky et al., 2022;
Vellend, 2016). Most modeling approaches, ranging from
physiological to meta-ecosystem models, could be applied in
both multiple stressor in chemical mixture research. In the
present study, we focus on selected model types and
challenges that could be fruitful for exchange between both
research areas.

At the organismal to population levels, dynamic energy
budget (DEB) models focus on the physiological effects of
stressors, and how these affect populations and communities
(Simmons et al., 2021). They have been widely applied in
studies on the effects of chemical and nonchemical stressors as
well as for combinations of chemical and nonchemical stressors
(Goussen et al., 2020; Matzelle et al., 2015; Sokolova, 2021).
Dynamic energy budget models for sublethal effects (e.g.,
growth, reproduction) of chemicals are often referred to as
DEBTox models (Jager, 2020; Nisbet et al., 2000). For mortality
as response, the abovementioned TKTD models are widely
applied for chemicals. They rely on experimental data and can
make educated extrapolations beyond the experimental con-
ditions, for example different temporal exposure patterns, if
observations from multiple time points are available (Ashauer
et al,, 2016; Jager et al., 2006). Moreover, their model pa-
rameters may be related to species traits and recent studies
have shown their capacity to extrapolate effects to nontested
species (Gergs et al., 2015, 2019; Singer et al., 2023).
Toxicokinetic-toxicodynamic and DEBTox models can be used
for simple and complex chemical mixtures (e.g., Ashauer
et al.,, 2007; Baas et al., 2007; Bart et al., 2021), although
mechanistic effect interactions are not considered (but see
Cedergreen et al., 2017). The model approaches are open to
nonchemical stressors if relationships between stressor intensities
and effects over time are available. Overall, multiple stressor
research could strongly benefit from the progress made for
chemical mixtures with TKTD and bioenergetic models.

Experimental studies on multiple stressors and chemical
mixtures have often ocusin on the response of a single species
or taxonomic group, thereby providing limited insights into
potential effects in food webs and on ecosystem functions
(Martin et al., 2021; van Moorsel et al., 2023). Process-based
models may in particular help to evaluate the effects of multiple
chemical and nonchemical stressors on (meta-)Jcommunities,
(meta-)food webs, and (meta-)ecosystems (Hodgson & Halpern,
2019). Understanding the effects at these scales and biological
levels is complex because stressors may directly affect a range
of species where the effect sizes likely vary strongly. In addition,
stressors can indirectly affect a focal species, for instance by
directly affecting its prey (Beauchesne et al., 2021). Trophic
(Eklof et al., 2013) and other (Kéfi et al., 2016) interactions
generate a complex network of species interactions. These
networks are typically well connected, such that direct effects
of a stressor on a species propagate to other species (Zelnik
et al., 2022). Importantly, indirect effects can overweight or
reverse direct effects (Fleeger, 2020; Spaak et al., 2017).

Classic ecological models such as Lotka-Volterra or stage-
structured population models have highlighted the relevance

of considering species interactions when predicting the
effects of stressors. For example, such models unraveled that
the direction of stressor interaction on a population is driven by
the shape of the density-dependence of population growth
(Hodgson et al., 2017) and that species interactions interact
with stressor intensity in determining effects on communities
(Thompson Patrick et al., 2018).

Predicting the response of communities, food webs, or
ecosystems to chemical or nonchemical stressors requires un-
derstanding the interactions of two complex networks. First,
the network of direct effects on each species individually and,
second, the network of all species interactions. This is further
complicated because stressors can also affect species inter-
actions, for example through changes in their behavior and
development (Hanazato, 2001; Liu et al., 2022). Community
ecology has concluded that obtaining a high-resolution
species interaction network seems unsurmountable, even in the
absence of stressors (Barbier et al., 2021; Weiss-Lehman
et al., 2022). A way forward may be to replace the paradigm
of high precision with high generality and focus on a “general”
rather than a focal community. For example, the cavity method
assumes identical species interactions and requires only certain
statistical properties of species interactions to predict com-
munity dynamics (Barbier & Arnoldi, 2017). A related approach
focuses on the average interaction strength between species
and between stressors and species, and is likely to at least
reliably predict the average effect of stressors on the com-
munity (Weiss-Lehman et al., 2022). Several other approaches
can be used to tackle the challenge posed by the two complex
networks. Rather than ocusing on species, trait-based ap-
proaches group the large number of species in communities
and food webs, often based on a few core traits such as body
size, resource uptake, and feeding preference (Allhoff
et al., 2015; Kigrboe et al., 2018; Litchman & Klausmeier, 2008;
Schneeweiss et al., 2023; Williams & Martinez, 2000). Fur-
thermore, bioenergetic models have the potential to integrate
metabolism with body size and density-dependent intra- and
inter-specific species interactions to predict how chemical or
nonchemical stressors affect the flow of biomass. Similarly,
trophic network models can link species metabolism, con-
sumption, and growth and could be used to predict how
stressors affect species interactions and biomass dynamics
across trophic levels (Simmons et al., 2021). Finally, size-spectra
models can consider how stressors affect food webs based on
an assumed inverse relationship between species body size
and abundance, and size-dependency of predator—prey inter-
actions (dos Santos et al., 2017; Jackson et al., 2021).

Several community, food web, and ecosystem models have
been developed to predict the effects of multiple stressors. For
example, a food web model and a complex ecosystem model
were used to study the effects of fishing, acidification, and
warming on the marine ecosystem (Cornwall & Eddy, 2015;
Griffith et al., 2012). A network model predicted synergistic
interactions of multiple stressors on several organism groups in
a marine arctic ecosystem (Arrigo et al., 2020). A few ecotox-
icological models for communities and food webs have been
developed, as reviewed by Larras et al. (2022). Promising
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approaches that consider chemicals are the Streambugs model
simulating populations of freshwater invertebrates in streams
(Kattwinkel et al., 2016; Mondy & Schuwirth, 2017; Schuwirth &
Reichert, 2013), the AQUATOX model simulating lake food webs
(Park et al., 2008), and the ALMaSS modeling framework that has
been used to simulate several terrestrial populations, including
birds, invertebrates, and vertebrates (Sibly et al., 2009; Topping
& Lagisz, 2012; Topping & Weyman, 2018). These models cur-
rently do not consider chemical mixtures, but their incorporation
should require a minor effort compared with the general model
development. Generally, if a reliable food web or ecosystem
model was available for a specific research question or eco-
system under scrutiny, incorporating chemical and nonchemical
stressors should be comparatively simple (for guidance on model
selection see Geary et al., 2020).

To date, a key finding from the various modeling ap-
proaches is the context dependency of multiple stressor effects
across different scales of time, stressor intensity, and biological
organization. For example, a mechanistic model of two stres-
sors showed that classification of their interactive effect de-
pended on when it was measured, stressor intensities, and
whether it was based on the physiological, population, or
consumer-resource level (Turschwell et al., 2022). A major
shortcoming of most ecological models used for multiple
stressors and chemicals is the omission of stressor adaptation
and thereby ignorance of eco-evolutionary dynamics (Boyd
et al., 2018; van Moorsel et al., 2023). Notwithstanding,
process-based models are valuable tools to integrate chemical
and nonchemical stressors, formulate hypotheses, make pre-
dictions, and explain empirical results, including contradictions
(Breda et al., 2022; De Laender, 2018).

DATA-DRIVEN MODELS FOR LARGE
SCALES IN THE AGE OF BIG DATA

The increasing availability of global- and continental-scale
data from ecosystems including data on climate, species oc-
currence, and a range of stressors in concert with increasing
computational power opens new avenues for large-scale data
analyses (Dafforn et al., 2015; Pirotta et al., 2022). Data-driven
approaches have been used for multiple chemical and non-
chemical stressors to study effects on ecosystems at large
spatial and temporal scales. Global data on a range of land use-
related stressors and from terrestrial field studies allowed the
effects on different dimensions of terrestrial biodiversity to be
quantified (Newbold et al., 2015). Several studies analyzed
the relationship of chemical exposure, aggregated with mixture
models like concentration addition, with ecological indices or
community composition of different organism groups, high-
lighting the ecological relevance of chemical mixtures (De Zwart
et al., 2006; Lemm et al., 2021; Malaj et al., 2014; Posthuma
et al., 2019). Furthermore, long time series have allowed the
response of ecosystems to multiple global change factors over
time to be analyzed (Fraker et al., 2022; Vaughan & Gotelli,
2019). The divide between multiple stressor and chemical
mixture research is fading in these studies. Multiple recent

studies have considered the effects of chemical mixtures in
concert with those of nonchemical stressors on ecosystems at
regional, national, and continental scales (Grizzetti et al., 2017;
Lemm et al., 2021; Posthuma et al., 2019).

These large-scale data analyses confirm the prediction of
process-based models that the response to stressors is context-
dependent. For example, data analyses demonstrated that the
relative importance of chemical mixtures and nonchemical
stressors but also of stressor interactions varies spatially and
temporally at a given scale (Grizzetti et al., 2017; Kefford
et al., 2023; Lemm et al., 2021; Posthuma et al., 2019). Con-
sidering this scale is important when interpreting the results of
such studies because the temporal and spatial scale can de-
termine the shape and importance of stressors and their in-
teractions (Fraker et al., 2022; Mack et al., 2022; Pirotta
et al., 2022). Moreover, to conduct large-scale analyses often
requires simplifying assumptions and data aggregation, and
this may result in biased estimates of individual stressor effects
and interactions (Jahnig et al., 2020). For example, to avoid the
“curse of dimensionality,” which implies severe loss of stat-
istical power when establishing stressor—response relationships
for individual chemicals, chemicals have often been ag-
gregated into a single mixture metric. This prohibits detecting
and considering potential interactions between individual
chemical and nonchemical stressors. In addition, aggregating
data on ecological communities into broad biodiversity met-
rics can mask the decline of species that are relevant for long-
term community persistence (Jahnig et al., 2020). Never-
theless, findings from large-scale empirical studies can sup-
port prioritization of management efforts and evaluation of
the efficacy of past policy and management efforts (Hallmann
& Jongejans, 2021).

ELEMENTS OF A JOINT FRAMEWORK

Current political frameworks such as the European Water
Framework Directive and the Kunming—Montreal Global Bio-
diversity Framework aim to restore and conserve considerable
fractions of Europeans freshwater ecosystems and global eco-
systems, respectively. This requires scientific frameworks that
provide reliable prospective (enabling protective measures)
and retrospective (enabling restoration measures) assessments
on the response of ecosystems to chemical and nonchemical
stressors. Such assessments are particularly pressing in face of
increasing climate change impacts on ecosystems as well as
likely increasing chemical pollution given a projected approx-
imate doubling of chemical production within a decade (Naidu
et al., 2021). Below we outline elements of an overarching
framework that considers both multiple stressors and chemical
mixtures, and that is based on the tools and methods discussed
above (Figure 3). The framework can serve three functions:
(1) supporting an integrative assessment of the effects of
chemical and nonchemical stressors in case studies, (2) pro-
viding elements that can structure reflection and communica-
tion of uncertainties in cases where an integrative assessment
is beyond capacity, and (3) urging future synthesis projects
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[ 4 Multiple stressors

1. Define scope and scale
Organisms, ecosystem
Time & space

2. Specify organisms and stressors
Lists of species and stressors

3. Characterize stressors
Stressor profiles & benchmarking

4. Characterize species distributions
Typical species in ecosystem types
Species distribution models

5. Evaluate potential stressor interactions
Effect & intensity interaction

6. Estimate direct effects
Evaluate stressor profiles

7. Optional:

Process-based modeling
Dynamic models

Joint assessment

‘Chemical mixtures

FIGURE 3: Elements of a framework for a joint assessment of the effects of multiple stressors and chemical mixtures.

to move beyond simple aggregation of potentially biased
individual studies.

Define scope, biological level, and scale

Any joint assessment of the effects of chemical and non-
chemical stressors requires a definition of the scope, biological
level, and scale: (1) Type of (meta-)ecosystem. This defines the
general environmental context (e.g., stream, agricultural soil).
(2) Organism group(s). (3) Biological level. Typically ranging
from populations to meta-ecosystems. (4) Temporal and spatial
scale. This defines the ecological and stressor complexity,
which ranges from a single population or community in an
isolated patch with constant stressors and a short duration to
multiple connected food webs in a landscape (meta-food webs)
with strong temporal dynamics and associated stressors with
varying spatial and temporal profiles over longer time scales.
(5) Retrospective or prospective, if prospective define point in
future. (6) Level of aggregation. This defines the acceptable
level of simplification. It ranges from highly aggregated metrics
for organisms (e.g., total abundance or biomass) and stressors
(e.g., mixture metric) to lowly aggregated, that is, highly re-
solved, information for organisms (e.g., haplotypes of all pop-
ulations) and stressors (e.g., concentrations or intensities
for each).

Supporting Information, Table S1, provides an overview of
how these definitions correspond to data typically generated

with the methodical approaches discussed above. This first
step defines the overall complexity and thereby determines
what is achievable in understanding and prediction under the
current state of knowledge. With increasing scales and bio-
logical level and the higher aggregated the metric used and
the availability of data for organisms, most likely only a qual-
itative prediction can be achieved. We suggest that any study
should reflect how their scale impacts the assessment. For ex-
ample, a sufficiently long temporal scale was key to unravel
stressor interactions between climate change, acidification, and
UV-B radiation in lakes, where studies with a more limited scale
may have incorrectly attributed ecological effects primarily to
acidification (Schindler et al., 1996).

Specify organisms and stressors

The next step is to specify the organisms (e.g., the species
making up a community) and stressors, potentially starting with
a conceptual model (for details see Suter et al., 2002). Three
basic cases can be delineated (cf. Schneeweiss et al., 2023): (1)
Organisms known (e.g., list of terrestrial arthropod species) and
stressors known (e.g., list of chemicals and nonchemical stres-
sors). (2) Organisms unknown (e.g., unknown composition of
terrestrial arthropods) and stressors known. In this scenario,
typical species of the selected organism groups in an eco-
system could be used (e.g., Jupke et al., 2022, 2023; Rodwell
et al., 2018). Otherwise, databases and literature may allow the
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typical species occurring in the ecosystem under focus to be
defined. If the purpose is restoration, lists of expected species
in the absence of stressors could be used. (3) Organisms un-
known and stressors unknown. In this scenario, typical stressor
scenarios for a specific ecosystem scenario are largely lacking
(Geary et al., 2019; Orr et al., 2022), but relevant chemical and
nonchemical stressors can be extracted from (spatiotemporal)
databases and publications (e.g., Domisch et al., 2015; Kriticos
et al., 2014; Newbold et al., 2015; Poggio et al., 2021). For
organisms see previous case.

This step combines information on all stressors, irrespective
of whether they are chemical or nonchemical, although they
may be aggregated into different metrics.

Characterize stressor profiles and benchmarking

The chemical and nonchemical stressor profiles need to be
characterized, which includes the intensity and, depending on
the scope and scale of the assessment, the spatiotemporal dy-
namics of each stressor. If data on the stressor intensity (e.g.,
concentration for chemical, nutrient level) and temporal or spatial
dynamics is required, these may be obtained from (spatio-
temporal) databases (Dafforn et al., 2015), monitoring databases
from governmental authorities, or publications. Overall, this re-
sults, unless the spatial dimension is beyond scope, in maps of
stressor intensity for each stressor, potentially for different time
points. Previous studies have mainly focussed on the spatial di-
mension and typically used simplified proxies for stressors (e.g.,
van Gils et al., 2020; Grizzetti et al., 2017; Lemm et al., 2021;
Voérésmarty et al., 2010), but temporally resolved data on some
environmental factors (see datasets in Lehner et al., 2022) and
chemicals (e.g., Wolfram et al., 2021) are already available and
may be used to construct spatiotemporal profiles.

Subsequently, the absolute level of stressor intensity should
be benchmarked to obtain a relative level, which is required for
different null models and enables stressor ranking and priori-
tization. Benchmarking requires data on standardized effect
levels for the organisms in focus (e.g., thermal maximum re-
sulting in adverse behavioral changes in fish [CTmax], EC50).
This is widely available for chemicals, but quite rare for non-
chemical stressors, except for temperature (e.g., Pottier
et al., 2022; see General mechanisms and identification of in-
teractions with null models section). Data scarcity will often
dictate to benchmark against representative species for an
organism group, but if data allows, concepts such as species
sensitivity  distributions or  sensitivity rankings provide
community-level benchmarks for chemical and nonchemical
stressors (Collas et al., 2018; Posthuma et al., 2019; Rubach
et al.,, 2010). In the absence of data, environmental quality tar-
gets or classes may be used to assign qualitative levels of relative
stressor intensity (e.g., Schéfer et al., 2016), where so-called
safety factors that are frequently used for chemicals need to be
accounted for. Benchmarking will convert the output for stressor
intensity (e.g., maps over time per stressor) into species- or
organism-group-specific outputs of relative stressor intensity.

Finally, to later evaluate the effects (see Data-driven models
for large scales in the age of big data section), stressor

intensity-response relationships should be available or at least
data that allow stressor intensities to be translated into po-
tential effects per organism under focus (for a qualitative as-
sessment see Bracewell et al., 2019).

Characterize species distribution

Depending on the spatial and temporal scale of the study,
data on occurrence of species over time and space may be
required. For highly resolved spatial assessments, species dis-
tributions can be obtained via species distribution modeling
(Ovaskainen & Abrego, 2020) or from spatiotemporal data-
bases (e.g., Global Biodiversity Information Facility, 2023).
Otherwise, aggregated spatial units such as ecosystem typol-
ogies may simplify this task, where several typologies provide
lists of typical species occurring in an ecosystem type (e.g.,
Jupke et al., 2022; Rodwell et al., 2018).

Evaluate potential stressor interactions

To consider stressor interactions in the assessment will in most
cases be hampered by data scarcity. Where robust knowledge,
accounting for context-dependency (e.g., on stressor intensities)
and species-specificity, of a stressor interaction is available this
can be considered as relative or absolute change in effects or
stressor intensities (see next step). Through selection of the null
model the probability of overseeing important interactions can
be reduced (e.g., the stressor addition model rather over-
estimates the joint effect; Dey & Koops, 2021). The integration of
chemical and nonchemical modes of action in a joint classi-
fication system, for example physiological modes of action (see
Characterizing stressors and their modes of action section), could
in the future provide a theoretical foundation for the identi-
fication of effect interactions.

Estimate direct effects on organisms

The estimation of direct effects contains three elements: (1)
Evaluate temporal stressor profiles with respect to the organ-
isms under focus. Only where the variability in the stressor is
high at time scales shorter than the generation time of organ-
isms does it need attention (for details see Jackson et al., 2021)
in terms of evaluating effects at different time points. Whether
stressor order matters may be decided based on concepts such
as co-tolerance and stressor action curves (see The temporal
and spatial dimension of stressors and their effects section).
(2) Evaluate spatial stressor profiles with respect to organisms
under focus. Again, only where spatial variability would result in
variable exposure of a species does it need attention in terms
of evaluating effects at different locations. (3) Estimate the di-
rect joint effect of all chemical and nonchemical stressors based
on a null model (see The temporal and spatial dimension of
stressors and their effects section), and consider superimposing
potential interaction effects. This step will typically produce an
effect estimate for each species or related aggregated units
such as organism groups. If time and space are considered
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these effect estimates would be made for different time points
and mapped spatially. Depending on the scope of the as-
sessment the multiple layers of effect estimates could sub-
sequently be aggregated across species, time, and space (e.g.,
maximum or mean stressor effect; for a probabilistic approach
see Meent et al., 2020), which is likely appropriate where effect
estimates are relatively constant over time and space (Vos
et al., 2023). The effect estimates can directly be used in de-
cision making (e.g., stressor prioritization), tested in experi-
ments, or used in data-driven analyses of various kinds (e.g.,
testing the outcome against species and stressor distributions
in another region). They may also guide the calibration of
process-based models as described below.

Optional: Prediction of effects with
process-based models

In all cases where the definition of scope and scale require a
dynamic (i.e., different time points) and spatially resolved (i.e.,
variable exposure) assessment, process-based models are
likely needed to make predictions (see Process-based models
for predicting ecosystem effects of multiple stressors and
chemical mixtures section). Whenever multiple time points are
considered and multiple populations are involved, species in-
teractions and thereby indirect effects become relevant (see
Process-based models for predicting ecosystem effects of
multiple stressors and chemical mixtures section). This may in
turn require a high level of aggregation of organisms and
stressors to keep the modeling feasible. Complex temporal
stressor profiles will typically require the use of bioenergetic or
TKTD models, potentially integrated in more complex models
reflecting higher biological levels (e.g., food web model).
Complex spatial stressor profiles will typically require land-
scape and ecosystem models that also consider dispersal be-
sides species interactions (Vos et al., 2023). These models can
also deliver results on potential recovery for stressor mitigation
scenarios and thereby inform management.

CONCLUSIONS

The historical divide between ecotoxicology and (applied)
ecology has lead to the development and use of different
methods and tools in multiple stressor and chemical mixture
research. Given similar challenges such as diagnosing inter-
actions within and between multiple stressors and chemical
mixtures, characterizing chemical and nonchemical stressors
including their modes of action, and designing experiments
that consider the spatiotemporal complexity of stressor pro-
files, the integration of the different methods and tools would
likely advance both research areas. Process-based models and
data-driven approaches are in particular open for joint devel-
opment as well as for enhancing mechanistic understanding
and predictive capacity with respect to the joint effects of
chemical and nonchemical stressors. Our framework provides
elements toward an integrative assessment of chemical and
nonchemical stressors. While its application may exceed the

capacity of many individual studies, its merit lies also in struc-
turing reflection and communication of uncertainties that arise
from ignoring certain elements. For example, this may result in
acknowledging uncertainties in how chemical mixtures or other
stressors contribute to diagnosed effects (Birk et al., 2020),
although in other cases it may be clear that stressors such as
direct resource extraction strongly dominate other effects and
detailed assessments are not required (Caro et al., 2022;
Jaureguiberry et al., 2022). The integrative assessment would
comprehensively inform environmental quality management,
whereas several current assessments, for example in the con-
text of the European Water Framework Directive, are separated
between chemicals and other stressors with different ap-
proaches, making the assessments partly incomparable (Brack
etal., 2017). Finally, our framework may urge synthesis projects
to move toward more comprehensive and integrative ap-
proaches, for instance when aiming to assess the influence of
different chemical and nonchemical stressors on biodiversity
loss. The rapid expansion of novel computer-based and mo-
lecular approaches, and the growing availability of high-
resolution environmental and ecological data is likely to
strongly reduce the effort required to apply this framework.
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etc.5629.

Acknowledgments—S.E. Osakpolor and R.B. Schafer ac-
knowledge funding by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)—326210499/GRK2360.
A. Schneeweiss was funded by the Deutsche For-
schungsgemeinschaft (DFG—Project number 421742160). M.
Jackson acknowledges funding from the Natural Environment
Research Council (NE/V001396/1). Open Access funding en-
abled and organized by Projekt DEAL.

Conflict of Interest—The authors declare no conflict of
interest.

Author Contributions Statement—Ralf B. Schafer: Conceptu-
alization; Supervision; Writing—original draft; Writing—review &
editing. Michelle Jackson, Noel Juvigny-Khenafou, Stephen
E. Osakpolor, Leo Posthuma, Jiirg Spaak, Rolf Vinebrooke:
Writing—original draft; Writing—review & editing. Anke
Schneeweiss: Visualization; Writing—review & editing.

Data Availability Statement—Not applicable.

REFERENCES

Abou-Donia, M. B. (Eds.). (2015). Mammalian toxicology. Wiley.

Allhoff, K. T., Ritterskamp, D., Rall, B. C., Drossel, B., & Guill, C. (2015).
Evolutionary food web model based on body masses gives realistic
networks with permanent species turnover. Scientific Reports, 5(1),
10955. https://doi.org/10.1038/srep10955

Amarasekare, P. (2004). The role of density-dependent dispersal in
source-sink dynamics. Journal of Theoretical Biology, 226(2), 159-168.
https://doi.org/10.1016/j.jtbi.2003.08.007

© 2023 The Authors

wileyonlinelibrary.com/ETC

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1002/etc.5629
https://doi.org/10.1002/etc.5629
https://doi.org/10.1038/srep10955
https://doi.org/10.1016/j.jtbi.2003.08.007

Mixtures and stressors—Environmental Toxicology and Chemistry, 2023;42:1915-1936

1929

Arrigo, K. R., van Dijken, G. L., Cameron, M. A., van der Grient, J., Wedding,
L. M., Hazen, L., Leape, J., Leonard, G., Merkl, A., Micheli, F., Mills,
M. M., Monismith, S., Ouellette, A., Zivian, A., Levi, M., & Bailey, R. M.
(2020). Synergistic interactions among growing stressors increase risk to
an Arctic ecosystem. Nature Communications, 11(1), 6255. https://doi.
org/10.1038/s41467-020-19899-z

Ashauer, R., Albert, C., Augustine, S., Cedergreen, N., Charles, S., Ducrot,
V., Focks, A., Gabsi, F., Gergs, A., Goussen, B., Jager, T., Kramer, N. I.,
Nyman, A. M., Poulsen, V., Reichenberger, S., Schéfer, R. B., Van den
Brink, P. J., Veltman, K., Vogel, S., ... Preuss, T. G. (2016). Modelling
survival: Exposure pattern, species sensitivity and uncertainty. Scientific
Reports, 6, 29178.

Ashauer, R., Boxall, A. B. A., & Brown, C. D. (2007). Modeling combined
effects of pulsed exposure to carbaryl and chlorpyrifos on Gammarus
pulex. Environmental Science & Technology, 41(15), 5535-5541. https://
doi.org/10.1021/es070283w

Ashauer, R., & Escher, B. I. (2010). Advantages of toxicokinetic and tox-
icodynamic modelling in aquatic ecotoxicology and risk assessment.
Journal of Environmental Monitoring, 12(11), 2056-61. https://doi.org/
10.1039/c0em00234h

Ashauer, R., & Jager, T. (2018). Physiological modes of action across species
and toxicants: The key to predictive ecotoxicology. Environmental Sci-
ence: Processes & Impacts, 20(1), 48-57. https://doi.org/10.1039/
C7EMO00328E

Ashauer, R., O'Connor, |., & Escher, B. I. (2017). Toxic mixtures in time—The
sequence makes the poison. Environmental Science & Technology,
51(5), 3084-3092. https:/doi.org/10.1021/acs.est.6b06163

Astuto, M. C., Di Nicola, M. R., Tarazona, J. V., Rortais, A., Devos, Y., Liem,
A. K. D., Kass, G. E. N., Bastaki, M., Schoonjans, R., Maggiore, A,
Charles, S., Ratier, A., Lopes, C., Gestin, O., Robinson, T., Williams, A.,
Kramer, N., Carnesecchi, E., & Dorne, J. C. M. (2022). In silico methods
for environmental risk assessment: Principles, tiered approaches, appli-
cations, and future perspectives. In E. Benfenati (Ed.), In silico methods
for predicting drug toxicity. Methods in Molecular Biology (Vol. 2425,
pp. 589-636). Springer US. Retrieved May 12, 2022, from: https:/link.
springer.com/10.1007/978-1-0716-1960-5_23

Baas, J., van Houte, B. P. P., van Gestel, C. A. M., & Kooijman, S. A. L. M.
(2007). Modeling the effects of binary mixtures on survival in time. En-
vironmental Toxicology and Chemistry, 26(6), 1320-1327. https://doi.
org/10.1897/06-437R.1

Baas, J., Jager, T., & Kooijman, B. (2009). A review of DEB theory
in assessing toxic effects of mixtures. Science of the Total
Environment, 408(18), 3740-3745. https://doi.org/10.1016/j.scitotenv.
2009.09.037

Baek, I.-H., Kim, Y., Baik, S., & Kim, J. (2019). Investigation of the synergistic
toxicity of binary mixtures of pesticides and pharmaceuticals on Aliivi-
brio fischeri in major river basins in South Korea. International Journal of
Environmental Research and Public Health, 16(2), 208. https://doi.org/
10.3390/ijerph 16020208

Balian, E. V., Segers, H., Léveque, C., & Martens, K. (2008). The freshwater
animal diversity assessment: An overview of the results. Hydrobiologia,
595(1), 627-637. https://doi.org/10.1007/s10750-007-9246-3

Ban, S. S., Graham, N. A. J., & Connolly, S. R. (2014). Evidence for multiple
stressor interactions and effects on coral reefs. Global Change Biology,
20(3), 681-697. https://doi.org/10.1111/gcb.12453

Barbier, M., & Arnoldi, J.-F. (2017). The cavity method for community
ecology. bioRxiv, 147728. https://doi.org/10.1101/147728

Barbier, M., de Mazancourt, C., Loreau, M., & Bunin, G. (2021). Fingerprints
of high-dimensional coexistence in complex ecosystems. Physical Re-
view X, 11(1), 011009. https://doi.org/10.1103/PhysRevX.11.011009

Barnosky, A. D., Hadly, E. A., Bascompte, J., Berlow, E. L., Brown, J. H.,
Fortelius, M., Getz, W. M., Harte, J., Hastings, A, Marquet, P. A,
Martinez, N., Mooers, A., Roopnarine, P., Vermeij, G., Williams, J. W.,
Gillespie, R., Kitzes, J., Marshall, C., Matzke, N., ... Smith, A. B. (2012).
Approaching a state shift in Earth's biosphere. Nature, 486(7401), 52-8.
https://doi.org/10.1038/nature11018

Bart, S., Jager, T., Robinson, A., Lahive, E., Spurgeon, D. J., & Ashauer, R.
(2021). Predicting mixture effects over time with
toxicokinetic-toxicodynamic models (GUTS): Assumptions, experimental
testing, and predictive power. Environmental Science & Technology,
55(4), 2430-2439. https://doi.org/10.1021/acs.est.0c05282

Bart, S., Short, S., Jager, T., Eagles, E. J., Robinson, A., Badder, C., Lahive,
E., Spurgeon, D. J., & Ashauer, R. (2022). How to analyse and account
for interactions in mixture toxicity with toxicokinetic-toxicodynamic

models. Science of the Total Environment, 843, 157048. https://doi.
org/10.1016/j.scitotenv.2022.157048

Beauchesne, D., Cazelles, K., Archambault, P., Dee, L. E., & Gravel, D.
(2021). On the sensitivity of food webs to multiple stressors. Ecology
Letters, 24(10), 2219-2237. https://doi.org/10.1111/ele.13841

Becker, J. M., & Liess, M. (2017). Species diversity hinders adaptation to
toxicants. Environmental Science & Technology, 51(17), 10195-10202.
https://doi.org/10.1021/acs.est.7b02440

Beketov, M. A., & Liess, M. (2012). Ecotoxicology and macroecology—Time
for integration. Environmental Pollution, 162, 247-254. https://doi.org/
10.1016/j.envpol.2011.11.011

Belden, J. B., & Brain, R. A. (2018). Incorporating the joint toxicity of co-
applied pesticides into the ecological risk assessment process. In-
tegrated Environmental Assessment and Management, 14(1), 79-91.
https://doi.org/10.1002/ieam. 1957

Belden, J. B., Gilliom, R. J., & Lydy, M. J. (2007). How well can we predict
the toxicity of pesticide mixtures to aquatic life? Integrated environ-
mental assessment and management, 3(3), 364-372.

Bernhardt, E. S., Rosi, E. J., & Gessner, M. O. (2017). Synthetic chemicals as
agents of global change. Frontiers in Ecology and the Environment,
15(2), 84-90. https://doi.org/10.1002/fee.1450

Bertocci, I., Maggi, E., Vaselli, S., & Benedetti-Cecchi, L. (2005). Contrasting
effects of mean intensity and temporal variation of disturbance on a
rocky seashore. Ecology, 86(8), 2061-2067.

Birk, S., Chapman, D., Carvalho, L., Spears, B. M., Andersen, H. E., Argillier,
C., Auer, S., Baattrup-Pedersen, A., Banin, L., Beklioglu, M., Bondar-
Kunze, E., Borja, A., Branco, P., Bucak, T., Buijse, A. D., Cardoso, A. C.,
Couture, R. M., Cremona, F., de Zwart, D., ... Hering, D. (2020). Impacts
of multiple stressors on freshwater biota across spatial scales and eco-
systems. Nature Ecology & Evolution, 4, 1060-1068. https://doi.org/10.
1038/s41559-020-1216-4

Bliss, C. 1. (1939). The toxicity of poisons applied jointly. Annals of Applied
Biology, 26(3), 585-615. https://doi.org/10.1111/).1744-7348.1939.
tb06990.x

Boyd, P. W., Collins, S., Dupont, S., Fabricius, K., Gattuso, J.-P., Havenhand,
J., Hutchins, D. A., Riebesell, U., Rintoul, M. S., Vichi, M., Biswas, H.,
Ciotti, A., Gao, K., Gehlen, M., Hurd, C. L., Kurihara, H., McGraw, C. M.,
Navarro, J. M., Nilsson, G. E., ... Portner, H. O. (2018). Experimental
strategies to assess the biological ramifications of multiple drivers of
global ocean change—A review. Global Change Biology, 24(6),
2239-2261. https://doi.org/10.1111/gcb.14102

Bracewell, S., Verdonschot, R. C. M., Schafer, R. B., Bush, A., Lapen, D. R., &
Van den Brink, P. J. (2019). Qualifying the effects of single and multiple
stressors on the food web structure of Dutch drainage ditches using a
literature review and conceptual models. Science of the Total Environ-
ment, 684, 727-740. https://doi.org/10.1016/j.scitotenv.2019.03.497

Brack, W., Dulio, V., Agerstrand, M., Allan, I., Altenburger, R., Brinkmann,
M., Bunke, D., Burgess, R. M., Cousins, |., Escher, B. |., Herndndez, F. J.,
Hewitt, L. M., Hilscherovd, K., Hollender, J., Hollert, H., Kase, R., Klauer,
B., Lindim, C., Herrdez, D. L., ... Vrana, B. (2017). Towards the review of
the European Union Water Framework management of chemical con-
tamination in European surface water resources. Science of the Total
Environment, 576, 720-737. https://doi.org/10.1016/j.scitotenv.2016.
10.104

Breda, D., Frizzera, D., Giordano, G., Seffin, E., Zanni, V., Annoscia, D.,
Topping, C. J., Blanchini, F., & Nazzi, F. (2022). A deeper understanding
of system interactions can explain contradictory field results on pesticide
impact on honey bees. Nature Communications, 13(1), 5720. https://doi.
org/10.1038/s41467-022-33405-7

Breitburg, D. L., Baxter, J. W., Hatfield, C. A., Howarth, R. W., Jones, C. G.,
Lovett, G. M., & Wigand, C. (1998). Understanding effects of multiple
stressors: Ideas and challenges. In M. L. Pace & P. M. Groffman (Eds.),
Successes, limitations, and frontiers in ecosystem science (pp. 416-431).
Springer. https://doi.org/10.1007/978-1-4612-1724-4_17

Brooks, P. R., & Crowe, T. P. (2019). Combined effects of multiple stressors:
New insights into the influence of timing and sequence. Frontiers in
Ecology and Evolution, 7. https:/doi.org/10.3389/fevo.2019.00387

Bro-Rasmussen, F., & Lokke, H. (1984). Ecoepidemiology—A casuistic dis-
cipline describing ecological disturbances and damages in relation to
their specific causes: Exemplified by chlorinated phenols and chlor-
ophenoxy acids. Regulatory Toxicology and Pharmacology, 4(4),
391-399. https://doi.org/10.1016/0273-2300(84)90050-3

Brown, C. J., Saunders, M. I., Possingham, H. P., & Richardson, A. J. (2014).
Interactions between global and local stressors of ecosystems determine

wileyonlinelibrary.com/ETC

© 2023 The Authors

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1038/s41467-020-19899-z
https://doi.org/10.1038/s41467-020-19899-z
https://doi.org/10.1021/es070283w
https://doi.org/10.1021/es070283w
https://doi.org/10.1039/c0em00234h
https://doi.org/10.1039/c0em00234h
https://doi.org/10.1039/C7EM00328E
https://doi.org/10.1039/C7EM00328E
https://doi.org/10.1021/acs.est.6b06163
https://link.springer.com/10.1007/978-1-0716-1960-5_23
https://link.springer.com/10.1007/978-1-0716-1960-5_23
https://doi.org/10.1897/06-437R.1
https://doi.org/10.1897/06-437R.1
https://doi.org/10.1016/j.scitotenv.2009.09.037
https://doi.org/10.1016/j.scitotenv.2009.09.037
https://doi.org/10.3390/ijerph16020208
https://doi.org/10.3390/ijerph16020208
https://doi.org/10.1007/s10750-007-9246-3
https://doi.org/10.1111/gcb.12453
https://doi.org/10.1101/147728
https://doi.org/10.1103/PhysRevX.11.011009
https://doi.org/10.1038/nature11018
https://doi.org/10.1021/acs.est.0c05282
https://doi.org/10.1016/j.scitotenv.2022.157048
https://doi.org/10.1016/j.scitotenv.2022.157048
https://doi.org/10.1111/ele.13841
https://doi.org/10.1021/acs.est.7b02440
https://doi.org/10.1016/j.envpol.2011.11.011
https://doi.org/10.1016/j.envpol.2011.11.011
https://doi.org/10.1002/ieam.1957
https://doi.org/10.1002/fee.1450
https://doi.org/10.1038/s41559-020-1216-4
https://doi.org/10.1038/s41559-020-1216-4
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1111/gcb.14102
https://doi.org/10.1016/j.scitotenv.2019.03.497
https://doi.org/10.1016/j.scitotenv.2016.10.104
https://doi.org/10.1016/j.scitotenv.2016.10.104
https://doi.org/10.1038/s41467-022-33405-7
https://doi.org/10.1038/s41467-022-33405-7
https://doi.org/10.1007/978-1-4612-1724-4_17
https://doi.org/10.3389/fevo.2019.00387
https://doi.org/10.1016/0273-2300(84)90050-3

1930

Environmental Toxicology and Chemistry, 2023,;42:1915-1936—Schéfer et al.

management effectiveness in cumulative impact mapping. Diversity and
Distributions, 20(5), 538-546. https://doi.org/10.1111/ddi.12159

Bulleri, F., Xiao, S., Maggi, E., & Benedetti-Cecchi, L. (2014). Intensity and
temporal variability as components of stress gradients: Implications for
the balance between competition and facilitation. Oikos, 123(1), 47-55.
https://doi.org/10.1111/j.1600-0706.2013.00604.x

Burgess, B. J., Jackson, M. C., & Murrell, D. J. (2022). Are experiment
sample sizes adequate to detect biologically important interactions
between multiple stressors. Ecology and Evolution, 12(9), €9289. https:/
doi.org/10.1002/ece3.9289

Burgess, B. J., Purves, D., Mace, G., & Murrell, D. J. (2021). Classifying
ecosystem stressor interactions: Theory highlights the data limitations of
the additive null model and the difficulty in revealing ecological sur-
prises. Global Change Biology, 27(13), 3052-3065. https://doi.org/10.
1111/gcb.15630

Burton, G. A., & Johnston, E. L. (2010). Assessing contaminated
sediments in the context of multiple stressors. Environmental Tox-
icology and Chemistry, 29(12), 2625-2643. https://doi.org/10.1002/
etc.332

Burton, G. A., & Nordstrom, J. F. (2004). An in situ toxicity identification
evaluation method part I: Laboratory validation. Environmental Tox-
icology and Chemistry, 23(12), 2844-2850. https://doi.org/10.1897/03-
409.1

Busch, W., Schmidt, S., Kihne, R., Schulze, T., Krauss, M., & Altenburger, R.
(2017). Micropollutants in European rivers: A mode of action survey to
support the development of effect-based tools for water monitoring.
Environmental Toxicology and Chemistry, 35(8), 1887-1899. https://doi.
org/10.1002/etc.3460

Cabral, J. S., Valente, L., & Hartig, F. (2018). Mechanistic simulation models
in macroecology and biogeography: State of art and prospects. Ecog-
raphy, 40(2), 267-280. https://doi.org/10.1111/ecog.02480

Cairns, Jr., J. (1986). The myth of the most sensitive species. BioScience, 36,
670-672.

Carnesecchi, E., Svendsen, C., Lasagni, S., Grech, A., Quignot, N., Amzal,
B., Toma, C., Tosi, S., Rortais, A., Cortinas-Abrahantes, J., Capri, E.,
Kramer, N., Benfenati, E., Spurgeon, D., Guillot, G., & Dorne, J. L. C. M.
(2019). Investigating combined toxicity of binary mixtures in bees:
Meta-analysis of laboratory tests, modelling, mechanistic basis and
implications for risk assessment. Environment International, 133,
105256. https://doi.org/10.1016/j.envint.2019.105256

Caro, T., Rowe, Z., Berger, J., Wholey, P., & Dobson, A. (2022). An incon-
venient misconception: Climate change is not the principal driver of
biodiversity loss. Conservation Letters, 15(3), e12868. https://doi.org/10.
1111/conl. 12868

Cedergreen, N. (2014). Quantifying synergy: A systematic review of mixture
toxicity studies within environmental toxicology. PLoS One, 9(5), 1-12.
https://doi.org/10.1371/journal.pone.0096580

Cedergreen, N., Dalhoff, K., Li, D., Gottardi, M., & Kretschmann, A. C.
(2017). Can toxicokinetic and toxicodynamic modeling be used to un-
derstand and predict synergistic interactions between chemicals. Envi-
ronmental Science & Technology, 51(24), 14379-14389. https://doi.org/
10.1021/acs.est.7b02723

Chen, C., Wang, Y., Qian, Y., Zhao, X., & Wang, Q. (2015). The synergistic
toxicity of the multiple chemical mixtures: Implications for risk assess-
ment in the terrestrial environment. Environment International, 77,
95-105. https://doi.org/10.1016/j.envint.2015.01.014

Chen, L., Li, S., Zhou, Y., Zhou, X., Jiang, H., Liu, X., & Yuan, S. (2020). Risk
assessment for pesticide mixtures on aquatic ecosystems in China:
A proposed framework. Pest Management Science, 76(2), 444-453.
https://doi.org/10.1002/ps.5529

Cohen, J. (1994). The earth is round (P-less-than .05). American Psycholo-
gist, 49(12), 997-1003. https://doi.org/10.1037//0003-066x.49.12.997

Collas, F. P. L., Buijse, A. D., Hendriks, A. J., van der Velde, G., & Leuven,
R. S. E. W. (2018). Sensitivity of native and alien freshwater bivalve
species in Europe to climate-related environmental factors. Ecosphere,
9(5), €02184. https://doi.org/10.1002/ecs2.2184

Cornwall, C. E., & Eddy, T. D. (2015). Effects of near-future ocean acid-
ification, fishing, and marine protection on a temperate coastal eco-
system. Conservation Biology, 29(1), 207-215.

Cote, I. M., Darling, E. S., & Brown, C. J. (2016). Interactions among eco-
system stressors and their importance in conservation. Proceedings of
the Royal Society B: Biological Sciences, 283(1824), 20152592. https://
doi.org/10.1098/rspb.2015.2592

Crain, C. M., Kroeker, K, & Halpern, B. S. (2008). Interactive and
cumulative effects of multiple human stressors in marine systems.
Ecology Letters, 11(12), 1304-1315. https://doi.org/10.1111/j.1461-
0248.2008.01253.x

Dafforn, K. A., Johnston, E. L., Ferguson, A., Humphrey, C. L., Monk, W.,
Nichols, S. J., Simpson, S. L., Tulbure, M. G., & Baird, D. J. (2015). Big
data opportunities and challenges for assessing multiple stressors across
scales in aquatic ecosystems. Marine and Freshwater Research, 67(4),
393-413. https://doi.org/10.1071/MF15108

Dale, V. H., Biddinger, G. R., Newman, M. C., Oris, J. T., Suter, G. W.,
Thompson, T., Armitage, T. M., Meyer, J. L., Allen-King, R. M., Burton,
G. A., Chapman, P. M., Conquest, L. L., Fernandez, I. J., Landis, W. G.,
Master, L. L., Mitsch, W. J., Mueller, T. C., Rabeni, C. F., Rodewald,
A.D., ... Heerden, I. L. (2008). Enhancing the ecological risk assessment
process. Integrated Environmental Assessment and Management, 4(3),
306-313. https://doi.org/10.1897/IEAM_2007-066.1

Darling, E. S., & Cote, I. M. (2008). Quantifying the evidence for ecological
synergies. Ecology Letters, 11(12), 1278-1286. https://doi.org/10.1111/j.
1461-0248.2008.01243.x

De Laender, F. (2018). Community- and ecosystem-level effects of multiple
environmental change drivers: Beyond null model testing. Global
Change Biology, 24(11), 5021-5030. https://doi.org/10.1111/gcb.14382

De Zwart, D., Dyer, S. D., Posthuma, L., & Hawkins, C. P. (2006). Predictive
models attribute effects on fish assemblages to toxicity and habitat
alteration. Ecological Applications, 16(4), 1295-1310.

De Zwart, D., & Posthuma, L. (2005). Complex mixture toxicity for single and
multiple species: Proposed methodologies. Environmental Toxicology
and Chemistry, 24(10), 2665-2676.

Dey, C. J., & Koops, M. A. (2021). The consequences of null model selection
for predicting mortality from multiple stressors. Proceedings of the Royal
Society B: Biological Sciences, 288(1948), 20203126. https://doi.org/10.
1098/rspb.2020.3126

Diaz, S., Settele, J., Brondizio, E., Ngo, H. T., Guéze, M., Agard, J., Arneth,
A., Balvanera, P., Brauman, K., Butchart, S. H. M., Chan, K. M. A,,
Garibaldi, L. A., Ichii, K., Liu, J., Subramanian, S. M., Midgley, G. F.,
Miloslavich, P., Obura, D., ... Zayas, C. N. (2019). Summary for policy-
makers of the global assessment report on biodiversity and ecosystem
services of the Intergovernmental Science-Policy Platform on Bio-
diversity and Ecosystem Services. |PBES.

Dieleman, W. I. J., Vicca, S., Dijkstra, F. A., Hagedorn, F., Hovenden, M. J.,
Larsen, K. S., Morgan, J. A., Volder, A., Beier, C., Dukes, J. S., King, J.,
Leuzinger, S., Linder, S., Luo, Y., Oren, R., De Angelis, P., Tingey, D.,
Hoosbeek, M. R., & Janssens, I. A. (2012). Simple additive effects are
rare: A quantitative review of plant biomass and soil process responses
to combined manipulations of CO2 and temperature. Global Change
Biology, 18(9), 2681-2693. https://doi.org/10.1111/].1365-2486.2012.
02745 .x

van Dijk, J., Gustavsson, M., Dekker, S. C., & van Wezel, A. P. (2021).
Towards ‘one substance—one assessment An analysis of EU
chemical registration and aquatic risk assessment frameworks. Journal of
Environmental Management, 280, 111692. https://doi.org/10.1016/j.
jenvman.2020.111692

Domisch, S., Amatulli, G., & Jetz, W. (2015). Near-global freshwater-specific
environmental variables for biodiversity analyses in 1 km resolution.
Scientific Data, 2, 150073. https://doi.org/10.1038/sdata.2015.73

Early, R., Bradley, B. A., Dukes, J. S., Lawler, J. J., Olden, J. D., Blumenthal,
D. M., Gonzalez, P., Grosholz, E. D., Ibafiez, |., Miller, L. P., Sorte, C. J.
B., & Tatem, A. J. (2016). Global threats from invasive alien species in
the twenty-first century and national response capacities. Nature Com-
munications, 7(1), 12485. https://doi.org/10.1038/ncomms12485

Eklof, A., Jacob, U., Kopp, J., Bosch, J., Castro-Urgal, R., Chacoff, N. P.,
Dalsgaard, B., de Sassi, C., Galetti, M., Guimaraes, P. R., Lomascolo,
S. B., Martin Gonzélez, A. M., Pizo, M. A., Rader, R., Rodrigo, A,
Tylianakis, J. M., Vazquez, D. P., & Allesina, S. (2013). The dimensionality
of ecological networks. Ecology Letters, 16(5), 577-583. https://doi.org/
10.1111/ele. 12081

Escher, B., Braun, G., & Zarfl, C. (2020). Exploring the concepts of con-
centration addition and independent action using a linear low effect
mixture model. Environmental Toxicology and Chemistry, 39(12),
2552-2559. https://doi.org/10.1002/etc.4868

Escher, B. I. (2013). Modes of action of chemical pollutants. In J.-F.
Férard & C. Blaise (Eds.), Encyclopedia of aquatic ecotoxicology (pp.
737-750). Springer Netherlands. https://doi.org/10.1007/978-94-007-
5704-2_68

© 2023 The Authors

wileyonlinelibrary.com/ETC

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1111/ddi.12159
https://doi.org/10.1111/j.1600-0706.2013.00604.x
https://doi.org/10.1002/ece3.9289
https://doi.org/10.1002/ece3.9289
https://doi.org/10.1111/gcb.15630
https://doi.org/10.1111/gcb.15630
https://doi.org/10.1002/etc.332
https://doi.org/10.1002/etc.332
https://doi.org/10.1897/03-409.1
https://doi.org/10.1897/03-409.1
https://doi.org/10.1002/etc.3460
https://doi.org/10.1002/etc.3460
https://doi.org/10.1111/ecog.02480
https://doi.org/10.1016/j.envint.2019.105256
https://doi.org/10.1111/conl.12868
https://doi.org/10.1111/conl.12868
https://doi.org/10.1371/journal.pone.0096580
https://doi.org/10.1021/acs.est.7b02723
https://doi.org/10.1021/acs.est.7b02723
https://doi.org/10.1016/j.envint.2015.01.014
https://doi.org/10.1002/ps.5529
https://doi.org/10.1037//0003-066x.49.12.997
https://doi.org/10.1002/ecs2.2184
https://doi.org/10.1098/rspb.2015.2592
https://doi.org/10.1098/rspb.2015.2592
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/10.1071/MF15108
https://doi.org/10.1897/IEAM_2007-066.1
https://doi.org/10.1111/j.1461-0248.2008.01243.x
https://doi.org/10.1111/j.1461-0248.2008.01243.x
https://doi.org/10.1111/gcb.14382
https://doi.org/10.1098/rspb.2020.3126
https://doi.org/10.1098/rspb.2020.3126
https://doi.org/10.1111/j.1365-2486.2012.02745.x
https://doi.org/10.1111/j.1365-2486.2012.02745.x
https://doi.org/10.1016/j.jenvman.2020.111692
https://doi.org/10.1016/j.jenvman.2020.111692
https://doi.org/10.1038/sdata.2015.73
https://doi.org/10.1038/ncomms12485
https://doi.org/10.1111/ele.12081
https://doi.org/10.1111/ele.12081
https://doi.org/10.1002/etc.4868
https://doi.org/10.1007/978-94-007-5704-2_68
https://doi.org/10.1007/978-94-007-5704-2_68

Mixtures and stressors—Environmental Toxicology and Chemistry, 2023;42:1915-1936 1931

Escher, B. ., Stapleton, H. M., & Schymanski, E. L. (2020). Tracking complex
mixtures of chemicals in our changing environment. Science, 367(6476),
388-392. https://doi.org/10.1126/science.aayb636

European Commission. (2000). Directive 2000/60/EC of the European Par-
liament and of the Council of 23 October 2000 establishing a framework
for Community action in the field of water policy.

European Commission. (2006). Regulation (EC) No 1907/2006 of the Euro-
pean Parliament and of the Council of 18 December 2006 concerning
the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH), establishing a European Chemicals Agency. https://eur-lex.
europa.eu/eli/reg/2006/1907/2022-12-17

Fleeger, J. W. (2020). How do indirect effects of contaminants inform eco-
toxicology? A review. Processes, 8(12), 1659. https://doi.org/10.3390/
pr8121659

Floder, S., & Hillebrand, H. (2012). Species traits and species diversity affect
community stability in a multiple stressor framework. Aquatic Biology,
17(3), 197-209. https://doi.org/10.3354/ab00479

Fraker, M. E., Sinclair, J. S., Frank, K. T., Hood, J. M., & Ludsin, S. A. (2022).
Temporal scope influences ecosystem driver-response relationships: A
case study of Lake Erie with implications for ecosystem-based man-
agement. Science of the Total Environment, 813, 152473. https://doi.
org/10.1016/j.scitotenv.2021.152473

Frische, T., Matezki, S., & Wogram, J. (2014). Environmental risk assessment
of pesticide mixtures under regulation 1107/2009/EC: A regulatory re-
view by the German Federal Environment Agency (UBA. Journal fir
Verbraucherschutz und Lebensmittelsicherheit, 9(4), 377-389. https://
doi.org/10.1007/s00003-014-0916-6

Fukami, T. (2001). Sequence effects of disturbance on community structure.
Oikos, 92(2), 215-224.

Furrer, R. D., & Pasinelli, G. (2016). Empirical evidence for source-sink
populations: A review on occurrence, assessments and implications:
Source-sink dynamics in animals. Biological Reviews, 91(3), 782-795.
https://doi.org/10.1111/brv.12195

Gago-Ferrero, P., Bletsou, A. A., Damalas, D. E., Aalizadeh, R., Alygizakis,
N. A,, Singer, H. P., Hollender, J., & Thomaidis, N. S. (2020). Wide-scope
target screening of >2000 emerging contaminants in wastewater sam-
ples with UPLC-Q-ToF-HRMS/MS and smart evaluation of its perform-
ance through the validation of 195 selected representative analytes.
Journal of Hazardous Materials, 387, 121712. https://doi.org/10.1016/.
jhazmat.2019.121712

Galic, N., Sullivan, L. L., Grimm, V., & Forbes, V. E. (2018). When things
don't add up: Quantifying impacts of multiple stressors from individual
metabolism to ecosystem processing. Ecology Letters, 21(4), 568-577.
https://doi.org/10.1111/ele. 12923

Gaspéri, J., Ayrault, S., Moreau-Guigon, E., Alliot, F., Labadie, P., Budzinski,
H., Blanchard, M., Muresan, B., Caupos, E., Cladiére, M., Gateuille, D.,
Tassin, B., Bordier, L., Teil, M. J., Bourges, C., Desportes, A., Chevreuil,
M., & Moilleron, R. (2018). Contamination of soils by metals and organic
micropollutants: Case study of the Parisian conurbation. Environmental
Science and Pollution Research, 25(24), 23559-23573. https://doi.org/
10.1007/s11356-016-8005-2

Global Biodiversity Information Facility. (2023). The Global Biodiversity In-
formation Facility Homepage. Retrieved February 7, 2023, from: https://
www.gbif.org/

Geary, W. L., Bode, M., Doherty, T. S., Fulton, E. A., Nimmo, D. G., Tulloch,
A. I. T., Tulloch, V. J. D., & Ritchie, E. G. (2020). A guide to ecosystem
models and their environmental applications. Nature Ecology & Evolu-
tion, 4, 1459-1471. https://doi.org/10.1038/s41559-020-01298-8

Geary, W. L., Nimmo, D. G., Doherty, T. S., Ritchie, E. G., & Tulloch, A. I. T.
(2019). Threat webs: Reframing the co-occurrence and interactions of
threats to biodiversity. Journal of Applied Ecology, 56(8), 1992-1997.
https://doi.org/10.1111/1365-2664.13427

Geissen, V., Silva, V., Lwanga, E. H., Beriot, N., Oostindie, K., Bin, Z., Pyne,
E., Busink, S., Zomer, P., Mol, H., & Ritsema, C. J. (2021). Cocktails of
pesticide residues in conventional and organic farming systems in
Europe—Legacy of the past and turning point for the future. Environ-
mental Pollution, 278, 116827. https://doi.org/10.1016/j.envpol.2021.
116827

Gergs, A., Kulkami, D., & Preuss, T. G. (2015). Body size-dependent tox-
icokinetics and toxicodynamics could explain intra- and interspecies
variability in sensitivity. Environmental Pollution, 206, 449-455. https://
doi.org/10.1016/j.envpol.2015.07.045

Gergs, A., Rakel, K. J., Liesy, D., Zenker, A., & Classen, S. (2019). Mecha-
nistic effect modeling approach for the extrapolation of species

sensitivity. Environmental Science & Technology, 53(16), 9818-9825.
https://doi.org/10.1021/acs.est.9001690

van Gils, J., Posthuma, L., Cousins, I. T., Brack, W., Altenburger, R., Baveco,
H., Focks, A., Greskowiak, J., Kihne, R., Kutsarova, S., Lindim, C.,
Markus, A., van de Meent, D., Munthe, J., Schueder, R., Schiiirmann,
G., Slobodnik, J., de Zwart, D., & van Wezel, A. (2020). Computational
material flow analysis for thousands of chemicals of emerging concern in
European waters. Journal of Hazardous Materials, 397, 122655. https://
doi.org/10.1016/j.jhazmat.2020.122655

Ginebreda, A., Kuzmanovic, M., Guasch, H., de Alda, M. L., Lépez-Doval,
J. C., Mufoz, |., Ricart, M., Romani, A. M., Sabater, S., & Barceld, D. (2014).
Assessment of multi-chemical pollution in aquatic ecosystems using toxic
units: Compound prioritization, mixture characterization and relationships
with biological descriptors. Science of the Total Environment, 468-469,
715-723. https://doi.org/10.1016/j.scitotenv.2013.08.086

Gotelli, N. J. (1991). Metapopulation models—The rescue effect, the
propagule rain, and the core-satellite hypothesis. American Naturalist,
138(3), 768-776.

Goussen, B., Rendal, C., Sheffield, D., Butler, E., Price, O. R., & Ashauer, R.
(2020). Bioenergetics modelling to analyse and predict the joint effects
of multiple stressors: Meta-analysis and model corroboration. Science of
the Total Environment, 749, 141509. https://doi.org/10.1016/j.scitotenv.
2020.141509

Griffith, G. P., Fulton, E. A., Gorton, R., & Richardson, A. J. (2012). Predicting
interactions among fishing, ocean warming, and ocean acidification in a
marine system with whole-ecosystem models. Conservation Biology,
26(6), 1145-1152. https://doi.org/10.1111/).1523-1739.2012.01937 .x

Griffen, B., Belgrad, B., Cannizzo, Z., Knotts, E., & Hancock, E. (2016). Re-
thinking our approach to multiple stressor studies in marine environ-
ments. Marine Ecology Progress Series, 543, 273-281.

Grimm, V., & Berger, U. (2016). Structural realism, emergence, and pre-
dictions in next-generation ecological modelling: Synthesis from a
special issue. Ecological Modelling, 326, 177-187. https://doi.org/10.
1016/j.ecolmodel.2016.01.001

Grizzetti, B., Pistocchi, A., Liquete, C., Udias, A., Bouraoui, F., & van de
Bund, W. (2017). Human pressures and ecological status of European
rivers. Scientific Reports, 7(1), 205. https://doi.org/10.1038/s41598-017-
00324-3

Groh, K., vom Berg, C., Schirmer, K., & Tlili, A. (2022). Anthropogenic
chemicals as underestimated drivers of biodiversity loss: Scientific and
societal implications. Environmental Science and Technology, 56(2),
707-710. https://doi.org/10.1021/acs.est.1c08399

Gunderson, A. R., Armstrong, E. J., & Stillman, J. H. (2016). Multiple
stressors in a changing world: The need for an improved perspective on
physiological responses to the dynamic marine environment. Annual
Review of Marine Science, 8(1), 357-378. https://doi.org/10.1146/
annurev-marine-122414-033953

Halbach, K., Mdéder, M., Schrader, S., Liebmann, L., Schafer, R. B.,
Schneeweiss, A., Schreiner, V. C., Vormeier, P., Weisner, O., Liess, M., &
Reemtsma, T. (2021). Small streams-large concentrations? Pesticide
monitoring in small agricultural streams in Germany during dry weather
and rainfall. Water Research, 203, 117535. https://doi.org/10.1016/j.
watres.2021.117535

Hallmann, C. A., & Jongejans, E. (2021). Long-term trends and drivers of
aquatic insects in the Netherlands. Stichting Toegepast Onderzoek
Waterbeheer (STOWA).

Halpern, B. S., Frazier, M., Potapenko, J., Casey, K. S., Koenig, K., Longo,
C., Lowndes, J. S., Rockwood, R. C., Selig, E. R., Selkoe, K. A., &
Walbridge, S. (2015). Spatial and temporal changes in cumulative human
impacts on the world's ocean. Nature Communications, 6(1), 7615.
https://doi.org/10.1038/ncomms8615

Hanazato, T. (2001). Pesticide effects on freshwater zooplankton: An eco-
logical perspective. Environmental Pollution, 112(1), 1-10.

Harding, J. S., Benfield, E. F., Bolstad, P. V., Helfman, G. S., & Jones, llI, E.
B. D. (1998). Stream biodiversity: The ghost of land use past. Proceed-
ings of the National Academy of Sciences of the United States of
America, 95(25), 14843-14847.

Harvey, E., Gounand, I., Fronhofer, E. A., & Altermatt, F. (2018). Disturbance
reverses classic biodiversity predictions in river-like landscapes. Pro-
ceedings of the Royal Society B: Biological Sciences, 285(1893),
20182441. https://doi.org/10.1098/rspb.2018.2441

Heino, J., Alahuhta, J., Bini, L. M., Cai, Y., Heiskanen, A.-S., Hellsten, S.,
Kortelainen, P., Kotaméki, N., Tolonen, K. T., Vihervaara, P., Vilmi, A., &
Angeler, D. G. (2021). Lakes in the era of global change: Moving beyond

wileyonlinelibrary.com/ETC

© 2023 The Authors

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1126/science.aay6636
https://eur-lex.europa.eu/eli/reg/2006/1907/2022-12-17
https://eur-lex.europa.eu/eli/reg/2006/1907/2022-12-17
https://doi.org/10.3390/pr8121659
https://doi.org/10.3390/pr8121659
https://doi.org/10.3354/ab00479
https://doi.org/10.1016/j.scitotenv.2021.152473
https://doi.org/10.1016/j.scitotenv.2021.152473
https://doi.org/10.1007/s00003-014-0916-6
https://doi.org/10.1007/s00003-014-0916-6
https://doi.org/10.1111/brv.12195
https://doi.org/10.1016/j.jhazmat.2019.121712
https://doi.org/10.1016/j.jhazmat.2019.121712
https://doi.org/10.1111/ele.12923
https://doi.org/10.1007/s11356-016-8005-2
https://doi.org/10.1007/s11356-016-8005-2
https://www.gbif.org/
https://www.gbif.org/
https://doi.org/10.1038/s41559-020-01298-8
https://doi.org/10.1111/1365-2664.13427
https://doi.org/10.1016/j.envpol.2021.116827
https://doi.org/10.1016/j.envpol.2021.116827
https://doi.org/10.1016/j.envpol.2015.07.045
https://doi.org/10.1016/j.envpol.2015.07.045
https://doi.org/10.1021/acs.est.9b01690
https://doi.org/10.1016/j.jhazmat.2020.122655
https://doi.org/10.1016/j.jhazmat.2020.122655
https://doi.org/10.1016/j.scitotenv.2013.08.086
https://doi.org/10.1016/j.scitotenv.2020.141509
https://doi.org/10.1016/j.scitotenv.2020.141509
https://doi.org/10.1111/j.1523-1739.2012.01937.x
https://doi.org/10.1016/j.ecolmodel.2016.01.001
https://doi.org/10.1016/j.ecolmodel.2016.01.001
https://doi.org/10.1038/s41598-017-00324-3
https://doi.org/10.1038/s41598-017-00324-3
https://doi.org/10.1021/acs.est.1c08399
https://doi.org/10.1146/annurev-marine-122414-033953
https://doi.org/10.1146/annurev-marine-122414-033953
https://doi.org/10.1016/j.watres.2021.117535
https://doi.org/10.1016/j.watres.2021.117535
https://doi.org/10.1038/ncomms8615
https://doi.org/10.1098/rspb.2018.2441

1932

Environmental Toxicology and Chemistry, 2023,;42:1915-1936—Schéfer et al.

single-lake thinking in maintaining biodiversity and ecosystem services.
Biological Reviews, 96(1), 89-106. https://doi.org/10.1111/brv.12647

Hernando, M. D., Mezcua, M., Fernandez-Alba, A. R., & Barcelo, D. (2006).
Environmental risk assessment of pharmaceutical residues in wastewater
effluents, surface waters and sediments. Talanta, 69(2), 334-342.

Heugens, E., Hendriks, A., Dekker, T., Van Straalen, N. M., & Admiraal, W.
(2001). A review of the effects of multiple stressors on aquatic organisms
and analysis of uncertainty factors for use in risk assessment. Critical
Reviews in Toxicology, 31(3), 247-284.

Hodgson, E. E., Essington, T. E., & Halpern, B. S. (2017). Density depend-
ence governs when population responses to multiple stressors are
magnified or mitigated. Ecology, 98(10), 2673-2683. https://doi.org/10.
1002/ecy.1961

Hodgson, E. E., & Halpern, B. S. (2019). Investigating cumulative effects
across ecological scales. Conservation Biology, 33(1), 22-32. https://doi.
org/10.1111/cobi. 13125

Hodgson, E. E., Halpern, B. S., & Essington, T. E. (2019). Moving beyond
silos in cumulative effects assessment. Frontiers in Ecology and Evolu-
tion, 7, 211. https://doi.org/10.3389/fevo.2019.00211

Holmstrup, M., Bindesbol, A. M., Oostingh, G. J., Duschl, A., Scheil, V.,
Kohler, H. R., Loureiro, S., Soares, A. M., Ferreira, A. L., Kienle, C.,
Gerhardt, A., Laskowski, R., Kramarz, P. E., Bayley, M., Svendsen, C., &
Spurgeon, D. J. (2010). Interactions between effects of environmental
chemicals and natural stressors: A review. Science of the Total Envi-
ronment, 408(18), 3746-3762. https://doi.org/10.1016/j.scitotenv.2009.
10.067

Hunsicker, M. E., Kappel, C. V., Selkoe, K. A., Halpern, B. S., Scarborough,
C., Mease, L., & Amrhein, A. (2016). Characterizing driver—response
relationships in marine pelagic ecosystems for improved ocean man-
agement. Ecological Applications, 26(3), 651-663. https://doi.org/10.
1890/14-2200

Jackson, M. C. (2015). Interactions among multiple invasive animals.
Ecology, 96(8), 2035-2041. https://doi.org/10.1890/15-0171.1

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

Jackson, M. C., Pawar, S., & Woodward, G. (2021). The temporal dynamics
of multiple stressor effects: From individuals to ecosystems. Trends in
Ecology & Evolution, 36(5), 402-410. https://doi.org/10.1016/j.tree.
2021.01.005

Jager, T. (2020). Revisiting simplified DEBtox models for analysing eco-
toxicity data. Ecological Modelling, 416, 108904. https://doi.org/10.
1016/j.ecolmodel.2019.108904

Jager, T., Heugens, E. H. W., & Kooijman, S. A. L. M. (2006). Making sense
of ecotoxicological test results: Towards application of process-based
models. Ecotoxicology, 15(3), 305-314. https://doi.org/10.1007/s10646-
006-0060-x

Jéhnig, S. C., Baranov, V., Altermatt, F., Cranston, P., Friedrichs-Manthey,
M., Geist, J., He, F., Heino, J., Hering, D., Holker, F., Jourdan, J.,
Kalinkat, G., Kiesel, J., Leese, F., Maasri, A., Monaghan, M. T., Schéfer,
R. B., Tockner, K., Tonkin, J. D., & Domisch, S. (2020). Revisiting global
trends in freshwater insect biodiversity. WIREs Water, 8(2), e1506.
https://doi.org/10.1002/wat2.1506

Jaureguiberry, P., Titeux, N., Wiemers, M., Bowler, D. E., Coscieme, L.,
Golden, A. S., Guerra, C. A., Jacob, U., Takahashi, Y., Settele, J., Diaz,
S., Molnar, Z., & Purvis, A. (2022). The direct drivers of recent global
anthropogenic biodiversity loss. Science Advances, 8(45), eabm9982.
https://doi.org/10.1126/sciadv.abm9982

Jeremias, G., Barbosa, J., Marques, S. M., Asselman, J., Gongalves, F. J. M.,
& Pereira, J. L. (2018). Synthesizing the role of epigenetics in the re-
sponse and adaptation of species to climate change in freshwater
ecosystems. Molecular Ecology, 27(13), 2790-2806. https://doi.org/10.
1111/mec.14727

Jopp, F., Reuter, H., Breckling, B., Trexler, M., Jorgensen, S. E., &
DeAngelis, D. L. (2011). Modelling complex ecological dynamics: An
introduction into ecological modelling for students, teachers & scientists
(Vol. 1). Springer.

Jorgensen, S. E., & Fath, B. D. (2011). Fundamentals of ecological model-
ling: Applications in environmental management and research. Devel-
opments in environmental modelling (4th ed.). Elsevier.

Jupke, J. F., Birk, S., Alvarez-Cabria, M., Aroviita, J., Barquin, J., Belmar, O.,
Bonada, N., Cafiedo-Arguelles, M., Chiriac, G., Elexova, E. M., Feld, C.

K., Ferreira, M. T., Haase, P., Huttunen, K. L., Lazaridou, M., Ledtékova,
M., Mili§a, M., Muotka, T., Paavola, R., ... Schafer, R. B. (2022). Evalu-
ating the biological validity of European river typology systems with
least disturbed benthic macroinvertebrate communities. Science of the
Total Environment, 842, 156689. https://doi.org/10.1016/j.scitotenv.
2022.156689

Jupke, J. F., Duque, T., Jarillo, J., Scheu, S., Sinclair, T., Berg, S., van den,
Entling M., Laender, F., de Maltby, L., van den Brink, P. J., & Schéfer,
R. B. (2023). LRI ECO50: Incorporating spatial and seasonal variability in
community  sensitivity into chemical risk assessment. RPTU.
https:/Amww.nuw.uni-landau.de/index.php?elD=dumpFile&t=f&=5285&
token=5263316a8942bbd65f71124c2d2454671f8d38d

Kattwinkel, M., Reichert, P., Riegg, J., Liess, M., & Schuwirth, N. (2016).
Modeling macroinvertebrate community dynamics in stream meso-
cosms contaminated with a pesticide. Environmental Science & Tech-
nology, 50(6), 3165-3173. https://doi.org/10.1021/acs.est.5b04068

Kefford, B. J., Nichols, S. J., & Duncan, R. P. (2023). The cumulative impacts
of anthropogenic stressors vary markedly along environmental gra-
dients. Global Change Biology, 29(3), 590-602. https://doi.org/10.1111/
gcb.16435

Kéfi, S., Holmgren, M., & Scheffer, M. (2016). When can positive interactions
cause alternative stable states in ecosystems? Functional Ecology, 30(1),
88-97. https://doi.org/10.1111/1365-2435.12601

Kienzler, A., Barron, M. G., Belanger, S. E., Beasley, A., & Embry, M. R.
(2017). Mode of action (MOA) assignment classifications for ecotox-
icology: An evaluation of approaches. Environmental Science & Tech-
nology, 51(17), 10203-10211. https://doi.org/10.1021/acs.est.7b02337

Kienzler, A., Connors, K. A., Bonnell, M., Barron, M. G., Beasley, A., Inglis,
C. G., Norberg-King, T. J., Martin, T., Sanderson, H., Vallotton, N.,
Wilson, P., & Embry, M. R. (2019). Mode of action classifications in the
EnviroTox Database: Development and implementation of a consensus
MOA classification. Environmental Toxicology and Chemistry, 38(10),
2294-2304. https://doi.org/10.1002/etc.4531

Kigrboe, T., Visser, A., & Andersen, K. H. (2018). A trait-based approach to
ocean ecology. ICES Journal of Marine Science, 75(6), 1849-1863.
https://doi.org/10.1093/icesjms/fsy090

Kriticos, D. J., Jarosik, V., & Ota, N. (2014). Extending the suite of bioclim
variables: A proposed registry system and case study using principal
components analysis. Methods in Ecology and Evolution, 5(9), 956-960.
https://doi.org/10.1111/2041-210X.12244

Landis, W. G., Matthews, R. A., & Matthews, G. B. (1996). The layered and
historical nature of ecological systems and the risk assessment of pes-
ticides. Environmental Toxicology and Chemistry, 15(4), 432-440.

Lange, K., Meier, P., Trautwein, C., Schmid, M., Robinson, C. T., Weber, C.,
& Brodersen, J. (2018). Basin-scale effects of small hydropower on bi-
odiversity dynamics. Frontiers in Ecology and the Environment, 16(7),
397-404. https://doi.org/10.1002/fee.1823

Larras, F., Charles, S., Chaumot, A., Pelosi, C., Le Gall, M., Mamy, L., &
Beaudouin, R. (2022). A critical review of effect modeling for ecological
risk assessment of plant protection products. Environmental Science and
Pollution Research, 29(29), 43448-43500. https://doi.org/10.1007/
s11356-022-19111-3

Laskowski, R., Bednarska, A. J., Kramarz, P. E., Loureiro, S., Scheil, V.,
Kudlek, J., & Holmstrup, M. (2010). Interactions between toxic chemicals
and natural environmental factors—A meta-analysis and case studies.
Science of the Total Environment, 408(18), 3763-3774. https://doi.org/
10.1016/J.Scitotenv.2010.01.043

Lasky, J. R. (2019). Eco-evolutionary community turnover following envi-
ronmental change. Evolutionary Applications, 12, 1434-1448.

Laws, J., Heppell, K., Sheahan, D., Liu, C., & Grey, J. (2016). No such thing
as a free meal: Organotin transfer across the freshwater-terrestrial in-
terface. Freshwater Biology, 61(12), 2051-2062. https://doi.org/10.1111/
fwb.12733

Lehner, B., Messager, M. L., Korver, M. C., & Linke, S. (2022). Global hydro-
environmental lake characteristics at high spatial resolution. Scientific
Data, 9(1), 351. https://doi.org/10.1038/s41597-022-01425-z

Lemm, J. U., Venohr, M., Globevnik, L., Stefanidis, K., Panagopoulos, Y.,
Gils, J., Posthuma, L., Kristensen, P., Feld, C. K., Mahnkopf, J., Hering,
D., & Birk, S. (2021). Multiple stressors determine river ecological status
at the European scale: Towards an integrated understanding of river
status deterioration. Global Change Biology, 27(9), 1962-1975. https://
doi.org/10.1111/gcb.15504

Leu, C., Singer, H., Stamm, C., Muller, S. R., & Schwarzenbach, R. P. (2004).
Variability of herbicide losses from 13 fields to surface water within a

© 2023 The Authors

wileyonlinelibrary.com/ETC

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1111/brv.12647
https://doi.org/10.1002/ecy.1961
https://doi.org/10.1002/ecy.1961
https://doi.org/10.1111/cobi.13125
https://doi.org/10.1111/cobi.13125
https://doi.org/10.3389/fevo.2019.00211
https://doi.org/10.1016/j.scitotenv.2009.10.067
https://doi.org/10.1016/j.scitotenv.2009.10.067
https://doi.org/10.1890/14-2200
https://doi.org/10.1890/14-2200
https://doi.org/10.1890/15-0171.1
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1016/j.tree.2021.01.005
https://doi.org/10.1016/j.tree.2021.01.005
https://doi.org/10.1016/j.ecolmodel.2019.108904
https://doi.org/10.1016/j.ecolmodel.2019.108904
https://doi.org/10.1007/s10646-006-0060-x
https://doi.org/10.1007/s10646-006-0060-x
https://doi.org/10.1002/wat2.1506
https://doi.org/10.1126/sciadv.abm9982
https://doi.org/10.1111/mec.14727
https://doi.org/10.1111/mec.14727
https://doi.org/10.1016/j.scitotenv.2022.156689
https://doi.org/10.1016/j.scitotenv.2022.156689
https://www.nuw.uni-landau.de/index.php?eID=dumpFile%26t=f%26f=5285%26token=526f33f6a8942bbd65f71124c2d2454671f8d38d
https://www.nuw.uni-landau.de/index.php?eID=dumpFile%26t=f%26f=5285%26token=526f33f6a8942bbd65f71124c2d2454671f8d38d
https://doi.org/10.1021/acs.est.5b04068
https://doi.org/10.1111/gcb.16435
https://doi.org/10.1111/gcb.16435
https://doi.org/10.1111/1365-2435.12601
https://doi.org/10.1021/acs.est.7b02337
https://doi.org/10.1002/etc.4531
https://doi.org/10.1093/icesjms/fsy090
https://doi.org/10.1111/2041-210X.12244
https://doi.org/10.1002/fee.1823
https://doi.org/10.1007/s11356-022-19111-3
https://doi.org/10.1007/s11356-022-19111-3
https://doi.org/10.1016/J.Scitotenv.2010.01.043
https://doi.org/10.1016/J.Scitotenv.2010.01.043
https://doi.org/10.1111/fwb.12733
https://doi.org/10.1111/fwb.12733
https://doi.org/10.1038/s41597-022-01425-z
https://doi.org/10.1111/gcb.15504
https://doi.org/10.1111/gcb.15504

Mixtures and stressors—Environmental Toxicology and Chemistry, 2023;42:1915-1936

1933

small catchment after a controlled herbicide application. Environmental
Science & Technology, 38(14), 3835-3841.

Leuzinger, S., Luo, Y., Beier, C., Dieleman, W., Vicca, S., & Kérner, C. (2011).
Do global change experiments overestimate impacts on terrestrial
ecosystems? Trends in Ecology & Evolution, 26(5), 236-241. https://doi.
org/10.1016/j.tree.2011.02.011

Liess, M., Foit, K., Knillmann, S., Schafer, R. B., & Liess, H.-D. (2016). Pre-
dicting the synergy of multiple stress effects. Scientific Reports, 6,
32965.

Liess, M., Liebmann, L., Vormeier, P., Weisner, O., Altenburger, R., Borchardt,
D., Brack, W., Chatzinotas, A., Escher, B., Foit, K., Gunold, R., Henz, S.,
Hitzfeld, K. L., Schmitt-Jansen, M., Kamjunke, N., Kaske, O., Knillmann, S.,
Krauss, M., Kister, E., ... Reemtsma, T. (2021). Pesticides are the dominant
stressors for vulnerable insects in lowland streams. Water Research, 201,
117262. https://doi.org/10.1016/j.watres.2021.117262

Lin, Z., Ping, Z., Kong, D., Yin, K., & Cai, Z. (2005). The ratios of individual
chemicals in a mixture determine the degree of joint effect: The climax
hypothesis. Archives of Environmental Contamination and Toxicology,
49(1), 1-8. https://doi.org/10.1007/s00244-003-0206-2

Litchman, E., & Klausmeier, C. A. (2008). Trait-based community ecology
of phytoplankton. Annual Review of Ecology, Evolution, and System-
atics, 39(1), 615-639. https://doi.org/10.1146/annurev.ecolsys.39.
110707.173549

Liu, Q., Liu, L., Huang, J., Gu, L., Sun, Y., Zhang, L., Lyu, K., & Yang, Z.
(2022). The response of life history defense of cladocerans under pre-
dation risk varies with the size and concentration of microplastics.
Journal of Hazardous Materials, 427, 127913. https://doi.org/10.1016/j.
jhazmat.2021.127913

Loewe, S., & Muischnek, H. (1926). Uber Kombinationswirkungen. Naunyn-
Schmiedebergs. Archiv fiir experimentelle Pathologie und Pharmako-
logie, 114(5), 313-326. https://doi.org/10.1007/BF01952257

Louhi, P., Richardson, J. S., & Muotka, T. (2017). Sediment addition reduces
the importance of predation on ecosystem functions in experimental
stream channels. Canadian Journal of Fisheries and Aquatic Sciences,
74(1), 32-40. https://doi.org/10.113%/cjfas-2015-0530

Macacu, A., & Guillot, G. (2020). Dose-response analysis of toxicological
and pharmacological mixtures with the model deviation ratio method:
Problems and solutions. Toxicology Letters, 325, 62-66. https://doi.org/
10.1016/j.toxlet.2020.02.005

Mack, L., de la Hoz, C. F., Penk, M., Piggott, J., Crowe, T., Hering, D.,
Kaijser, W., Aroviita, J., Baer, J., Borja, A., Clark, D. E., Fernandez-
Torquemada, Y., Kotta, J., Matthaei, C. D., O'Beimn, F., Paerl, H. W,
Sokolowski, A., Vilmi, A., & Birk, S. (2022). Perceived multiple stressor
effects depend on sample size and stressor gradient length. Water Re-
search, 226, 119260. https://doi.org/10.1016/j.watres.2022.119260

MacLennan, M. M., & Vinebrooke, R. D. (2021). Exposure order effects of
consecutive stressors on communities: The role of co-tolerance. Oikos,
130, 2111-2121. https://doi.org/10.1111/0ik.08884

Malaj, E., von der Ohe, P. C., Grote, M., Kiihne, R., Mondy, C. P., Usseglio-
Polatera, P., Brack, W., & Schéafer, R. B. (2014). Organic chemicals
jeopardize the health of freshwater ecosystems on the continental scale.
Proceedings of the National Academy of Sciences of United States of
America, 111(26), 9549-9554. https://doi.org/10.1073/pnas. 1321082111

Markert, N., Rhiem, S., Trimborn, M., & Guhl, B. (2020). Mixture toxicity in
the Erft River: Assessment of ecological risks and toxicity drivers. Envi-
ronmental Sciences Europe, 32(1), 51. https:/doi.org/10.1186/s12302-
020-00326-5

Martin, O., Scholze, M., Ermler, S., McPhie, J., Bopp, S. K., Kienzler, A.,
Parissis, N., & Kortenkamp, A. (2021). Ten years of research on syner-
gisms and antagonisms in chemical mixtures: A systematic review and
quantitative reappraisal of mixture studies. Environment International,
146, 106206. https://doi.org/10.1016/j.envint.2020.106206

Martin, T. M., Grulke, C. M., Young, D. M., Russom, C. L., Wang, N. Y.,
Jackson, C. R., & Barron, M. G. (2013). Prediction of aquatic toxicity
mode of action using linear discriminant and random forest models.
Journal of Chemical Information and Modeling, 53(9), 2229-2239.
https://doi.org/10.1021/ci400267h

Massei, R., Busch, W., Wolschke, H., Schinkel, L., Bitsch, M., Schulze, T,
Krauss, M., & Brack, W. (2018). Screening of pesticide and biocide patterns
as risk drivers in sediments of major European river mouths: Ubiquitous or
river basin-specific contamination. Environmental Science & Technology,
52(4), 2251-2260. https://doi.org/10.1021/acs.est.7b04355

Matthaei, C. D., & Lange, K. (2016). Multiple-stressor effects on freshwater
fish: A review and meta-analysis. In G. P. Closs, M. Krkosek, & J. D.

Olden (Eds.), Conservation of freshwater fishes (pp. 178-214).

Cambridge University Press.

Matzelle, A. J., Sara, G., Montalto, V., Zippay, M., Trussell, G. C., & Helmuth,
B. (2015). A bioenergetics framework for integrating the effects of
multiple stressors: Opening a ‘black box' in climate change research.
American Malacological Bulletin, 33(1), 150-160. https://doi.org/10.
4003/006.033.0107

Meent, D., Zwart, D., & Posthuma, L. (2020). Screening-level estimates of
environmental release rates, predicted exposures, and toxic pressures of
currently used chemicals. Environmental Toxicology and Chemistry,
39(9), 1839-1851. https://doi.org/10.1002/etc.4801

Molinos, J. G., & Donohue, I. (2010). Interactions among temporal patterns
determine the effects of multiple stressors. Ecological Applications,
20(7), 1794-1800. https://doi.org/10.1890/10-0018.1

Mondy, C. P., & Schuwirth, N. (2017). Integrating ecological theories and
traits in process-based modeling of macroinvertebrate community dy-
namics in streams. Ecological Applications, 27(4), 1365-1377. https://
doi.org/10.1002/eap.1530

van Moorsel, S. J., Thébault, E., Radchuk, V., Narwani, A., Montoya, J. M.,
Dakos, V., Holmes, M., De Laender, F., & Pennekamp, F. (2023). Pre-
dicting effects of multiple interacting global change drivers across tro-
phic levels. Global Change Biology, 29(5), 1223-1238. https://doi.org/
10.1111/gcb.16548

Morris, O. F., Loewen, C. J. G., Woodward, G., Schéfer, R. B., Piggott, J. J.,
Vinebrooke, R. D., & Jackson, M. C. (2022). Local stressors mask the
effects of warming in freshwater ecosystems. Ecology Letters, 25(11),
2540-2551. https://doi.org/10.1111/ele.14108

Moschet, C., Wittmer, 1., Simovic, J., Junghans, M., Piazzoli, A., Singer, H.,
Stamm, C., Leu, C., & Hollender, J. (2014). How a complete pesticide
screening changes the assessment of surface water quality. Environ-
mental Science & Technology, 48(10), 5423-5432. https://doi.org/10.
1021/es500371t

Naidu, R., Biswas, B., Willett, I. R., Cribb, J., Kumar Singh, B., Paul Nathanail,
C., Coulon, F., Semple, K. T., Jones, K. C., Barclay, A., & Aitken, R. J.
(2021). Chemical pollution: A growing peril and potential catastrophic
risk to humanity. Environment International, 156, 106616. https://doi.
org/10.1016/j.envint.2021.106616

Neale, P. A., Braun, G., Brack, W., Carmona, E., Gunold, R., Kénig, M.,
Krauss, M., Liebmann, L., Liess, M., Link, M., Schéfer, R. B., Schlichting,
R., Schreiner, V. C., Schulze, T., Vormeier, P., Weisner, O., & Escher, B. I.
(2020). Assessing the mixture effects in in vitro bioassays of chemicals
occurring in small agricultural streams during rain events. Environmental
Science and Technology, 54(13), 8280-8290. https://doi.org/10.1021/
acs.est.0c02235

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R. A.,
Borger, L., Bennett, D. J., Choimes, A., Collen, B., Day, J., De Palma, A.,
Diaz, S., Echeverria-Londofio, S., Edgar, M. J., Feldman, A., Garon, M.,
Harrison, M. L. K., Alhusseini, T., ... Purvis, A. (2015). Global effects of
land use on local terrestrial biodiversity. Nature, 520(7545), 45-50.
https://doi.org/10.1038/nature14324

Newman, M. C., & Clements, W. H. (2008). Ecotoxicology: A comprehensive
treatment (2nd ed.). CRC Press.

Nisbet, R. M., Muller, E. B., Lika, K., & Kooijman, S. A. L. M. (2000). From
molecules to ecosystems through dynamic energy budget models.
Journal of Animal Ecology, 69, 913-926.

Nystrom, M., & Folke, C. (2001). Spatial resilience of coral reefs.
Ecosystems, 4(5), 406-417. https://doi.org/10.1007/s10021-001-0019-y

Orr, J. A, Luijckx, P., Arnoldi, J., Jackson, A. L., & Piggott, J. J. (2021). Rapid
evolution generates synergism between multiple stressors: Linking
theory and an evolution experiment. Global Change Biology, 28(5),
1740-1752. https://doi.org/10.1111/gcb.15633

Orr, J. A, Rillig, M. C., & Jackson, M. C. (2022). Similarity of anthropogenic
stressors is multifaceted and scale dependent. Natural Sciences, 2(1),
€20210076. https://doi.org/10.1002/ntls.20210076

Orr, J. A., Vinebrooke, R. D., Jackson, M. C., Kroeker, K. J., Kordas, R. L.,
Mantyka-Pringle, C., Van den Brink, P. J., De Laender, F., Stoks, R.,
Holmstrup, M., Matthaei, C. D., Monk, W. A, Penk, M. R., Leuzinger,
S., Schéfer, R. B., & Piggott, J. J. (2020). Towards a unified
study of multiple stressors: Divisions and common goals across
research disciplines. Proceedings of the Royal Society B: Biological
Sciences, 287(1926), 20200421. https://doi.org/10.1098/rspb.2020.
0421

Ostrowski, A., Connolly, R. M., Brown, C. J., & Sievers, M. (2022). Fluctu-
ating fortunes: Stressor synchronicity and fluctuating intensity influence

wileyonlinelibrary.com/ETC

© 2023 The Authors

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1016/j.tree.2011.02.011
https://doi.org/10.1016/j.tree.2011.02.011
https://doi.org/10.1016/j.watres.2021.117262
https://doi.org/10.1007/s00244-003-0206-2
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1146/annurev.ecolsys.39.110707.173549
https://doi.org/10.1016/j.jhazmat.2021.127913
https://doi.org/10.1016/j.jhazmat.2021.127913
https://doi.org/10.1007/BF01952257
https://doi.org/10.1139/cjfas-2015-0530
https://doi.org/10.1016/j.toxlet.2020.02.005
https://doi.org/10.1016/j.toxlet.2020.02.005
https://doi.org/10.1016/j.watres.2022.119260
https://doi.org/10.1111/oik.08884
https://doi.org/10.1073/pnas.1321082111
https://doi.org/10.1186/s12302-020-00326-5
https://doi.org/10.1186/s12302-020-00326-5
https://doi.org/10.1016/j.envint.2020.106206
https://doi.org/10.1021/ci400267h
https://doi.org/10.1021/acs.est.7b04355
https://doi.org/10.4003/006.033.0107
https://doi.org/10.4003/006.033.0107
https://doi.org/10.1002/etc.4801
https://doi.org/10.1890/10-0018.1
https://doi.org/10.1002/eap.1530
https://doi.org/10.1002/eap.1530
https://doi.org/10.1111/gcb.16548
https://doi.org/10.1111/gcb.16548
https://doi.org/10.1111/ele.14108
https://doi.org/10.1021/es500371t
https://doi.org/10.1021/es500371t
https://doi.org/10.1016/j.envint.2021.106616
https://doi.org/10.1016/j.envint.2021.106616
https://doi.org/10.1021/acs.est.0c02235
https://doi.org/10.1021/acs.est.0c02235
https://doi.org/10.1038/nature14324
https://doi.org/10.1007/s10021-001-0019-y
https://doi.org/10.1111/gcb.15633
https://doi.org/10.1002/ntls.20210076
https://doi.org/10.1098/rspb.2020.0421
https://doi.org/10.1098/rspb.2020.0421

1934

Environmental Toxicology and Chemistry, 2023,;42:1915-1936—Schéfer et al.

biological impacts. Ecology Letters, 25(12), 2611-2623. https://doi.org/
10.1111/ele. 14120

Ovaskainen, O., & Abrego, N. (2020). Joint species distribution modelling:
With applications in R. Cambridge University Press (Ecology, biodiversity
and conservation).

Park, R. A., Clough, J. S., & Wellman, M. C. (2008). AQUATOX: Modeling
environmental fate and ecological effects in aquatic ecosystems. Eco-
logical Modelling, 213(1), 1-15. https://doi.org/10.1016/j.ecolmodel.
2008.01.015

Pernet, C. (2017). Null hypothesis significance testing: A guide to commonly
misunderstood concepts and recommendations for good practice.
F1000Research, 4, 621. https://doi.org/10.12688/f1000research.6963.5

Persson, L., Carey Almroth, B. M., Collins, C. D., Cornell, S., de Wit, C. A,,
Diamond, M. L., Fantke, P., Hassellév, M., MacLeod, M., Ryberg, M. W.,
Segaard Jgrgensen, P., Villarrubia-Gémez, P., Wang, Z., & Hauschild, M.
Z. (2022). Outside the safe operating space of the planetary boundary
for novel entities. Environmental Science & Technology, 56(3),
1510-1521. https://doi.org/10.1021/acs.est.1c04158

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

Pilowsky, J. A., Colwell, R. K., Rahbek, C., & Damien, A. F. ordham (2022).
Process-explicit models reveal the structure and dynamics of biodiversity
patterns. Science Advances, 8(31), eabj2271. https://doi.org/10.1126/
sciadv.abj2271

Pirotta, E., Thomas, L., Costa, D. P., Hall, A. J., Harris, C. M., Harwood, J.,
Kraus, S. D., Miller, P. J. O., Moore, M. J., Photopoulou, T., Rolland, R.
M., Schwacke, L., Simmons, S. E., Southall, B. L., & Tyack, P. L. (2022).
Understanding the combined effects of multiple stressors: A new per-
spective on a longstanding challenge. Science of the Total Environment,
821, 153322. https://doi.org/10.1016/j.scitotenv.2022.153322

Poggio, L., de Sousa, L. M., Batjes, N. H., Heuvelink, G. B. M., Kempen, B.,
Ribeiro, E., & Rossiter, D. (2021). SoilGrids 2.0: Producing soil in-
formation for the globe with quantified spatial uncertainty. SOIL, 7(1),
217-240. https://doi.org/10.5194/s0il-7-217-2021

Posthuma, L., Brack, W., van Gils, J., Focks, A., Miiller, C., de Zwart, D., &
Birk, S. (2019). Mixtures of chemicals are important drivers of impacts on
ecological status in European surface waters. Environmental Sciences
Europe, 31(1), 71. https://doi.org/10.1186/s12302-019-0247-4

Posthuma, L., van Gils, J., Zijp, M. C., van de Meent, D., & de Zwart, D.
(2019). Species sensitivity distributions for use in environmental pro-
tection, assessment and management of aquatic ecosystems for 12 386
chemicals. Environmental Toxicology and Chemistry, 38(4), 905-917.
https://doi.org/10.1002/etc.4373

Posthuma, L., Zijp, M. C., De Zwart, D., Van de Meent, D., Globevnik, L.,
Koprivsek, M., Focks, A., Van Gils, J., & Birk, S. (2020). Chemical pol-
lution imposes limitations to the ecological status of European surface
waters. Scientific Reports, 10(1), 14825. https://doi.org/10.1038/s41598-
020-71537-2

Posthuma, L., de Zwart, D., & Dyer, S. D. (2019). Chemical mixtures affect
freshwater species assemblages: From problems to solutions. Current
Opinion in Environmental Science & Health, 11, 78-89. https://doi.org/
10.1016/j.coesh.2019.09.002

Pottier, P., Lin, H.-Y., Oh, R. R. Y., Pollo, P., Rivera-Villanueva, A. N., Val-
debenito, J. O., Yang, Y., Amano, T., Burke, S., Drobniak, S. M., &
Nakagawa, S. (2022). A comprehensive database of amphibian heat
tolerance. Scientific Data, 9(1), 600. https://doi.org/10.1038/s41597-022-
01704-9

Previsgi¢, A., Vilenica, M., Vu¢kovié, N., Petrovi¢, M., & Rozman, M. (2021).
Aquatic insects transfer pharmaceuticals and endocrine disruptors from
aquatic to terrestrial ecosystems. Environmental Science & Technology,
55(6), 3736-3746. https://doi.org/10.1021/acs.est.0c07609

Price, P. S., & Han, X. (2011). Maximum cumulative ratio (MCR) as a tool for
assessing the value of performing a cumulative risk assessment. Inter-
national journal of environmental research and public health, 8(6),
2212-25. https://doi.org/10.3390/ijerph8062212

Pulliam, H. R. (1988). Sources, sinks, and population regulation. The
American Naturalist, 132(5), 652-661.

Riedo, J., Wettstein, F. E., Résch, A., Herzog, C., Banerjee, S., Blichi, L.,
Charles, R., Wachter, D., Martin-Laurent, F., Bucheli, T. D., Walder, F., &
van der Heijden, M. G. A. (2021). Widespread occurrence of pesticides
in organically managed agricultural soils—The ghost of a conventional
agricultural past? Environmental Science & Technology, 55(5),
2919-2928. https://doi.org/10.1021/acs.est.0c06405

Rillig, M. C., Rolff, J., Tietjen, B., Wehner, J., & Andrade-Linares, D. R.
(2015). Community priming—Effects of sequential stressors on microbial
assemblages. FEMS Microbiology Ecology, 91(5), fiv040. https://doi.org/
10.1093/femsec/fiv040

Rillig, M. C., Ryo, M., & Lehmann, A. (2021). Classifying human influences on
terrestrial ecosystems. Global Change Biology, 27(11), 2273-2278.
https://doi.org/10.1111/gcb.15577

Rillig, M. C., Ryo, M., Lehmann, A., Aguilar-Trigueros, C. A., 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(6467), 886-890. https://doi.org/10.1126/science.aay2832

Rodea-Palomares, |., Gonzélez-Pleiter, M., Martin-Betancor, K., Rosal, R., &
Fernandez-Pifas, F. (2015). Additivity and interactions in ecotoxicity of
pollutant mixtures: Some patterns, conclusions, and open questions.
Toxics, 3(4), 342-369. https://doi.org/10.3390/toxics3040342

Rodea-Palomares, I., Petre, A. L., Boltes, K., Leganés, F., Perdigén-Meldn,
J. A, Rosal, R., & Fernandez-Pifias, F. (2010). Application of the com-
bination index (Cl)-isobologram equation to study the toxicological in-
teractions of lipid regulators in two aquatic bioluminescent organisms.
Water Research, 44(2), 427-438. https://doi.org/10.1016/j.watres.2009.
07.026

Rodwell, J. S., Evans, D., & Schaminée, J. H. J. (2018). Phytosociological
relationships in European Union policy-related habitat classifications.
Rendiiconti Lincei Scienze Fisiche e Naturali, 29(2), 237-249. https://doi.
org/10.1007/s12210-018-0690-y

Rorije, E., Wassenaar, P. N. H., Slootweg, J., Leeuwen, L., van Broekhuizen,
F. A., & van Posthuma, L. (2022). Characterization of ecotoxicological
risks from unintentional mixture exposures calculated from European
freshwater monitoring data: Forwarding prospective chemical risk
management. Science of the Total Environment, 822, 153385. https://
doi.org/10.1016/j.scitotenv.2022.153385

Rubach, M. N., Baird, D. J., & Van den Brink, P. J. (2010). A new method for
ranking mode-specific sensitivity of freshwater arthropods to insecticides
and its relationship to biological traits. Environmental Toxicology and
Chemistry, 29(2), 476-487. https://doi.org/10.1002/etc.55

Ryo, M., Aguilar-Trigueros, C. A., Pinek, L., Muller, L. A. H., & Rillig, M. C.
(2019). Basic principles of temporal dynamics. Trends in Ecology &
Evolution, 34(8), 723-733. https://doi.org/10.1016/j.tree.2019.03.007

Ryser, R., Hirt, M. R., Haussler, J., Gravel, D., & Brose, U. (2021). Landscape
heterogeneity buffers biodiversity of simulated meta-food-webs under
global change through rescue and drainage effects. Nature Communi-
cations, 12(1), 4716. https://doi.org”0.1038/541467-021-24877-0

dos Santos, R. M., Hilbers, J. P., & Hendriks, A. J. (2017). Evaluation of
models capacity to predict size spectra parameters in ecosystems under
stress. Ecological Indicators, 79, 114-121. https://doi.org/10.1016/j.
ecolind.2017.04.017

Sarkis, N., Geffard, O., Souchon, Y., Chandesris, A., Ferréol, M., Valette, L.,
Francois, A., Piffady, J., Chaumot, A., & Villeneuve, B. (2023). Identifying
the impact of toxicity on stream macroinvertebrate communities in a
multi-stressor context based on national ecological and ecotoxicological
monitoring databases. Science of the Total Environment, 859, 160179.
https://doi.org/10.1016/j.scitotenv.2022.160179

Schafer, R. B. (2014). In response: Why we need landscape ecotoxicology
and how it could be advanced—An academic perspective. Environ-
mental Toxicology and Chemistry, 33(6), 1193-1194. https://doi.org/10.
1002/etc.2569

Schafer, R. B., Gerner, N., Kefford, B. J., Rasmussen, J. J., Beketov, M. A,
de Zwart, D., Liess, M., & Von der Ohe, P. C. (2013). How to characterize
chemical exposure to predict ecologic effects on aquatic communities.
Environmental Science & Technology, 47(14), 7996-8004. https://doi.
org/10.1021/es4014954

Schéfer, R. B., Kihn, B., Malaj, E., Kénig, A., & Gergs, R. (2016). Con-
tribution of organic toxicants to multiple stress in river ecosystems.
Freshwater Biology, 61(12), 2116-2128.

Schafer, R. B., & Piggott, J. J. (2018). Advancing understanding and pre-
diction in multiple stressor research through a mechanistic basis for null
models. Global Change Biology, 24(5), 1817-1826. https://doi.org/10.
1111/gcb.14073/ull

Schiesari, L., Leibold, M. A., & Burton, G. A. (2018). Metacommunities,
metaecosystems and the environmental fate of chemical contaminants.
Journal of Applied Ecology, 55(3), 1553-1563. https://doi.org/10.1111/
1365-2664.13054

Schiesari, L., Matias, M. G., Prado, P. I., Leibold, M. A., Albert, C. H.,
Howeth, J. G., Leroux, S. J., Pardini, R., Siqueira, T., Brancalion, P. H. S,

© 2023 The Authors

wileyonlinelibrary.com/ETC

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1111/ele.14120
https://doi.org/10.1111/ele.14120
https://doi.org/10.1016/j.ecolmodel.2008.01.015
https://doi.org/10.1016/j.ecolmodel.2008.01.015
https://doi.org/10.12688/f1000research.6963.5
https://doi.org/10.1021/acs.est.1c04158
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1126/sciadv.abj2271
https://doi.org/10.1126/sciadv.abj2271
https://doi.org/10.1016/j.scitotenv.2022.153322
https://doi.org/10.5194/soil-7-217-2021
https://doi.org/10.1186/s12302-019-0247-4
https://doi.org/10.1002/etc.4373
https://doi.org/10.1038/s41598-020-71537-2
https://doi.org/10.1038/s41598-020-71537-2
https://doi.org/10.1016/j.coesh.2019.09.002
https://doi.org/10.1016/j.coesh.2019.09.002
https://doi.org/10.1038/s41597-022-01704-9
https://doi.org/10.1038/s41597-022-01704-9
https://doi.org/10.1021/acs.est.0c07609
https://doi.org/10.3390/ijerph8062212
https://doi.org/10.1021/acs.est.0c06405
https://doi.org/10.1093/femsec/fiv040
https://doi.org/10.1093/femsec/fiv040
https://doi.org/10.1111/gcb.15577
https://doi.org/10.1126/science.aay2832
https://doi.org/10.3390/toxics3040342
https://doi.org/10.1016/j.watres.2009.07.026
https://doi.org/10.1016/j.watres.2009.07.026
https://doi.org/10.1007/s12210-018-0690-y
https://doi.org/10.1007/s12210-018-0690-y
https://doi.org/10.1016/j.scitotenv.2022.153385
https://doi.org/10.1016/j.scitotenv.2022.153385
https://doi.org/10.1002/etc.55
https://doi.org/10.1016/j.tree.2019.03.007
https://doi.org/10.1038/s41467-021-24877-0
https://doi.org/10.1016/j.ecolind.2017.04.017
https://doi.org/10.1016/j.ecolind.2017.04.017
https://doi.org/10.1016/j.scitotenv.2022.160179
https://doi.org/10.1002/etc.2569
https://doi.org/10.1002/etc.2569
https://doi.org/10.1021/es4014954
https://doi.org/10.1021/es4014954
https://doi.org/10.1111/gcb.14073/full
https://doi.org/10.1111/gcb.14073/full
https://doi.org/10.1111/1365-2664.13054
https://doi.org/10.1111/1365-2664.13054

Mixtures and stressors—Environmental Toxicology and Chemistry, 2023;42:1915-1936

1935

Cabeza, M., Coutinho, R. M., Diniz-Filho, J. A. F., Fournier, B., Lahr, D. J.
G., Lewinsohn, T. M., Martins, A., Morsello, C., Peres-Neto, P. R., ...
Vézquez, D. P. (2019). Towards an applied metaecology. Perspectives in
Ecology and Conservation, 17, 172-181. https://doi.org/10.1016/j.
pecon.2019.11.001

Schindler, D. W., Curtis, P. J., Parker, B. R., & Stainton, M. P. (1996). Con-
sequences of climate warming and lake acidification for UV-B pene-
tration in North American boreal lakes. Nature, 379(6567), 705-708.
https://doi.org/10.1038/379705a0

Schmolke, A., Kapo, K. E., Rueda-Cediel, P., Thorbek, P., Brain, R., &
Forbes, V. (2017). Developing population models: A systematic ap-
proach for pesticide risk assessment using herbaceous plants as an ex-
ample. Science of the Total Environment, 599-600, 1929-1938. https://
doi.org/10.1016/j.scitotenv.2017.05.116

Schmolke, A., Thorbek, P., Chapman, P., & Grimm, V. (2010). Ecological
models and pesticide risk assessment: Current modeling practice. En-
vironmental Toxicology and Chemistry, 29(4), 1006-1012. https://doi.
org/10.1002/etc.120

Schneeweiss, A., Juvigny-Khenafou, N. P. D., Osakpolor, S., Scharmiiller, A.,
Scheu, S., Schreiner, V. C., Ashauer, R., Escher, B. I., Leese, F., & Schéafer,
R. B. (2023). Three perspectives on the prediction of chemical effects in
ecosystems. Global Change Biology, 29(1), 21-40. https://doi.org/10.
1111/gcb.16438

Schober, P., Bossers, S. M., & Schwarte, L. A. (2018). Statistical significance
versus clinical importance of observed effect sizes: What do P values and
confidence intervals really represent. Anesthesia and Analgesia, 126(3),
1068-1072. https://doi.org/10.1213/ANE.0000000000002798

Schreiner, V. C., Link, M., Kunz, S., Szécs, E., Scharmliller, A., Vogler, B.,
Beck, B., Battes, K. P., Cimpean, M., Singer, H. P., Hollender, J., &
Schafer, R. B. (2021). Paradise lost? Pesticide pollution in a European
region with considerable amount of traditional agriculture. Water Re-
search, 188, 116528. https://doi.org/10.1016/j.watres.2020.116528

Schunck, F., & Liess, M. (2022). Time between sequential exposures to
multiple stress turns antagonism into synergism. Environmental Science
& Technology, 56(20), 14660-14667. https://doi.org/10.1021/acs.est.
2c04345

Schuwirth, N., & Reichert, P. (2013). Bridging the gap between theoretical
ecology and real ecosystems: Modeling invertebrate community com-
position in streams. Ecology, 94(2), 368-379.

Segner, H., Schmitt-Jansen, M., & Sabater, S. (2014). Assessing the impact
of multiple stressors on aquatic biota: The receptor's side matters. En-
vironmental Science & Technology, 48(14), 7690-7696. https://doi.org/
10.1021/es405082t

Seitz, F., Bundschuh, M., Dabrunz, A., Bandow, N., Schaumann, G. E., &
Schulz, R. (2012). Titanium dioxide nanoparticles detoxify pirimicarb
under UV irradiation at ambient intensities. Environmental Toxicology
and Chemistry, 31(3), 518-523. https://doi.org/10.1002/etc.1715

Sherborne, N., Galic, N., & Ashauer, R. (2020). Sublethal effect modelling
for environmental risk assessment of chemicals: Problem definition,
model variants, application and challenges. Science of the Total Envi-
ronment, 745, 141027. https://doi.org/10.1016/j.scitotenv.2020.141027

Sibly, R. M., Nabe-Nielsen, J., Forchhammer, M. C., Forbes, V. E., &
Topping, C. J. (2009). The effects of spatial and temporal heterogeneity
on the population dynamics of four animal species in a Danish land-
scape. BMC Ecology, 9(1), 18. https://doi.org/10.1186/1472-6785-9-18

Siddique, A., Liess, M., Shahid, N., & Becker, J. M. (2020). Insecticides in
agricultural streams exert pressure for adaptation but impair perform-
ance in Gammarus pulex at regulatory acceptable concentrations. Sci-
ence of the Total Environment, 722, 137750. https://doi.org/10.1016/j.
scitotenv.2020.137750

Sigmund, G., Agerstrand, M., Antonelli, A., Backhaus, T., Brodin, T.,
Diamond, M. L., Erdelen, W. R., Evers, D. C., Hoffmann, T., Hueffer, T.,
Lai, A., Torres, J. P. M., Muller, L., Perrigo, A. L., Rillig, M. C., Schirmer,
K., Tilli, A., Soehl, A., Triebskorn, R., ... Groh, K. J. (2023). Addressing
chemical pollution in biodiversity research. Global Change Biology,
Advance online publication. https://doi.org/10.1111/gcb.16689

Silva, E., Rajapakse, N., & Kortenkamp, A. (2002). Something from
“nothing”—Eight weak estrogenic chemicals combined at concen-
trations below NOECs produce significant mixture effects. Environ-
mental Science & Technology, 36(8), 1751-1756. https://doi.org/10.
1021/es0101227

Simmons, B. I, Blyth, P. S. A., Blanchard, J. L., Clegg, T., Delmas, E.,
Garnier, A., Griffiths, C. A., Jacob, U., Pennekamp, F., Petchey, O. L.,
Poisot, T., Webb, T. J., & Beckerman, A. P. (2021). Refocusing multiple

stressor research around the targets and scales of ecological impacts.
Nature Ecology and Evolution, 5(11), 1478-1489. https://doi.org/10.
1038/s41559-021-01547-4

Singer, A., Nickisch, D., & Gergs, A. (2023). Joint survival modelling for
multiple species exposed to toxicants. Science of the Total Environment,
857, 159266. https://doi.org/10.1016/j.scitotenv.2022.159266

Sokolova, I. (2021). Bioenergetics in environmental adaptation and stress
tolerance of aquatic ectotherms: Linking physiology and ecology in a
multi-stressor landscape. Journal of Experimental Biology, 224(Suppl. 1),
jeb236802. https://doi.org/10.1242/jeb.236802

Spaak, J. W., Baert, J. M., Baird, D. J., Eisenhauer, N., Maltby, L., Pomati, F.,
Radchuk, V., Rohr, J. R., Van den Brink, P. J., & De Laender, F. (2017).
Shifts of community composition and population density substantially
affect ecosystem function despite invariant richness. Ecology Letters,
20(10), 1315-1324. https://doi.org/10.1111/ele.12828

SpeiBer, B., Wilschut, R. A., & van Kleunen, M. (2022). Number of simulta-
neously acting global change factors affects composition, diversity and
productivity of grassland plant communities. Nature Communications,
13(1), 7811. https://doi.org/10.1038/s41467-022-35473-1

Spromberg, J. A., & Scholz, N. L. (2011). Estimating the future decline of
wild coho salmon populations resulting from early spawner die-offs in
urbanizing watersheds of the Pacific Northwest, USA. Integrated Envi-
ronmental Assessment and Management, 7(4), 648-656. https://doi.org/
10.1002/ieam.219

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., & Ludwig, C. (2015).
The trajectory of the Anthropocene: The Great Acceleration.
The Anthropocene Review, 2(1), 81-98. https://doi.org/10.1177/2053
019614564785

Steffen, W., Rockstrom, J., Richardson, K., Lenton, T. M., Folke, C., Liv-
erman, D., Summerhayes, C. P., Barnosky, A. D., Cornell, S. E., Crucifix,
M., Donges, J. F., Fetzer, ., Lade, S. J., Scheffer, M., Winkelmann, R., &
Schellnhuber, H. J. (2018). Trajectories of the Earth System in the An-
thropocene. Proceedings of the National Academy of Sciences of the
United States of America, 115(33), 8252-8259. https://doi.org/10.1073/
pnas.1810141115

Stehle, S., Knabel, A., & Schulz, R. (2013). Probabilistic risk assessment of
insecticide concentrations in agricultural surface waters: A critical ap-
praisal. Environmental Monitoring and Assessment, 185(8), 6295-6310.
https://doi.org/10.1007/s10661-012-3026-x

Stravs, M. A., Stamm, C., Ort, C., & Singer, H. (2021). Transportable auto-
mated HRMS platform “MS2field” enables insights into water-quality
dynamics in real time. Environmental Science & Technology Letters, 8(5),
373-380. https://doi.org/10.1021/acs.estlett.1c00066

Streib, L., Juvigny-Khenafou, N., Heer, H., Kattwinkel, M., & Schéfer, R. B.
(2022). Spatiotemporal dynamics drive synergism of land use
and climatic extreme events in insect meta-populations. Science of the
Total Environment, 814, 152602. https://doi.org/10.1016/j.scitotenv.
2021.152602

Suleiman, M., Daugaard, U., Choffat, Y., Zheng, X., & Petchey, O. L. (2022).
Predicting the effects of multiple global change drivers on microbial
communities remains challenging. Global Change Biology, 28(18),
5575-5586. https://doi.org/10.1111/gcb.16303

Suter, G. W., Norton, S. B., & Cormier, S. M. (2002). A methodology for
inferring the causes of observed impairments in aquatic ecosystems.
Environmental Toxicology and Chemistry, 21(6), 1101-1111.

Tekin, E., Diamant, E. S., Cruz-Loya, M., Enriquez, V., Singh, N., Savage, V.
M., & Yeh, P. J. (2020). Using a newly introduced framework to measure
ecological stressor interactions. Ecology Letters, 23(9), 1391-1403.
https://doi.org/10.1111/ele.13533

Thompson Patrick, L., MacLennan, M. M., & Vinebrooke, R. D. (2018).
Species interactions cause non-additive effects of multiple environ-
mental stressors on communities. Ecosphere, 9(11), €02518. https://doi.
org/10.1002/ecs2.2518

Thompson, P. L., MacLennan, M. M., & Vinebrooke, R. D. (2018). An im-
proved null model for assessing the net effects of multiple stressors on
communities. Global Change Biology, 24(1), 517-525. https://doi.org/
10.1111/gcb.13852

Thrupp, T. J., Runnalls, T. J., Scholze, M., Kugathas, S., Kortenkamp, A., &
Sumpter, J. P. (2018). The consequences of exposure to mixtures of
chemicals: Something from ‘nothing’ and ‘a lot from a little’ when fish
are exposed to steroid hormones. Science of the Total Environment,
619-620, 1482-1492. https://doi.org/10.1016/j.scitotenv.2017.11.081

Tian, D., Lin, Z., Yu, J., & Yin, D. (2012). Influence factors of multicomponent
mixtures containing reactive chemicals and their joint effects.

wileyonlinelibrary.com/ETC

© 2023 The Authors

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1016/j.pecon.2019.11.001
https://doi.org/10.1016/j.pecon.2019.11.001
https://doi.org/10.1038/379705a0
https://doi.org/10.1016/j.scitotenv.2017.05.116
https://doi.org/10.1016/j.scitotenv.2017.05.116
https://doi.org/10.1002/etc.120
https://doi.org/10.1002/etc.120
https://doi.org/10.1111/gcb.16438
https://doi.org/10.1111/gcb.16438
https://doi.org/10.1213/ANE.0000000000002798
https://doi.org/10.1016/j.watres.2020.116528
https://doi.org/10.1021/acs.est.2c04345
https://doi.org/10.1021/acs.est.2c04345
https://doi.org/10.1021/es405082t
https://doi.org/10.1021/es405082t
https://doi.org/10.1002/etc.1715
https://doi.org/10.1016/j.scitotenv.2020.141027
https://doi.org/10.1186/1472-6785-9-18
https://doi.org/10.1016/j.scitotenv.2020.137750
https://doi.org/10.1016/j.scitotenv.2020.137750
https://doi.org/10.1111/gcb.16689
https://doi.org/10.1021/es0101227
https://doi.org/10.1021/es0101227
https://doi.org/10.1038/s41559-021-01547-4
https://doi.org/10.1038/s41559-021-01547-4
https://doi.org/10.1016/j.scitotenv.2022.159266
https://doi.org/10.1242/jeb.236802
https://doi.org/10.1111/ele.12828
https://doi.org/10.1038/s41467-022-35473-1
https://doi.org/10.1002/ieam.219
https://doi.org/10.1002/ieam.219
https://doi.org/10.1177/2053019614564785
https://doi.org/10.1177/2053019614564785
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.1007/s10661-012-3026-x
https://doi.org/10.1021/acs.estlett.1c00066
https://doi.org/10.1016/j.scitotenv.2021.152602
https://doi.org/10.1016/j.scitotenv.2021.152602
https://doi.org/10.1111/gcb.16303
https://doi.org/10.1111/ele.13533
https://doi.org/10.1002/ecs2.2518
https://doi.org/10.1002/ecs2.2518
https://doi.org/10.1111/gcb.13852
https://doi.org/10.1111/gcb.13852
https://doi.org/10.1016/j.scitotenv.2017.11.081

1936

Environmental Toxicology and Chemistry, 2023,;42:1915-1936—Schéfer et al.

Chemosphere, 88(8), 994-1000. https://doi.org/10.1016/j.chemosphere.
2012.03.043

Tikhonov, M., Kachru, S., & Fisher, D. S. (2020). A model for the interplay
between plastic tradeoffs and evolution in changing environments.
Proceedings of the National Academy of Sciences of the United States
of America, 117(16), 8934-8940. https://doi.org/10.1073/pnas.
1915537117

Topping, C. J., & Lagisz, M. (2012). Spatial dynamic factors affecting
population-level risk assessment for a terrestrial arthropod: An agent-
based modeling approach. Human and Ecological Risk Assessment,
18(1), 168-180. https://doi.org/10.1080/10807039.2012.632292

Topping, C. J., & Weyman, G. S. (2018). Rabbit population landscape-scale
simulation to investigate the relevance of using rabbits in regulatory
environmental risk assessment. Environmental Modeling & Assessment,
23(4), 415-457. https://doi.org/10.1007/s10666-017-9581-3

Turschwell, M. P., Connolly, S. R., Schéfer, R. B., De Laender, F., Campbell,
M. D., Mantyka-Pringle, C., Jackson, M. C., Kattwinkel, M., Sievers, M.,
Ashauer, R., Coété, |. M., Connolly, R. M., Brink, P. J., & Brown, C. J.
(2022). Interactive effects of multiple stressors vary with consumer in-
teractions, stressor dynamics and magnitude. Ecology Letters, 25(6),
1483-1496. https://doi.org/10.1111/ele. 14013

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

Vallotton, N., & Price, P. S. (2016). Use of the maximum cumulative ratio as
an approach for prioritizing aquatic coexposure to plant protection
products: A case study of a large surface water monitoring database.
Environmental Science & Technology, 50(10), 5286-5293. https://doi.
org/10.1021/acs.est.5b06267

Van den Brink, P. J., Boxall, A. B. A., Maltby, L., Brooks, B. W., Rudd, M. A,,
Backhaus, T., Spurgeon, D., Verougstraete, V., Ajao, C., Ankley, G. T,
Apitz, S. E., Amold, K., Brodin, T., Cafiedo-Arglielles, M., Chapman, J.,
Corrales, J., Coutellec, M. A, Fernandes, T. F., Fick, J., ... van Wensem,
J. (2018). Toward sustainable environmental quality: Priority research
questions for Europe: European research priorities. Environmental
Toxicology and Chemistry, 37(9), 2281-2295. https://doi.org/10.1002/
etc.4205

Vaughan, I. P, & Gotelli, N. J. (2019). Water quality improvements
offset the climatic debt for stream macroinvertebrates over twenty years.
Nature Communications, 10(1), 1956. https://doi.org/10.1038/s41467-
019-09736-3

Vellend, M. (2016). The theory of ecological communities. Monographs in
population biology. Princeton University Press.

Verhaar, H. J. M., van Leeuwen, C. J., & Hermens, J. L. M. (1992). Classifying
environmental pollutants. Chemosphere, 25(4), 471-491. https://doi.
org/10.1016/0045-6535(92)90280-5

Verheyen, J., & Stoks, R. (2019). Current and future daily temperature
fluctuations make a pesticide more toxic: Contrasting effects on life
history and physiology. Environmental Pollution, 248, 209-218. https:/
doi.org/10.1016/j.envpol.2019.02.022

Vila, M., Espinar, J. L., Hejda, M., Hulme, P. E., Jarosik, V., Maron, J. L.,
Pergl, J., Schaffner, U., Sun, Y., & Pysek, P. (2011). Ecological impacts of
invasive alien plants: A meta-analysis of their effects on species, com-
munities and ecosystems. Ecology Letters, 14(7), 702-708. https://doi.
0rg/10.1111/).1461-0248.2011.01628.x

Vinebrooke, R. D., Cottingham, K. L., Norberg, J., Scheffer, M., Dodson,
S. |., Maberly, S. C., & Sommer, U. (2004). Impacts of multiple stressors

on biodiversity and ecosystem functioning: The role of species
co-tolerance. Oikos, 104(3), 451-457.

Vérésmarty, C. J., Mcintyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich,
A., Green, P, Glidden, S., Bunn, S. E., Sullivan, C. A., Liermann, C. R., &
Davies, P. M. (2010). Global threats to human water security and river
biodiversity. Nature, 467(7315), 555-561. https://doi.org/10.1038/
nature09440

Vos, M., Hering, D., Gessner, M. O., Leese, F., Schafer, R. B., Tollrian, R.,
Boenigk, J., Haase, P., Meckenstock, R., Baikova, D., Bayat, H., Beer-
mann, A., Beisser, D., Beszteri, B., Birk, S., Boden, L., Brauer, V., Brauns,
M., Buchner, D., ... Sures, B. (2023). The Asymmetric Response Concept
explains ecological consequences of multiple stressor exposure and
release. Science of the Total Environment, 872, 162196. https://doi.org/
10.1016/j.scitotenv.2023.162196

Waite, I. R., Van Metre, P. C., Moran, P. W., Konrad, C. P., Nowell, L. H.,
Meador, M. R., Munn, M. D., Schmidt, T. S., Gellis, A. C., Carlisle, D. M.,
Bradley, P. M., & Mahler, B. J. (2021). Multiple in-stream stressors de-
grade biological assemblages in five US regions. Science of the Total
Environment, 800, 149350. https://doi.org/10.1016/j.scitotenv.2021.
149350

Walters, D. M., Fritz, K. M., & Otter, R. R. (2008). The dark side of subsidies:
Adult stream insects export organic contaminants to riparian predators.
Ecological Applications, 18(8), 1835-1841. https://doi.org/10.1890/08-
0354.1

Warne, M. S. J., & Hawker, D. W. (1995). The number of components in a
mixture determines whether synergistic and antagonistic or additive
toxicity predominate: The funnel hypothesis. Ecotoxicology and Envi-
ronmental Safety, 31(1), 23-28.

Waters, C. N., Zalasiewicz, J., Summerhayes, C., Barnosky, A. D., Poirier, C.,
Gatuszka, A., Cearreta, A., Edgeworth, M., Ellis, E. C., Ellis, M., Jeandel,
C., Leinfelder, R., McNeill, J. R., Richter, D. B., Steffen, W., Syvitski, J.,
Vidas, D., Wagreich, M., Williams, M., ... Wolfe, A. P. (2016). The An-
thropocene is functionally and stratigraphically distinct from the Hol-
ocene. Science, 351(6269), aad2622. https://doi.org/10.1126/science.
aad2622

Weisner, O., Frische, T., Liebmann, L., Reemtsma, T., RoB-Nickoll, M.,
Schafer, R. B., Schaffer, A., Scholz-Starke, B., Vormeier, P., Knillmann, S.,
& Liess, M. (2021). Risk from pesticide mixtures—The gap between risk
assessment and reality. Science of the Total Environment, 796, 149017.
https://doi.org/10.1016/j.scitotenv.2021.149017

Weiss-Lehman, C. P., Werner, C. M., Bowler, C. H., Hallett, L. M., Mayfield,
M. M., Godoy, O., Aoyama, L., Barabas, G., Chu, C., Ladouceur, E.,
Larios, L., & Shoemaker, L. G. (2022). Disentangling key species inter-
actions in diverse and heterogeneous communities: A Bayesian sparse
modelling approach. Ecology Letters, 25(5), 1263-1276. https://doi.org/
10.1111/ele. 13977

Williams, R. J., & Martinez, N. D. (2000). Simple rules yield complex food
webs. Nature, 404(6774), 180-183. https://doi.org/10.1038/35004572

Willson, J. D., & Hopkins, W. A. (2013). Evaluating the effects of anthro-
pogenic stressors on source-sink dynamics in pond-breeding amphib-
ians. Conservation Biology, 27(3), 595-604. https://doi.org/10.1111/
cobi.12044

Wolfram, J., Stehle, S., Bub, S., Petschick, L. L., & Schulz, R. (2021). Water
quality and ecological risks in European surface waters—Monitoring
improves while water quality decreases. Environment International, 152,
106479. https://doi.org/10.1016/j.envint.2021.106479

Zelnik, Y. R., Galiana, N., Barbier, M., Loreau, M., Galbraith, E., & Arnoldi,
J.-F. (2022). How collectively integrated are ecological communities?
bioRxiv. https://doi.org/10.1101/2022.12.29.522189

© 2023 The Authors

wileyonlinelibrary.com/ETC

G20z Aleniged g1 Uo Josn SUSpPN}S JUSWSoe|d AISIOAIUN BUINS PUBROOS SHN AG 06962.L/G 16 L/6/2/910IE/0)8/W00 dNo™olWapese)/:sdjy Woj papeojumoq


https://doi.org/10.1016/j.chemosphere.2012.03.043
https://doi.org/10.1016/j.chemosphere.2012.03.043
https://doi.org/10.1073/pnas.1915537117
https://doi.org/10.1073/pnas.1915537117
https://doi.org/10.1080/10807039.2012.632292
https://doi.org/10.1007/s10666-017-9581-3
https://doi.org/10.1111/ele.14013
https://doi.org/10.1002/eap.1762
https://doi.org/10.1002/eap.1762
https://doi.org/10.1021/acs.est.5b06267
https://doi.org/10.1021/acs.est.5b06267
https://doi.org/10.1002/etc.4205
https://doi.org/10.1002/etc.4205
https://doi.org/10.1038/s41467-019-09736-3
https://doi.org/10.1038/s41467-019-09736-3
https://doi.org/10.1016/0045-6535(92)90280-5
https://doi.org/10.1016/0045-6535(92)90280-5
https://doi.org/10.1016/j.envpol.2019.02.022
https://doi.org/10.1016/j.envpol.2019.02.022
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://doi.org/10.1111/j.1461-0248.2011.01628.x
https://doi.org/10.1038/nature09440
https://doi.org/10.1038/nature09440
https://doi.org/10.1016/j.scitotenv.2023.162196
https://doi.org/10.1016/j.scitotenv.2023.162196
https://doi.org/10.1016/j.scitotenv.2021.149350
https://doi.org/10.1016/j.scitotenv.2021.149350
https://doi.org/10.1890/08-0354.1
https://doi.org/10.1890/08-0354.1
https://doi.org/10.1126/science.aad2622
https://doi.org/10.1126/science.aad2622
https://doi.org/10.1016/j.scitotenv.2021.149017
https://doi.org/10.1111/ele.13977
https://doi.org/10.1111/ele.13977
https://doi.org/10.1038/35004572
https://doi.org/10.1111/cobi.12044
https://doi.org/10.1111/cobi.12044
https://doi.org/10.1016/j.envint.2021.106479
https://doi.org/10.1101/2022.12.29.522189

	Chemical Mixtures and Multiple Stressors: Same but Different?
	INTRODUCTION
	THE GENERAL APPROACH OF ECOTOXICOLOGY AND (APPLIED) ECOLOGY
	GENERAL MECHANISMS AND IDENTIFICATION OF INTERACTIONS WITH NULL MODELS
	CHARACTERIZING STRESSORS AND THEIR MODES OF ACTION
	EXPERIMENTAL DESIGN IN CHEMICAL MIXTURE AND MULTIPLE STRESSOR RESEARCH
	Number of stressors and chemicals
	The temporal and spatial dimension of stressors and their effects

	PROCESS-BASED MODELS FOR PREDICTING ECOSYSTEM EFFECTS OF MULTIPLE STRESSORS AND CHEMICAL MIXTURES
	DATA-DRIVEN MODELS FOR LARGE SCALES IN THE AGE OF BIG DATA
	ELEMENTS OF A JOINT FRAMEWORK
	Define scope, biological level, and scale
	Specify organisms and stressors
	Characterize stressor profiles and benchmarking
	Characterize species distribution
	Evaluate potential stressor interactions
	Estimate direct effects on organisms
	Optional: Prediction of effects with process-based models

	CONCLUSIONS
	Supporting Information
	Acknowledgments
	Conflict of Interest
	Author Contributions Statement
	Data Availability Statement
	REFERENCES




