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• Freshwater ecosystems are threatened
by pressures and their associated
stressors.

• Temporal and spatial profiles are a
breakthrough key in the prediction of
stressors effects.

• Background environmental levels must
be considered to frame stressor effects.

• Framing should be considered inmodel-
ing, meta-analyses and in decision-
making frameworks.
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Keywords:
Environmental policies fall short in protecting freshwater ecosystems, which are heavily threatened by human
pressures and their associated stressors. One reason is that stressor effects depend on the context in which
they occur and it is difficult to extrapolate patterns to predict the effect of stressors without these being contex-
tualized in a general frame. This study aims at improving existing decision-making frameworks such as theDPSIR
approach (Driver-Pressure-State-Impact-Response) or ERA (Environmental Risk Assessment) in the context of
stressors. Here, we delve into stressor-impact relationships in freshwater ecosystems and develop a guideline
which includes key characteristics such as stressor type, stressor duration, location, the natural levels of environ-
mental variables to which each ecosystem is used to, among others. This guideline is intended to be useful in a
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Multiple stressors
Environmental impact assessment
DPSIR
Environmental degradation
wide range of ecosystem conditions and stressors. Incorporating these guidelinesmay favor the comparability of
scientific results and may lead to a substantial advancement in the efficacy of diagnosis and predictive ap-
proaches of impacts.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Freshwater ecosystems have intrinsic ecological, social and economic
value, but their global biodiversity declines faster than that of any other
ecosystem (WWF, 2018; He et al., 2019). This decline is partly caused
by the many human pressures and their associated stressors, which still
are not effectively regulated in all their complex facets (Hering et al.,
2015; Acuña et al., 2015). One of the reasons reducing effectiveness of en-
vironmental policies is their limited ecological basis. In many instances,
the stressor magnitude, as well as its temporal (i.e. timing, duration, fre-
quency, time between stressor events) and spatial components (e.g.
Segner et al., 2014; Sabater et al., 2019; Karaouzas et al., 2018; Romero
et al., 2019) are seldomly considered for the prediction of effects. More-
over, many environmental policies do not consider background stressor
levels. As an example, environmental policies regulating the maximum
allowed concentration of pollutants (i.e. environmental quality standards
in the European Union) do not account for the co-occurrence of other
non-chemical stressors (Jackson et al., 2016). There is also lot of uncer-
tainty associated with the selection of the biological response variables
to quantify impacts on freshwater ecosystems (Côté et al., 2016). The
complexity and context-dependency of stressor-impact relation-
ships (Tockner et al., 2010; Jackson et al., 2016; Segurado et al.,
2018) challenges generalization among scientific studies (Orr
et al., 2020), thus limiting the transferability of results into effective
environmental policies. It is then necessary to properly frame
stressor-impact interactions (i.e. consider key aspects that dictate
stressor effects), so their outputs can be comparable, general ecolog-
ical patterns can be identified, and then results can be transposed
into “proactive” environmental policies.

Given this background, several frameworks have already been de-
veloped and implemented dealing with the interaction between
stressors and impacts. Nevertheless, these frameworks lack some key
components to understand and frame the stressor-impact relationship
from a general point of view. The most commonly used frameworks
are the DPSIR (i.e., Driver-Pressure-State-Impact-Response) adaptive
management framework (EEA, 1999), and the ERA (Environmental
Risk Assessment (EPA, 1992, EFSA, 2013)). The DPSIR is a systematic
approach to environmentalmanagement inwhichDrivers are the socio-
economic activities (e.g., agriculture, population growth, urbanization),
or climate change phenomena (e.g., global warming, rainfall distribu-
tion change) determining the occurrence of anthropogenic Pressures
(e.g., diffuse pollution), which in turn modify the ecosystem's State
(i.e. its physical, chemical, and biological characteristics). State changes
may result in Impacts on biological receptors, triggering societal Re-
sponses to mitigate these effects (Song and Frostell, 2012). Although
the DPSIR framework has been used in many studies (20,100 entries
in Google Scholar, August 6th, 2020), there are still important gaps
that result in a fuzzy implementation due to unclear stressor-
impact relationships. For instance, the DPSIR fails to explicitly con-
sider the term stressor (Hering et al., 2015; Birk, 2019), thus hinder-
ing its characterization (i.e. magnitude, and spatial and temporal
scales). Further, the DPSIR scheme does not consider background
levels of the ecosystem.

The ERA framework (4.380.000 entries in Google Scholar, August 6th
2020) has been used to predict the effect of chemical stressors on
biological communities. The ERA is based on a problem formulation
stage, followed by exposure and effects assessment stages, and finally
the risk characterization. Recently, the term environmental scenario
2

has been coined within the ERA. An environmental scenario consists
of an exposure scenario which includes the stressor characteristics
(e.g. dose, frequency, time interval) and an ecological scenario that con-
tains the biological receptor characteristics (e.g. species and traits com-
position), as well as the environmental variables interacting with the
biological receptor, and the spatio-temporal resolution of the assess-
ment (Rico et al., 2016). Following this scheme, Van den Brink et al.
(2019) developed a framework on a given ecosystem and spatio-
temporal scale, identifying stressor intensities, the biological receptors,
aswell as stressor-impact relationships. Though powerful in connecting
stressors and impacts, the ERA framework remains limited to a chemical
perspective.

Overall, these two frameworks have led to a better characterization
of the stressor-impact relationships in freshwater ecosystems, but the
framing of these relationships with adequate ecological detail remains
a challenge. In this overview, we zoom into these relationships, assem-
ble and identify key characteristics of stressors and ecosystems affecting
these interactions, and outline a guideline to consider them in full when
assessing stressor effects. We then aim to bring new elements that can
be integrated into, among others, DPSIR or ERA frameworks. This guide-
line should help upcoming studies to perform realistic assessments of
stressor-impact relationships through proper characterization of
stressor-impact relationships. This will improve the comparability of
studies, and support the crucial step from correlational to predictive
approaches and in turn the definition of environmentally robust pol-
icies (e.g., water quality standards). Additionally, our guideline pro-
vides a step towards ecological models to reliably predict stressor
effects.

2. General characteristics of the stressor - impact relationship

The term stressor, here understood as any measurable change in
an environmental variable caused by an anthropogenic pressure
(Sabater et al., 2019), can be classified as chemical (e.g. phosphate
or pesticides), physical (e.g. temperature or longitudinal connec-
tivity) or biological (e.g. invasive species). Beyond this classifica-
tion, we distinguish between stressors defined by environmental
variables already present in the ecosystem previous to the pressure
action (e.g. temperature, phosphate, etc.) and stressors consisting
of environmental variables that are “new” to the ecosystem and
which appear due to the pressure action (e.g. pesticides, industrial
products, invasive species, etc.).

On one hand, magnitude in stressors defined by “new” environmen-
tal variables should account for their concentration/abundance after the
pressure action (Odum et al., 1979). If the stressor is a toxicant, its
chemical features (e.g. Kow) and ecotoxicological mode of action needs
to be considered (Van den Brink et al., 2019). For biological stressors, bi-
ological traits (such as feeding rate, or diet type of the invasive species)
provide information of their effects and thus need to be considered
(Rico et al., 2016). On the other hand, for stressors defined by environ-
mental variables already present in the ecosystem,magnitude should be
calculated as a function of the level of environmental variable in the un-
stressed situation, hereafter named stressor state-point. The stressor
state-point changes according to the timing of the stressor, and depend-
ing on its value a given stressor magnitude may or may not cause
detrimental effects on the biological response variable. As an example,
Weidman et al. (2014) defined that a temperature increase at a stressor
state-point of 6 °C caused no effect on alpine zooplankton density while



Fig. 1. Combinations of magnitude and direction, stressor state-points and state-ranges considered for different stressors (i.e. environmental variables). Red flow paths represent situations
where stressormagnitude is expected to cause negative effects (out of the state-range of the environmental variable)while greenflow paths describe situationswhere stressormagnitude
may not cause an effect. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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it caused a detrimental effect at a stressor state-point of 13 °C, suggesting
that in the second case the ecosystem was pushed beyond its state-
range (Fig. 1a). The state-range is not an absolute value but the nat-
ural variability of the stressor to which the ecosystem is adapted
(e.g. natural annual range of temperature in the river before the
stressor occurrence). The state-range is the most important feature
behind the ecological thresholds and stressors' tolerance, since
only if the stressor magnitude falls within the ecosystem state-
range this might be resilient to changes on the biological response
variable (Groffman et al., 2006). Importantly, both the stressor
state-point and state-range may differ among ecosystems. In this
line, ecosystems with a tight state-range (e.g. not being adapted
to large hydrological variability, or used to a narrow range of nutri-
ent concentrations) might show greater effects than ecosystems
with wider state-ranges (Karaouzas et al., 2018; Perujo et al.,
2016) (Fig. 1b).

The stressor magnitude can be either an increase or a decrease
of the stressor variable with respect to the stressor state-point
(Fig. 1c). For instance, a decrease in longitudinal connectivity –
calculated with the dendritic connectivity index (Cote et al.,
2009)- in highly connected ecosystems (i.e. high state-range and
stressor state-point values) could lead to significant changes in the
biological response variable (e.g. local extinction of migratory fish
species; Limburg and Waldman, 2009). At the same time, an
increase in longitudinal connectivity in ecosystems used to discon-
nected sections (i.e. low state-range and stressor state-point values)
could lead to significative changes in the biological response vari-
able (e.g. through local species extinction due to strong interspe-
cific interactions; Fausch et al., 2009). For stressors defined by
3

“new” environmental variables (e.g. pollutants) organisms and
ecosystems have not yet evolved adaptive strategies so there is
neither state-point nor state-range.

Impact is defined as the quantifiable change produced by the
stressor in a biological response variable (Orr et al., 2020). The mag-
nitude of the impact must be calculated as function of the value of
the biological response variable expected in an unstressed situation,
hereafter named impact state-point (e.g. macroinvertebrate species
richness upstream of a wastewater discharge point) and it can
imply a decrease (i.e. detrimental effect) or an increase (i.e. benefi-
cial effect) of the biological response variable, following the interme-
diate disturbance (i.e. low richness at the lowest and highest
magnitude of the stressor and high richness at intermediate levels
because both rapid colonizers and more competitive species co-
occur Townsend et al., 1997) or the subsidy-stress hypotheses (i.e.
ecosystem function depression at high magnitudes of the stressor
and ecosystem function enhancement at low to medium magni-
tudes; Odum et al., 1979).

3. Temporal and spatial aspects to consider

The temporal components of stressors (i.e. duration, frequency,
timing, and time elapsed between stressor events) may influence
the effects produced (Segner et al., 2014; Sabater et al., 2019).
Stressor effects might differ if the lapse between stressor events
differs from the recovery time of the considered biological re-
sponse variable (Turner et al., 1993). A recent meta-analysis de-
tected larger negative effects under higher stressor magnitude
and longer duration (Magris and Ban, 2019). Similarly, lethality of
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aquatic arthropods exposed to the insecticide diazinon was
increased at longer exposure durations (Brock et al., 2008). Even
though recurrent stressor events may lead to adaptive responses –
even to pollutants - (Brock et al., 2008), they may affect the most
sensitive species and induce species loss (Gérard and Lance, 2019).
The timing of the stressor occurrence is also relevant, since the eco-
system is dynamic on its physicochemical and biological variables,
a clear case being the seasonal variation of environmental variables.
Stressorsmight have a dramatically different effect depending on the
season, if this coincides with the growth period of the biota (Tockner
et al., 2010).

Location of the stressor in the river network might determine
the spatial extent of the stressor and the spatial extent of the
impact. As an example, heat pollution occurring in a headwater
river segment might mainly have a local effect, but in a river
segment near the river mouth might have consequences for the
whole river network by impeding upstream migration of anadro-
mous fish species (Li et al., 1994). Depending on the location of
the stressor, any remaining biological reservoirs (i.e. source popu-
lations in tributaries) may or may not allow for recolonization of af-
fected areas. For this reason, the relevant spatial scales assessing
stressor effects widely differ between studies (Mantyka-Pringle
et al., 2014).

Stressors do not necessarily show constant magnitude; their magni-
tudemay change over time and space. Pesticides, for example, manifest
as peak concentration to rivers (Spycher et al., 2018). Some stressors
show almost constant magnitude along a river segment (e.g., laminar
flux in a channelized river segment), and others showsubstantial spatial
variations in magnitude (e.g., decreased concentration of contaminants
downstream of a point pollution source) (Aristi et al., 2015). In the
following example (Fig. 2), we characterize the stressor-impact
relationship by the magnitude of the stressor (i.e. the change in
the concentration of phosphate over space and time with respect to
the stressor state-point), its temporal and spatial components and by
Fig. 2. Example of the spatial and temporal variation of a stressor-impact relationship, here i
environmental variable defined for the stressor (i.e. phosphate concentration); in purple, th
environmental conditions before the stressor action (stressor state-point and impact state-po
stressor and impact magnitudes increase; t(x + 2) is the situation after the occurrence of t
species richness has partly recovered. (For interpretation of the references to color in this figu
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the magnitude of the impact (i.e. the change in species richness over
space and time with respect to the impact state-point).

Importantly, several stressors might co-occur (Jackson et al., 2016)
leading to other effects (i.e. synergistic or antagonistic interactions)
than the ones we would expect from single stressors (Crain et al.,
2008). Even though species are evolutionary adapted to some extent
to natural stressors (e.g. change in flow due to spring floods or the pres-
ence of pathogens), these in combination with anthropogenic stressors
can cause disastrous consequences. For instance, fish populations are
often no longer able to balance the impact of pathogens if they have
been previously affected by pollutants. Stressors may also occur not
simultaneously but sequentially, thus modifying the tolerance to
stressors depending on the order of stressor occurrence. The first
stressor (e.g. increase in temperature) may change species composition
thereby influencing the tolerance to the second stressor (e.g. pollutants)
(Janssens et al., 2017).

4. Biological aspects to consider

The choice of the biological response variable to assess the impact is
of paramount importance. Both structural and functional variables are
used as impact indicators. Functional variables (i.e. nutrient cycling,me-
tabolism, pollutant uptake, etc.) are the first to be affected, whereas
structural variables (i.e. community composition and biomass) might
need longer to respond (Fig. 3a).

Biological response variablesmay reflect different levels of biological
organization (i.e. organism-level, community-level, population-level or
ecosystem-level) (Crain et al., 2008). At a community-level those organ-
isms with short generation times such as bacteria and diatoms may re-
spond faster (from seconds to hours) (Karaouzas et al., 2018; Segurado
et al., 2018) than others with longer generation times such as macroin-
vertebrates, macrophytes or vertebrates (from days to years), exposed
to analogous stressor characteristics (Fig. 3a). Stressor effects are pro-
gressively observed at organisms of longer than shorter life cycles;
llustrated by means of the effects of a combined sewer overflow (CSO) event. In red, the
e biological response variable defined for the impact (i.e. species richness). t(0) are the
int); t(x + 1) is the situation at the occurrence of the CSO event which coincides with
he CSO, when stressor magnitude has decreased, its spatial extent has diminished and
re legend, the reader is referred to the web version of this article.)



Fig. 3. Diagram showing differences in temporal (a) and spatial scales (b) among biological response variables.
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and specifically, stronger effects have been reported for embryonic than
for larval life-stages (Przeslawski et al., 2015). Although these evidences
highlight the need to account for the time scale of the biological re-
sponse variable considered, a recent review reported that the average
experiment duration was 27 days regardless of the receptor organisms
(i.e. benthic invertebrates, phytobenthos, bacteria, fungi and fishes)
(Birk, 2019). The reproductive strategy of the considered organism is
also an important trait, as greater toxic effects have been reported for
semelpar species compared to iteropar species (Spromberg and Birge,
2005). Some organisms are able to detect the stressor and escape to-
wards less polluted areas (e.g., Araújo et al., 2016),which favours the or-
ganism survival at a regional scale but an ecological death at the local
scale. Spatial avoidance occurs when the spatial extent of the stressor
is larger than the home-range of the organism, and the considered or-
ganism can actively (by swimming, flying, etc.) or passively (i.e. drift)
disperse. Moreover, the spatial extent of the stressor could differ from
the spatial extent of the impact depending on the considered biological
response variable (Fig. 3b), as there is amatch between these spatial ex-
tents formicrobial communities, but not for invertebrates or vertebrates
(Dafforn et al., 2016).

Specifically, stressor effects might depend on the position of the tar-
get organism within the river food web (Carpenter et al., 1985) and on
food web interactions (Bracewell et al., 2019; Bruder et al., 2019). Ef-
fects may also depend on the functional role of the organism within
the ecosystem and on the degree of functional redundancy existing in
each trophic level (De Laender et al., 2011). The position of the organism
within the food web is essential to understand the potential effect of
5

stressors (Odum, 1985). A stressor affecting top predators may cause
different effects than the same stressor affecting basal organisms, and
its transmission through top-down, or bottom-upmay have specific im-
plications (Carpenter et al., 1985; Ruhí et al., 2016; Bruder et al., 2017).
On this line, it has been reported that an increase in nutrient levels
distorted the control by grazers on algal biomass (O'Connor et al.,
2013). In ecotoxicology studies, the application of the herbicide atrazine
to a lentic system resulted in lower periphyton abundance and, as a con-
sequence, reduced herbivore biomass (Rohr and Crumrine, 2005).
Relyea and Diecks (2008) showed that the application of an insecticide
did not directly cause the observed death of amphibians but caused a
decline in zooplanktonwhich initiated a trophic cascade that ultimately
led to the amphibian's death. Stressor effects may be less important in
ecosystems having high functional redundancy, since not all species
performing that function may be similarly affected. Martínez et al.
(2020) observed that the increase of fine sediments affected microbial
community composition but not its decomposer activity, likely due to
high functional redundancy of microbial assemblages. Stressors affect-
ing keystone species can exert an impact disproportionately large rela-
tive to their abundance (Power et al., 1996). For instance, beavers act
as “ecosystem engineers” of freshwater ecosystems by modifying
channel geomorphology and hydrology, and thus contribute to
important ecosystem functions such as retention of sediments
and organic matter (Naiman et al., 1986). Stressors affecting
beavers would cause not only direct top-down effects but also
indirect effects to the whole aquatic ecosystem due to habitat
modification.
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5. Conclusions and implications

Considering the features described in the guideline in future
modeling studies, in meta-analysis, as well as in decision-making
frameworks such as DPSIR or ERA will provide a key breakthrough
in the prediction and management of stressors in aquatic ecosys-
tems. Our guideline provides the level of detail in stressor-impact re-
lationship needed to delve into this relationship. It is based on
detailed description of key characteristics when relating pressures
to impacts. These key characteristics include the type of stressor,
the state-point and state-range as well as the temporal and spatial
components of the stressor. To include all these characteristics in
the DPSIR framework we propose tomodify it to a DPSSIR framework
(Driver-Pressure-State-Stressor-Impact-Response) which specifi-
cally adds the stressor component to the framework. Environmental
scenarios in ERA frameworks – mainly focused on the entities to be
protected (i.e. focal taxa) and more familiarized with “impacts”
than “stressors” – should be complemented by the inclusion of the
stressor key characteristics described in our guideline.

Management actions aiming at improving freshwater ecosystem
status greatly rely on the accurate framing of stressor effects. The
consideration of our guideline in future studies of stressor effects
on ecosystems will increase the accuracy of assessments of stressor
effects, thus allowing inter-comparison of results, providing better
predictability of stressor-impact relationships, and consequently re-
ducing the existing uncertainty around stressor effects on our en-
dangered freshwater ecosystems. Lack of consideration of these
characteristics may lead to erroneous and confounding predictions
Panel A.1. First step of the guideline to frame stressor effects based on identifying stressor cha
existing or by “new” environmental variables).

6

of stressor effects and to ineffective ecosystem conservation and
management.
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Appendix A

Appendix A: 3-step guideline. Includes: Panel A.1 First step of the guideline to frame stressor effects based on identifying stressor characteristics
according to the stressor type (i.e. defined by environmental variables already existing or by “new” environmental variables); Panel A.2 Second step
of the guideline to frame stressor effects based on identifying temporal and spatial components of the stressor as well as the co-occurrence of other
stressors; Panel A.3 Third step of the guideline to frame stressor effects based on characterization of the biological response variable that is used as an
impact indicator as well as defining characteristics linked to potential food web interactions.
racteristics according to the stressor type (i.e. defined by environmental variables already



Panel A.2. Second step of the guideline to frame stressor effects based on identifying temporal and spatial components of the stressor as well as the co-occurrence of other stressors.

Panel A.3. Third step of the guideline to frame stressor effects based on characterization of the biological response variable that is used as an impact indicator as well as defining
characteristics linked to potential food web interactions.
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