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Abstract

Human-induced environmental changes are causing major shifts in ecosystems around
the globe. To support environmental management, scientific research has to infer both
general trends and context dependency in these shifts at global and local scales.
Combining replicated real-world experiments, which take advantage of implemented
mitigation measures or other forms of human impact, with research-led experimental
manipulations can provide powerful scientific tools for inferring causal drivers of
ecological change and the generality of their effects. Additionally, combining these two
approaches can facilitate communication with stakeholders involved in implementing
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management strategies. We demonstrate such an integrative approach using the case
study Ecolmpact, which aims at empirically unravelling the impacts of wastewater-born
micropollutants on aquatic ecosystems.

1. LARGE-SCALE ECOLOGY AND HUMAN IMPACTS
ON ECOSYSTEMS

Rapid environmental change during the ‘anthropocene’ is a global
phenomenon that has substantially altered terrestrial and aquatic ecosys-
tems (Emmerson et al,, 2016; Gray et al,, 2016; Lewis and Maslin,
2015). These anthropogenic impacts range from global climate change
and habitat fragmentation to invasive species and pollution (Millennium
Ecosystem Assessment, 2005). To help support appropriate management
decisions in face of such a multitude of large-scale changes, a good mech-
anistic understanding of how ecosystems respond to external drivers is
important (Evans et al., 2013; Rockstrom et al., 2009). However,
predicting the response of complex ecological systems to environmental
change (natural or anthropogenic) is not trivial (Mouquet et al., 2015).

A key challenge in this context arises from several simultaneously acting
and potentially interacting factors that can lead to multiple-stress situations
(Tockner et al., 2010). This holds true at different spatial scales, from global
(Vorosmarty et al., 2010) and regional (Hering et al., 2012) to local
(Robinson et al., 2014). Describing patterns of ecosystem change is easier
than understanding the causal drivers—not to mention being able to predict
future ecological change (Burkhardt-Holm et al., 2005). Predicting the
future state of ecosystems requires an ability to disentangle the effects of sin-
gle factors from their possible multifactorial interactions, and a mechanistic
understanding across all scales of observation (Evans et al., 2013). As a poten-
tial solution to this conundrum, the concept of the ‘ecological forecast hori-
zon’ has been proposed as a quantitative link between the needed forecast
quality and the actual predictability of ecological variables (Petchey et al.,
2015). This then raises the question: which level of detail is necessary to make
reliable predictions at different spatial and temporal scales?

From a management perspective, large-scale predictions are generally
necessary to support policy changes that concern entire regions, countries
or continents (e.g. how to preserve biodiversity and/or ecosystem services
(Durance et al., 2016)). More detailed local scale models may be required to
justify a particular management decisions with local effects, such as how to
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modify stream morphology to achieve an optimum for societal needs
(Hostmann et al., 2005).

The issue of how much detail is needed for sound management
decisions—and at which spatial scales—can be illustrated by the example
of river restoration (Palmer, 2010). Restoration activities have often been
triggered by ecological insight (Palmer et al., 2005). The ecological para-
digm that ‘loss of habitat diversity decreases biodiversity’ was the foundation
of many river restoration activities (Ward et al., 2002), whereby riverine
biodiversity was predicted to improve if stream morphology was restored
to a more natural state. As data from restoration projects accumulated,
however, critical syntheses revealed that the expected success of restoration
projects was achieved much less frequently than expected (Bernhardt and
Palmer, 2011; Kail et al., 2015).

One of the main reasons for the low success rate of restoration activities
was that the spatial scales of action were insufficient (Bernhardt and Palmer,
2011). Specifically, restoration has been typically undertaken at the reach or
segment scale (Frissell et al., 1986), but it turned out that the paradigm
‘diversity begets diversity’ (MacArthur and MacArthur, 1961) was too sim-
plistic. This is because habitat morphology is not the only important factor
promoting local biodiversity (Sundermann et al., 2011). In particular,
regional processes (including species distributions or water quality) are crit-
ically important for enabling establishment of organisms at restored habitat
sites (Sundermann et al., 2011). These river restoration examples clearly
illustrate that both regional and local drivers may be key predictors for eco-
logical responses that should be considered in concert.

The problem of multiple stressors acting upon an ecosystem is also per-
tinent when dealing with ecological eftects of water pollution, which is one
of the major threats for biological diversity (Millennium Ecosystem
Assessment, 2005). Water quality issues have a large-scale component, firstly
because of the global distribution of the human population and hence the
large number of streams that are affected by chemicals, and secondly due
to the persistence of many chemicals in rivers and the long-range down-
stream eftects of pollution (Ruff et al., 2015). On the other hand, as we will
emphasize later, local variation in both chemical exposure and the ecosystem
(e.g. source of the ecological community) may play a dominant role in how
specific ecosystems respond.

In what follows, we show how the use of replicated, interdisciplinary
real-world experiments, combined with targeted manipulative experiments
to infer causality, can help to tackle questions on multiple stressor eftects
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in the context of large-scale ecology. We illustrate the approach with a case
study that aims at unravelling the impacts of wastewater-borne
micropollutants (MPs) on stream ecosystems. We focus on these chemicals
because they are prevalent in treated wastewater (WW; see Boxes 1 and 2)
that influence water quality of many surface waters of different characteris-
tics. For understanding the ecological eftects of MPs, it is therefore critical to

BOX 1 Treatment of Wastewater and the Removal
of Micropollutants (MPs) in Wastewater Treatment Plants
(WWTPs)

Since the 1950s, wastewater (WW) treatment started being systematically
implemented in urban areas of developed countries to cope with the waste of
the growing human population. Today’s conventional treatment primarily targets
the removal of (i) particulate matter to reduce the microbial and pathogen load,
(i) degradable organic compounds to reduce the oxygen depletion in receiving
waters, (iii) nutrients (i.e. nitrogen and phosphorus) to avoid eutrophication, and
(iv) specific macropollutants, such as ammonia and nitrite (Neumann et al., 2015).
This is generally achieved via a sewage network conveying the wastewater to a
centralized wastewater treatment plant (WWTP). The main goal of implementing
the required sewer and WW treatment is to protect drinking water resources, to
achieve bathing water quality in recreational areas and to protect the aquatic
environment from ecological degradation.

In Switzerland more than 95% of the municipal WW undergoes treatment in
centralized WWTPs. Effluent from such WWTPs is still enriched with nutrients,
other pollutants and microorganisms that are all discharged as complex mixture
into the receiving waters (Fig. 7). Accordingly, WW effluent can still be a major
input of pollutants to water bodies. Additionally, storm water overflows discharge
(diluted) untreated WW during larger rainfall events. Such overflows are built to
keep infrastructure costs of WWTPs at an affordable level, but come at the risk of
releasing pollutants into the environment.

The trend in today'’s legislation in Europe (e.g. EU water framework directive;
http://ec.europa.eu/environment/water/water-framework/index_en.html),
as well as in developing WW infrastructure, is to avoid negative impacts in general
rather than simply comply with thresholds set for specific quality parameters. The
implementation of MP removal is part of this trend (Box 3): ozonation and acti-
vated carbon filtration are two technical means for significantly reducing the load
of many MPs in WW (Hollender et al., 2009). For the sake of cost effectiveness,
these technologies are mostly employed as an additional final step after state-
of-the-art biological WW treatment.


http://ec.europa.eu/environment/water/water-framework/index_en.html

BOX 2 Micropollutants

Micropollutants (MPs) can be defined as anthropogenic chemicals that occurin the
(aquatic) environment well above a (potential) natural background level due to
human activities but with concentrations remaining at trace levels (i.e. up to the
microgram per litre range) (Fig. B.1). Thus, MPs are defined by their anthropogenic
origin and their occurrence at low concentrations. Thousands of chemicals fall into
this category (Schwarzenbach et al., 2006) and hundreds of them have been found
at Ecolmpact sites. MPs can consist of purely synthetic chemicals, such as strongly
halogenated molecules (e.g. fluorinated surfactants), or of natural compounds
such as antibiotics (e.g. penicillines) or oestrogens. MPs may originate from a wide
range of sources (e.g. agriculture, households, traffic networks or industries) and
enter water bodies through diverse entry paths. Depending on the source, MP
transfer occurs as diffuse (e.g. agricultural land use) or as point source pollution,
for which (municipal) WWTPs are important examples (see Box 1).
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Fig. B.1 Boxplots of the ranges of measured pollutant concentrations (or effect con-
centrations for estradiol) illustrating the distinction between micropollutants (MPs,
blue (grey in the print version)) and macropollutants (green (light grey in the print ver-
sion)) across the 24 Ecolmpact sites. Heavy metals (red (grey in the print version)) fall
in-between the two classes. DOC, dissolved organic carbon; TP, total phosphorus. The
red (grey in the print version) line indicates the concentration that is generally used to
discriminate MPs from other pollutants. Box size corresponds to the first and third
quartiles (25% and 75% quartiles); whiskers extend to the most extreme data point
which is no more than 1.5 times the length of the box away from the box; circles depict
outliers. The details of the methods are provided in Box 5.

Continued
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BOX 2 Micropollutants—cont’'d

The concentrations of MPs in aquatic environments generally make up only a
tiny fraction of the dissolved organic matter content (see Fig. B.1). Why should we
then be concerned about MPs? The answer to this is that generally these com-
pounds are designed to exert very specific (biological) effects. These include cur-
ing a certain disease (e.g. bacterial infections), avoiding growth of unwanted
weeds (e.g. herbicides), or providing a calorie free alternative to sugar (artificial
sweeteners). In short, the biological activity of MPs is generally by orders of mag-
nitude higher than that of average dissolved organic matter. How MPs act upon
organisms—their mode of action—is often very specific and may predominantly
affect specific groups of organisms (e.g. only vertebrates, only fungi, etc. (Fig. 2)).
In this regard, MPs differ fundamentally from nutrients, which are essential to all
organisms.

evaluate what general (large-scale) trends are, as opposed to environmentally
contingent effects where local context dominates (Table 1).

1.1 Micropollutant (MP) Impacts at Different Levels of
Biological Organization

Early on in aquatic ecology, it was recognized that the release of pollutants
into streams can have acute and severe consequences for aquatic ecosystems
(Hynes, 1963; Neumann etal., 2015). The effects of pollutants can range from
singular catastrophic spills to the continuous release of contaminants at lower
concentrations (Fig. 1). Catastrophic spills typically lead to concentrations
causing acute toxic effects and capture the attention of both the general public
and research communities. These events can trigger subsequent studies
to quantify the extent and type of environmental damage and the recovery
process (e.g. Guttinger and Stumm, 1992; Thompson et al., 2015).

The continuous release of chemicals, such as the discharge of untreated
WW, can also cause negative effects that are easily discernible. For example,
without treatment, WW discharges can cause eutrophication or fish kills
(Hynes, 1963), but also outbreaks of human diseases caused by pathogens
(Neumann et al., 2015). In developed countries, such effects have been suc-
cessfully mitigated by the introduction of wastewater treatment plants
(WWTPs) (Vaughan and Ormerod, 2012). WWTPs are designed to remove
pathogens, nutrients, easily degradable organics and particulates (Box 1).
However, toxic or highly biologically active chemicals are still discharged
in substantial amounts (Petrie et al., 2015; Singer et al., 2016; Ternes,



Table 1 ‘The Big Question”: How Do MPs Affect Aquatic Ecosystems from an Interdisciplinary Perspective

Research Fields General Trends? Context Dependency?

Key Approaches (as Exemplified from the Project
Ecolmpact)

Environmental ¢ How many MPs? .
chemistry * What kind of MPs?
* At what concentrations do
MPs occur?

How do MPs vary locally
depending on WWTP?

* Sampling of multiple sites with a different WWTP
technology

* Spatially and temporally replicated water ‘spot’
sampling

* Passive samplers

* Broad analytical window (high-resolution mass
spectrometry)

Ecotoxicology ¢ Are MPs toxic? .
* What is the role of MP
mixtures? .
* What are the cellular
mechanisms of MP toxicity?

How does MP toxicity
depend on taxa?

How does MP toxicity
differ between laboratory
and field?

Lab and field assays of MPs with different modes of

action (affecting algae, invertebrates and fish):

* PICT assays — community tolerance of
periphyton (algae, bacteria)

e Gammarus feeding assays — indicator of toxicity

* Fish gene expression — upregulation of’
detoxification genes

Ecology How do MPs affect: .
* Population demography
* Community diversity
* Ecosystem function .

How do species diversity
responses to MPs depend
on landscape use?

How do MPs interact with
nutrients, temperature
and/or pathogens?

How do MP eftects difter
across tropic levels?

* Spatially and temporally replicated field surveys

* Manipulative flume experiments (WW dilution or
MP spiking)

* ¢DNA analyses for microbial diversity

* Gammarus size distribution

* Species diversity indices (EPT, SPEAR, Saprobic
Index)

* Organic matter processing assays (leaf litter and
cotton strips)

e Gammarus—leaf litter assays

* Ecosystem respiration

The table illustrates how ‘large-scale’ (general trends) and ‘local scale’ (context dependent) questions may be approached in different research fields. To address ‘the
big question’, expertise and synthesis across fields are needed. In the context of Ecolmpact, these questions are addressed combining two kinds of real-world experiments
(upstream—downstream of WWTP (Fig. 3) and before—after (BACI) WWTP upgrade with field and flume experiments (Box 4).
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Human impact on water quality in aquatic ecosystems and
research approaches to study it
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Fig. 1 Conceptual links between different types of environmental ‘triggers’ (cata-
strophic events vs continuous impacts) that reflect different types of human impacts
on aquatic ecosystems, and how the type of impact may motivate research and project
organization.

1998; Box 2). Moreover, the increasing use of chemicals in agriculture,
households and industry is causing the number and amount of chemicals
in WW effluent to increase across the globe (Keller et al., 2014).

Many of these compounds constitute MPs that occur frequently in high
numbers (hundreds to thousands) but at low concentrations (Box 2;
Schwarzenbach et al., 2006). This form of pollution is widespread, occurs
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continuously over time and is much more commonplace than catastrophic
events. Due to the widespread presence of wastewater-born MPs in aquatic
environments (Kolpin et al., 2002) and the societal desire for pristine water
resources, the ecological consequences of MPs in streams at all levels of bio-
logical organization have received considerable research attention over the
last three decades (Brodin et al., 2013; Schwarzenbach et al., 2006; Ternes,
1998). Ecotoxicological tests have demonstrated the toxicity of a wide range
of single MPs, MP mixtures (Carvalho et al., 2014; Silva et al., 2002) and
treated WW effluents (Bundschuh and Schulz, 2011) on aquatic organisms.

These pollutants not only harm individual organisms, but also effects
propagate to higher levels of biological organization. For example, at the
population level, treated WW affected sex ratios of gammarid amphipods
(Peschke et al., 2014). At the community level, pollution-induced commu-
nity tolerance (PICT) experiments suggest that periphyton communities
may acquire tolerance to MPs through environmental filtering, physiolog-
ical acclimation and, potentially, evolutionary processes (Rotter et al., 2011;
Tlili et al., 2015). Field surveys of macroinvertebrate communities indicate
that pesticides from WWTPs may decrease the fraction of sensitive species
through environmental filtering (Bunzel et al., 2013; Burdon et al., 2016).
At the ecosystem level, pharmaceuticals can induce behavioural changes in
fish leading to more intense predation on prey communities in aquatic food
webs (Brodin et al., 2013; Heynen et al., 2016) and key processes, such as
in-stream metabolism, can be affected in complex ways due to subsidy effects
of nutrients and stress effects of MPs (Aristi et al., 2015; Rosi-Marshall et al.,
2013).

During the last two decades, progress has been made in merging concepts
from ecotoxicology and ecology to predict how chemical pollution might
affect ecosystems (Fischer et al., 2013). Concepts like ‘stress ecology’ (Van
den Brink, 2008; van Straalen, 2003) have been developed, there have been
advances in assessing indirect MPs effects in food webs through behavioural
ecology (Brodin et al., 2014), and community ecology has been demonstrated
to allow for predictions how aquatic mesocosm communities respond to mix-
tures of different chemicals (Halstead et al., 2014).

Although these studies demonstrate the ecological relevance of
(wastewater-born) MPs, predicting changes in entire food webs and ecosys-
tems is still a major challenge because:

(1) MPs from WWTPs generally occur at sublethal concentrations. Due to their
low concentrations in the environment, effects of exposure to these
compounds may strongly depend on the ability of individual organisms
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to physiologically acclimate and populations to adapt phenotypically
(either through phenotypic plasticity or through genetic changes
(Capy etal., 2000)). Realized eftfects may also be environmentally con-
tingent, depending on resource availability, presence of other stressors
(including other MPs), and food web interactions (see Fig. 2).

(2) The occurrence of wastewater-born MPs is highly correlated with the input of
other  WW constituents, particularly nutrients and microorganisms
(Box 1). This highlights the problem of isolating MP effects when
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Fig. 2 Conceptual representation of how exposure to micropollutants (MPs) may cause
effects in ecosystems at different levels of biological organization. MPs consist of diverse
chemical groups (panel A, red (grey in the print version) rectangle at the top showing a
selection of MPs) with specific modes of action that affect different compartments in a
food web (exemplified with two red (grey in the print version) arrows (E1, E2) in panel A).
The biological effects of MPs can reach different hierarchical levels (panel B) that are
interlinked across a given food web and ecosystem. Simple predictions can be made
for given types of MPs. For instance, if the key MPs consist of insecticides, then sensitive
invertebrate species may disappear from the community (arrow ET). Likewise, if the key
MPs consist of fungicides (arrow E2), they may have negative effects on microbial
decomposers, thereby potentially reducing breakdown of organic matter. These asym-
metric effects may then cascade differentially across the food web. However, the pre-
dictions become more complicated given that hundreds to thousands of MPs enter
natural ecosystems and due to many trophic interactions (Box 2).
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acting in concert with other co-occurring stressors, which may mask or
exacerbate pollutant eftects (Folt et al., 1999).

(3) WIW generally contains a very large number of different MPs, which poses two
main challenges for predicting the eftects of MPs. First, quantifying all
MPs present is a scientific challenge due to the immense number of
chemicals, thus requiring cutting-edge instrumentation and data-
processing tools (Schymanski et al., 2014). Second, the diverse modes
of action of these chemicals (see Fig. 2) mean that not all organisms are
affected equally and hence only certain parts of the food web may be
directly impacted. These effects may subsequently propagate to other
organisms via trophic interactions (indirect effects).

Hence, the question how to predict ecological effects due to MPs poses a
general ecological problem: How much detail is required—and at which
spatial and temporal scales—to enable accurate predictions of how ecosys-
tems respond to (anthropogenic) stressors (see Table 1)? Making scientific
progress that allows for accurate ecological predictions in real-world mul-
tiple stress scenarios requires not only advances of ecological theory but
also sound empirical data (Mouquet et al.,, 2015). Below, we present
the case study Ecolmpact as one approach to make progress on this empir-
ical aspect.

2. WATER MANAGEMENT AS A REAL-WORLD
EXPERIMENT

2.1 Making Use of Real-World Experiments to Understand
MP Impacts

Diverse empirical approaches can be used to tackle the question How do MPs
affect aquatic ecosystems?, which all have their strengths and weaknesses.
On one hand, correlative field surveys allow establishing patterns in
nature—but are often accompanied by multiple confounding factors, neces-
sitating a high level of replication to detect general trends, and not allowing
direct tests of underlying causal mechanisms (Robinson et al., 2014). On the
other hand, highly controlled experiments conducted under simple labora-
tory conditions may allow inference of the direct impact of specific factors
(Benton etal., 2007), but sufter from a lack of ecological realism that makes it
difficult to generalize the experimental findings to natural ecosystems
(Carpenter, 1996). Experimental manipulations of entire ecosystems (e.g.
entire lakes) can be seen as a kind of ‘gold standard’ and have been pivotal
in demonstrating the ecological effects of different external drivers, such as
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phosphorus (Schindler et al., 2008), endocrine disruptors (Kidd et al., 2007),
or general ecological regime shifts (Carpenter et al., 2011). Such manipula-
tions are, however, rare and generally prevented by economic, logistical or
ethical reasons.

Yet, ecosystem manipulations are common for ‘nonscientific’ reasons—
such as management activities aiming to improve the ecological status of water
bodies (Bernhardt et al., 2005). This is the basis for what we call real-world
experiments, which make use of intentionally or unintentionally altered ecolog-
ical conditions in ‘natural’ settings, and may allow powerful inferences by
combining the benefits of ecologically realistic conditions, experimental
manipulations and replication. This approach shares similarities to natural
experiments as described by Diamond (1983) but extends this concept explic-
itly to anthropogenically influenced situations. Of particular relevance is that
the monitoring of ecological consequences of specific mitigation measures
(e.g. river restoration or WW TP upgrades) can be designed in a (quasi-)exper-
imental manner (as if WWTPs were experimental treatments). Unfortunately,
these opportunities have not been systematically capitalized on in the past, as
noted for the example of river restoration (Bernhardt et al., 2005).

This is a missed scientific opportunity for applied large-scale ecology.
Because ecological mitigation measures are generally implemented (distrib-
uted) across large spatial areas and in different ecological contexts, well-
designed real-world experiments could aid in testing scientific hypotheses about
causality and the relative importance of different influencing factors on the
ecological status of ecosystems. Furthermore, with such experiments one
can systematically evaluate how successfully money has been spent for
achieving societal goals by implementing mitigation action (Bernhardt
et al., 2005).

The Swiss water sector currently ofters a prime opportunity for such real-
world experiments. In Switzerland, WW TP infrastructure will be upgraded
over the next 20 years to reduce the input of MPs from WWTPs by applying
ozonation or powder-activated carbon as an additional treatment step
(Box 3). Additionally, many smaller WWTPs will be decommissioned
and their WW diverted to larger plants. Following these alterations, water
quality in the rivers is expected to change in well-defined ways (e.g. MPs
will either be reduced or removed entirely; Fig. 3).

These alterations should result in a measurable biological responses
(Fig. 2). With this in mind, we present an interdisciplinary project
(Ecolmpact) that aims to unravel the role of MPs in stream ecosystems.
More specifically, Ecolmpact aims first at establishing the type and magnitude
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BOX 3 Upgrading the Swiss WWTP Infrastructure for

MP Removal

MPs include an enormous variety of chemical compounds and can enter the envi-
ronment from various sources (Box 2). To reduce MPs entering the environment,
multiple approaches are implemented, reaching from actions at the source (e.g.
ban certain compounds) to actions at the end of the WW pipe. One of these mea-
sures is upgrading of WWTP infrastructure with an additional treatment step to
remove MPs (Abbeglen and Siegrist, 2012). The Swiss government has recently
decided that 100 of the 700 Swiss WWTPs will be upgraded during the next
20 years, with the first upgraded plants already being operational. This decision
was based on (i) full-scale pilot studies, (ii) social and political acceptance analysis
and (iii) technical and economic feasibility assessments (Eggen et al., 2014). Treat-
ment at WWTPs allows the removal of unknown mixtures of MPs to a large extent.
With the upgrading, about 50% of Swiss WW will undergo additional treatment.

The Swiss implementation strategy is currently based on two technically fea-
sible and sufficiently cost-effective treatments: ozonation and powder-activated
carbon. These two technologies have shown to reduce the total MPs by over 80%
(Hollender et al., 2009). As added value of the upgrading, pathogen loads will be
reduced by one to three orders of magnitude (Abbeglen and Siegrist, 2012).

At some sites (especially smaller WWTPs), the closure of the plant and transfer
of the WW to another, typically larger and neighbouring WWTP is an alternative
to upgrading. Locally this should result in an even better water quality at the cost
of less discharge in the small streams.

The costs for these additional treatments depend on the condition and size of
the WWTP, the technology chosen and the timing of the upgrading. The annual
costs for urban drainage and WW treatment in Switzerland are expected to
increase by about 6% and its energy consumption between 5% and 30% of its
current demand.

(1.e. effect size) of individual to ecosystem-level responses to wastewater-
born MPs in streams and environmental contingencies under real-world
conditions. Second, it shall elucidate causal relationships between MPs
and selected biological endpoints through artificial flume experiments.

In the following sections we will:

— Present a general research strategy where we treat existing WWTPs and
their future upgrading as a real-world experiment to critically evaluate the
ecological relevance of wastewater-born MPs.

— Describe how Ecolmpact combines highly replicated, interdisciplinary field
surveys with manipulative experiments to disentangle the effects of MPs in
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Stage |:
Comparison across space
(upstream—downstream)
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Comparison in time
(before—after WWTP modification)

Future development
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Dissimilarity upstream—downstream

Current Upgrading Removal

1
[}
[}
[}
[}
[}
[}
[}
[}
[}
1
1
[}
|
Fig. 3 Conceptual basis for the spatiotemporal design using existing WW treatment
plant (WWTP) infrastructure and their planned modifications as real-world experiments
for testing effects of MPs on aquatic ecosystems. Stage | (US—DS comparison) is based
on the spatial comparison between the upstream and downstream locations of the
WWTPs (see Fig. 5). The chemical and biological dissimilarities between these locations
are quantified (represented by the red (grey in the print version) violin plot for the current
conditions). The role of WW and MPs is statistically inferred from the spatially replicated
design. Stage Il (BACI comparison) compares the dissimilarities before and after the
modification of the WWTP infrastructure. Upon upgrading and WW removal, it is
hypothesized that the dissimilarities decrease (green (light grey in the print version)
and blue (dark grey in the print version) violins). Because upgrading (only reducing
MP load) and removal (reducing MP and nutrient loads) affect water quality differently,
this stage allows to disentangle effects of these major WW constituents.

an ecologically relevant context. We show how the study is designed so as
to be able to infer general trends (large scale) and context dependency (local
scale and interactions among covarying factors, like nutrients) of MP
effects (Table 1), and provide first results as proof of principle.

— Provide an outlook for how interdisciplinary, experimental research
approaches can address human-induced environmental change in the con-
text of large-scale ecology. We will also consider how inferential power
can be increased by combining real-world and research-led experiments.

2.2 The Ecolmpact Project as a Case Study

To make use of the opportunity provided by the upgrading of the Swiss
WWTP infrastructure, Ecolmpact was initiated by several departments of
Eawag, the Swiss Federal Institute of Aquatic Science and Technology, in
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close collaboration with relevant stakeholders (e.g. federal and cantonal

authorities, WWTP operators and personnel, etc.). This project combines

(i) replicated spatial field comparisons to isolate the effects of WW from
other factors of influence (upstream—downstream design),

(ii) replicated temporal field comparisons tollowing WW TP upgrading to iso-
late the effects of MPs from other influence factors (before—after or
BACI design; Underwood, 1994). Explicitly, upon upgrading or com-
plete removal of WW, the ecosystems at downstream (DS) sites should
become more similar to their upstream (US) reference sites, the extent
of convergence depending on the type of treatment (Fig. 3),

(iii) manipulative experimental approaches to increase mechanistic understand-
ing and to infer causality, and
(iv) the expertise of different scientific disciplines (from engineering and envi-
ronmental chemistry to ecotoxicology and ecology).
Such a combination of spatial and temporal comparisons offers powerful
means for testing the effects of WWTP modifications on relevant ecological
endpoints. However, the treatments of this real-world experiment are only
coarsely defined (e.g. with regard to water quality) and cannot be modified
according to scientific demands. Therefore, the field monitoring is comple-
mented by targeted experiments in artificial flumes (described later) to estab-
lish causal links between exposure to MPs and the ecological responses.
Given that the environmental driver of interest here is chemical water
quality and the expected responses are ecotoxicological and ecological, esta-
blishing effects along the effect chain (Fig. 2B) requires the combination of
different disciplines and fields of expertise.

2.2.1 Design of the Field Survey
The US-DS comparison of the Ecolmpact field survey is replicated across
24 sites (Fig. 4). This survey was designed so as to have two US locations
as in-stream reference for the impacted DS location at each study site
(Fig. 5). The two US reference locations provide a ‘null model’ for the dif-
ferences in community composition that could be explained by distance
alone (within a given stream) (Fig. 3; Burdon et al., 2016). In the BACI part
of the study (Stage II), these US sites will provide the ‘null model” for the
temporal changes that may occur irrespective of the WW TP modifications.
In combination, this design enables us to test both general responses to
wastewater discharge and the environmental contingency of the effects.
In the field survey, well-established chemical, ecotoxicological and eco-
logical methods are implemented (Table 3; Box 5). In doing so, these data
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Fig. 4 Map of the 24 Ecolmpact field sites distributed across three biogeographical
regions Jura, Swiss Plateau, and Pre-Alps. Swisstopo: 5704 000 000/DHM25@2003;
Vector200@2015; swissTLM3D @2014, reproduced with permission of swisstopo/JA100119.

o .
¢ Tl study site

Wastewater discharge ~,

Sampling location
Upstream 2 (U2)
(8 microhabitats)

Sampling location
Downstream (D)
(8 microhabitats)

mix

Sampling location
Upstream US1 Upstream1 (V1)

(8 microhabitats)
Fig. 5 Schematic of the layout of the sampling design for the US—DS comparisons. In
each of the 24 streams, a study site consists of one DS location (DS), where the WW is
fully mixed across the river cross-section, and two US locations (US1, US2). The US loca-
tions are placed at equidistant distances upstream of the WWTP and control for the
effect of geographic distance and thereby allow for a comparison with the downstream
location (DS) as well as for an in-stream control (US2—US1). Further details are given in
the text and in Burdon et al. (2016). Picture WWTP: Copyright/Author: Christoph Liithi,
Sandec and Eawag.

Stream
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Table 2 Quantitative Criteria Used for the Selection of Sites

Category Site Property Description Threshold
Wastewater ~ Effluent upstream Proportion of discharge 0%
Effluent downstream (at Q347) >20%
Proportion of discharge
(at Qs47)
Land use Urban areas Areal fraction of watershed <21%
Special crops Areal fraction of watershed <10%
(e.g. orchards,
vegetables)

Qs347: Discharge that is statistically exceeded at 347 days per year (95% low-flow conditions).

can also be put in context with landscape-level processes driving local and
regional biodiversity (Altermatt et al., 2013; Burdon et al., 2016).

The 24 sites are located in the Swiss Plateau, Jura Mountains and
Pre-Alps regions of Switzerland (Fig. 4). The high site replication is essential
to account for effects across a wide range of environmental contexts (e.g.
different catchment characteristics) upstream of the WWTPs, including
different biogeographical regions. The sites were chosen so that the difter-
ences in the fraction of WW between US and DS locations of the selected
WWTPs were as large as possible (Burdon et al., 2016). These requirements
were realized by (i) applying specific criteria relating to land use, discharge
and regional coverage during site selection (Table 2) and (i1) ensuring that
conditions between US and DS sampling locations within a given location
were as similar as possible with regard to surrounding land use, stream
morphology, and riparian vegetation. Other confounding factors between
sampling locations (e.g. confluence with a tributary) were similarly avoided.
Because of these criteria, all sites consist of lower-order streams (because
larger rivers invariably receive WW above potential WWTPs). For logistic
reasons, the US-DS (Stage ) field study was conducted over 2 years (12 sites
in 2013 and 12 sites in 2014).

2.2.1.1 Quantifying Environmental Drivers

To quantify pollutant exposure as well as putative confounding/correlated
factors of water quality, water samples were regularly (mostly monthly/
bi-monthly) collected for the determination of 20 basic water chemistry
parameters (e.g. major ions, concentrations of MPs and heavy metals during
base flow conditions, analytical method see Box 5). Benthic habitat charac-
teristics were also recorded to account for context dependency (methods see
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Box 5). These measurements enable testing of the association of physico-
chemical environmental parameters with biological endpoints.

2.2.1.2 Biological Endpoints

A variety of biological responses relevant for assessing ecological eftects of
pollution were measured across four levels of biological organization from
individuals, to populations, communities to ecosystem functions (Fig. 2).
For instance, samples for in vitro ecotoxicological assays were taken once
each year (May/June) simultaneously with the regular water samples. These
assays covered endpoints that are relevant for different trophic levels: algae
(inhibition of photosynthesis (Escher et al., 2008)), invertebrates (inhibition
of acetylcholinesterase (Hamers et al., 2000)) and vertebrates (endocrine
disruptors; YES-test (Routledge and Sumpter, 1996)). The ecological end-
points ranged from microbial and macroinvertebrate community descriptors
(Burdon etal., 2016), and age structure of Gammarus amphipods, to leaf litter
decomposition and microbial-mediated cotton strip breakdown rates (see
Table 3).

2.2.1.3 First Insights

The design of the field study outlined before resulted in first outcomes for
the Stage I of the project, which is the spatial US-DS comparison. The
BACI design of Stage II can only be realized once a number of WWTPs
have actually undergone upgrading.

The selection of the field sites indeed resulted in a broad range of eco-
logical conditions upstream of the WWTPs. For example, catchment areas
covered by forest and grassland ranged from 10% to 80% and arable land var-
ied between 0% and 50% (see also Burdon et al., 2016). Correspondingly,
also water quality varied strongly. We illustrate this aspect with variation
in nitrate concentrations at the US locations (Fig. 6): the more the catch-
ment was dominated by grassland and forests (i.e. the less arable land), the
lower the nitrate concentrations. Importantly, these US landscape condi-
tions correlated with the composition of the macroinvertebrate community
at the US sampling locations: The larger the fraction of grassland or forest—
land use types without substantial use of pesticides—the larger the observed
fraction of species considered sensitive towards pesticides as indicated by the
SPEAR Index (Fig. 6; see also Burdon et al., 2016).

This observed variation across the 24 sites offers the possibility to study
how ecological effects caused by discharge of WW may depend on the eco-
logical context (Burdon et al., 2016). To answer this question, one has to



Table 3 Key Ecological Responses Measured in the US—DS Field Surveys and Three Flume Experiments in Ecolmpact

Biological Method and/or References
Level Response Organism(s) Used Description for Methods Field Flumes
Individuals/ Secondary Ancylus, Gammarus ~ Individual growth (% change in  Hicklen et al. (2006), No  Yes
population  production body length) Watts et al. (2002)
Fitness Ancylus, Gammarus ~ Survival and condition of Gerhardt (2011), No Yes
invertebrates (condition factor Rosés et al. (1999)
length:mass ratio)
Demography Baetis, Gammarus Hess sampling, size distribution = Ladewig et al. (2005) Yes No
and population density
Community Detrital Leaf discs, Gammarus Leaf disc consumption Mancinelli (2012), No Yes
consumption O’Neal et al. (2002)
Biofilm Plastic slides, Ancylus AFDM of biofilm consumed per Rosemond et al. No Yes
consumption day (2000)
Invertebrate Semiquantitative Handnet used to collect Stucki (2010) Yes Dilution
community sampling invertebrates from standardized experiment
composition area and locations in channels, only
different diversity measures (e.g.
EPT taxa, SPEAR Index,
Saprobic Index)
Algal (diatom)  Semiquantitative Sample collected from stones, tiles Biggs and Kilroy Yes Spiking
community sampling and glass slides before preservation (2000) experiment
composition and identification only

Continued



Table 3 Key Ecological Responses Measured in the US—DS Field Surveys and Three Flume Experiments in Ecolmpact—cont'd

Biological Method and/or References
Level Response Organism(s) Used Description for Methods Field Flumes
Ecosystem  Biofilm Tiles AFDM of standing biomass, Biggs and Kilroy Yes Yes
production primary producers (chlorophyll a), (2000), Lamberti and
resource quality (C:P, C:N ratios) Resh (1985)
Detrital Leaf packs (coarse AFDM loss per day measured for Barlocher (2005), Yes Yes
processing and fine) standard litter source (Black Alder Benfield (2007)

(Alnus glutinosa) leaves)

Decomposition  Cotton strips Respiration (microbial activity),  Slocum et al. (2009), Yes Yes
(standardized carbon mass loss and tensile strength loss  Tiegs et al. (2013)
source cellulose)

Ecosystem Single-station Change of oxygen concentrations Bott (1996), Stephens Yes Yes
metabolism oxygen logging as ecosystem response and Jennings (1976)

The chosen response variables are standard parameters used in ecological studies and reflect different parameters from the individual to ecosystem levels. Study organisms
were chosen so as to represent taxa that are sensitive to water quality (e.g. diatom or macroinvertebrate communities) and/or play difterent key roles in stream ecosystems
(e.g. periphyton and Gammarus—leaf litter interaction). AFDM, ash-free dry mass. See Box 4 for details on flume experiments.
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Fig. 6 Correlations between upstream land use (x-axis) and (A) the nitrate concentra-
tions and (B) the SPEAR Index (a measure how many taxa sensitive against pesticides
are present in a macroinvertebrate community (Liess and von der Ohe, 2005)) at the
upstream locations of the 24 Ecolmpact sites with 95% confidence intervals for the
expected values (dashed lines). Triangles depict the 2013 sites, circles the 2014 sites.
Details of the methods are provided in Burdon et al. (2016) and in Box 5.

consider to which extent water quality differs between the US and the
respective DS location. The impact of WW discharge on DS water quality
depends on the composition of the discharged WW, its fraction to total flow
in the stream and on the US water quality. As expected, concentrations of
chemicals (e.g. nutrients and MPs) as well as the microbial load increased in
the DS section at all 24 Ecolmpact sites (Fig. 7). The magnitude of the changes
however differs among specific WW components and is particularly striking
for some MPs (such as pharmaceuticals) which increased up to 30-fold
(Fig. 7). Despite this general increase downstream, a closer look reveals that
WW composition with regard to MPs and nutrients varied considerably
between sites (Fig. 8).

The macroinvertebrate communities at DS locations clearly responded
to WW input. They were characterized by reduced abundance of sensitive
taxa such as the EPT (Ephemeroptera, Plecoptera, Trichoptera) fauna
(Burdon et al., 2016). On the other hand, DS sites showed a pronounced
increase in oligochaete worms (Burdon et al., 2016), a general pattern seen
in classical WW studies (e.g. Hynes, 1963), which seems to persist despite
the advances in (conventional) WW treatment over the last decades.

The context dependency, however, varied between the metrics for char-
acterizing the macroinvertebrate communities. For example, the more
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Fig. 7 Boxplots depicting the ratios between downstream (DS) concentrations and
upstream concentrations (US) for different water quality parameters at the 24 Ecolmpact
sites across all sampling dates. The red line (grey in the print version) (ratio=1) indicates
that there is no difference between DS and US sites within a given stream. Values >1
indicate that the concentration of a given parameter is higher DS than US. Bio- and pes-
ticides, concentration sum of all measured biocides and pesticides (31 compounds); cell
counts, concentration of bacterial cells; DOC, dissolved organic carbon; heavy metals,
concentration sums of the 10 most abundant heavy metals; other MPs, concentration
sums of 5 compounds; pharmaceuticals, concentration sums of 21 compounds; TP, total
phosphorus. Box size corresponds to the first and third quartiles (25% and 75% quar-
tiles); whiskers extend to the most extreme data point which is no more than 1.5 times
the length of the box away from the box. Details of the methods are provided in Box 5.

pristine the US conditions, the larger the change in the Saprobic Index at DS
locations (Burdon et al., 2016). This variation in community-level responses
is associated with background nutrient levels and, hence, the agricultural
land use US of the WWTPs. In contrast, a larger fraction of WW leads
to a more pronounced loss of sensitive macroinvertebrates at DS locations
(i.e. SPEAR Index), irrespective of US conditions, indicating that some
changes caused by discharged WW may not be environmentally contingent.
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Fig. 8 Spider diagrams depicting the WW composition at the 24 Ecolmpact sites. The left
figure shows the results for the 2013 sites (one colour (grey in the print version) per site),
the right for the 2014 sites. For each axis, the average concentrations of the respective
January and June samples per site are normalized to the maximum value of all sites.
TOC, total organic carbon; TN, total nitrogen; TP, total phosphorus; household chemicals
(5 MPs); pharmaceuticals (21 MPs); biocides (3 MPs); pesticides (28 MPs).

Future analyses on the other biological endpoints (Table 3) will yield
additional insights how effects of (specific) MPs may depend on the ecolog-
ical context (ongoing work).

2.2.2 Inferring Causality (Flume Experiments)

Despite the merits of the real-world experiment approach described earlier, its
potential for gaining insights into causal links between MPs and ecological
effects is enhanced in combination with research-led experiments. To that end,
we developed an artificial stream system (Maiandros) where contaminant
concentrations can be manipulated through either dilution or spiking exper-
iments (Box 4). The system is placed directly at a WWTP, which provides
direct access to treated WW (allowing dilution experiments) and to WW
treatment (allowing disposal of pollutants in spiking experiments).

The development of such experiments requires a substantial simplifica-
tion compared to the natural system and is not a trivial task. This holds true
both for water quality and for the biological endpoints under study. First, as
there are thousands of MPs in streams receiving WW discharge (Box 2), how
does one choose which ones to include? Second, as the impacts of MPs with
different modes of action (Fig. 2) as well as their expected ecological rele-
vance strongly depend on the study organism, which ecological endpoints
are relevant to study? These quandaries touch upon the fundamental ques-
tions of how holistic experiments in ecology can actually be, and if ecology is
inherently a reductionist science (Bergandi and Blandin, 1998). Here,



BOX 4 Experimental Flume System: Maiandros

Artificial flume systems allow experimental tests of causality of different water
constituents on stream ecosystems and have been implemented by different
institutions (Bruder et al., 2015; Grantham et al.,, 2012). Following such ideas,
the Ecolmpact team designed the flume system Maiandros that allows experi-
mental manipulation of WW and replicated randomized experiments. Maiandros
currently consists of 16 parallel channels (Fig. B.2) for running surface water
experiments. The system allows for quantitatively mixing two different influents
(e.g. local surface water with biologically treated WWTP effluent at different dilu-
tions, or spiking experiments with known concentrations of MPs). Four mixing
units are available; the blended influent of one water quality is distributed evenly
to four flow channels. Each channel is doughnut shaped (length: 4 m, width:
0.15 m, water depth: 0.1 m) and is equipped with a paddle wheel. The typical
hydraulic retention time is about 7 min.

S
\ \?“- 2buffertanks

Fig. B.2 The Maiandros flume system consisting of 16 flumes arranged in four blocks
before launching the first experiment. Each of the four treatment combinations (e.g.
four levels of dilutions or different combinations of MP and nutrients) is present in
each block; within the blocks, the treatments are randomly assigned to the flumes.
Picture/copyright: A. Joss, Eawag.

The design and implementation of such a flume system for MP studies in an
ecologically relevant context is a technological challenge that requires expertise
across all disciplines. Aspects to be addressed range from technical (e.g. how to
keep mixtures of compounds in solution and which materials have the right
mechanical and chemical properties) to ecological aspects (e.g. appropriate flow
velocities, which organisms are suitable for such experiments and how to estab-
lish them in the flumes). Hence, as for the conceptual aspects and methodological
of the project as a whole, interdisciplinarity is a key factor for a successful
implementation.
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Ecolmpact takes a reductionist view in that we try to reproduce key findings
from the field by testing causal hypotheses of potential drivers of change.

To that end, we followed a stepwise procedure. First, dilution exper-
iments maintain the full chemical complexity of WW by exposing selected
organisms to a range of mixtures between river water and treated WW
(20%, 50%, 80%) and compare the biological eftects to a control consisting
of river water only (Exp. I). The selected biological endpoints included
periphyton biomass and community tolerance (PICT assays; Tlili et al.,
2015), performance (growth and survival) of freshwater crustaceans
(gammarid amphipods) and molluscs (ancyclid snails) and ecosystem func-
tions (see Table 3). Because several of these endpoints (e.g. cotton strip
degradation, PICT assays; Table 3) were also measured at the field sites,
this experiment allows a comparison of effects in situ in the field and in
the flumes.

Second, spiking experiments substitute real WW by artificial mixture of
chemicals and thereby allows disentangling the effects of MPs and nutrients
(the main correlative factor in WW; Exp. II and Exp. III). In our case, we
chose a mixture of 17 compounds (see Box 5) that are representative of
MPs from our field sites and, hence, shared sufficient similarity with real-
world mixtures to be of ecological relevance. In particular, frequently
detected compounds with different modes of action (e.g. pesticides or
pharmaceuticals) were selected. Exp. II, consisted of fully factorial combi-
nation of MP (present or not) and nutrient (present or not) treatments,
compared to a control treatment (100% stream water). In Exp. III, the
‘nutrients only’ treatment was replaced by a technical control, to account
for the possible effects of methanol used as solvent for the MPs. In all of
these experiments, we applied a constant dilution or concentration treat-
ment during 4 weeks.

In the field, such a disentangling of MP and nutrient eftects will only be
possible during Stage II (Fig. 3) once there is a sufficient number of WWTPs
that have either been upgraded or shut down. In the flumes, this time lag can
be avoided and we have obtained first results disentangling effects of MPs
and nutrients (Exp. II and Exp. III). Results from Exp. II demonstrate that
diatom communities that established on glass slides (method description see
Box 5) in river water spiked with MPs have a reduced average biovolume as
compared to the controls (Fig. 9) (Reyes, 2015). Spiking only nutrients to
the river water, however, caused larger biovolumes. These findings suggest
that MPs exert effects on ecologically important groups such as diatoms that
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BOX 5 Methods Used in Ecolmpact

The results briefly presented in our contribution, range from data on water chem-
istry and macroinvertebrate community responses in the field surveys to diatom
community responses in Exp. Il in the flumes (MP spiking experiment).

Water chemistry: Water chemistry was characterized both in terms of general
composition (e.g. hardness, nutrients and major ions) and in terms of different
types of pollutants (e.g. heavy metals, organic MPs, and oestrogens). General
water chemistry, including nutrient levels, was quantified using standard
methods of the Swiss National River Monitoring and Survey Programme
(NADUF; http://www.bafu.admin.ch/wasser/13462/14737/15108/15109).

For the analysis of heavy metals, samples were acidified (0.6% HNOs) and
quantified with high-resolution inductively coupled plasma mass spectrometer
(HR-ICP-MS; Element2, Thermo, Switzerland). Details can be found in Meylan
et al. (2003). Here, we report the data of unfiltered samples (Figs 7 and B.1).

For the analysis of organic MPs (see Figs 7, 8 and B.1), the samples of the June
2013 campaign were enriched with offline solid-phase extraction (SPE) as
described in Kern et al. (2009) using manually packed mixed-mode cartridges
(Schollee et al., 2015), whereas all the other samples were enriched with an auto-
mated online SPE similar to Huntscha et al. (2012). Liquid chromatography high-
resolution mass spectrometry (LC-HRMS) and the subsequent quantification were
performed as described in Schollee et al. (2015) and Huntscha et al. (2012).

Oestrogen levels (Fig. B.1) were determined with the Yeast Oestrogen Screen
test ('YES Test’; Routledge and Sumpter, 1996). This method relies on genetically
modified yeast cells (Saccharomyces cerevisiae) containing the gene for the
human oestrogen receptor coupled with a ‘reporter gene’ (LacZ). Oestrogenically
active substances bind to the oestrogen receptor in the cell activating the
reporter gene. This gene encodes for an enzyme (beta-galactosidase), which con-
verts a dye from yellow to red. This process allows for photometric determination
of the concentration of oestrogenically active substances.

Macroinvertebrate survey: The invertebrate sampling methods followed stan-
dard protocols for benthic macroinvertebrate biomonitoring in Switzerland
(Stucki, 2010). Details for the methods can be found in Burdon et al. (2016) which
shows responses for sites sampled in 2013. The presented results (Fig. 6) combine
both 2013 and 2014 data. Briefly, at each sampling location (DS, US1, US2) in
Spring 2013 and 2014 benthic invertebrates were sampled using pooled kick nets
(25 x 25 cm opening, 500-pm mesh size) with a standardized sampling effort cov-
ering all major microhabitats found within each reach. Samples were stored in
80% ethanol prior to identification to the family level using relevant literature
(Stucki, 2010). Macroinvertebrate communities were described using diversity-
based indices, and two trait-based indices (Saprobic Index and SPEAR Pesticides
Index) (Burdon et al., 2016).
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BOX 5 Methods Used in Ecolmpact—cont’d

The Saprobic Index ranges between 1 and 4 and increases with greater fractions of
taxa that are tolerant to low oxygen conditions (Bunzel et al., 2013). Following the
methods outlined in Burdon et al., 2016, the Saprobic Index was calculated using
German saprobic trait values obtained from: http://www.freshwaterecology.info.
This online resource is a taxa and autecology database for freshwater organisms
(Version 5.0, Date accessed: 26.03.15; for more information, see Schmidt-Kloiber
and Hering, 2015). The SPEAR Pesticides Index (SPEAR Index) describes the percent-
age of taxa susceptible to pesticides and was calculated using the SPEAR Calculator
(Version 0.9.0, downloaded 17.2.16). Lower relative abundances of SPEAR taxa indi-
cate pesticide stress and it is used extensively as an index of stream health in
Europe (Beketov et al,, 2009; von der Ohe and Liess, 2004).

Spiking experiments: Results from two spiking experiment in the Maiandros
flumes (Box 4) are mentioned in the text (Exps Il and Ill). In these two experiments,
the MP mixture consisted of the following compounds (with nominal spiking con-
centration (ng L") in the flumes given in parentheses): amisulpride (106), aten-
olol (217), benzotriazole (1098), candesartan (722, Exp. Il only), carbamazepine
(283), citalopram (55), clarithromycin (63), diazinon (4570 Exp. Il, 457 Exp. IlI),
diclofenac (603), diuron (75), p-estradiol (0.35), fexofenadine (322), tebuconazole
(24), iopromide (1629), metformin (5014), sucralose (1175), triclosan (55),
valsartan (677, Exp. lll only) and Zn (6040). The increase of nutrient concentrations
in the flumes due to spiking amounted to 0.05 P, 0.076 NH,-N and 1.55 nitrate-N
(values in mg L™").

Diatom data: Diatoms are sensitive bioindicators and readily respond to pol-
lution (Visco et al., 2015). In Maiandros Exp. ll, three glass slides (75 x 50 x 1.1 mm)
were placed in each of the 16 channels, completely submerged and oriented in
flow direction (16 October 2014). Prior to the experimental treatments, the slides
were conditioned in the flumes with flowing river water for 1 week, so that all
treatments would have a similar initial biofilm community. Subsequently, the
glass slides (i.e. the biofilm community) was exposed to a combination of MPs
and nutrients for 4 weeks (from 23 October to 11 November 2014). Subsequently,
the biofilms were scratched off from both sides of the slides with a spatula into a
centrifuge tube and the biofilm was immediately fixed with formaldehyde (4%).
(Details can be found in Reyes, 2015.) One sample per channel (i.e. four replicates
per treatment) was randomly selected and prepared for morphological identifi-
cation of diatoms according to Hirlimann and Niederhauser (2007). Briefly, sam-
ples were first homogenized, subsampled and freed from coarse matter with
hydrochloric acid. Subsequently, the samples were oxidized with sulphuric acid
and potassium nitrate in order to remove all organic matter, leaving only the silica
shells of the diatoms for later identification and measuring of cells (i.e.
biovolume). Finally, the diatom valves were embedded with Naphrax into a glass

Continued
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BOX 5 Methods Used in Ecolmpact—cont’d
slide for microscopy. A total of 500 diatom valves per sample were identified to
species level (when possible) or genus level after (Hofmann et al., 2013) with an
inverted Leica Microscope and a x1000 magnification.

In order to characterize the biovolume of the community the dataset from
Rimet and Bouchez (2012) was used. The volume for each species was calculated
as Length x Width x Height. Size was corrected for all species accounting for at
least 10% of abundance in each treatment with the mean value of 10 valves.

x10
4.5
s -
g 4.0 :
(72}
E l
9 -
© : i
© 35 — | il
o |
3
| |
€ 3.0 ! :
>3 |
° |
>
k=]
o)
© 2.57
°
= i
i
. 1
2.0 -

T T T T
Control Nutrients  MPs  Nutrients
+ MPs

Fig. 9 Comparison of diatom biovolumes in a MP spiking experiment (Exp. Il). In this
experiment, glass slides were placed in the Maiandros flumes and diatoms allowed
to establish under the four water treatments during 4 weeks (fall 2014). The treatments
consisted of a control (C=River water only); MPs only (MP), MP + with nutrients (nitro-
gen N, phosphorus, P) and nutrients only (N, P). The MP treatment consisted of spiking
with a known concentration of mix of 17 MPs (see Box 5). Box sizes correspond to the
first and third quartiles (25% and 75% quartiles); whiskers extend to the most extreme
data point which is no more than 1.5 times the length of the box away from the box.
Data from Reyes, M., 2015. Auswirkungen von Mikroverunreinigungen und Nahrstoffen von
Klgranlagen auf Populationsstrukturen von Kieselalgen. Zertifikatsarbeit CAS Ziircher
Hochschule fir angewandte Wissenschaften, Wadenswil.
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override subsidy effects of nutrients. Upcoming work will analyse this aspect
in more depth (including results from Exp. I to Exp. III).

3. OUTLOOK: POTENTIAL OF COMBINING REAL-WORLD
AND RESEARCH-LED EXPERIMENTS

3.1 Planned Changes in Urban Infrastructure as Real-
World Experiments

The current comparison of US to DS locations at 24 Ecolmpact sites allows
inferences on how WW may affect stream ecosystems—ifrom physiological
responses to ecosystem functions (Fig. 2; Table 3). In the future, upgrading
of the WWTPs (Box 3) will provide an explicit opportunity to study the
effects of altered water quality (i.e. removal of MPs or composite WW) on
ecosystems across a large spatial range over time (Fig. 3). Due to the in-stream
controls (Fig. 5), such temporal changes should be detectable against simulta-
neously occurring intrinsic changes that are independent of the changes
related to WW (i.e. temporal changes that also occur in the US sections).

As promising as this approach looks, it comes with challenges that are of
general relevance and can be exemplified with Ecolmpact. First, to provide
mechanistic insight, it is necessary to monitor key variables of interest in
the long term both because not all responses may be immediate and to test
how the initial effects change over time. Hence, one major issue to be solved
is the long-term establishment of systematic observations. But also human
interventions, such as implemented mitigation measures, used for the real-
world experiment are not all realized simultaneously. For instance, it will take
years for implementing all of foreseen WWTP modifications. Hence, Stage
II of Ecolmpact (BACI design) will last many years, a time span that goes
beyond those of typical research projects. Due to financial and methodolog-
ical constraints, monitoring programs of public authorities may not fully
cover such needs. We emphasize that research institutions may benefit from
contributing to such long-term observation given the opportunity this pro-
vides for gaining relevant long-term data (Lindenmayer et al., 2012). This in
turn would allow, for example, studies on the interactions between ecolog-
ical and evolutionary processes (Hairston et al., 2005; Moya-Larano et al.,
2014; Travis et al., 2014) of natural systems due to altered pollution patterns.
Additional potential for long-term observations could be realized through
the contributions of ‘citizen scientists’ (Bonney et al., 2009; Huddart
etal., 2016). The usefulness of this approach has been recently demonstrated
in following the ecological consequences of a pesticide spill in the United
Kingdom (Thompson et al., 2015).



212 C. Stamm et al.

However, for really large-scale efforts, citizen science would likely not
be sufficient. Here large-scale collaborations using highly standardized
approaches, such as in the Nutrient Network (a globally distributed exper-
imental network testing the effects of nutrient additions and food-web
manipulations across terrestrial biomes) (Borer et al., 2014), may provide
powerful means for answering big questions at a large scale. Given that
WWTPs are common features of urban infrastructure in many countries
around the globe and WW upgrades are conducted in several developed
countries, such studies would allow detecting general trends and context
dependency of MP impacts at large scales, as well as increase our understand-
ing of ecosystem responses to environmental change in general.

3.2 Real-World and Research-Led Experiments in
Large-Scale Ecology

We started oft with the observation that environmental scientists often face a
two-fold challenge in providing reliable answers at large scales to inform pol-
icy change on one hand, and local scale management advice on the other.
Typically, such problems consist of multiple stressor situations. Important
questions are then: how to identify the drivers of change at large and local
scales, and what are the general (large-scale) trends in the ecological
responses to the drivers like nutrient dependencies of litter decomposition
at continental scale (Woodward et al., 2012), and when does local context
dominate?

Above, we presented an interdisciplinary research approach to tackle
such questions in the context of WW-borne MPs. We propose that the
combination of real-world experiments, which explicitly take advantage of
the implementation of mitigation measures in practice, and research-led exper-
iments (as characterized in Table 4) provides a powerful tool for detecting
general patterns (trends), elucidating the role of context dependency (e.g.
local deviations from such trends) and establishing causality between exter-
nal drivers and the biological responses. Such an approach broadens the
scope for gathering relevant ecological data at large temporal and spatial
scales and can be generalized beyond the problem of the ecological effects
MPs as a tool for increasing inferential power of studies on ecosystems
responses to human impact.

The major advantages of combining these approaches can be described as
follows:

1. Benefit from real-world experiments. Although human interventions often

result in multiple changes simultaneously, there are situations where a
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Table 4 Comparison of Real-World and Research-Led Experiments
Real-World Experiments

Researcher-Led Experiments

Advantages  *

Response observed under
full complexity

One to many replicates
Broad range of ecological
context

Allows for detection of
real-world trends
Facilitates communication
with practitioners and
society

Designed according to scientific
interests

Targeted at understanding
mechanisms and establishing
causality

Interpretation improved due to
reduced complexity

Correlated influence factors can
be separated

Randomized designs

Disadvantages *

Not designed to address
scientific research questions
Possible mismatch between
practical and scientific
interests

Treatment categories may be
coarse

Limited possibility for
elucidating mechanisms and
establishing causality
Several influencing factors
may be correlated

Artificial (boundary) conditions
may limit transferability to and
relevance for real-world
situations

Layout i

Selection from existing
situations (see Table 2)

Predesigned experiment

Some exceptional experiments like whole-lake manipulations (Kidd et al., 2007; Schindler et al., 2008)
may share features of both categories.

single factor (i.e. main driver) differs between points in space or time. By

carefully identifying such situations, it is possible to layout a (quasi-)

experimental design that allows both to isolate the influence of a single

factor and to obtain generality at large scales due to the observation a

broad range of ecological context

Key features of such a design are:

(i) Avoiding confounding factors (for example, changes of stream
morphology between US and DS sites that are not due to WW
input) by careful choice of study sites.

(ii) Quantifying the drivers of change—as well as putative correlated

and confounding factors—to the best possible degree (e.g. compo-

sition of WW to test whether specific ecological eftects are caused
by specific MPs).
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(iii) Including proper controls to account for confounding factors that
may cause temporal changes irrespective of the treatments (e.g.
altered ecological conditions due to climate change or the appear-
ance of nonnative species).

(iv) Replicating in space and time. Only replication will allow to estab-
lish generality of findings, to investigate context-dependencies and
to minimize the risk to overinterpret idiosyncratic, site-specific
results (Nakagawa and Parker, 2015).

Combine real-world experiments with research-led experiments. While the
appropriate experimental design in any real-world experiment is mainly
achieved by a careful selection of existing situations, complementary
classical research-led experiments are designed by scientists on purpose to
test specific hypotheses. A key advantage of such integration is the pos-
sibility to separate different influence factors that are highly correlated in
the real world, by replicated and randomized experiments. To make
such experiments complementary to the real-world experiments, they
should be designed as plausible simplifications of the real-world situation
but still share common biological endpoints. Due to the inherent com-
plexity of ecosystems, different types of manipulative experiments (lab,
mesocosm, and field experiments), as well as measurements of different
biological endpoints at different hierarchical levels across the ecosystem
are needed (see Fig. 2).
Benefit from a broad interdisciplinary team. When the pertinent questions at
hand—typical for ecologically relevant questions—reflect different inter-
acting processes (such as chemical water quality, resulting toxicity and
different biological responses), it is necessary to apply different methods
and to collect and analyse vastly different types of data. Hence, collabo-
rations across different research fields are mandatory. The common fram-
ing of the specific scientific question(s) and of an explicit conceptual
framework for linking the results from the difterent disciplines is essential.
Benefits of combining hypothesis-driven and exploratory approaches. As ecosys-
tems are inherently complex systems, any framing of the scientific
question(s) and the underlying hypotheses is contingent on the current
level of understanding. From a heuristic perspective, combining
hypothesis-driven and exploratory approaches that widen the scientific
view beyond the initial research question enhances the chance to identify
blind spots in the current knowledge.

Real-world experiments have substantial additional advantages that make them

interesting in the context of large-scale ecology. The ‘implementation’ of
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these experiments (not the scientific analysis, of course) comes for free to
researchers and can be considered a ‘legal’ intervention in the environment.
The significance of this argument becomes obvious when contrasted with
the scenario of designing a purely scientific experiment to manipulate water
quality at such large scales in real systems for studying ecological responses.
Although there are well-known manipulative experiments on streams and
lakes which were essential for advancing our ecological understanding
(Kidd et al., 2007; Schindler et al., 2008; Woker and Wuhrmann, 1957),
such experiments are generally too costly and contradict legal requirements
regarding water protection and may raise serious ethical issues. Hence, if
such experiments are going to happen for other reasons, science should take
the opportunity to benefit as well. Given the large number of interventions
into aquatic ecosystems, using them as real-world experiments can also be con-
sidered as one way that turns ecology into a branch of ‘big data’ science
(Hampton et al., 2013).

Finally, such real-world experiments facilitate—according to our
experiences—the interactions between researchers and stakeholders. When
communicating with practitioners, it is essential to demonstrate the impact
of scientific findings for practical situations that stakeholders are familiar.
This transfer process is often not easy to establish. When working in the con-
text of real-world experiments, this obstacle largely vanishes because the
research results are obtained from situations with which both researchers
and practitioners are familiar with. This aspect may get strengthened further
if (long-term) observational studies are carried out in collaboration with
citizen scientists and practitioners.

ACKNOWLEDGEMENTS

Ecolmpact is an endeavour to which many people and institutions have contributed and still
do. The field survey was only possible with the tireless effort by Marta Reyes, the careful
work of the entire Aquabug-team (Pascal Stucki, Nathalie Menétrey, Sandra Knispel,
Remo Wenger), Stefan Achermann, Alfredo Alder, Birgit Beck, Pravin
Ganesanandamoorthy, Felix Neff, Christoph Ort, Anja Taddei, and many other helping
in the field. The cotton strip assays profited a lot from the exchange with and support by
Scott Tiegs (Oakland University). We obtained great analytical support by the AUA lab
and Madelaine Langmeier for the classical water chemistry parameters, all heavy metal
analyses were carried out carefully by David Kistler, and all the MPs were analysed by the
team around Heinz Singer with major contributions by Barbara Spycher, Fabian Deurer,
Philipp Longrée, and Nicole Munz. The Maiandros flume experiments were strongly
supported by Anita Wittmer, Jack Eugster, Simon Mangold, Adrian Muller, Richard
Fankhauser, and Tobias Wyler. The data analyses and visualizations were supported by
Raphael Thierrin and Urs Schonenberger.



216 C. Stamm et al.

The entire project benefited continuously from intensive discussions and the exchange of
ideas among a larger group of people from Eawag and the Ecotox Center: Renata Behra,
Helmut Burgmann, Nadine Czekalski, Kristy Deiner, Stephan Fischer, Juliane Hollender,
Hanna Hartikainen, David Johnson, Cornelia Kienle, Alexandra Kroll, Miriam Langer,
Cresten Mansfeld, Christa McArdell, Tiina Salo, Kristin Schirmer, Nele Schuwirth, Otto
Seppala, Linn Sgier, Rosi Siber, Manu Tamminen, Ahmed TIili, Etienne Vermeirssen,
and Inge Werner.

We also acknowledge the support by all operators of the WWTPs included in the field
survey with their staff. A great thanks goes especially to the WWTP of Fillanden
(ARA Bachwis) with the team around M. Moos for hosting the flume experiments.

Finally, such a project needs a financial basis. The core project has been predominantly
funded by Eawag with additional support by the Federal Office for the Environment
(FOEN). Additional funding is from the Swiss National Science Foundation Grant
PPOOP3_150698 (to F.A.).

Chris Robinson and two anonymous reviewers were very valuable for improving the
quality of the manuscript, for identifying blind spots, and for clarifying critical aspects of
the text.

REFERENCES

Abbeglen, C., Siegrist, H., 2012. Mikroverunreinigungen aus kommunalem Abwasser.
Vertahren zur weitergehenden Elimination auf Klaranlagen. Umwelt-Wissen Nr.
1214, Bundesamt fur Umwelt, Bern. 210 pp.

Altermatt, F., Seymour, M., Martinez, N., 2013. River network properties shape a-diversity
and community similarity patterns of aquatic insect communities across major drainage
basins. J. Biogeogr. 40 (12), 2249-2260.

Aristi, 1., von Schiller, D., Arroita, M., Barcelo, D., Ponsati, L., Garcia-Galan, M J.,
Sabater, S., Elosegi, A., Acufia, V., 2015. Mixed eftects of effluents from a wastewater
treatment plant on river ecosystem metabolism: subsidy or stress? Freshw. Biol.
60, 1398-1410.

Barlocher, F., 2005. Leaf mass loss estimated by litter bag technique. In: Graga, M.S.,
Barlocher, F., Gessner, M. (Eds.), Methods to Study Litter Decomposition. Springer,
pp. 37-42.

Beketov, M.A., Foit, K., Schafer, R.B., Schriever, C.A., Sacchi, A., Capri, E., Biggs, J.,
Wells, C., Liess, M., 2009. SPEAR indicates pesticide effects in streams—comparative
use of species- and family-level biomonitoring data. Environ. Pollut. 157, 1841-1848.

Benfield, E.F., 2007. Decomposition of leaf material. In: Hauer, F.R., Lamberti, G.A. (Eds.),
Methods in Stream Ecology. Academic Press, Burlington, MA, pp. 711-720.

Benton, T.G., Solan, M., Travis, J.M.J., Sait, S.M., 2007. Microcosm experiments can
inform global ecological problems. Trends Ecol. Evol. 22, 516-521.

Bergandi, D., Blandin, P., 1998. Holism vs. reductionism: do ecosystem ecology and land-
scape ecology clarify the debate? Acta Biotheor. 46, 185-206.

Bernhardt, E.S., Palmer, M.A., 2011. River restoration: the fuzzy logic of repairing reaches
to reverse catchment scale degradation. Ecol. Appl. 21, 1926-1931.

Bernhardt, E.S., Palmer, M.A., Allan, J.D., Alexander, G., Barnas, K., Brooks, S., Carr, ]J.,
Clayton, S., Dahm, C., Follstad-Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, D.,
Hassett, B., Jenkinson, R., Katz, S., Kondolf, G.M., Lake, P.S., Lave, R.,
Meyer, J.L., O’Donnell, T.K., Pagano, L., Powell, B., Sudduth, E., 2005. Synthesizing
U.S. river restoration efforts. Science 308, 636—637.



http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0005
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0005
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0005
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0005
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0005
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0015
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0015
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0015
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0015
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0020
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0020
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0020
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0020
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0020
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0020
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0025
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0025
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0025
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0025
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0030
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0030
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0035
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0035
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0040
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0040
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0045
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0045
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0050
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0050
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0050
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0050
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0050

Impacts of Micropollutants in Aquatic Ecosystems 217

Biggs, B.J.F., Kilroy, C., 2000. Stream Periphyton Monitoring Manual. NIWA,
Christchurch.

Bonney, R., Cooper, C.B., Dickinson, J., Kelling, S., Phillips, T., Rosenberg, K.V.,
Shirk, J., 2009. Citizen science: a developing tool for expanding science knowledge
and scientific literacy. BioScience 59, 977-984.

Borer, E.T., Harpole, W.S., Adler, P.B., Lind, EIM., Orrock, J.L., Seabloom, E.W.,
Smith, M.D., 2014. Finding generality in ecology: a model for globally distributed
experiments. Methods Ecol. Evol. 5, 65-73.

Bott, T.L., 1996. Primary productivity and community respiration. In: Hauer, F.R.,
Lamberti, G.A. (Eds.), Methods in Stream Ecology. Academic Press, Burlington, MA,
pp. 663—690.

Brodin, T., Fick, J., Jonsson, M., Klaminder, J., 2013. Dilute concentrations of psychiatric
drug alter behavior of fish from natural populations. Science 339, 814-815.

Brodin, T., Piovano, S., Fick, J., Klaminder, J., Heynen, M., Jonsson, M., 2014. Ecological
effects of pharmaceuticals in aquatic systems—impacts through behavioural alterations.
Phil. Trans. R. Soc. B Biol. Sci. 369, 20130580.

Bruder, A., Salis, R.K., McHugh, N.J., Matthaei, C.D., 2015. Multiple-stressor effects
on leaf litter decomposition and fungal decomposers in agricultural streams contrast
between litter species. Funct. Ecol. 30, 1057-1266. http://dx.doi.org/10.1111/1365-
2435.12598.

Bundschuh, M., Schulz, R., 2011. Ozonation of secondary treated wastewater reduces
ecotoxicity to Gammarus_fossarum (Crustacea; Amphipoda): are loads of (micro)pollutants
responsible? Water Res. 45, 3999—4007.

Bunzel, K., Kattwinkel, M., Liess, M., 2013. Eftects of organic pollutants from wastewater
treatment plants on aquatic invertebrate communities. Water Res. 47, 597-606.

Burdon, FJ., Reyes, M., Alder, A.C., Joss, A., Ort, C., Rasianen, K., Jokela, ],
Eggen, R.IL., Stamm, C., 2016. Environmental context and disturbance influence
differing trait-mediated community responses to wastewater pollution in streams. Ecol.
Evol. 6, 3923-3939. http://dx.doi.org/10.1002/ece1003.2165.

Burkhardt-Holm, P., Giger, W., Guttinger, H., Ochsenbein, U., Peter, A., Scheurer, K.,
Segner, H., Staub, E., Suter, M.J., 2005. Where have all the fish gone? The reasons
why the fish catches in Swiss rivers are declining. Environ. Sci. Technol.
39, 441A—447A.

Capy, P., Gasperi, G., Biémont, C., Bazin, C., 2000. Stress and transposable elements:
co-evolution or useful parasites? Heredity 85, 101-106.

Carpenter, S.R., 1996. Microcosm experiments have limited relevance for community and
ecosystem ecology. Ecology 77, 677—680.

Carpenter, S.R., Cole, J.J., Pace, M.L., Batt, R., Brock, W.A., Cline, T., Coloso, J.,
Hodgson, J.R., Kitchell, J.F., Seekell, D.A., Smith, L., Weidel, B., 2011. Early warnings
of regime shifts: a whole-ecosystem experiment. Science 332, 1079-1082.

Carvalho, R.N., Arukwe, A., Ait-Aissa, S., Bado-Nilles, A., Balzamo, S., Baun, A.,
Belkin, S., Blaha, L., Brion, F., Conti, D., Creusot, N., Essig, Y., Ferrero, V.E.V.,
Flander-Putrle, V., Furhacker, M., Grillari-Voglauer, R., Hogstrand, C., Jonas, A.,
Kharlyngdoh, ].B., Loos, R., Lundebye, A.-K., Modig, C., Olsson, P.-E., Pillai, S.,
Polak, N., Potalivo, M., Sanchez, W., Schifferli, A., Schirmer, K., Sforzini, S.,
Stiirzenbaum, S.R., Sefteland, L., Turk, V., Viarengo, A., Werner, ., Yagur-Kroll, S.,
Zounkova, R., Lettieri, T., 2014. Mixtures of chemical pollutants at European legislation
safety concentrations: how safe are they? Toxicol. Sci. 141, 218-233. http://dx.doi.org/
10.1093/toxsci/kful18.

Diamond, J.M., 1983. Laboratory, field and natural experiments. Nature 304, 586-587.

Durance, L., Bruford, M.W., Chalmers, R., Chappell, N.A., Christie, M., Cosby, B.J.,
Noble, D., Ormerod, SJ., Prosser, H., Weightman, A., Woodward, G., 2016.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0055
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0055
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0060
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0060
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0060
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0065
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0065
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0065
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0070
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0070
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0070
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0075
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0075
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0080
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0080
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0080
http://dx.doi.org/10.1111/1365-2435.12598
http://dx.doi.org/10.1111/1365-2435.12598
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0090
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0090
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0090
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0095
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0095
http://dx.doi.org/10.1002/ece1003.2165
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0105
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0105
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0105
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0105
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0105
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0110
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0110
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0110
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0115
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0115
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0120
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0120
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0120
http://dx.doi.org/10.1093/toxsci/kfu118
http://dx.doi.org/10.1093/toxsci/kfu118
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0130
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0135
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0135

218 C. Stamm et al.

The challenges of linking ecosystem services to biodiversity: lessons from a large-scale
freshwater study. Adv. Ecol. Res. 54, 87—134.

Eggen, R.I.L., Hollender, J., Joss, A., Scharer, M., Stamm, C., 2014. Reducing the discharge
of micropollutants in the aquatic environment: the benefits of upgrading wastewater
treatment plants. Environ. Sci. Technol. 48, 7683-7689. http://dx.doi.org/10.1021/
es500907n.

Emmerson, M., Morales, M.B., Onate, J.J., Batary, P., Berendse, F., Liira, J., et al., 2016.
How agricultural intensification aftects biodiversity and ecosystem services. Adv. Ecol.
Res. 55, 43-97.

Escher, B.1., Bramaz, N., Mueller, J.F., Quayle, P., Rutishauser, S., 2008. Toxic equivalent
concentrations (TEQs) for baseline toxicity and specific modes of action as a tool to
improve evaluation of ecotoxicity tests on environmental samples. J. Environ. Monit.
10, 612-621.

Evans, M.R., Bithell, M., Cornell, SJ., Dall, S R.X., Diaz, S., Emmott, S., Ernande, B.,
Grimm, V., Hodgson, D.J., Lewis, S.L., Mace, G.M., Morecroft, M., Moustakas, A.,
Murphy, E., Newbold, T., Norris, KJ., Petchey, O., Smith, M., Travis, J.M.J.,
Benton, T.G., 2013. Predictive systems ecology. Proc. R. Soc Lond. B Biol. Sci.
280, 20131452.

Fischer, B.B., Pomati, F., Eggen, R.I.L., 2013. The toxicity of chemical pollutants in
dynamic natural systems: the challenge of integrating environmental factors and biolog-
ical complexity. Sci. Total Environ. 449, 253-259.

Folt, C.L., Chen, C.Y., Moore, M.V., Burnaford, J., 1999. Synergism and antagonism
among multiple stressors. Limnol. Oceanogr. 44, 864—877.

Frissell, C.A., Liss, W.J., Warren, C.E., Hurley, M.D., 1986. A hierarchical framework for
stream habitat classification: viewing streams in a watershed context. Environ. Manag.
10, 199-214.

Gerhardt, A., 2011. GamTox: a low-cost multimetric ecotoxicity test with Gammarus spp.
for in and ex situ application. Int. J. Zool. 2011. 574536.

Grantham, T.E., Cafedo-Arguelles, M., Perrée, 1., Rieradevall, M., Prat, N., 2012.
A mesocosm approach for detecting stream invertebrate community responses to treated
wastewater effluent. Environ. Pollut. 160, 95-102.

Gray, C., Hildrew, A.G., Lu, X., Ma, A., McElroy, D., Monteith, D., etal., 2016. Recovery
and nonrecovery of freshwater food webs from the effects of acidification. Adv. Ecol.
Res. 55, 475-534.

Guttinger, H., Stumm, W., 1992. An analysis of the Rhine pollution caused by the Sandoz
chemical accident, 1986. Interdiscip. Sci. Rev. 17, 127-136.

Hairston Jr., N.G., Ellner, S.P., Geber, M.A., Yoshida, T., Fox, J.A., 2005. Rapid evolution
and the convergence of ecological and evolutionary time. Ecol. Lett. 8, 1114-1127.

Halstead, N.T., McMahon, T.A., Johnson, S.A., Raftel, T.R., Romansic, J.M.,
Crumrine, P.W., Rohr, J.R., 2014. Community ecology theory predicts the eftects
of agrochemical mixtures on aquatic biodiversity and ecosystem properties. Ecol. Lett.
17 (8), 932-941.

Hamers, T., Molin, K.RJ., Koeman, J.H., Murk, AJ., 2000. A small-volume bioassay
for quantification of the esterase inhibiting potency of mixtures of organophosphate
and carbamate insecticides in rainwater: development and optimization. Toxicol. Sci.
58, 60—67.

Hampton, S.E., Strasser, C.A., Tewksbury, JJ., Gram, W.K., Budden, A.E.,
Batcheller, A.L., Duke, C.S., Porter, J.H., 2013. Big data and the future of ecology.
Front. Ecol. Environ. 11, 156-162.

Hering, J.G., Hoehn, E., Klinke, A., Maurer, M., Peter, A., Reichert, P., Robinson, C.,
Schirmer, K., Schirmer, M., Stamm, C., Wehrli, B., 2012. Moving targets, long-lived
infrastructure, and increasing needs for integration and adaptation in water management:
an illustration from Switzerland. Environ. Sci. Technol. 46, 112-118.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0135
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0135
http://dx.doi.org/10.1021/es500907n
http://dx.doi.org/10.1021/es500907n
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf9010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf9010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf9010
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0145
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0145
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0145
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0145
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0150
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0150
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0150
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0150
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0150
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0155
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0155
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0155
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0160
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0160
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0165
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0165
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0165
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0170
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0170
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0175
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0175
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0175
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0175
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0175
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf9000
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf9000
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf9000
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0180
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0180
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0180
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0185
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0185
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0190
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0190
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0190
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0190
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0195
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0195
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0195
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0195
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0200
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0200
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0200
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0205
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0205
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0205
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0205

Impacts of Micropollutants in Aquatic Ecosystems 219

Heynen, M., Fick, J., Jonsson, M., Klaminder, J., Brodin, T., 2016. Effect of
bioconcentration and trophic transfer on realized exposure to oxazepam in 2 predators,
the dragonfly larvae (Aeshna grandis) and the Eurasian perch (Perca fluviatilis). Environ.
Toxicol. Chem. 35, 930-937.

Hicklen, R.S., Chadwick, M.A., Dobberfuhl, D.R., 2006. Effects of detrital food sources on
growth of a physid snail. J. Mollus. Stud. 72, 435-438.

Hofmann, G., Lange-Bertalot, H., Werum, M., 2013. Diatomeen im Susswasser-Benthos
von Mitteleuropa, 2. Korrigierte Auflage Koeltz Scientific Books, Konigstein.

Hollender, J., Zimmermann, S.G., Koepke, S., Krauss, M., McArdell, C.S., Ort, C.,
Singer, H., von Gunten, U., Siegrist, H., 2009. Elimination of organic micropollutants
in a municipal wastewater treatment plant upgraded with a full-scale post-ozonation
followed by sand filtration. Environ. Sci. Technol. 43, 7862-7869. http://dx.doi.org/
10.1021/es9014629.

Hostmann, M., Bernauer, T., Mosler, H.-]J., Reichert, P., Truffer, B., 2005. Multi-attribute
value theory as a framework for conflict resolution in river rehabilitation. J. Multi
Criteria Decis. Anal. 13, 91-102.

Huddart, J.E.A., Thompson, M.S.A., Woodward, G., Brooks, S.J., 2016. Citizen science:
from detecting pollution to evaluating ecological restoration. Wiley Interdiscip. Rev.
Water 3, 287-300.

Huntscha, S., Singer, H.P., McArdell, C.S., Frank, C.E., Hollender, J., 2012. Multiresidue
analysis of 88 polar organic micropollutants in ground, surface and wastewater using
online mixed-bed multilayer solid-phase extraction coupled to high performance liquid
chromatography-tandem mass spectrometry. J. Chromatogr. A 1268, 74-83. http://dx.
doi.org/10.1016/j.chroma.2012.1010.1032.

Hurlimann, J., Niederhauser, P., 2007. Methoden zur Untersuchung und Beurteilung der
Fliessgewasser. Kieselalgen Stufe F (flichendeckend). Bundesamt fur Umwelt, Bern.
Umwelt-Vollzug, 130 pp.

Hynes, HB.N., 1963. The Biology of Polluted Waters, second ed. Liverpool University
Press, Liverpool.

Kail, J., Brabec, K., Poppe, M., Januschke, K., 2015. The eftect of river restoration on
fish, macroinvertebrates and aquatic macrophytes: a meta-analysis. Ecol. Indic.
58, 311-321.

Keller, V.D J., Williams, R.J., Lofthouse, C., Johnson, A.C., 2014. Worldwide estimation of
river concentrations of any chemical originating from sewage-treatment plants using
dilution factors. Environ. Toxicol. Chem. 33, 447—452.

Kern, S., Fenner, K., Singer, H., Schwarzenbach, R., Hollender, J., 2009. Identification
of transformation products of organic contaminants in natural waters by computer-
aided prediction and high resolution mass spectrometry. Environ. Sci. Technol.
443, 7039-7046.

Kidd, K.A., Blanchfield, P.J., Mills, K.H., Palace, V.P., Evans, R.E., Lazorchak, J.M.,
Flick, R.W., 2007. Collapse of a fish population after exposure to a synthetic estrogen.
Proc. Natl. Acad. Sci. U.S.A. 104, 8897-8901.

Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B.,
Buxton, H.T., 2002. Pharmaceuticals, hormones, and other organic wastewater contam-
inants in U.S. streams, 1999-2000: a national reconnaissance. Environ. Sci. Technol.
36, 1202-1211.

Ladewig, V., Jungmann, D., Kohler, H.R., Schirling, M., Triebskorn, R.., Nagel, R., 2005.
Population structure and dynamics of Gammarus fossarum (Amphipoda) upstream and
downstream from effluents of sewage treatment plants. Arch. Environ. Contam. Toxicol.
50, 370-383.

Lamberti, G.A., Resh, V., 1985. Comparability of introduced tiles and natural substrates for
sampling lotic bacteria, algae and macro invertebrates. Freshw. Biol. 15, 21-30.

Lewis, S.L., Maslin, M.A., 2015. Defining the anthropocene. Nature 519, 171-180.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0210
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0210
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0210
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0210
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0215
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0215
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0220
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0220
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0220
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0220
http://dx.doi.org/10.1021/es9014629
http://dx.doi.org/10.1021/es9014629
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0230
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0230
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0230
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0235
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0235
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0235
http://dx.doi.org/10.1016/j.chroma.2012.1010.1032
http://dx.doi.org/10.1016/j.chroma.2012.1010.1032
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0245
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0250
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0250
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0255
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0255
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0255
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0260
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0260
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0260
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0265
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0265
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0265
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0265
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0270
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0270
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0270
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0275
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0275
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0275
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0275
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0280
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0280
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0280
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0280
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0280
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0285
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0285
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0290

220 C. Stamm et al.

Liess, M., von der Ohe, P.C., 2005. Analyzing effects of pesticides on invertebrate commu-
nities in streams. Environ. Toxicol. Chem. 24, 954-965.

Lindenmayer, D.B., Likens, G.E., Andersen, A., Bowman, D., Bull, C.M., Burns, E.,
Dickman, C.R., Hoffmann, A.A., Keith, D.A., Liddell, M.]J., Lowe, Al],
Metcalfe, D.J., Phinn, S.R., Russell-Smith, J., Thurgate, N., Wardle, G.M., 2012. Value
of long-term ecological studies. Austral Ecol. 37, 745-757.

MacArthur, R.H., MacArthur, J.W., 1961. On bird species diversity. Ecology 42, 594-598.

Mancinelli, G., 2012. To bite, or not to bite? A quantitative comparison of foraging strategies
among three brackish crustaceans feeding on leaf litters. Estuar. Coast. Shelf Sci.
110, 125-133.

Meylan, S., Behra, R, Sigg, L., 2003. Accumulation of copper and zinc in periphyton in
response to dynamic variations of metal speciation in freshwater. Environ. Sci. Technol.
37, 5204-5212.

Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-Being: Synthesis.
Island Press, Washington, DC.

Mougquet, N., Lagadeuc, Y., Devictor, V., Doyen, L., Duputié, A., Eveillard, D., Faure, D.,
Garnier, E., Gimenez, O., Huneman, P., Jabot, F., Jarne, P., Joly, D., Julliard, R.,
Kéfi, S., Kergoat, GJ., Lavorel, S., Le Gall, L., Meslin, L., Morand, S., Morin, X.,
Morlon, H., Pinay, G., Pradel, R., Schurr, F.M., Thuiller, W., Loreau, M., 2015.
Predictive ecology in a changing world. J. Appl. Ecol. 52, 1293-1310. http://dx.doi.
org/10.1111/1365-2664.12482.

Moya-Larafio, J., Bilbao-Castro, J.R., Barrionuevo, G., Ruiz-Lupién, D., Casado, L.G.,
Montserrat, M., Melian, C.J., Magalhies, S., 2014. Eco-evolutionary spatial dynamics:
rapid evolution and isolation explain food web persistence. Adv. Ecol. Res.
50, 76—143.

Nakagawa, S., Parker, T.H., 2015. Replicating research in ecology and evolution: feasibility,
incentives, and the cost-benefit conundrum. BMC Biol. 13, 88. http://dx.doi.org/
10.1186/512915-12015-10196-12913.

Neumann, M.B., Rieckermann, J., Hug, T., Gujer, W., 2015. Adaptation in hindsight:
dynamics and drivers shaping urban wastewater systems. J. Environ. Manage.
151, 404—415.

O’Neal, M.E., Landis, D.A., Isaacs, R, 2002. An inexpensive, accurate method for measur-
ing leaf area and defoliation through digital image analysis. J. Econ. Entomol.
95, 1190-1194.

Palmer, M.A., 2010. Water resources: beyond infrastructure. Nature 467, 534-535.

Palmer, M.A., Bernhardt, E.S., Allan, J.D., Lake, P.S., Alexander, G., Brooks, S., Carr, J.,
Clayton, S., Dahm, C.N., Follstad Shah, J., Galat, D.L., Loss, S.G., Goodwin, P.,
Hart, D.D., Hassett, B., Jenkinson, R., Kondolf, G.M., Lave, R., Meyer, J.L.,
O’Donnell, T.K., Pagano, L., Sudduth, E., 2005. Standards for ecologically successtul
river restoration. J. Appl. Ecol. 42, 208-217.

Peschke, K., Geburzi, J., Kohler, H.-R., Wurm, K., Triebskorn, R., 2014. Invertebrates as
indicators for chemical stress in sewage-influenced stream systems: toxic and endocrine
effects in gammarids and reactions at the community level in two tributaries of Lake
Constance, Schussen and Argen. Ecotoxicol. Environ. Saf. 106, 115-125.

Petchey, O.L., Pontarp, M., Massie, T.M., Kéfi, S., Ozgul, A., Weilenmann, M.,
Palamara, G.M., Altermatt, F., Matthews, B., Levine, ]J.M., Childs, D.Z,
McGill, BJ., Schaepman, M.E., Schmid, B., Spaak, P., Beckerman, A.P.,
Pennekamp, F., and Pearse, L.S., 2015. The ecological forecast horizon, and examples
of its uses and determinants. Ecol. Lett. 18, 597-611.

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contaminants in
wastewaters and the environment: current knowledge, understudied areas and recom-
mendations for future monitoring. Water Res. 72, 3—-27.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0295
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0295
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0300
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0300
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0300
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0300
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0305
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0310
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0310
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0310
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0315
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0315
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0315
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0320
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0320
http://dx.doi.org/10.1111/1365-2664.12482
http://dx.doi.org/10.1111/1365-2664.12482
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0330
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0330
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0330
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0330
http://dx.doi.org/10.1186/s12915-12015-10196-12913
http://dx.doi.org/10.1186/s12915-12015-10196-12913
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0340
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0340
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0340
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0345
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0345
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0345
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0350
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0355
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0355
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0355
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0355
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0355
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0360
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0360
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0360
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0360
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0360
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0365
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0365
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0365
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0365
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0365
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0365
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0370
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0370
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0370

Impacts of Micropollutants in Aquatic Ecosystems 221

Reyes, M., 2015. Auswirkungen von Mikroverunreinigungen und Nahrstoffen von
Klaranlagen auf Populationsstrukturen von Kieselalgen. Zertifikatsarbeit CAS Zurcher
Hochschule fur angewandte Wissenschaften, Wadenswil.

Rimet, F., Bouchez, A., 2012. Life-forms, cell-sizes and ecological guilds of diatoms in
European rivers. Knowl. Manag. Aquat. Ecosyst. 406. 01.

Robinson, C.T., Schuwirth, N., Baumgartner, S., Stamm, C., 2014. Spatial relationships
between land-use, habitat, water quality and lotic macroinvertebrates in two Swiss catch-
ments. Aquat. Sci. 76, 375-392. http://dx.doi.org/10.1007/500027-014-0341-z.

Rockstrom, J., Steffen, W., Noone, K., Persson, A., Chapin, F.S., Lambin, E.F.,
Lenton, T.M., Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit,
C.A., Hughes, T., van der Leeuw, S., Rodhe, H., Sorlin, S., Snyder, P.K.,,
Costanza, R., Svedin, U., Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V],
Hansen, J., Walker, B., Liverman, D., Richardson, K., Crutzen, P., Foley, J.A.,
2009. A safe operating space for humanity. Nature 461, 472—475.

Rosemond, A.D., Mulholland, P.J., Brawley, S.H., 2000. Seasonally shifting limitation of
stream periphyton: response of algal populations and assemblage biomass and productiv-
ity to variation in light, nutrients, and herbivores. Can. J. Fish. Aquat. Sci. 57, 66—75.

Rosés, N., Poquet, M., Muiloz, L., 1999. Behavioural and histological effects of atrazine on
freshwater molluscs (Physa acuta drap. and Ancylus fluviatilis Mull. gastropoda). J. Appl.
Toxicol. 19, 351-356.

Rosi-Marshall, E.J., Kincaid, D.W., Bechtold, H.A., Royer, T.V., Rojas, M., Kelly, J.J.,
2013. Pharmaceuticals suppress algal growth and microbial respiration and alter bacterial
communities in stream biofilms. Ecol. Appl. 23, 583-593.

Rotter, S., Sans-Piché, F., Streck, G., Altenburger, R., Schmitt-Jansen, M., 2011. Active
bio-monitoring of contamination in aquatic systems—an in situ translocation experi-
ment applying the PICT concept. Aquat. Toxicol. 101, 228-236. http://dx.doi.org/
10.1016/j.aquatox.2010.10.001.

Routledge, E.J., Sumpter, J.P., 1996. Estrogenic activity of surfactants and some of their
degradation products assessed using a recombinant yeast screen. Environ. Toxicol.
Chem. 15, 241-248.

Ruff, M., Muller, M.S., Loos, M., Singer, H.P., 2015. Quantitative target and systematic
non-target analysis of polar organic micro-pollutants along the river Rhine using high-
resolution mass-spectrometry—identification of unknown sources and compounds.
Water Res. 87, 145-154. http://dx.doi.org/10.1016/j.watres.2015.09.017.

Schindler, D.W., Hecky, R.E., Findlay, D.L., Stainton, M.P., Parker, B.R., Paterson, M.J.,
Beaty, K.G., Lyng, M., Kasian, S.E.M., 2008. Eutrophication of lakes cannot be con-
trolled by reducing nitrogen input: results of a 37-year whole-ecosystem experiment.
Proc. Natl. Acad. Sci. U.S.A. 105, 11254-11258.

Schmidt-Kloiber, A., Hering, D., 2015. www.freshwaterecology.info—an online tool that
unifies, standardises and codifies more than 20,000 European freshwater organisms and
their ecological preferences. Ecol. Indic. 53, 271-282.

Schollee, J.E., Schymanski, E.L., Avak, S.E., Loos, M., Hollender, J., 2015. Prioritizing
unknown transformation products from biologically-treated wastewater using high-
resolution mass spectrometry, multivariate statistics, and metabolic logic. Anal. Chem.
87, 12121-12129.

Schwarzenbach, R.P., Escher, B.I., Fenner, K., Hofstetter, T.B., Johnson, C.A., von
Gunten, U., Wehrli, B., 2006. The challenge of micropollutants in aquatic systems.
Science 313, 1072-1077.

Schymanski, E.L., Singer, H.P., Longrée, P., Loos, M., Ruff, M., Stravs, M.A., Ripollés
Vidal, C., Hollender, J., 2014. Strategies to characterize polar organic contamination
in wastewater: exploring the capability of high resolution mass spectrometry. Environ.
Sci. Technol. 48, 1811-1818.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0375
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0380
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0380
http://dx.doi.org/10.1007/s00027-014-0341-z
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0390
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0395
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0395
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0395
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0400
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0400
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0400
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0400
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0400
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0405
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0405
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0405
http://dx.doi.org/10.1016/j.aquatox.2010.10.001
http://dx.doi.org/10.1016/j.aquatox.2010.10.001
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0415
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0415
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0415
http://dx.doi.org/10.1016/j.watres.2015.09.017
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0425
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0425
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0425
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0425
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0430
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0430
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0430
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0435
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0435
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0435
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0435
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0440
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0440
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0440
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0445
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0445
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0445
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0445
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0445
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0445

222 C. Stamm et al.

Silva, E., Rajapakse, N., Kortenkamp, A., 2002. Something from ‘Nothing'—eight weak
estrogenic chemicals combined at concentrations below NOECs produce significant
mixture effects. Environ. Sci. Technol. 36, 1751-1756.

Singer, H.P., Wossner, A.E., McArdell, C.S., Fenner, K., 2016. Rapid screening for exposure
to ‘non-target’ pharmaceuticals from wastewater effluents by combining HRMS-based
suspect screening and exposure modeling. Environ. Sci. Technol. 50, 6698—6707.

Slocum, M.G., Roberts, J., Mendelssohn, I.A., 2009. Artist canvas as a new standard for the
cotton-strip assay. J. Plant Nutr. Soil Sci. 172, 71-74.

Stephens, D.W., Jennings, ML.E., 1976. Determination of primary productivity and commu-
nity metabolism in streams and lakes using diel oxygen measurements. U.S. Geological
Survey Computer Contribution, 100 pp.

Stucki, P., 2010. Methoden zur Untersuchung und Beurteilung der Fliessgewasser.
Makrozoobenthos Stufe F. Umwelt-Vollzug Nr. 1026, Bundesamt fur Umwelt,
Bern. 61 pp.

Sundermann, A., Stoll, S., Haase, P., 2011. River restoration success depends on the species
pool of the immediate surroundings. Ecol. Appl. 21, 1962—-1971.

Ternes, T.A., 1998. Occurrence of drugs in German sewage treatment plants and rivers.
Water Res. 32, 3245-3260.

Thompson, M.S.A., Bankier, C., Bell, T., Dumbrell, AJ., Gray, C., Ledger, M.E.,
Lehmann, K., McKew, B.A., Sayer, C.D., Shelley, F., Trimmer, M., Warren, S.L.,
Woodward, G., 2015. Gene-to-ecosystem impacts of a catastrophic pesticide spill: test-
ing a multilevel bioassessment approach in a river ecosystem. Freshw. Biol.. http://dx.
doi.org/10.1111/fwb.12676.

Tiegs, S.D., Clapcott, J.E., Griffiths, N.A., Boulton, A.J., 2013. A standardized cotton-strip
assay for measuring organic-matter decomposition in streams. Ecol. Indic. 32, 131-139.

Tlili, A., Berard, A., Blanck, H., Bouchez, A., Cassio, F., Eriksson, K.M., Morin, S.,
Montuelle, B., Navarro, E., Pascoal, C., Pesce, S., Schmitt-Jansen, M., Behra, R.,
2015. Pollution-induced community tolerance (PICT): towards an ecologically relevant
risk assessment of chemicals in aquatic systems. Freshw. Biol.. http://dx.doi.org/
10.1111/fwb.12558.

Tockner, K., Pusch, M., Borchardt, D., Lorang, M.S., 2010. Multiple stressors in coupled
river—floodplain ecosystems. Freshw. Biol. 55 (Suppl. 1), 135-151.

Travis, J., Reznick, D., Bassar, R.D., Lopez-Sepulcre, A., Ferriere, R., Coulson, T., 2014.
Understand nature? Answers from studies of the Trinidadian guppy. Adv. Ecol. Res.
50, 1-40.

Underwood, A.J., 1994. On beyond BACI: sampling designs that might reliably detect envi-
ronmental disturbances. Ecol. Appl. 4, 3—15.

Van den Brink, P.J., 2008. Ecological risk assessment: from book-keeping to chemical stress
ecology. Environ. Sci. Technol. 42, 8999-9004.

van Straalen, N.M., 2003. Ecotoxicology becomes stress ecology. Environ. Sci. Technol.
37, 324A-330A.

Vaughan, LP., Ormerod, SJ., 2012. Large-scale, long-term trends in British river
macroinvertebrates. Glob. Chang. Biol. 18, 2184-2194.

Visco, J.A., Apothéloz-Perret-Gentil, L., Cordonier, A., Esling, P., Pillet, L., Pawlowski, J.,
2015. Environmental monitoring: inferring the diatom index from Next-Generation
Sequencing data. Environ. Sci. Technol. 49, 7597-7605.

von der Ohe, P.C., Liess, M., 2004. Relative sensitivity distribution of aquatic invertebrates
to organic and metal compounds. Environ. Toxicol. Chem. 23, 150—-156.

Vorosmarty, C.J., Mclntyre, 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, 555-561.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0450
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0450
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0450
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0455
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0455
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0455
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0455
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0460
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0460
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0465
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0465
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0465
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0470
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0470
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0470
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0470
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0470
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0475
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0475
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0480
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0480
http://dx.doi.org/10.1111/fwb.12676
http://dx.doi.org/10.1111/fwb.12676
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0490
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0490
http://dx.doi.org/10.1111/fwb.12558
http://dx.doi.org/10.1111/fwb.12558
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0500
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0500
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0505
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0505
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0505
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0510
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0510
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0515
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0515
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0520
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0520
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0525
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0525
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0530
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0530
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0530
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0530
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0535
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0535
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0540
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0540
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0540
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0540
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0540

Impacts of Micropollutants in Aquatic Ecosystems 223

Ward, J.V., Tockner, K., Arscott, D.B., Claret, C., 2002. Riverine landscape diversity.
Freshw. Biol. 47, 517-539.

Watts, M.M., Pascoe, D., Carroll, K., 2002. Population responses of the freshwater amphi-
pod Gammarus pulex (L.) to an environmental estrogen, 17a-ethinylestradiol. Environ.
Toxicol. Chem. 21, 445—450.

Woker, H., Wuhrmann, K., 1957. Die Reaktion der Bachfauna auf Gewasservergiftungen.
Rev. Suisse Zool. 64, 253-262.

Woodward, G., Gessner, M.O., Giller, P.S., Gulis, V., Hladyz, S., Lecert; A., Malmqvist, B.,
McKie, B.G., Tiegs, S.D., Cariss, H., Dobson, M., Elosegi, A., Ferreira, V.,
Graga, M.AS., Fleituch, T., Lacoursi¢re, J.O., Nistorescu, M., Pozo, J.,
Risnoveanu, G., Schindler, M., Vadineanu, A., Vought, L.B.M., Chauvet, E., 2012.
Continental-scale effects of nutrient pollution on stream ecosystem functioning.
Science 336, 1438-1440.


http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0545
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0545
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0550
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0550
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0550
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0550
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0555
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0555
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0555
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560
http://refhub.elsevier.com/S0065-2504(16)30015-0/rf0560

	Unravelling the Impacts of Micropollutants in Aquatic Ecosystems: Interdisciplinary Studies at the Interfac ...
	Large-Scale Ecology and Human Impacts on Ecosystems
	Micropollutant (MP) Impacts at Different Levels of Biological Organization

	Water Management as a Real-World Experiment
	Making Use of Real-World Experiments to Understand MP Impacts
	The EcoImpact Project as a Case Study
	Design of the Field Survey
	Quantifying Environmental Drivers
	Biological Endpoints
	First Insights

	Inferring Causality (Flume Experiments)


	Outlook: Potential of Combining Real-World and Research-Led Experiments
	Planned Changes in Urban Infrastructure as Real-World Experiments
	Real-World and Research-Led Experiments in Large-Scale Ecology

	Acknowledgements
	References




