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12.1 Introduction

Chemicals are used widely in all spheres of modern society (Table 12.1), for example,
in industrial production (e.g., solvents, coolants), medicine (e.g., pharmaceuticals),
agriculture (e.g., pesticides), and consumer products (e.g., sunscreens). In 2015, more
than 33 million chemicals were commercially available (Chemical Abstracts Service
2015) with approximately 100,000 estimated to be in current use and 30,000 pro-
duced with more than 1 ton per year in the European Union (EU) (Breithaupt 2006).
The production of chemicals with harmful impacts to the aquatic environment in the
EU totaledmore than 130,000,000 tons in 2013 (EUROSTAT 2015). The widespread
use of such chemicals comes with their intentional (e.g., pesticide spraying) and
unintentional (e.g., leaching or gassing out) release into the environment, where they
may enter river ecosystems via different paths depending on geological, hydrological,
climatic and use patterns, often associated with land use, in the river’s catchment (see
Chap. 13). These paths include (1) direct discharge, such as from industrial facilities,
mining, or wastewater treatment plants (WWTPs), but also accidental spills; (2) run-
off from the land surface or subsurface flows, often after precipitation; (3) erosion or
disposal of waste, which can lead to the re-suspension, desorption, or diffusion of
chemicals into the water phase; and (4) atmospheric deposition of chemicals.
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Table 12.1 Effects from widely occurring chemicals in river systems

Chemical source
or use

Chemical or
chemical group Effects on structure or functions References

Pyrolysis
(incomplete
combustion) of
organic material

Polycyclic aromatic
hydrocarbons (PAH)

Genotoxicity and embryotoxicity
and changes in metabolism of fish
in Chinese rivers

Floehr et al.
(2015)

Pharmaceuticals Antibiotics Higher antibiotic resistance genes
in US river sediments with high
concentrations of antibiotics

Pei et al.
(2006)

Synthetic
hormones and
additives

17a-Ethynylestradiol,
nonylphenol

Highest feminization of fish in
surface waters in the Netherlands
with highest potential exposure to
endocrine-disrupting chemicals

Vethaak et al.
(2005)

Sunscreen UV
filters

3-Benzylidene
camphor

Environmental concentrations
related to histological and
reproductive effects in fish under
laboratory conditions

Fent et al.
(2008)

Agricultural
pesticides

Insecticides and
fungicides

Pesticide toxicity associated with
changes in microbial and
invertebrate communities and
reduction in organic matter
processing in Australian streams

Schäfer
(2012)

Biocides in
consumer products

Triclosan Changes in microbial communi-
ties in US streams

Drury et al.
(2013)

Mining and
geogenic
background

Metals Changes in invertebrate
communities in US mountain
streams

Clements
et al. (2000)

Salts related to
mining and road
de-icing

Chloride Changes in mortality and
reproduction of aquatic plants
and animals

Cañedo-
Argüelles
et al. (2013)

Fuel combustion
and geogenic
background

Acids Reduction in organic matter
processing and loss of sensitive
invertebrate species in acidic
streams

Pye et al.
(2012)

Coolants,
plasticizers, and
insulating fluids

Polychlorinated
biphenyls and other
organochlorines

Reduced gonad size, decreased
plasma levels of
11-ketotestosterone, EROD and
vitellogenin induction, and
histopathologies of male gonads

Randak et al.
(2009)

Municipal
wastewater

Complex mixture of
micropollutants

Reduced feeding of invertebrates
and leaf litter decomposition

Englert et al.
(2013)

Road runoff Metals and
polyaromatic
hydrocarbons

Changes in invertebrate
communities and organic matter
processing

Maltby et al.
(1995)
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The entry paths can be classified as point sources (e.g., path 1) and nonpoint (also
diffuse, e.g., paths 2 and 4) sources, a distinction that is important with respect to
management actions. The relevance of the entry paths is compound specific (i.e.,
influenced by physicochemical properties such as solubility, lipophilicity, vapor
pressure) and depends on the environmental context of the river in terms of pH,
temperature, ultraviolet radiation, and soil type. For example, compounds with high
water solubility and a high vapor pressure (e.g., urea herbicides) enter aquatic
systems predominantly via discharge, runoff, or subsurface flows, whereas com-
pounds with a low water solubility and low vapor pressure (e.g., polychlorinated
biphenyls) primarily enter aquatic systems via atmospheric deposition. Furthermore,
compounds with a low water solubility and high vapor pressure (e.g., pyrethroid
insecticides) enter aquatic systems primarily adsorbed or bound to particulate matter,
often during runoff events. Moreover, the environmental context influences the
movement and, in the case of organic compounds, degradation and bioavailability
of chemicals. Similarly, several environmental variables (e.g., pH, temperature, ionic
composition) govern the speciation of metals and consequently their ecotoxicolog-
ical effects.

Catchment hydrology is another important driver of the chemical exposure
regime. The magnitude, timing, frequency, and duration of spates as well as the
lateral and longitudinal connectivity influence transport and concentration levels of
chemicals in rivers (see Chap. 3, 5, 9). For example, the river discharge determines
the dilution potential for micropollutants (i.e., organic and inorganic chemical
stressors detected at concentrations of μg/L or lower) released from WWTPs
(Englert et al. 2013). Thus, discharge minima may be associated with the highest
chemical concentrations from point sources. Moreover, discharge maxima are typ-
ically associated with heavy precipitation events that can induce surface runoff or
subsurface drainage leading to the diffuse entry of agrochemicals (e.g., pesticides
and nutrients) and of chemicals from roads and urban environments [e.g., biocides,
metals, nanomaterials, and polycyclic aromatic hydrocarbons (PAHs)]. Again this
can lead to transient peak concentrations, particularly in streams, and in rivers with a
strong variability in discharge.

Depending on the compound, peak concentrations can be a more important driver
of ecological effects than the average concentration (see next section). Conse-
quently, the hydrological profile should also be considered when designing moni-
toring programs for chemicals in a river. An adequate exposure characterization
relies on sampling methods that allow for the sampling at discharge minima and
maxima. However, current governmental monitoring is largely independent from
such considerations and is conducted at fixed temporal intervals. For example, an
analysis of European river monitoring data showed that the sampling frequency is
monthly or lower in 80% of sampling sites (Malaj et al. 2014). Such a monitoring
strategy is likely to miss short-term exposure events such as runoff, which result in
peak concentrations in streams and in rivers with a strong variability in discharge.
For streams, a modeling study revealed that monthly monitoring would miss almost
all peak exposure events of pesticides, which lasted from several hours to a few days
(Stehle et al. 2013).
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Multiple sampling methods that could be used in river systems have been
developed to capture peak exposure events. These methods include automated
sampling devices that can take event-triggered or flow-dependent samples (Mortimer
et al. 2007). Passive sampling, i.e., the deployment of devices with receiving phases
into which chemicals passively diffuse or adsorb to (for an overview, see Vrana et al.
2005), can also be tailored to obtain estimates of peak exposures. However, the
abovementioned methods need adaptation to the spectrum of chemicals. In the case
of passive sampling, for example, a suitable receiving phase for the chemicals of
interest needs to be identified (Vrana et al. 2005). In this context, the analysis of land
use in the catchment can aid in selecting target chemicals for the chemical monitor-
ing (see Chap. 13): Agricultural land use is the dominant driver of pesticide input in
water bodies, whereas biocides rather enter surface waters through urban runoff or
via WWTPs (Wittmer et al. 2010). Nonetheless, a complete characterization of
chemical exposure remains a formidable challenge, especially in catchments with
mixed land use, where several hundred or thousand compounds may be present in
the different environmental media, while most monitoring programs are limited to a
few tens to hundreds of chemicals. Biomonitoring in concert with stressor-specific
biotic metrics, bioassays that indicate toxic exposure, and effect-directed analysis
and related approaches therefore represent important complementary tools for a
more holistic characterization of the chemical exposure regime (Brack et al. 2015).

12.2 Impacts

12.2.1 Propagation of Impacts Across Levels of Biological
Organization

Chemical exposure can impact individual freshwater organisms and higher levels of
biological organization (e.g., populations, species). Several examples of effects from
compounds representative for different chemical groups on ecosystem properties are
provided in Table 12.1. In this context, a toxic chemical acts initially on the
physiological level of an organism (Fig. 12.1). For example, polychlorinated biphe-
nyls and other organochlorine chemicals have been associated with changes in
enzyme activity and chemical signaling such as induction of vitellogenin or reduced
plasma levels of 11-ketotestosterone (Table 12.1). Such physiological effects repre-
sent the basis for effects on higher biological levels (Fig. 12.1): Changes in the
metabolism and chemical signaling can lead to individual-level effects such as
reduced fitness or mortality. This in turn, depending on the magnitude of effects
on individuals, translates to a reduction in the population size or, in the case of
endocrine-disrupting chemicals, to a change in the gender ratio (males to females).
On the next hierarchical level, impacts on populations may change the composition
of communities, as reported for microorganisms in response to antibiotics, to the
biocide triclosan, and to metals such as copper (Table 12.1). Community changes
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can result in a reduction of ecosystem functioning, for example, of organic matter
processing (Table 12.1), if community-level impacts are not buffered by functional
redundancy. In other words, a reduction in functioning is induced by the loss of
sensitive organisms, which is not compensated by an increase in tolerant organisms.
Finally, ecosystem-level impacts can influence meta-ecosystem dynamics and the
spatial and temporal distribution of species as well as macroecological characteris-
tics, such as species-abundance distributions (Fig. 12.2). The ecological relevance of
an impact increases from the physiological level toward the meta-ecosystem and
landscape level, whereas understanding of impacts is highest on the lower levels of
biological organization (e.g., physiological and individual). This discrepancy
between relevance and understanding is partly due to the fact that most ecotoxico-
logical studies focus on these lower levels of organization (Beketov and Liess 2012).

12.2.2 Relevance of Chemical Input into River Ecosystems

The relevance of chemical impacts on streams and rivers has been highlighted in
several large-scale studies. Toxic chemicals, organic and inorganic, were listed
among the most important pollutants in the Millennium Ecosystem Assessment for
Rivers (Fynlayson and D’Cruz 2005). Similarly, a global analysis identified water
pollution and water resource development as major ecological threats (Vörösmarty
et al. 2010), with pesticides, nutrients, and metals comprising the dominant drivers
of water pollution. Recent studies on insecticides on the global scale and on organic
chemicals on the European scale estimated that approximately 70 and 42% of water

Fig. 12.1 Examples of end points impacted by chemicals on different levels of biological
organization
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bodies are at risk of adverse effects (Stehle and Schulz 2015; Malaj et al. 2014).
However, all of the abovementioned studies relied on simplified risk assessment
approaches, which involve the comparison of a measured or predicted environmental
concentration of chemicals to an effect metric (e.g., effect concentration, threshold
concentration), which is often related to ecotoxicological laboratory or mesocosm
(e.g., artificial outdoor ponds) experiments. Such experiments mainly capture acute
toxic effects of chemicals, e.g., direct mortality. Thus, the majority of experimental
data refer to acute toxic effects, whereas data coverage is considerably lower for
long-term chronic effects (Malaj et al. 2014) or indirect effects within food webs,
which are further discussed below.

Combining this widespread availability of reliable acute toxicity data for many
organic chemicals and metals with the fact that their toxicity in aquatic ecosystems
varies strongly, the risk and exposure are often standardized based on the com-
pounds’ acute toxicity, especially in scientific studies. However, this biases risk
assessments, such as those mentioned above, toward chemicals that are likely to
cause short-term acute toxicity, such as pesticides and metals. Notwithstanding,
several other chemicals that occur widely in the environment can also have strong
impacts on populations and communities (Table 12.1) through other modes of action
than those linked to direct acute toxicity. Endocrine disruption, i.e., effects on the
hormone system, may compromise long-term population viability (Kidd et al. 2007),
and long-term chronic exposure from hydrophobic chemicals can have dramatic
effects similar to acute short-term toxicity (see discussion in Malaj et al. 2014). For
instance, exposure to low levels of estrogens, which can occur downstream from
WWTPs, induced a collapse of a fish population after 3 years of chronic exposure

Fig. 12.2 Scales and contexts that influence the impact of chemicals on organisms in river
ecosystems
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(Kidd et al. 2007). Thus, such chemicals and their potential to affect the integrity of
aquatic ecosystems over the long term may have been overlooked in these larger-
scale risk assessment studies. Moreover, chemical monitoring has been tailored
toward pesticides and metals that are long-known culprits of chemical impacts,
and exposure data on other micropollutants (e.g., pharmaceuticals, biocides,
nanoparticles) is rather scarce. Nevertheless, chemical monitoring programs have
started to include pharmaceuticals and biocides over the last decade. To sum up,
although metal and pesticide toxicity are important drivers of chemical effects and
related risks are widespread, several other chemical groups that occur widely and can
affect riverine organisms have not received sufficient recognition due to a lack of
exposure and effect data, especially related to real-world conditions. As outlined
above, effect-directed analysis and related approaches represent important tools to
unravel emerging toxicants (Brack et al. 2015), but they are rather eligible for
application in case studies than for large-scale routine monitoring.

The relevance of chemical groups varieswith land use (see above andChap. 13) and,
more broadly, with the management of chemical inputs. For example, many European
countries strongly regulate certain chemicals, and wastewater is usually treated before
discharge into surface water bodies. Consequently, inmost European regions, chemical
risks from nonpoint sources are presumably highest for invertebrates and primary
producers (see discussion in Malaj et al. 2014), whereas fish are at low risk, albeit the
efficiency of wastewater treatment varies with the compound group and related dis-
charges may entail ecotoxicological risks (see below). Contrasting examples occur in
several South Asian countries, where water regulation, and enforcement of the latter, is
weaker, leading to higher chemical pollution levels, which can pose serious risks for all
aquatic organisms including fish but also for human health, if the contaminated river
water is used for human consumption (Vörösmarty et al. 2010). In addition, the
catchment hydrology, climate, and geology influence the relevance of chemicals. For
example, particularly in arid and semiarid regions, irrigation agriculture can result in
increasing ion concentrations in water bodies and changes in ion ratios with associated
adverse ecological effects (Cañedo-Argüelles et al. 2013). Furthermore, acid rain is
particularly relevant in regions with hard-rock geology, such as granite, because of the
lack of buffer capacity. The influence of the environmental context on impacts of
chemicals is discussed in more detail in the next section.

12.2.3 Assessing and Predicting Impacts of Chemicals
in River Systems

The assessment and prediction of chemical impacts in river systems are complicated
by a range of context-dependent factors that act on different spatial scales (Clements
et al. 2012). Here, we focus particularly on factors that influence the impacts of
chemicals in river systems on the site and landscape scales (Fig. 12.2). Several of the
factors listed in Fig. 12.2 can influence the impacts of chemicals on freshwater
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organisms twofold: firstly, through their influence on chemical concentrations, bio-
availability, and speciation in the case of metals or ionizable organic compounds and,
secondly, as filters that shape the composition and sensitivity of populations and
communities on which chemical toxicants act. Above, we have already outlined that
catchment hydrology, climate, land use, and geology influence the exposure patterns
of chemicals. However, they also influence the impact on aquatic organisms by
determining which species are present and potentially modulating their physiological
fitness and ultimately sensitivity. For example, hydrology, in terms of water level
fluctuations, resulted in a tenfold increase in the sensitivity of invertebrate commu-
nities to an insecticide in a study with artificial ponds (Stampfli et al. 2013). In fact, a
wide range of additional stressors, including the abiotic variables such as pH and
temperature, have been identified as modulators of chemical impacts (Laskowski
et al. 2010). This is hardly surprising given that other pairs of stressors in rivers such
as habitat degradation (see Chap. 3) and eutrophication (Chap. 10) are also known to
interact in their impact on freshwater organisms (Jackson et al. 2015). Consequently,
prediction of the impacts of a chemical in a river would require understanding of the
interactions of chemicals with potentially co-occurring stressors or the environmental
context in general (Clements et al. 2012).

This is highly relevant for risk assessment as it implies that the same chemical
concentration can have different impacts depending on the context (Fig. 12.2).
Indeed, the multiple-stressor situation is rather the rule than the exception. An
analysis of four stressor classes in German rivers, namely, habitat degradation,
eutrophication, organic chemicals, and invasive species, found that almost all
river sampling sites (97%) were simultaneously subjected to two or more stressor
classes (Schäfer et al. 2016). Thus, the multiple-stressor situation has stimulated
large research efforts, such as the EU project MARS involving 24 research institu-
tions (http://www.mars-project.eu), though chemicals play a minor role in this
project. However, chemicals typically occur as mixtures and estimation of mixture
effects of chemicals in real-world ecosystems still represents a major challenge
(Brack et al. 2015).

Besides co-occurring stressors and abiotic variables, a wide range of context-
dependent variables govern the impacts on populations and communities. These
include, for instance, the history of disturbance, where communities with a long
history of chemical exposure may embody a history of adaptations (Johnson and
Sumpter 2015). Furthermore, the capacity to cope with or adapt to stress is related to
the energetic state of the community. Riparian vegetation contributes to the energetic
state of a river through provisioning of organic matter. This energetic state depends
also on the position in the river network as conceptualized by the river continuum
concept (Vannote et al. 1980). At the same time, the local populations and commu-
nities are linked to meta-population and meta-community dynamics, which also
depend on river network connectivity and overland distances to other network
branches as well as in-stream distances to recolonization pools (Kärnä et al. 2015).
These aspects influence the resilience of river ecosystems to chemical effects, which
is further discussed below in the context of mitigation.
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An additional source of complexity when aiming to predict impacts based on
chemical exposure results from species interactions inside communities: If a chem-
ical affects a species A that interacts with another species B, the chemical impact can
propagate onto species B, although this species was not directly affected by the
toxicant. Analogous to general ecology, this phenomenon is called an indirect effect,
though the distinction between trait-mediated and density-mediated indirect effects
is rarely made in ecotoxicological studies due to their strong laboratory orientation
(see Schäfer et al. 2016). An example for an indirect (density-mediated) effect is
represented by an herbicide input that eradicates periphyton leading to a reduction of
invertebrate grazers that had not been directly impacted by the herbicide.

Overall, we have outlined that several factors influence the effects of a chemical
under real-world conditions. Rivers often integrate, depending on the size of the
upstream catchment area, the outputs of different land use types leading to exposure
from point sources such as industrial or wastewater effluents with micropollutants,
pesticides from agriculture, and potentially biocides and salts from roads and urban
areas. These mixtures of chemicals can have a variety of direct and indirect effects on
the different trophic levels in a river, which, as highlighted above, also depend on the
general environmental context. This complexity may explain the mismatch between
effect thresholds based on laboratory or semi-field studies under simplified condi-
tions and those from field studies that have been observed for pesticides and metals
(Schäfer 2014). However, the assessment and prediction of chemical effects are
crucial for river management, taking also into account that affected river sections are
interconnected longitudinally with other sections and rivers as well as with the
surrounding landscape.

Given that both chemical exposure and effects in rivers are currently incompletely
captured, the true risk is difficult to predict. Therefore, the sheer amount of chemicals in
use that can potentially occur as mixtures in rivers requires intelligent prioritization
based on adapted monitoring strategies that enable a realistic characterization of
exposure and effects. The establishment of exposure scenarios, based on land use and
point sources, through joint modeling and monitoring approaches might aid in defining
priority substances and priority mixtures that are likely to occur and promote a more
realistic exposure characterization. Such scenarios could also help to assess potential
mixture effects as well as the interactions with co-occurring stressors, which currently
hamper a realistic evaluation of the contribution of chemicals to the ecological degra-
dation of rivers. The actual situation is partly due to the too narrow focus of current
ecotoxicological risk assessment approaches (Beketov and Liess 2012). More holistic
and field-realistic ecotoxicological approaches are required and may include tools that
detect effects in rivers on different biological levels such as biomarkers, bioassays, and
trait-based community, meta-population, and meta-community approaches. Moreover,
tools that allow for the detection of effects on ecosystem processes and in turn for the
evaluation of the consequences of such effects for ecosystem services are relevant for
river managers to balance management measures and to highlight the relevance of
measures to the public and stakeholders potentially involved in decision-making.
Additional research in the abovementioned areas is needed to deliver such tools, though
several promising avenues exist (Brack et al. 2015; Segner et al. 2014).
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12.3 Mitigation

With the goal to reduce the load of chemical stressors in ecosystems, various
mitigation measures of different categories have been proposed that range from
substitution and reduction of chemicals to effluent treatment and landscape design.
Ideally, chemicals would only be active at their place of intended action (e.g.,
pharmaceuticals inside the organism, pesticides on the crop area) and would be
harmless by design when entering nontarget ecosystems. This could, for example, be
achieved through rapid and complete degradation in the case of organic chemicals,
which has been characterized as “benign by design” (Kümmerer 2007). However,
implementation of this concept seems challenging for chemicals such as biocides
and pesticides that are used in products with an intended high longevity (e.g., paint)
or that are released to crop areas to harm specific target organisms but subsequently
often enter other environments, where nontarget organisms that are physiologically
similar to the target organisms are exposed.

Use reduction and substitution with compounds that have a lower environmental
risk are mitigation measures to decrease exposure and impacts in ecosystems such as
rivers. Apart from measures that aim at reducing the amount of a chemical released
into a receiving ecosystem at its source (e.g., discharge from industrial facilities and
mines), many “end-of-pipe” technologies and measures are currently under discus-
sion to decrease the chemical load of rivers. These can be separated into measures
targeting point sources and nonpoint sources. Regarding point sources, the most
widely used technique is the treatment of the effluent before it enters a water body, for
example, in municipal WWTPs. However, such treatments currently are incomplete
for several chemicals including metals and organic micropollutants. Consequently,
advanced treatment technologies have been developed to reduce the concentrations of
metals or organic micropollutants, the latter for which WWTP effluents are consid-
ered the major source (Schwarzenbach et al. 2006). Formetals, chemical precipitation
has widely been employed to reduce metal concentrations in effluents. This process,
however, produces sludge that needs to be disposed. Alternative methods include
adsorption to new adsorbents (bio-sorption), membrane filtration, and electrodialysis
that have a higher removal efficiency than conventional chemical precipitation but,
depending on the method, also lead to toxic waste or incur high operational costs
(Barakat 2011). For organic micropollutants, activated carbon filtration and ozona-
tion can reduce the concentrations on average by approximately 80%, where the
efficiency depends on the chemical properties of the individual chemical (Margot
et al. 2013). Such reductions in the chemical concentrations are also reflected by
alleviation of various ecotoxicological measures at subcellular, organism, and pop-
ulation levels, as documented by a meta-analysis (Bundschuh et al. 2011).

While they do offer increases in treatment efficacy, both advanced treatment
technologies increase treatment costs and can also impact aquatic organisms. Acti-
vated carbon, for instance, may adsorb, besides organic micropollutants, essential trace
elements. This results in negative, sublethal effects on aquatic life. The impacts of
these effects in the receiving ecosystem may be limited if the incoming wastewater is
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sufficiently enriched with nutrients from the receiving ecosystem (Bundschuh et al.
2011). Moreover, ozonation may induce the formation of toxic oxidation by-products
such as aldehydes and carboxylic acids that can adversely affect fish and other
organisms. These by-products can eventually be removed by means of sand filtration,
thus detoxifying the wastewater prior to its release into the receiving stream or river
ecosystem (Bundschuh et al. 2011). Furthermore, treatment technologies have been
developed to remove salt concentrations in effluents originating from resource extrac-
tion activities such as mining or hydraulic fracturing (Cañedo-Argüelles et al. 2013).

Although empirical evidence suggests that advanced treatment technologies
improve the chemical quality of the wastewater, it has been argued that aquatic
communities downstream of such point sources are adapted to the environmental
conditions including pollution after several decades of chronic exposure. Conse-
quently, Johnson and Sumpter (2015) cautioned that a modification of water quality,
albeit an improvement from the human perspective, might have negative conse-
quences for communities downstream fromWWTP potentially forcing an ecosystem
to leave its steady state by undergoing a regime shift. These considerations call for a
careful monitoring of the responses of wildlife within the receiving aquatic ecosys-
tem to understand the long-term consequences of implementing advanced treatment
technologies.

In contrast to these point sources, nonpoint sources of pesticides as well as metals
and salts require different approaches to achieve a reasonable level of mitigation. In
particular pesticides are intentionally released to the environment when applied
on crops to control for weeds (i.e., herbicides) as well as for fungal and for insect
pests (i.e., fungicides and insecticides). During or following their application, they
non-intentionally enter off-crop areas, such as aquatic ecosystems, via spray drift and
runoff (Schulz 2004). Similarly, salts are intentionally released into the environment as
road de-icers and can run off from roads and urban areas and in turn contribute to the
salinization of freshwater ecosystems (Cañedo-Argüelles et al. 2013). Another non-
point source of salts is agriculture, where, especially in arid and semiarid regions,
irrigation dissolves soil-borne salts and the clearing of natural vegetation, especially
trees, can lead to rising groundwater tables of saline water (see Jolly et al. 2001 for
examples in the Murray-Darling basin in Australia). Both processes potentially cause
diffuse inputs of saline effluents into water bodies. Similar to salt input from de-icing,
nonpoint sources of metals are primarily runoff from roads and urban areas following
heavy precipitation. Vegetated buffer strips are one mitigation measure that can reduce
the concentrations of toxicants (pesticides, metals, and salts from agricultural fields,
roads, and urban areas) in runoff flowing into aquatic ecosystems (Schulz 2004),
though erosion rills within these buffer strips can jeopardize their retention efficiency.
Moreover, such buffer strips can substantially decrease the input of pesticides into
rivers via spray drift, depending on the density of the vegetation, with dense shrubbery
being most efficient (Schulz 2004).

Within the aquatic environment, natural and constructed wetlands are
decentralized mitigation measures that can strongly reduce the concentrations and
associated effects of hydrophobic organic substances and metals [partly up to 90%
(Schulz 2004)]. Within these wetland systems, various processes contribute to the
reduced load of pesticides and metals in the water phase. The primary processes are
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adsorption to sediments and macrophytes as well as trapping of the suspended
particles carrying the insecticides. The secondary contributions of photolysis, hydro-
lysis, and microbial degradation to mitigation efficacy of wetlands are lower (Stehle
et al. 2011). Recent studies showed that wetlands can also mitigate the peak
concentrations of rather hydrophilic chemicals, albeit to a lower degree compared
to hydrophobic substances (Stehle et al. 2011). Hence, wetlands but also buffer strips
seem suitable low-tech solutions for environmental managers to mitigate loads and
effects of nonpoint source inputs of chemicals, at least for compounds that are
subjected to degradation processes (Fenner et al. 2013).

Other chemicals such as PAHs and phenomena such as acidification are linked to
the wet and dry deposition of chemicals from the atmosphere. In such cases, the
reduction of chemical emissions, for example, in the case of acidification of sulfur
dioxide and nitrogen oxides, and treatment before emission are the most feasible
mitigation measure. Finally, given that chemical effects such as diffuse inputs from
extreme weather events cannot always be avoided and, in fact, are partly acceptable
within the framework of current pesticide regulation, as long as recovery occurs,
fostering the resilience of the river ecosystem represents an important measure. This
can be achieved through improving the connectivity of river systems (Chap. 9) as
well as through preservation and creation of recolonization pools on the landscape
level. Indeed, several studies in lentic and lotic water bodies emphasized the
importance of external recolonization from such pools for recovery from toxicant
effects (Schäfer 2012; Trekels et al. 2011). The importance of healthy and intact
pools and wetlands as nurseries and refugia on the floodplain was amply demon-
strated following a massive cyanide spill on the Tisza river in 2000. Whereas all life
in the river channel was extinguished by the cyanide plume, recolonization from the
neighboring floodplain habitats was swift (weeks and months) and efficient (Sáyli
et al. 2000).

12.4 Conclusions

Toxicants still represent a relevant stressor in river ecosystems, despite major
improvements of the situation over the last decades, at least in regions with a strong
governmental regulation. Intelligent strategies are required to deal with the complex
exposure situation in terms of mixtures, multiple stressors, and other features of the
environmental context that all influence the magnitude of potential negative effects.
The identification of land use-specific exposure paths, the subsequent prioritization
of compounds and adaptation of monitoring strategies, as well as the development of
more holistic and field-realistic ecotoxicological tools would enable a reliable
characterization of exposure and effects, which is of paramount importance. Not-
withstanding, a variety of mitigation measures is available to address point and
nonpoint source pollution that range from local effluent treatment to the enhance-
ment of resilience of river ecosystems through landscape approaches. Several of
these approaches have the advantage that they would not only alleviate the problem
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of chemical toxicants in rivers but also, for instance, reduce excessive nutrient inputs
and enhance riverine connectivity.
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