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• High-head storage hydropower plants
can cause hydropeaking

• Hydropeaking affects the biota and
functioning of river ecosystems

• Hydropeaking mitigation can be
achieved with structural and operation-
al measures

• We developed a framework to predict
the consequences of mitigation on river
ecosystems

• Mitigation measures require interdisci-
plinary assessments in an integrative
process
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Hydropower plants are an important source of renewable energy. In the near future, high-head storage hydro-
power plants will gain further importance as a key element of large-scale electricity production systems. Howev-
er, these power plants can cause hydropeaking which is characterized by intense unnatural discharge
fluctuations in downstream river reaches. Consequences on environmental conditions in these sections are di-
verse and include changes to the hydrology, hydraulics and sediment regime on very short time scales. These al-
tered conditions affect river ecosystems and biota, for instance due to drift and stranding of fishes and
invertebrates. Several structural and operationalmeasures exist tomitigate hydropeaking and the adverse effects
on ecosystems, but estimating and predicting their ecological benefit remains challenging. We developed a con-
ceptual framework to support the ecological evaluation of hydropeaking mitigation measures based on current
mitigation projects in Switzerland and the scientific literature. We refined this framework with an international
panel of hydropeaking experts. The framework is based on a set of indicators, which covers all hydrological
phases of hydropeaking and the most important affected abiotic and biotic processes. Effects of mitigation mea-
sures on these indicators can be predicted quantitatively using prediction tools such as discharge scenarios and
numerical habitat models. Our framework allows a comparison of hydropeaking effects among alternative miti-
gation measures, to the pre-mitigation situation, and to reference river sections. We further identified key issues
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that should be addressed to increase the efficiency of current and future projects. They include the spatial and
temporal context of mitigation projects, the interactions of river morphology with hydropeaking effects, and
the role of appropriate monitoring to evaluate the success of mitigation projects.

© 2016 Elsevier B.V. All rights reserved.
Table 1
Types of mitigation measures to reduce hydropeaking effects on river ecosystems.

Structural
measures

Retention volumes (e.g. basins and caverns)
Diversion of the discharge peak to a natural retention volume
(lake or large river)
Diversion of the discharge peak into a parallel channel
Morphological restorations/modifications of the impacted river
section

Operational
measures

Reduction of the discharge extremes: increasing minimal
discharge / decreasing maximal discharge
Reduction of the rate of change in discharge and water level
Reduction of the frequency of discharge peaks
Generation of a pre-surge of low magnitude before the
discharge peak
Anticyclical production of sequential power plants
1. Introduction

High-head storage hydropower plants constitute a significant por-
tion of the electricity industry in many mountainous regions of the
world. These hydropower plants are an important source of renewable
energy that can produce electricitymore efficiently andwith shorter re-
sponse time than most other types of power plants. This practice, char-
acterized by intermittent production, is crucial to respond to short-term
changes in electricity demands, for instance as a consequence of sto-
chastic electricity generation from solar and wind energy (Haas et al.,
2015). Furthermore, these hydropower plants are able to store great
volumes of water as potential energy – in particular for wintertime,
when higher electricity demands coincide with lower rainfall. Besides
these advantages, storage hydropower plants have detrimental impacts
on downstream river ecosystems. In particular, intermittent electricity
production can cause extreme downstream fluctuations in discharge
and water levels, so-called hydropeaking (Meile et al., 2011; Moog,
1993; Zimmerman et al., 2010). The ecological consequences of
hydropeaking add to other impacts of hydropower installations such
as damming, sediment retention, and channelization (Merritt et al.,
2010; Olden and Naiman, 2010; Poff et al., 2010).

Fluctuations of discharge and water level due to hydropeaking can
greatly exceed those of the natural hydrological regimes repeatedly
over the course of a day (Carolli et al., 2015; Jones, 2014). Hydropeaking
regimes are characterized by distinct hydrological phases, which often
last only for a few hours (Bevelhimer et al., 2015; Meile et al., 2011;
Moog, 1993). They include: (i) low base discharge when no electricity
is generated, (ii) rapid changes in discharge, when generation is in-
creased or decreased, and (iii) high peak discharge during periods of
maximal generation. Hydrological effects trigger changes in sediment
dynamics and water temperature leading to multiple co-occurring abi-
otic stressors (Hering et al., 2015). Because in hydropeaking reaches
these effects occur much faster and more frequently than those driven
by natural events (Jones, 2014), they may have strong impacts on
river ecosystems and their biota (De Jalon et al., 1994; Merritt et al.,
2010; Moog, 1993; Smokorowski et al., 2011; Zimmerman et al., 2010).

Rapid increases in flow velocity can cause detachment and drift of
benthic algae, fish, and invertebrates (Bruno et al., 2010; Miller and
Judson, 2014; Zeiringer et al., 2014; Young et al., 2011). Fast flows dur-
ingmaximal dischargemaymobilize sediment (Anselmetti et al., 2007),
causing mechanical damage to exposed organisms (Holomuzki and
Biggs, 2003; Jones et al., 2012), although beneficial effects might also
ensue when high flows reduce clogging of the top layers of river beds
(Young et al., 2011). Additionally, high turbidity during maximal dis-
charge may affect foraging fish relying on visual cues and also reduce
growth of benthic algae, with potential knock-on effects on higher tro-
phic levels, i.e. invertebrates and fish (Jones et al., 2012). Rapid water
level reductions can lead to stranding of fish and invertebrates and to
dewatering of spawning grounds (Moog, 1993; Richards et al., 2013;
Zeiringer et al., 2014; see review by Young et al., 2011). Abrupt changes
in water temperature, as a consequence of contrasting water tempera-
tures between reservoirs and downstream river reaches (Bonalumi et
al., 2012; Zolezzi et al., 2011), can have flow-independent impacts on
the biota including drift of invertebrates (Carolli et al., 2011). Low dis-
charge and rapid discharge changes may enhance the deposition of
suspended fine sediments in dewatered zones and increase clogging
(Fette et al., 2007; Hauer et al., 2016a), whichmay in turn reduce suitable
habitat size, oxygen exchange, and connection to the hyporheic zone.
conceptual framework for h
Some animals may avoid hydropeaking effects by moving into ref-
uges (Bruno et al., 2009; Bunt et al., 1999; Heggenes et al., 2013; Ribi
et al., 2014). However, the availability of refuges is often reduced in
hydropeaking reaches if morphological heterogeneity is also impaired.
For instance, juvenile fish select microhabitats with low flow velocities
during peak flows such as pools and side channels (Zeiringer et al.,
2014; Scruton et al., 2008), but these structures are often lacking in
channelized reaches. Furthermore, clogging reduces the interstitial
space (Fette et al., 2007), which acts as a refuge for invertebrates and ju-
venile fish (Bruno et al., 2009; Heggenes et al., 2013). In combination,
hydropeaking commonly results in a reduction of biomass at all trophic
levels and in altered behaviour, biodiversity, and community composi-
tion of river biota (Lagarrigue et al., 2002; Lauters et al., 1996) which
consequently affects river ecosystem functioning (Bond and Jones,
2015; Marty et al., 2009; Miller and Judson, 2014; Moog, 1993).

During the last decades, awareness of adverse hydropeaking effects
on river ecosystems has increased in research (e.g. EnviPEAK, 2016;
Hering et al., 2015; Moog, 1993; Person et al., 2014), management
(e.g. Parasiewicz et al., 1998; Person et al., 2014), and legislation (e.g.
in the Swiss Water Protection Act (WPA, 2011) and the European
Union (WFD, 2000)). Hydropeaking can be mitigated by structural
and operational measures (Table 1) (Brunner and Rey, 2014; Moog,
1993; Niu and Insley, 2013; Person et al., 2014). Structural measures
commonly include a retention volume to retain the discharge peak
and smoothen the release into the downstream river (e.g. basins or cav-
erns at the outlet of the power plant; Bieri et al., 2014). They mainly re-
duce rates of discharge changes during hydropeaking, but can also
achieve a pre-surge before the main discharge peak to allow for behav-
ioural responses of river organisms, and - given a large enough volume -
reduce discharge maxima (Meile et al., 2011; Parasiewicz et al., 1998;
Person et al., 2014). In some situations, diverting the discharge peak to
large downstreamwaterbodies (i.e. lakes or rivers with a large volume)
or into parallel channels of lower ecological sensitivitymay also be a re-
alistic option (e.g. Brunner and Rey, 2014). Morphological restoration of
hydropeaking reaches might also alleviate some hydropeaking effects
(see Subsection 4.2) or can be used as ecological compensation mea-
sures in the catchment.

Operational measures on the other hand aim at reducing the hydro-
logical effects of hydropeaking by adapting the production scheme
(Person et al., 2014), to (i) reduce discharge extremes through the tur-
bines, (ii) reduce rates of change in discharge, (iii) reduce the frequency
of peaks, (iv) create a step-wise discharge increase (i.e. a pre-surge),
and/or (v) by anticyclical production of sequential power plants
ydropeaking mitigation, Sci Total Environ (2016), http://dx.doi.org/
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(Table 1). Because operational measures affect the total amount and
flexibility of electricity production, they may reduce the economic sus-
tainability of the power plant and the stability of the electricity grid
(Niu and Insley, 2013; Person et al., 2014). Nevertheless, in some
socio-economic settings, operational measures or a combination of
structural and operationalmeasures can efficiently reduce hydropeaking
effects, without affecting economic sustainability (Fette et al., 2007).

The ecological and socio-economic complexity of hydropeakingmit-
igation warrants a case-specific quantitative evaluation of mitigation
measures based on a conceptual framework. A broad scientific discus-
sion on the conceptual background of hydropeaking mitigation from
an ecological standpoint is lacking but is crucial to maximize mitigation
efficiency. Our study aims at providing a conceptual framework which
combines hydropeaking impact analysis, evaluation of mitigation mea-
sures, andmonitoring ofmitigation success (Fig. 1).We further describe
themethodological approaches required for the ecological evaluation of
mitigationmeasures based on their consequences on the ecological con-
ditions in river reaches impacted by hydropeaking. Our suggestions are
based on variousmitigation projects from Switzerland and on the scien-
tific literature.

2. Material and methods

We scrutinized seven on-going hydropeaking mitigation projects
that vary in size and structure of the hydropower scheme and in the ap-
proaches chosen to evaluate mitigation measures (Table 2). We
interviewed the experts leading the ecological components of the re-
spective projects following a standardized protocol (Supplementary
Table 1) and examined the respective project reports. In particular, we
assessed the mitigation measures considered and their advantages
and limitations. We further assessed the ecological indicators used in
the respective projects, the tools used to predict their change for differ-
ent mitigation measures and the aggregation methods applied to com-
bine results from different indicators. We also examined the socio-
economic settings of each project because of its important role in defin-
ing the set of realistic mitigationmeasures. We then complemented the
findings from these projects with the scientific literature on
hydropeaking effects and on mitigation projects (e.g. in the Bregenzer
Ach; Moog, 1993; Parasiewicz et al., 1998).

In a one-day workshop, we evaluated the ecological indicators iden-
tified in the assessed mitigation projects and the literature with an in-
ternational panel of 17 experts on hydropeaking (see Supplementary
material). Prior to the workshop, a list of candidate indicators (Supple-
mentary Table 2) was sent to the participants for additions based on
their experience. During theworkshop, we first presented all indicators
and clarified the ecosystem component assessed by each indicator and
its metrics. Separate working groups then evaluated each indicator ac-
cording to (i) its relevance for hydropeaking and (ii) the ability to esti-
mate its change with mitigation measures using available prediction
tools. Findings from this evaluationwere then discussed with the entire
Fig. 1. The phases of planning and implementation of hydropeaking mitigation projects usin
consequences of mitigation measures is based on a range of ecological indicators (indicator-se
indicators (indicator-set A). Based on the outcome of the monitoring after implementation, ad
to be envisaged or the mitigation goals reassessed.
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panel and a final set of indicators covering the relevant ecosystem com-
ponents and hydrological phases was defined (Table 3).

3. Results

3.1. Ecological indicators

Quantitative predictions of the effect of mitigation measures on river
ecosystems can be based on abiotic and biotic indicators, which (i) assess
river ecosystem characteristics and processes affected by hydropeaking
and (ii) whose changes with mitigation can be predicted with existing
tools. For a comprehensive evaluation, these indicators should be com-
bined to cover the relevant abiotic and biotic ecosystem components as
well as the typical hydrological phases of hydropeaking events (Table
3). Unlike for other steps of mitigation projects, the ability to predict
how these indicators changewith hydropeakingmitigation is fundamen-
tal. As a consequence, several indicatorswe propose for prediction (Fig. 1,
Table 3) differ formethodological reasons from those commonly used for
the assessment of current hydropeaking effects (“deficit analysis”) and/or
for post-mitigationmonitoring programs. Predicted effects (and later the
outcome of monitoring) can then be compared to mitigation goals that
were defined based on a deficit analysis (Fig. 1). Mitigation goals should
include key organism groups and ecosystem processes as well as thresh-
old values of acceptable impact given socio-economic constraints (Hauer
et al., 2016b; Palmer et al., 2005; Parasiewicz et al., 2013).

In particular, we suggest functional indicators, i.e. ecological pro-
cesses, for the prediction of biotic ecosystem components. This is unlike
the structural indicators more widely used for deficit analysis or for
monitoring (i.e. indicator-set A in Fig. 1; Baumann et al., 2012). This is
a consequence ofmany structural biotic indicators being difficult to pre-
dict, because they are simultaneously affected by various interacting
abiotic and biotic processes. For instance, structural biotic indicators
such as invertebrate species richness or fish biomass can be estimated
relatively accurately for current conditions but their prediction entails
large uncertainty. Thus, predicting key processes affecting these struc-
tural biotic indicators (e.g. drift, stranding, and movement of spawning
grounds; Table 3) seems to provide amore reliable approach at present.

Hydrological indicators of hydropeaking directly affected by mitiga-
tion measures include minimal and maximal discharge, rates of dis-
charge changes during increasing and decreasing discharge as well as
the number of peaks per day and their duration (Table 3). These hydro-
logical parameters in turn, affect ecological conditions both at the patch-
scale (spatial resolution ≤1m)and the reach-scale (spatial resolution 10
m to several km) of a hydropeaking reach (Fig. 2; see Gurnell et al., 2016
for an overviewof theuse of these spatial scales in river ecosystemman-
agement). Abiotic conditions control the patch-scale habitat suitability
of river organisms through parameters such as water level, flow veloci-
ty, sediment grain size, and hydraulic shear stress aswell as clogging in-
tensity (Shields et al., 2003). However, at present quantitative
predictions of clogging are limited due to insufficient mechanistic
g mitigation measures a to n (measure a was chosen in this example). Prediction of the
t B), whereas the deficit analysis and monitoring of success is based on a different set of
aptations to the mitigation measures and/or additional mitigation measures might need

ydropeaking mitigation, Sci Total Environ (2016), http://dx.doi.org/
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Table 2
Hydropeaking mitigation projects analysed in the present study and the most detrimental hydropeaking effects, the evaluated mitigation measures, and the applied prediction tools of
each project.

River Important hydropeaking effectsa Evaluated mitigation measures Applied prediction tools

Hasliaare (upstream of
Lake Brienz)

Macroinvertebrate drift, fish stranding Retention volumes, morphological restorations,
diversion of peak discharge to downstream Lake
Brienz

Discharge scenariosb, physical river model,
hydrological models (1D), numerical habitat models
(2D)

Linth (upstream of
Lake Walen)

Macroinvertebrate drift, fish stranding,
sediment transport, movement of spawning
grounds

Retention volumes, operational reduction of
maximal discharge, morphological restorations,
diversion of peak discharge to downstream
Lake Walen

Discharge scenarios, hydrological models (1D)

Reuss (upstream of
Lake Lucerne)

Macroinvertebrate drift, fish stranding Retention cavern, morphological restorations Discharge scenarios, hydrological models (1D)

Ijentalerbach (tributary
to River Thur)

Clogging, movement of spawning grounds Operational improvement of base and peak discharge Numerical habitat models (2D)

Poschiavino (upstream
of Lago di Poschiavo)

Sediment transport, movement of
spawning grounds

Diversion of peak discharge to a downstream lake,
morphological restorations

Hydrological models for the lakes (3D)

Alpine Rhine (upstream
of Lake Constance)

Fish stranding, clogging, movement of
spawning grounds

Retention basins, operational measures
morphological restorations

Hydrological models (1D), numerical habitat
models (2D)

Ticino (upstream of
Lago Maggiore)

Macroinvertebrate drift, movement of
spawning grounds

Retention basins, operational measures,
morphological restorations

Hydrological models (1D)

a Selection of indicators was based on expert opinion and thus varied among case studies.
b Discharge scenarios include targeted manipulations of discharge to simulate hydropeaking (see text).
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knowledge linking clogging intensity to hydraulic conditions and to
sediment transport (Hauer et al., 2016a).

Other abiotic indicators are relevant at the reach-scale and include
processes of the sediment regime such as erosion, transport, and deposi-
tion of sediment (Hauer et al., 2008). Changes in water temperature and
turbidity are mainly controlled by changes in the quantity of turbinated
water, given that water in reservoirs differs from river water regarding
these parameters (Bonalumi et al., 2012). Predictions of these reach-
scale indicators can thus be based on estimates of the effects ofmitigation
measures on the ratio ofwater fromreservoirs vs. upstreamriver sections.
Moreover, assessments of changes in the wetted area at the reach-scale
allow estimating the maximal potential habitat in the reach.
Table 3
Matrix of indicators to assess the effects of hydropeakingmitigationmeasures on river ecosyste
lights indicators that can be quantitatively predicted with existing prediction tools with high a
affected by greater uncertainty (see text and Supplementary material Section 2.2.). Qb and Qp

a This indicator can be predicted with numerical habitat models which take into account patch
draulic shear stress (see also Fig. 2).

Please cite this article as: Bruder, A., et al., A conceptual framework for h
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For focal organism groups, predictions of habitat availability and
suitability should be complemented by prediction of key ecological
processes (Table 3). For fish, the respective functional indicators
include reach-scale indicators such as disturbance of spawning
grounds, drift during high discharges as well as stranding of fishes
and dewatering of redds during phases of decreasing and low dis-
charge. For invertebrates, the risks of drift and stranding might be
higher compared to fish due to their low mobility, however, some
taxa are able to access refugia in the sediment (Bruno et al., 2009).
At present, insufficient scientific knowledge on invertebrate
stranding results in uncertainty associated with the prediction of
this indicator (Table 3).
ms (represented as indicator-set B in Fig. 1). Dark shading/orange background colour high-
ccuracy, whereas prediction of indicators with light shading/yellow background colour is
= base and peak discharge, respectively.

-scale habitat conditions including water level, flow velocity, sediment grain size, and hy-
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Fig. 2. Scheme of work flow to predict reach-scale habitat availability and suitability for a given organism group and/or life stage (representing the 3rd step in the conceptual framework
shown in Fig. 1). The scheme describes the habitat features (i.e. ecological indicators from Table 3; left-hand column), the modelling steps (centre column) and the prediction tools
required for these steps or to reach the next step (right-hand column). The hydrological parameters used as input for the work flow are defined by the considered mitigation options
and described by respective representative discharge conditions (see text). The reach-scale habitat availability can subsequently be further aggregated for all relevant organism groups
and with socio-economic consequences of mitigation measures. MCDA = Multi-Criteria Decision Analysis.
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3.2. Tools to predict indicator values for alternative mitigation measures

We suggest a sequential prediction of the effects of mitigation
measures on the ecology of hydropeaking reaches (Fig. 2; see also
Parasiewicz, 2007 and Casas-Mulet et al., 2014). First, hydrological
indicators are predicted for alternativemitigationmeasures, using for in-
stance one-dimensional hydrologicalmodels that reflect the characteris-
tics of mitigation measures, in particular the volume of retention basins
or parameters of operational measures, etc. These models can take into
account statistical descriptions of hydrological indicators (Table 3),
including for instance their 95% percentiles (Bevelhimer et al., 2015).
The result of this modelling step, which reflects the combined hydrolog-
ical consequences of mitigation measures, is henceforth referred to as
“representative discharge conditions”. Second, representative discharge
conditions are used as input parameters for a combination of prediction
tools, including discharge scenarios and numerical habitat and sediment
models to predict changes in other indicators (Table 3; Hauer et al.,
2008; Person et al., 2014; Schweizer et al., 2010; Shields et al., 2003).
Representative discharge conditions can also account for the effects of
future changes to the production scheme and/or those due to climate
change (Bieri et al., 2011; Gaudard et al., 2014).

Discharge scenarios are based on short-term adaptations of the pro-
duction scheme of hydropower plants, and in turn of the hydrology in
the hydropeaking reach to simulate representative discharge conditions
(Schweizer et al., 2010). These scenarios allow in-situ measurements of
patch-scale and reach-scale indicators (Fig. 2). Patch-scale indicators
such as flow velocity, water depth, and grain size distribution can then
be combined with information on the specific response of organisms
and/or life stages to a range of values in these conditions, e.g. from dis-
charge scenarios or the literature. Correlations between gradients in
these abiotic indicators and preference of the biota can be described
with statistical approaches including preference curves (Bovee, 1986)
or random forest analyses (Vezza et al., 2015) commonly used in habitat
models (described below). Some reach-scale indicators can also be
Please cite this article as: Bruder, A., et al., A conceptual framework for h
10.1016/j.scitotenv.2016.05.032
predicted with discharge scenarios including changes in wetted area,
turbidity, water temperature, the intensity of drift and stranding of in-
vertebrates and fish, as well as occurrences of dewatered redds and in-
terruptions of spawning.

During discharge scenarios, predictions of these indicators and the
consequences of mitigation measures in general can be compared
among impacted river sectionswith contrasting hydraulic andmorpho-
logical conditions and habitat features (Hauer et al., 2016a). However,
predictions based on discharge scenarios are limited to current river
morphology and are, therefore, unable to account for effects of simulta-
neous morphological restorations - although some conclusions can be
drawn by comparing morphologically distinct river reaches (Hauer et
al., 2016b; IRKA, 2012). Another limitation of discharge scenarios in-
cludes their inability to simulate mid- and long-term effects of mitiga-
tion, such as the recovery of river communities or ecosystem
functions. Moreover, because discharge scenarios affect the production
scheme of power plants, they are usually limited to short periods and
need to be planned and carried out in close collaboration between oper-
ators and ecologists.

Numerical habitat models based on correlations between abiotic
indicators and preference of the biota can be used to integrate the
consequences of patch-scale indicators for key taxa and life stages
of the river biota. Several modelling approaches have been applied
that account for the multivariate controls of habitat suitability de-
fined by the various patch-scale indictors. They either directly com-
pute multivariate metrics (e.g. random forest models; Vezza et al.,
2015) or compute univariate metrics which are combined in subse-
quent steps (e.g. CASiMiR; García et al., 2011 or MesoHABSIM;
Parasiewicz, 2007).

In combination with representative discharge conditions and mor-
phological descriptions (i.e. hydromorphological metrics or maps; e.g.
García et al., 2011; Lamouroux et al., 1998) of hydropeaking reaches, nu-
merical habitat models can be used to upscale the respective patch-
scale habitat suitability to the reach-scale (Freeman et al., 2001; García
ydropeaking mitigation, Sci Total Environ (2016), http://dx.doi.org/
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et al., 2011; Parasiewicz et al., 1998; Parasiewicz, 2007; Parasiewicz et
al., 2013; Person et al., 2014; Tuhtan et al., 2012). Similarly, changes in
reach-scale processes of the sediment regime including erosion, trans-
port, and deposition of sediment can be predicted using sediment
models (Hauer et al., 2008, Shields et al., 2003) and the results integrat-
ed into reach-scale habitat models. Validation of hydromorphological
and sedimentmodels can be based onmeasurements carried out during
discharge scenarios. Differences in taxon-specific habitat availability
and suitability at the reach-scale can then be compared among different
mitigationmeasures and river reaches (Person et al., 2014; Tuhtan et al.,
2012).Metrics for comparisons include for instance the cumulative area
available to river organisms, with individual spatial grids represented in
the models weighted by their suitability (e.g. weighted usable area;
Bovee, 1986; Hauer et al., 2008).

The information content and precision of indicators and prediction
tools depend on the accuracy of the input data, including the spatial res-
olution of the river morphology, the taxonomic resolution of the biotic
community, and the preference of taxa to environmental conditions.
The balance between measuring effort and model information content
should therefore reflect the complexity of the river reach in these as-
pects. In any case, a great investment into prediction tools is warranted
due to the importance of small spatial scales for habitat suitability
(Parasiewicz et al., 2013). A detailed discussion of different numerical
habitat and sedimentmodels is beyond the scope of this study, but sev-
eral studies provide useful insights on their approaches and how they
can be applied in hydropeaking mitigation projects (Conallin et al.,
2010; Dunbar et al., 2012; Shields et al., 2003; Tuhtan et al., 2012;
Person et al., 2014).
3.3. Aggregation of indicator values

To selectmitigationmeasureswith highest ecological benefit, results
from the reach-scale indicators and the respective habitat and sediment
models should be aggregated. Similarly, the taxon-specific reach-scale
habitat availability and suitability need to be aggregated for all key
taxa and for all relevant river reaches. In most analysed mitigation pro-
jects, aggregation was based on expert opinion. However, tools exist for
a quantitative and objective aggregation of indicator values. Although
untested for hydropeaking mitigation, aggregation tools such as Multi-
Criteria Decision Analysis (MCDA) frameworks for river management
(Reichert et al., 2015; Vučijak et al., 2013) seem suitable for this aggre-
gation step. In MCDA and similar approaches, the values of the individ-
ual indicators are standardized using value functions, which link the
measured indicator values to a common scale or range of categories
representing their ecological consequences. Scales might be defined as
values ranging from 0 (worst condition) to 1 (optimal condition;
Langhans et al., 2013) or categories ranging from poor to very good
(WFD, 2000; Baumann et al., 2012). In a second step, indicator values
are aggregated to an overall value for each mitigation measure, which
can be used to rank the measures (Langhans et al., 2014; Vučijak et al.,
2013).

Aggregation tools also allow comparing outcomes of mitigation
measures to various other ecosystem states, including reference
sites (Murchie et al., 2008; White and Walker, 1997). In addition to
ecological indicators, aggregation should include socio-economic
consequences of mitigation measures such as consequences on
flood protection measures and energy policy goals (Langhans et al.,
2014; Vučijak et al., 2013). Their consideration is crucial in
hydropeaking mitigation projects given the size of these projects and
the far-reaching consequences for electricity production, landscape
protection, land-use, etc. (see Person et al., 2014). As with other aggre-
gation tools, conclusions need to be developed with interdisciplinary
expert knowledge of the local ecosystem and socio-economic situation
including broad stakeholder participation (Reed, 2008; Reichert et al.,
2015).
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4. Discussion

4.1. The importance of the spatial and temporal context

The conceptual framework and the set of indicators we suggest to
predict the ecological consequences of mitigation measures (Fig. 1;
Table 3), is based on diverse mitigation projects and expertise and is
thus widely applicable. However, the specific spatial and temporal
context of each mitigation project defines the most important
hydropeaking effects in the respective case aswell as feasiblemitigation
measures. A great investment in assessing the case-specific context is
thus warranted.

The local context includes specific hydrological effects of
hydropeaking and of the natural flow and sediment regime (e.g. occur-
rence and magnitude of floods; Hauer et al., 2016b), the composition of
the biota, the morphology of the impacted reach, its three-dimensional
connectivity, as well as socio-economic constraints (discussed below).
Furthermore, the intensity of hydropeaking varies seasonally as a conse-
quence of temporal changes in electricity demand andnatural discharge
(Lauters et al., 1996). Similarly, effects of abrupt temperature changes
due to differences in water temperature between reservoirs and down-
stream river reaches often varies seasonally (Zolezzi et al., 2011). Sensi-
tivity of some river organisms may also differ in the course of the year,
for instance due to habitat requirements of different life stages
(Person et al., 2014; Zeiringer et al., 2014; Valentin et al., 1996). Addi-
tionally, sub-daily variation in sensitivity might also be important for
some organisms and should be included into the ecological evaluation
and development of mitigation measures. In particular, habitat use
and in turn habitat suitabilitymay undergo substantial diurnal variation
(Davey et al., 2011). For instance, drift and stranding of fishes in re-
sponse to hydropeaking can be substantially higher at night compared
to daytime, due to different habitat use (Auer et al., 2016). Certain
mitigation measures can - to some extent - adapt to this temporal vari-
ability. These include operational mitigationmeasures and themanage-
ment of retention volumes, which allow more intense electricity
production during times of low ecological sensitivity (Becker et al.,
1982; Person et al., 2014).

Detailed, context-specific information is also crucial for the defini-
tion of realistic ecological goals of mitigation projects (Palmer et al.,
2005; Trussart et al., 2002) and needs to be assessed during the deficit
analysis (Fig. 1). For instance, the population of resident fish species
might be most efficiently supported by enhancing processes relevant
for their recruitment including small-scale migration, spawning, and
survival of juveniles (Table 3; Murchie et al., 2008; Person et al., 2014).

4.2. The role of river morphology

Rivermorphology plays a pivotal two-fold role for reaches impacted
by hydropeaking. Morphological heterogeneity is crucial in providing
diverse habitat and refuges for biotic communities, but it also interacts
with hydrological and hydraulic hydropeaking effects (Casas-Mulet et
al., 2014; Hauer et al., 2016a; IRKA, 2012; Vanzo et al., 2016). In many
cases, hydropeaking reaches are channelized resulting in low morpho-
logical heterogeneity and habitat diversity (Ribi et al., 2014; Zeiringer
et al., 2014). In channelized reaches, hydropeaking mitigation may
only marginally improve the ecological condition, i.e. a likely outcome
for hydropeaking mitigation of the Alpine Rhine (Hauer et al., 2016a)
and the Hasliaare (Person et al., 2014; Supplementary Table 1).

Observations from rivers on the role of morphology are supported
by experiments using artificial flumes. For instance, in studies by
Zeiringer et al. (2014) andAuer et al. (2016), drift and stranding of gray-
ling larvae and juveniles increased due to hydropeaking. However, if ex-
perimental channels were equipped with permanently wetted lateral
groins, hydropeaking effects were strongly reduced (Zeiringer et al.,
2014). On the other hand, somemorphological elements might intensi-
fy hydropeaking effects. For instance, low-gradient banks or gravel bars
ydropeaking mitigation, Sci Total Environ (2016), http://dx.doi.org/
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can increase the risk of stranding, because the reduction of the wetted
area during water-level declines occurs faster compared to high-gradi-
ent banks (Bell et al., 2008; Hauer et al., 2016a; Tuhtan et al., 2012)
and because animals may become trapped in potholes (Zeiringer et al.,
2014; Young et al., 2011). Further investigations are required to assess
the effects of other morphological elements (e.g., logs, gravel banks,
boulders, rip-rap structures) but also to elucidate their stability during
floods with substantial sediment redistribution (Bremset and Berg,
1999; Hauer et al., 2008).

Morphological and hydraulic heterogeneity might alleviate some
hydropeaking effects with increasing distance to the outlet of the pow-
erhouses as a consequence of bed roughness, hydrological retention, the
influence of tributaries, and in general by providing refuges (Ribi et al.,
2014). Morphological restorations of hydropeaking reaches and tribu-
taries might also be applied as ecological compensation measures, if di-
rect hydropeaking mitigation is unfeasible (Table 1). Because of these
diverse interactions, hydropeakingmitigation andmorphological resto-
rations should be planned in concert (Hauer et al., 2016a).

4.3. The socio-economic context

Socio-economic considerations have great influence on the mitiga-
tion goals and the set of realistic mitigation measures (Hauer et al.,
2016b; Hering et al., 2015). They include technical and economic con-
straints of the power plant, other land and water uses in the catchment
and legal regulations such as those dealing with protection of land-
scapes, flood protection, or energy policy (Person et al., 2014). Other
land and water uses might add further stress on biotic communities in
hydropeaking reaches, for instance via altered sediment regimes,
(agro-)chemical effluents, lack of longitudinal, lateral and vertical con-
nectivity, and fish stocking. On the other hand, some mitigation mea-
sures provide secondary uses (Brunner and Rey, 2014), e.g. retention
volumes can be equipped with turbines for additional hydroelectric
generation and/or used as storage volume for pumped-storage power
plants (Pérez-Díaz et al., 2012; Schweizer et al., 2008). Retention basins
can also provide aquatic habitat or opportunities for recreational activ-
ities (Heller et al., 2010). The importance of the socio-economic context
requires its inclusion in prediction ofmitigationmeasures (Section 3.3.),
as well as a catchment perspective for the planning and coordination of
multiple mitigation projects and restoration initiatives, e.g. in a frame-
work of integrated water resources management (Hering et al., 2011;
Palmer et al., 2005). Participation of relevant social and political stake-
holders is thus paramount during all these stages of mitigation projects
(Reed, 2008; Trussart et al., 2002).

4.4. Monitoring hydropeaking mitigation projects

Like other restoration projects, the outcome of hydropeakingmitiga-
tion measures should be monitored and compared to pre-defined goals
(Fig. 1; Palmer et al., 2005; Parasiewicz et al., 2013; Trussart et al., 2002).
Monitoring programs should already be included in the planning ofmit-
igation projects and coordinatedwith ecological assessments of the pre-
mitigation situation, using, if possible, the same indicators (Fig. 1;
Parasiewicz et al., 1998). Long-term monitoring might be required for
detecting ecological recovery, which is especially true for slow process-
es and taxa with complex life cycles such asmigratory fish. If mitigation
goals are not met, causes of failure have to be identified and mitigation
measures – or mitigation goals if they prove unrealistic – need to be
adapted (Fig. 1). However, because structural hydropeaking mitigation
measures are extremely costly, iterative approaches are usually pre-
cluded unlike for other restoration types, e.g. morphological restoration
projects (Palmer et al., 2005). Institutionalizing the assessment and
publication of experiences madewith mitigation projects is thus crucial
to improve the effectiveness of future mitigation measures (Palmer et
al., 2005) and their conceptual basis (this study).
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4.5. Knowledge gaps affecting efficient hydropeaking mitigation

Our analysis of the scientific literature revealed some hydropeaking
effects that are still poorly understood. These include stranding of inver-
tebrates or substrate clogging (Table 3; Becker et al., 1982; Shen and
Diplas, 2010). Also, knowledge of hydropeaking effects on benthic
algae, on microorganisms in general, and on the riparian vegetation is
scarce (but see Graf, 2006; Merritt et al., 2010; Miller and Judson,
2014). In addition to new targeted research projects, knowledge gaps
could be addressed by analysing datasets from the great number of
hydropeaking assessment projects, which have been carried out using
standardized methods, such as projects initiated by the European
Water Framework Directive (WFD, 2000) and the Swiss Water Protec-
tion Act (Baumann et al., 2012; Tonolla et al., 2016).

A better mechanistic understanding of hydropeaking effects would,
for instance, benefit the use of habitat models and their application in
hydropeaking situations.Many habitatmodels oversimplify the hydrau-
lic conditions in reaches affected by hydropeaking (Murchie et al.,
2008), e.g. they ignore dynamic flow periods (Heggenes, 1996; but see
Tuhtan et al., 2012). Accounting for dynamic hydrologic effects is crucial
to predict stranding of fish and invertebrates (Halleraker et al., 2003;
Young et al., 2011). As an example, the habitat models applied by
Person et al. (2014) and Parasiewicz et al. (1998) did not account for ef-
fects of the rate of change between minimal and maximal flows and
were thus unable to assess fish stranding, although both studies esti-
mated high stranding risk based on morphological features of the re-
spective river sections. Likewise, the weighted usable area (Bovee,
1986) and similar metrics used in many numerical habitat models do
not contain information on the relative locations of microhabitats and
the distance between them. This limitation is particularly relevant in
the context of hydropeaking due to the fast changes in habitat condi-
tions (Bunt et al., 1999; Scruton et al., 2008) during which organisms
need to reach refuges (Bond and Jones, 2015).

5. Conclusions

The indicator-set and conceptual framework we suggest in this
study allows prediction and evaluation of mitigation measures and is
based on experiences frommitigation projects and on the current scien-
tific knowledge. Partly, these findings have been integrated in a new
guideline document published by the Swiss Federal Office for the Envi-
ronment (Tonolla et al., 2016). Predicting all indicators suggested in our
study requires a great effort and a broad range ofmethods as well as the
involvement of hydrologists, hydrogeologists, and ecologists as well as
the support of the respective hydropower operator. Hence, a sub-set
of indicators might be applied if options are limited (Supplementary
Table 1). However, defining this sub-set requires careful analysis of
the relevant hydropeaking effects affecting key ecosystem processes in
the respective river and needs to be elaborated in a participative pro-
cess. In any case, detailed ecological assessments, evaluations, andmon-
itoring are the basis for the successful planning and implementation of
mitigation measures. Because they are in most cases extremely costly
constructions or operational adaptations, a great effort is justified also
during early steps of the mitigation projects such as the prediction of
the effects of mitigation measures on river ecosystems.
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