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ed with key stakeholders.
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Dr. D. Barcelo
New Swiss legislation obligates hydropower plant owners to reduce detrimental impacts on rivers ecosystems
caused by hydropeaking. We used a case study in the Swiss Alps (hydropower company Kraftwerke Oberhasli
AG) to develop an efficient and successful procedure for the ecological evaluation of such impacts, and to predict
the effects of possible mitigation measures. We evaluated the following scenarios using 12 biotic and abiotic in-
dicators: the pre-mitigation scenario (i.e. current state), the future scenario with increased turbine capacity but
without mitigation measures, and future scenarios with increased turbine capacity and four alternative mitiga-
tion measures. The evaluation was based on representative hydrographs and quantitative or qualitative predic-
tion of the indicators. Despite uncertainties in the ecological responses and the future operation mode of the
hydropower plant, the procedure allowed the most appropriate mitigation measure to be identified. This mea-
sure combines a basin and a cavern at a total retention volume of 80,000m3, allowing for substantial dampening
in the flow falling and ramping rates and in turn considerable reduction in stranding risk for juvenile trout and in
macroinvertebrate drift. In general, this retention volume had the greatest predicted ecological benefit and can
also, to some extent, compensate for possible modifications in the hydropower operation regime in the future,
e.g. due to climate change, changes in the energy market, and changes in river morphology. Furthermore, it
also allows for more specific seasonal regulations of retention volume during ecologically sensitive periods
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(e.g. fish spawning seasons). Overall experience gained from our case study is expected to support other
hydropeaking mitigation projects.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Hydropower is an important renewable energy source accounting
for 16.3% (without electricity generation from pumped storage) of the
world electricity generation (IEA, 2015). Worldwide, China has by far
the largest installed capacity (194 GW) and production (920 TWh, ca.
24% of the world total) whereas in Europe, Norway is the first and
France the second highest producer of hydropower energy at
129 TWh and 76 TWh, respectively (IEA, 2015). Switzerland is also cur-
rently among the largest hydroelectricity producers in the European
Alps with 604 hydropower plants greater than 300 kW and an average
national annual production of approximately 36 TWh/a (SFOE, 2015).
This corresponds to approximately 56% of the country’s total electricity
supply, and is comparable with the ca. 69% supplied by hydropower in
Austria (E-Control, 2015). Around 52% of this electricity is produced
by high-head storage power schemes in which water is retained in res-
ervoirs and then fed through turbines to generate electricity on demand
during peak consumption periods (SFOE, 2015); in Austria the amount
is ca. 34% (E-Control, 2015).

Storage power plants offer numerous advantages over other types of
power plants, such as excellent efficiency, rapid response to grid de-
mand, carryover of electricity production from summer to winter, and
provision of grid stability by supplementing erratic power production
from solar andwind power plants. Furthermore, due to the expected fu-
ture increase in energy demand and the planned staggered ban of nu-
clear power in Switzerland, supplementary electricity production by
hydropower will probably grow in the coming years (SFOE, 2012).
However, storage power plants alter the natural flow regime, mainly
because of intermittent production due to reservoir operations reacting
to energy demand, and thereby cause severe daily and sub-daily fluctu-
ations in discharge and water levels, so-called hydropeaking (Moog,
1993; Zimmerman et al., 2010; Charmasson and Zinke, 2011; Meile
et al., 2011).

Because the hydrological effects of hydropeaking occur much faster
and more frequently than those driven by natural events, they may sig-
nificantly affect aquatic habitats, organisms and riverine ecosystempro-
cesses (for a review see Young et al., 2011; Bruder et al., 2016). Common
consequences include stranding (e.g. Saltveit et al., 2001; Young et al.,
2011; Nagrodski et al., 2012) and drift of aquatic organisms (e.g.
Bruno et al., 2009, 2010; Jones et al., 2011). Moreover, fish spawning
grounds may be disturbed, for example through dewatering, and suit-
able shore habitats displaced or lost (Liebig et al., 1998; Saltveit et al.,
2001); fine sediments are re-suspended, increasing erosion and water
turbidity (Anselmetti et al., 2007;Wang et al., 2013), andwater temper-
ature is altered (Zolezzi et al., 2011; Carolli et al., 2012; Bruno et al.,
2013). As a consequence, hydropeaking reduces the quality and avail-
ability of suitable habitats (Person et al., 2014), which is oftenmanifest-
ed in reduced reproduction, survival and biodiversity.

In Switzerland, hydropeaking from 100 to120 hydropower plants
with a ratio between peak and base flow ≥1.5:1 is estimated to seriously
affect ca. 1000 km of watercourses (Swiss Federal Office for the
Environment, 2015, unpublished). To reduce the adverse effects of
hydropeaking on riverine ecosystems, hydropower plant owners must
take appropriate mitigation measures by 2030 (Art. 39a and 83a Swiss
Water Protection Act). Similarly, hydropeaking mitigation is included
in the European Water Framework Directive (WFD, 2000), which con-
tains similar procedures as the Swiss legislation. However, detailed
knowledge of various hydropeaking effects, and, in particular, of effi-
cient approaches tomitigate them, is still rare despite increased interest
in research and management in recent decades (Moog, 1993;
Parasiewicz et al., 1998; Person et al., 2014; Bruder et al., 2016;
EnviPEAK, 2016). Methods to investigate hydropeaking impacts have
recently been proposed, but they primarily focus on hydrological-
hydraulic responses of river reaches to hydropeaking or on a limited
number of ecological indicators that can be assessed using statistical
or numerical modelling approaches (e.g. Bevelhimer et al., 2015;
Carolli et al., 2015; Vanzo et al., 2016).Moreover, thesemethods consid-
er a reduced number of theoretical measures (e.g. morphological resto-
ration or only changes in hydrological-hydraulic parameters of the flow
regime); they have not yet been developed and applied to concretemit-
igation projects and specific local conditions.

The aims of our studywere to examine possiblemethods to evaluate
hydropeaking impacts, to predict the ecological benefits of possible
measures to mitigate these impacts, and to define a viable procedure
to select the most appropriate mitigation measure. Using a recent miti-
gation project as a case study, i.e. that of the hydropower company
Kraftwerke Oberhasli AG (KWO), we provide a detailed and applied
working example for hydropeaking mitigation. In contrast to previous
methods, our overall evaluation of hydropeaking impacts is based on
representative hydrographs as well as 12 abiotic and biotic indicators
applied to a comparative analysis of several alternative mitigationmea-
sures and to the current state. Thewealth of information and experience
available as a consequence of various assessments carried out in respect
of our case study provides methodological details relevant to managers
and experts involved in similar hydropeaking mitigation projects. Fur-
thermore, we have embedded the procedures exemplified by our case
study in a conceptual framework for hydropeaking mitigation that is
transferable to other mitigation projects (see Bruder et al., 2016).

2. Methods

2.1. Hydropower scheme and study area

The hydropower company Kraftwerke Oberhasli AG (KWO) in the
Bernese Alps of Switzerland uses the energy of water from a 450 km2

catchment (21% glaciated in 2003). This water is released into the
River Hasliaare (also called upper Aare River) by the two hydropower
plants Innertkirchen I and II, where it causes hydropeaking (Fig. 1). Cur-
rently, KWO is increasing the turbine capacity of Innertkirchen I from40
to 65 m3/s (one additional turbine), allowing for a maximum total flow
release in Innertkichen of 95m3/s instead of the current 70m3/s, which
will result in an additional energy gain of 70 GWh/a without supple-
mentary water intakes.

The 16 km of river affected by hydropeaking (henceforth referred
to as ‘hydropeaking section’) begins after the inflow of the River
Gadmerwasser into the Hasliaare and ends in Lake Brienz (Fig. 1). The
mean annual discharge in the hydropeaking section is ca. 35 m3/s
with natural minimal flow in winter (Q347 = 2.4 m3/s; based on data
from 1913–1921) and floods typically occurring from May to October
(HQ2 = 190 m3/s), although occasional winter floods can reach
40 m3/s. The Hasliaare is an oligotrophic alpine river with good water
quality.

To reflect the morphological complexity of the Hasliaare and for
an accurate evaluation of the biophysical processes occurring (see
Section 2.3), the hydropeaking section downstream of the powerhouse
releases was divided into four reaches according to their predominant
morphological characteristics (Fig. 2): (i) a 0.7 km long and 27 m
wide reachwith artificial groynes in Innertkirchen; (ii) a naturally chan-
nelized 1.9 km long and b10 m wide reach in the Aare gorge; (iii) a
1.4 km long and 34 m wide reach with alternating gravel bars in



Fig. 1. Overview map of the Hasliaare catchment and the current layout of the KWO hydropower scheme. HPP I1: hydropower plant Innertkirchen I; HPP I2: hydropower plant
Innertkirchen II.
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Meiringen; (iv) a straight channelized 11.5 km long and 20 m wide
reach between Meiringen and Lake Brienz. The median grain size of
these reaches was 13 cm. Based on physical and 2D hydrodynamic
models (HYDRO_AS-2D, Tolossa et al., 2009), the threshold discharge
for bedmovementwas estimated at 150m3/s. Because of the special hy-
draulic and morphological characteristics as well as the relatively short
length and pronounced shading, the Aare gorgewas not considered fur-
ther in the hydropeaking evaluation. Additional information on the
catchment area, hydropower scheme, river morphology, and runoff/
hydropeaking practice can be found in Bieri (2012), Schweizer et al.
(2013a), Bieri et al. (2014), and Person et al. (2014).
2.2. Legal framework and general working phases for hydropeakingmitiga-
tion in Switzerland

With the revision of the Swiss Water Protection Act (WPA) and the
Swiss Water Protection Ordinance (WPO), which came into force in
2011, a legal basis was created to enforce the reduction of adverse eco-
logical impacts from hydropeaking. This is to be achieved by means of
appropriate structural or operational mitigation measures (Moog,
Fig. 2.The three study reaches of the hydropeaking section of theHasliaare. A: channelized reach
C: straight channelized reach downstream of Meiringen. Arrows indicate the direction of flow.
1993; Person et al., 2014; Bruder et al., 2016), which have to be imple-
mented by hydropower plant owners by 2030.

In Switzerland,mitigation of hydropeaking and its adverse effects on
riverine-ecosystems is divided into four main phases (Fig. 3). Firstly, by
the end of 2014, the cantons, which usually hold the water-use rights,
completed their strategic planning; this included the identification of
hydropower plants causing hydropeaking and thereby potentially
harming aquatic organisms and their habitats, and thus subject to man-
datory mitigation measures. In the second phase, cantonal authorities
set out mitigation measures for hydropeaking remediation, and re-
quired hydropower plant owners to evaluate various types of potential
mitigationmeasures (study of future scenarios), to implement cantonal
plans, and select the most appropriate measure. Thirdly, owners are re-
quired to implement the best mitigation measures, for which they re-
ceive financial support (from a fund fed by an electricity consumption
surcharge of 0.1 cent/kWh). Finally, in the fourth phase, owners must
verify the effectiveness of the measures taken (i.e. comparison of pre-
mitigation and post-mitigation scenarios).

Because of the planned upgrade in their production scheme, KWO
started their hydropeaking evaluation before the revision of the WPA,
and thus before the official time schedule for hydropeaking mitigation.
with artificial groynes in Innertkirchen; B: reachwith alternating gravel-bars inMeringen;



Fig. 3. Simplifiedoverview of the fourworking phases for hydropeakingmitigation in Switzerland. FOEN: Swiss Federal Office for the Environment; solid arrow:mandatory; dashed arrow:
if necessary.
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2.3. Hydropeaking evaluation

To evaluate the impacts of hydropeaking caused by KWO and the
mitigation measures being considered, current hydropeaking impacts
as well as further possible impacts caused by the planned increase in
turbine capacity at Innertkirchen I by 25 m3/s were considered. For
this reason, a group composed of representatives of the Swiss Federal
Office for the Environment (FOEN), the cantonal authorities of Bern,
and the KWO defined three distinct scenarios to be evaluated by the re-
spective four-step workflow (Fig. 4). The three scenarios were (i) the
pre-mitigation scenario (i.e. current state; SI), (ii) a future scenario
with increased turbine capacity but without mitigation measures (SII),
and (iii) a future scenario with increased turbine capacity and a set of
possible mitigation measures (SIII).

In the first step, representative hydrographs of each scenario were
developed by measured flow series and hydrodynamic models to gen-
erate the distribution of hydraulic conditions for each input discharge
(Fig. 4). Second, certain statistical values of the hydrographs were de-
fined based on percentiles of the generated flow series (peak and base
Fig. 4. Four-stepworkflow for hydropeaking evaluation in theHasliaare. SI: pre-mitigation
scenario; SII: future scenario with increased turbine capacity but without mitigation
measures; SIII: future scenario with increased turbine capacity and a set of possible
mitigation measures.
flow, ramping and falling rates). Third, these values were used as
input for the ecological evaluation of the different scenarios, based on
12 biotic and abiotic indicators. Fourth, themost appropriatemitigation
measurewas selected considering the ecological benefits and the cost as
well as other criteria and stakeholders interests.
2.3.1. Step 1: construction of representative hydrographs
The largest deviation from the natural flow regime and the strongest

hydropeaking effects in the Hasliaare occur in winter due to generally
low natural runoff. Moreover, the winter months represent an impor-
tant period for many ecological processes such as trout spawning and
the life histories of many macroinvertebrate (Person et al., 2014).

In the last few years, the energy market in Europe has become ex-
posed to higher volatility due to increased production capacity of new
renewables, mainly solar and wind power. Storage hydropower plants
are able to provide grid regulation, so-called ancillary services. The en-
ergy supplier is compensated for providing a particular capacity,
which might be requested at given time or not. Thus, KWO recently
changed the operational regime of some plants to provide ancillary ser-
vices to the grid. As a consequence, the turbines of Innertkirchen I often
operate with a reduced capacity, allowing for a rapid increase or de-
crease in electricity production as soon as requested by the grid. Analy-
sis of the flow data series before and after the implementation of the
ancillary services showed a decreasing tendency towards
hydropeaking.

Instead of generating artificial operation scenarios for KWO, which
would introduce several uncertainties given the assumptions made
(Bieri, 2012), and because of the considerations described above, the
representative hydrograph for the pre-mitigation scenario SI corre-
sponds to the flow series measured. We considered 15-minute data se-
ries of turbine releases at Innertkirchen I and II plus the runoff from the
non-operated catchment of the four winter periods between mid-
November and mid-March from 2009 to 2012 (Bieri et al., 2014).

Several techniqueswere considered to simulate the future operation
of KWO, and including market models which consider climate change
and electricity price forecasts, statistical measures, etc. The parties in-
volved agreed that the production data from 2009 – 2012 should be
used to develop the future operation of the hydropower plant (with in-
creased turbine capacity). In respect of the hydropower plant
Innertkirchen I, an increased turbine capacity of 25m3/swas considered
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in scenario SII by a stepwise increase in observed turbine discharge se-
ries from 2009 to 2012 (Table 1). When the total discharge of
Innertkirchen I and IIwas N54m3/s, representing around75% of the cur-
rent total capacity, the maximum increase of 25 m3/s was added. How-
ever, it is noteworthy that the current maximal turbine capacity of
70 m3/s was never reached between 2005 and 2012, and that turbine
discharge was always below 60 m3/s. For turbine discharge b34 m3/s
(ca. 50% of the current total capacity), no additional release was consid-
ered and between 34 and 54 m3/s proportional addition was applied
(Table 1).

An earlier socio-economic evaluation showed that retention vol-
umes (i.e. basins and caverns) were the only structural measures that
could mitigate hydropeaking impacts with a realistic cost-to-benefit
ratio (Person et al., 2014). For instance, direct diversion of turbinated
water into Lake Brienzwas excluded because of extensive cost. Further-
more, operational measures directly at the hydropower plant (e.g. a de-
crease in peak flow, or a reduction in ramping and falling rates) were
also discarded a priori because in Switzerland they can only be imposed
by the relevant authority if chosen by the hydropower owner over
structural measures. This reflects a political decision taken during the
revision of the WPA, which aims to minimize the negative conse-
quences of operational measures, such as reduced flexibility of produc-
tion and lowered supply of renewable energies. Because of limited land
availability and restrictions due to flood protection, the volume avail-
able for retention basins in Innertkirchen was restricted to ca.
20,000 m3, with additional volume available only by building a cavern.
Consequently, retention volumes of the following sizeswere considered
to be technically and economically realistic and thus further evaluated:
50,000m3, 60,000m3, 80,000m3 and 100,000m3 corresponding to sce-
narios SIIIa to SIIId. The representative hydrograph constructed for sce-
nario II was used as input to simulate operation of the four possible
retention volumes (for details see Bieri et al., 2014), resulting in repre-
sentative hydrographs of future scenarios SIIIa to SIIId, and reflecting
the effect of increased turbine capacity combined with the mitigation
measures. Optimization of mitigation operation was undertaken con-
sidering characteristic statistical values described in Section 2.3.2.

Finally, the generated representative hydrograph of each scenario
(SI, SII, SIIIa – SIIId) was assessed by a 2D hydrodynamic model
(HYDRO_AS-2D, Tolossa et al., 2009) for each of the three morphologi-
cally distinct reaches of the hydropeaking section as attenuation of
peak flow occurs along the river course. The model considered river ba-
thymetry measured by combining a tachymeter terrestrial system with
a GPS echo sounder (final grid size 0.5 m), calibrated by turbine peak
flow events (Person et al., 2014). The model simulated the distribution
of flow depths and velocities in the reaches, generating a distribution
of hydraulic conditions for each generated input discharge.

2.3.2. Step 2: statistical analysis of the different scenarios
Once the representative hydrographs had been constructed, statisti-

cal parameters were calculated. Because of natural flow dynamics and a
certain resilience of aquatic organisms to extreme events, statistical
analysis was based on percentiles of the generated flow series. The
95% and 100% percentiles of peak and base flow as well of the ramping
Table 1
Stepwise increase inmaximumdischarge, representing the future scenariowith increased
turbine capacity (SII). Detailed considerations for the construction and selection of represen-
tative discharge conditions and representative hydrographs are described in Schweizer et al.
(2013b).

Current total turbine discharge (m3/s) Stepwise increase (m3/s) for scenario SII

b34 +0
34–39 +5
39–44 +10
44–49 +15
49–54 +20
N54 +25
and falling rates (based on daily maximum and minimum values re-
spectively) were defined for all scenarios. The resulting hydrological pa-
rameters (95% and 100% percentiles of peak and baseflow, ramping and
falling rates) and hydraulic conditions (i.e. distribution of flow depths
and velocities) were then used to characterize and compare the
hydropeaking events of each scenario, and as input for the ecological
evaluation of the different scenarios.

2.3.3. Step 3: ecological evaluation of the different scenarios
The ecological evaluation of the different scenarios was based on 12

biotic and abiotic indicators proposed by the FOEN (Baumann et al.,
2012) and included hydraulic habitat modelling and expert judgments
as well as comparison with published studies and with a reference
river (River Lütschine: similar catchment size, morphology and glacia-
tion as the Hasliaare, but negligible hydropower influence). The value
of each individual indicator was linked to a range of five ecological-
quality classes: (i) very good, (ii) good, (iii) moderate, (iv) unsatisfacto-
ry, and (v) poor, these being comparable to the classes in the assess-
ment guidelines of the European Water Framework Directive (WFD,
2000). Evaluation of each indicator was first performed separately for
the three different hydropeaking reaches, and then worst-case aggre-
gated over the entire hydropeaking section, except for the indicator
‘longitudinal zonation of macroinvertebrates’ (M3; Table 1 in
Schweizer et al., 2013c). All indicators are described in detail in
Baumann et al. (2012; available in German, French and Italian) and a
short description, including the possiblemethodological adjustment ap-
plied in our case study, is given below. Moreover, the four indicators
‘fish stranding’ (F2), ‘macroinvertebrate biomass’ (M1), ‘diversity of
sensitive macroinvertebrate taxa’ (M4), and ‘water temperature’ (T1)
were selected as themost representative for our case study, the evalua-
tion method being described in detail in the Supplementary material.

Five indicators in Baumann et al. (2012) consider possible
hydropeaking effects on fish. The indicator ‘fish community structure’
(F1)was evaluated considering species composition and dominance re-
lationships, population structure and density of target species as well as
deformities and anomalies of fishes caught by electrofishing (Schager
and Peter, 2004). Each criterion was evaluated with a malus point sys-
tem where the number of points increases with each difference to the
situation expected under natural conditions. This indicator was catego-
rized into five ecological quality-classes given using different point
ranges. The indicator ‘fish stranding’ (F2) was evaluated considering
the variation in the wetted area during a hydropeaking event (%) and
the flow falling rate (cm/min) computed from hydraulic models as
well as from the number of stranded fish directly observed during
field surveys (#/100 m). In our case study, the effect of the percentage
ofwetted area andof theflow falling rate on stranding riskwas comput-
ed using the ecohydraulic habitat model CASiMiR (a fuzzy logic-based
model; Garcia et al., 2011). Baumann et al. (2012) categorized this indi-
cator into three (rather than five) ecological quality-classes given by the
different value ranges of each criterion (Table S1 Supplementary mate-
rial). Because the evaluation of the three reaches using these three
criteria was quite diverse, the experts decided to use five ecological
quality-classes for this indicator for the aggregated evaluation of the en-
tire hydropeaking section (Schweizer et al., 2013c). The indicator ‘fish
spawning grounds’ (F3) was evaluated considering the area with suffi-
cient water depth (N20 cm) at natural low flow and at base flow, the
area with stable substrate at peak flow, and the area with appropriate
grain size for spawning. In our case study, the areas were computed
for the situations with and without the hydropower plant using
CASiMiR. This indicator was categorized into five ecological quality-
classes given by the amount of suitable area with hydropeaking com-
pared to the area without hydropeaking. In Baumann et al. (2012), the
indicator ‘fish reproduction’ (F4) is evaluated by considering the num-
ber of juvenile brown trout caught by electrofishing and calculated as
catch per unit effort (CPUE) if sampled in spring or as abundance (#/
ha) if sampled in summer/autumn. This indicator is then categorized
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intofive ecological quality-classes given by different CPUEor abundance
ranges. The abundance ranges are further grouped into three different
Swiss ecoregions, the Alps, the foothills of the Alps, and the midland/
Jura. In our case study, the 0+ fish were caught in May from 2009 to
2011 and the summer abundances for the ecoregion Alps was calculat-
ed. The indicator ‘fish productivity’ (F5) was evaluated by considering
the theoretical productivity of the river section calculated as annual
fish biomass per hectare (JHE; Vuille, 1997). The formula to calculate
the JHE includes macroinvertebrate biomass (g/m2) corrected for each
community composition, a water temperature coefficient, a habitat co-
efficient for morphological variability estimated using the river width,
flow depth and velocity, grain size, etc. and the typical fish region calcu-
lated from the river width and slope (Huet, 1949). This indicator was
categorized into five ecological quality-classes given by different JHE
(kg/ha) ranges and further grouped using three different altitude ranges
for watercourses b500 m a.s.l., 500–1000 m a.s.l., and N1000 m a.s.l. In
our case study, the expected values for the JHE proposed in Baumann
et al. (2012) were reduced by ca. 50% in consideration of local condi-
tions in the Hasliaare such as the high percentage of glacial water
(Schweizer et al., 2013c) and comparison with the reference river.

Four indicators in Baumann et al. (2012) consider possible
hydropeaking effects on macroinvertebrates. Macroinvertebrates are
semi-quantitatively collected in typical habitats by ‘kick netting’
(25 × 25 cm, 1 mmmesh), taxa are then sorted, counted and identified
to the family or species level and finally used for the evaluation of all
four indicators. The indicator ‘macroinvertebrate biomass’ (M1) was
evaluated by considering the altitude-dependent biomass of macroin-
vertebrates, which was calculated using the formula described by
Jungwirth et al. (1980): BM = 1/(0.000261 × (A − 0.032)), where
BM = macroinvertebrate biomass as fresh weight in g/m2, and A =
height above sea level in meters. This indicator was categorized into
five ecological quality-classes given by various ranges of the difference
(in %) between the nominal biomass value (defined by the biomass-
altitude relationship) and themeasured biomass (Table S2 Supplemen-
tary material). The indicator ‘macroinvertebrate diversity’ (M2) was
evaluated considering the macroinvertebrate community structure
based on species diversity and target taxa at family level calculated as
IBCH index (Stucki, 2010), a Swiss adaptation of the French ‘Indice
biologique global normalisé’ (AFNOR, 1992). This indicator was catego-
rized into five ecological quality-classes using different ranges of the
IBCH value. The indicator ‘longitudinal zonation of macroinvertebrates’
(M3) was evaluated by considering the longitudinal zonation (from
Eukrenal to Hypopotamal) of macroinvertebrate taxa identified at spe-
cies level and calculated as longitudinal zonation index (Moog &
Ofenböck, 2003); this was then categorized into five ecological
quality-classes using different ranges of the difference (in points) be-
tween the value determined with the longitudinal zonation index and
the nominal value of the ‘fish biocoenotic region’ (calculated using
river width, slope and temperature). In our case study, instead of taking
the ‘biocoenotic region’ as the nominal value, the species composition of
the reference river was used to evaluate whether hydropeaking had an
influence on the longitudinal zonation patterns of macroinvertebrates
(sensus Céréghino et al., 2002). The indicator ‘diversity of sensitivemac-
roinvertebrate taxa’ (M4) was evaluated considering the number of
macroinvertebrate families belonging to the Ephemeroptera (mayfly),
Plecoptera (stonefly) and Trichoptera (caddysfly). These macroinverte-
brates, commonly called EPT, are considered to bemore sensitive to dif-
ferent water impairments than other aquatic macroinvertebrates. This
indicator was categorized into five ecological quality-classes using dif-
ferent ranges in the number of EPT-families (Table S3 Supplementary
material).

Three indicators in Baumann et al. (2012) considered possible
hydropeaking effects on abiotic processes. In Baumann et al. (2012),
the indicator interstitial ‘substrate clogging’ (S1) is evaluated by consid-
ering the concentration of suspended sediments (mg/l dry matter) dur-
ing peak flow in winter. This indicator is then categorized into five
ecological quality-classes using different ranges of suspended sedi-
ments concentrations and further grouped by varying morphological
aspects of the hydropeaking reaches (e.g. straight channel, alternating
gravel bars, braided). In our case study, interstitial substrate clogging
was not evaluated with the concentration of suspended sediments as
proposed by Baumann et al. (2012) but qualitatively (external surface
aspect) and quantitatively (survival rate of fish eggs buried in the
river bed) evaluated with field surveys and comparison with the refer-
ence river. The indicator ‘minimal discharge’ (D1) was determined by
considering the remaining discharge at base flow conditions compared
to minimum residual flow defined in the WPA (Art. 31–33). Baumann
et al. (2012) categorized this indicator into two (rather than five) eco-
logical quality-classes, that is ‘good’ if the residual flow after the hydro-
power release is respected, and ‘poor’ if not. The indicator ‘water
temperature’ (T1) was evaluated by considering short-term thermal al-
terations due to hydropeaking (i.e. thermopeaking; e.g. Carolli et al.,
2012) of the receiving watercourse. Baumann et al. (2012) propose to
compute thermal alterations from river temperature time series record-
ed over five years, with a temporal resolution of 10–15min. The follow-
ing parameters are then calculated: (i) rate of temperature change (°C/
h), (ii) temperature amplitude (°C), (iii) reference temperature ampli-
tude typical for the target river type (°C), and (iv) number of daily tem-
perature peaks. The rate of temperature change is themain criterion for
the evaluation of this indicator and corresponds to a representative
maximum rate of temperature change during the transition from base
to peak flow and vice versa. For our case study, only the gauging station
Brienzwiler collected temperature data over five years (2007–2011)
and in 10-minute resolution but this station is located ca. 12 km away
from the turbine release, and it is only representative of the straight
channelized hydropeaking reach (Fig. 2). For the other two upstream
reaches, only data collected over one year (2020–2011) in the field by
temperature loggers and with a temporal resolution of one hour were
available (Person et al., 2014). Nevertheless, the indicator T1 could be
semi-quantitatively evaluated for the other two reaches by analogy
with the channelized reach and parallel temperature measurements in
the reference river (gauging station Gsteig, 10 minute temporal resolu-
tion, years 2007–2011). Au suggested by Baumann et al. (2012), this in-
dicator was categorized into five ecological quality-classes using
different ranges of the rate of temperature change corrected by the
other three factors (Table S5 Supplementary material).

For the deficit-analysis of the pre-mitigation scenario (SI), the 12 in-
dicatorswere assessed by an interdisciplinary teamof aquatic ecologists
and hydromorphologists, based on data from measurements and/or
samples obtained directly in the river. Only the two indicators F2, and
F3 required hydraulic modelling for their evaluation and thus the use
of key hydrological parameters (i.e. base and peak flow, ramping and
falling rates) extracted from the representative hydrograph of the pre-
mitigations scenario (SI). On the other hand, evaluation of the future
scenarios (SII, SIIIa–SIIId) always required the use of representative
hydrographs to predict the intensity of impacts based on the indicators.
For instance, the indicators F4,M1, andM2 can readily be assessed from
samples or measurements in the river for the evaluation of current eco-
logical conditions. However, because such indicators are influenced by
various environmental and anthropogenic factors, they are almost im-
possible to predict quantitatively for future scenarios (Bruder et al.,
2016). Thus, only four indicators could be predicted quantitatively for
future scenarios (F2, F3, D1, T1), whereas the eight otherswere predict-
ed qualitatively by analogy (i.e. based on published studies) and expert
opinion.

Despite being aware of these limitations, we chose the indicator set
proposed by Baumann et al. (2012) for two main reasons. First, time
constraints for the extension of the KWO production scheme required
theuse of availablemethodology to evaluate the effects of increased tur-
bine capacity (and respectivemitigationmeasures) on ecological condi-
tions in the Hasliaare. Second, this project served as a case study for the
FOEN to evaluate use of this indicator set to assess the pre-mitigation



Table 2
Hydrological parameters (95% percentile) calculated from the characteristic flow condi-
tions of the threemorphologically distinct reaches of the Hasliaare. SI: pre-mitigation sce-
nario; SII: future scenario without mitigation measures; SIIIa–d: future scenarios with
different mitigation measures (a: 50,000 m3; b: 60,000 m3; c: 80,000 m3; d: 100,000
m3). Reach R1: ‘artificial groynes’; R2: ‘alternating gravel-bars’; R3: ‘straight channelized’
(see Fig. 2). Qmin: base flow; Qmax: peak flow;ΔQramping: flow ramping rate;ΔQfalling: flow
falling rate. For details see Bieri et al. (2014).

Scenario Qmin

(m3/s)
Qmax

(m3/s)
ΔQramping

(m3/s·min−1)
ΔQfalling

a

(m3/s·min−1)

R1, R2,
R3

R1 R2 R3 R1 R2 R3 R1 R2 R3

SI 3.1 42.2 44.8 45.4 1.36 0.86 0.76 −0.70 −0.37 −0.20
SII 3.1 46.6 48.5 49.1 1.43 0.90 0.80 −0.70 −0.37 −0.20
SIIIa 3.1 46.5 48.0 48.6 0.90 0.57 0.50 −0.14 −0.07 −0.04
SIIIb 3.1 46.5 48.0 48.6 0.80 0.50 0.45 −0.14 −0.07 −0.04
SIIIc 3.1 46.4 47.9 48.5 0.70 0.44 0.39 −0.14 −0.07 −0.04
SIIId 3.1 46.2 47.0 48.3 0.52 0.33 0.29 −0.14 −0.07 −0.04

a Calculations of this hydrological parameter were based on discharges below 8.1 m3/s
(see text).
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scenario, to gain information on conceptual and methodological limita-
tions of these indicators to predict future scenarios (Bruder et al., 2016),
and finally to support the development of a new FOEN guideline onmit-
igation measures (see Section 4).

2.3.4. Step 4: selection of the most appropriate mitigation measure
In addition to the hydrological-hydraulic (hydrographs) and ecolog-

ical (biotic and abiotic indicators) evaluation of realistic and feasible
mitigation measures, other criteria such as the proportionality of the
costs (i.e. cost-to-benefit ratio) had to be considered in the final selec-
tion of the most appropriate measure. The interest in flood protection,
the technical requirements and restrictions of the hydropower plant
and of hydropeaking reaches (e.g. geomorphological restrictions, mini-
mumamount ofwater for the operation of turbines, possible production
losses or loss of flexibility) aswell as the interests of other social and po-
litical stakeholders (e.g. the community, landowners, environmental or-
ganizations, the agricultural sector, fishermen) had also to be
considered into the final evaluation.

In the case of the KWO, the entire evaluation process and the final
selection of the most appropriate measure was the result of intense ex-
changes between hydromorphologists and ecologists, regional, cantonal
and federal authorities, and different NGOs and organizations. This pro-
cedure was necessary to achieve a final consensus on the most efficient
mitigation measure to be implemented.

3. Results and discussion

3.1. Representative hydrographs

All the scenarios included a minimal base flow of 3.1 m3/s in all
reaches (Fig. 5; Table 2) as the residual flow in the Hasliaare had been
set to this value, which is around 0.6 m3/s higher than the natural min-
imal flow, in an independent cantonal agreement. The future scenario
with increased turbine capacity but without mitigation measures (SII)
led to a slight increase in peak flow compared to the pre-mitigation sce-
nario (SI). However, the retention volumes considered (SIIIa–SIIId)
were too small for a significant reduction in peak flow or for an increase
in base flow (Fig. 5; Table 2). Instead, thesemitigationmeasures mainly
addressed a reduction in the rates of flow change.

In scenario SI, the 95% percentile of the flow ramping rate in the up-
stream reach was 1.36 m3/s·min−1; this was predicted to increase to
1.43 m3/s·min−1 in the future scenario SII, and to gradually decrease
with increasing retention volume of the mitigation measures (SIIIa–
SIIId) (Fig. 5; Table 2). A reduction in the flow ramping rate was expect-
ed to decrease the drift of macroinvertebrates and fish (Bruno et al.,
2009, 2010; Schmutz et al., 2013; Miller and Judson, 2014). Further-
more, a reduction in flow falling rate is especially crucial for minimizing
the stranding risk of fish and macroinvertebrates (Young et al., 2011;
Fig. 5. Example of representative hydrographs (based on 95% percentile) for four different
scenarios in the hydropeaking reach “artificial groynes” (see Fig. 2): SI: pre-mitigation
scenario; SII: future scenario without mitigation measures; SIIIa and SIIIc: future
scenarios with two different mitigation measures (a: 50,000 m3; c: 80,000 m3). Details of
hydrograph generation can be found in Bieri et al. (2014).
Schmutz et al., 2013). Based on field assessments, fish stranding in the
Hasliaare can only occur under low flow conditions, i.e. below
8.1 m3/s, when the river bed is not completely inundated and fish may
become trapped in potholes (Schweizer et al., 2013c). Under such
flow conditions, the 95% percentile of the falling rate in the upstream
reach remained the same (−0.7m3/s·min−1) for scenario SI and the fu-
ture scenario SII. A reduction in flow falling rate in this reach to
−0.14 m3/s·min−1 was possible with all mitigation measures
(Table 2). Flow falling and ramping rates decreased from reach 1 to
reach 3 with increasing distance to the turbine outflow because of bed
roughness (especially in the Aare gorge), retention effects, and tributary
inflows along the hydropeaking section.

In our case study, only the 95% and 100% percentiles of the
hydrographs were considered, thus focusing mainly on quite rare but
pronounced hydropeaking events. Depending on the ecological impair-
ment, additional statistical parameters such as the median or 60% per-
centile were used for a more comprehensive characterization of
recurrent hydropeaking events, and thus further helped experts in the
ecological evaluation of mitigation measures.

3.2. Ecological evaluation

3.2.1. Evaluation of the different scenarios
For the three abiotic indicators ‘substrate clogging’ (S1), ‘minimal

discharge’ (D1) and ‘water temperature’ (T1), a good ecological state
was predicted for all the scenarios (Table 3). The concentration of
suspended sediments as well as the hydraulic conditions in the river
bed (e.g. shear stress), which are relevant parameters for interstitial
clogging, did not differ between scenarios SII and SIII, and therefore in-
dicator S1 was judged by the experts to be in a good ecological state for
both scenarios (Table 3). D1 remained in a good ecological state because
the base flow remained the same with future scenarios (Table 2).

Water temperature alteration (i.e. thermopeaking) for the future
scenarios SII and SIII were predicted using the expected mixing ratio
of the base flow upstream of the two hydropower plants and the future
discharge released by the retention volume, as well as the respective
water temperatures. Changes in T1 were minimal in respect of scenario
SI, and thus this indicator remained in a good ecological state. Even if
peak flow can theoretically increase by amaximum of 25m3/s in future
scenarios, the probable increase is much smaller considering the 95%
percentile (Table 3). Moreover, the indicator T1 is principally character-
ized by the ‘rate of temperature change’ andnot by the temperature am-
plitude (Table S5 Supplementary material), which is mostly affected by
differences in base and peak discharge. Therefore, also in scenarios
where the retention volume was too small to compensate for peak
flow and temperature amplitude, the rates of change in temperature



Table 3
Ecological evaluation of the entire hydropeaking section for the different scenarios studied
in the Hasliaare using 12 ecological indicators. SI: pre-mitigation scenario; SII: future sce-
nario without mitigation measures; SIIIa–d: future scenarios with different mitigation
measures (a: 50,000 m3; b: 60,000 m3; c: 80,000 m3; d: 100,000 m3). Colours visualize
the ecological class of the indicators, where blue = very good; green = good; yellow=
moderate; orange = unsatisfactory; and red = poor. Evaluation of the different reaches
(R1, R2, R3; Fig. 2) was worst-case aggregated for the evaluation of the entire
hydropeaking section. Detailed information on the evaluation of the different scenarios can
be found in Schweizer et al. (2013c, 2013d).

Indicator
Scenario

SI SII S IIIa/IIIba S IIIc/IIIda

Fish community structure (F1)

Fish stranding (F2)

Fish spawning grounds (F3)

Fish reproduction (F4)

Fish productivity (F5)

Macroinvertebrate biomass (M1)

Macroinvertebrate diversity (M2)

Longitudinal zonation of
macroinvertebrates (M3)

Diversity of sensitive
macroinvertebrate taxa (M4)

Substrate clogging (S1)

Minimal discharge (D1)

Water temperature (T1)

a The scenarios SIIIa and SIIIb, as well as scenarios SIIIc and SIIId achieved the same
results, and are thus presented in the same columns.
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were slightly smoothed because of the reduction in ramping and falling
rates (Table 2). Temperature alterations due to hydropeaking can have
flow-independent impacts on aquatic organisms and, e.g. increase mac-
roinvertebrate drift (Carolli et al., 2012; Bruno et al., 2013) or influence
stranding risk (Saltveit et al., 2001; Halleraker et al., 2003). Therefore,
even if minimal, a decrease in the flow rates could result in a reduction
in the everyday stress of aquatic organisms due to daily short-term tem-
perature variability.

Three macroinvertebrate indicators, ‘diversity’ (M2), ‘longitudinal
zonation’ (M3) and ‘diversity of sensitive taxa’ (M4), were in a good
or very good ecological state in scenario SI, but were predicted by the
experts to degrade by one ecological class in the future scenario SII
(Table 3). Only the macroinvertebrate indicator ‘biomass’ (M1) was in
a moderate state in both scenarios SI and SII. Evaluations of the future
scenarios SII and SIII were also supported by drift experiments in the
Hasliaare performed in 2008 (Schweizer et al., 2013a). Because future
scenarios with increased turbine capacity and mitigation measures
(SIIIa–SIIId) had considerably reduced flow ramping rates (Table 2),
the experts estimated lower macroinvertebrate drift and thereby a
long-term recovery in their biomass. Hence, the state of indicator M1
was evaluated as good for retention volumes of 50,000 m3 and
60,000 m3, and as very good for the larger volumes 80,000 m3 and
100,000 m3 (Table 3).

The predicted decrease by one ecological class of the other three
macroinvertebrate indicators (M2, M3, M4) in scenario SII was a conse-
quence of the higher peak flow and flow ramping rates (Table 2), which
increased flow velocity and hydraulic stress, and thus also the probabil-
ity that sensitive taxa disappeared or were replaced by rheophilic taxa.
Moreover, if sudden changes in water temperature increase as a conse-
quence of possible higher peak flow in future conditions, further bio-
mass reduction and community shifts may occur because of increased
active behavioral drift of macroinvertebrates induced by the
thermopeaking wave (Carolli et al., 2012; Bruno et al., 2013). However,
hydropeaking normally induces higher drift than thermopeaking; both
of them may act as separate stressors or in combination, and induce
taxon-specific drift. Because of these possible effects, the indicators
M2, M3 and M4 were conservatively predicted for the future scenario
with mitigation measures (SIIIa–SIIId), and remained in the same eco-
logical class as for the pre-mitigation scenario SI (Table 3).

The evaluation of fish indicators highlighted several ecological defi-
cits in theHasliaare. Only the indicator ‘spawning grounds’ (F3) showed
a good ecological state over all scenarios (Table 3). This indicator was
predicted using the parameters suitable grain size for spawning, areas
with N20 cm water depth at base flow, and substrate stability at peak
flow. The grain sizes in the hydropeaking section are, in general, too
large (dm = 13 cm) and not appropriate for the spawning of brown
trout. For example, Armstrong et al. (2003; and references therein) re-
ported a mean substrate size of 6.9 mm (range 8–128 mm) and Louhi
et al. (2008) of 16–64 mm as most suitable for brown trout spawning.
However, hydraulic models showed that appropriate substrate is lack-
ing not due to hydropeaking, but because of river geomorphology.
Moreover, spawning of brown trout in the Hasliaare was observed,
and stability of spawning ground was verified with hydraulic models
and field surveys. Therefore, to objectively evaluate the hydropeaking
effect, an appropriate amount of suitable grain size for spawningwas as-
sumed. Water depth did not vary between the different scenarios be-
cause the base flow was the same (3 m3/s; Table 2), and the unstable
substrate area changed only slightly between the different scenarios, al-
ways remaining below 2% of the total area. Therefore, the ecological
state of F3 was evaluated as good for all the scenarios (Table 3). This in-
dicator, however, does not consider flow velocity during spawning ac-
tivity, which has also been found to be an important parameter for
successful spawning (Armstrong et al. (2003). For example, Louhi
et al. (2008) indicated 20–55 cm/s as a favorable flow velocity range
for trout spawning.

The fish indicators ‘community structure’ (F1) and ‘reproduction’
(F4) were predicted for scenarios SI and SII to be in a moderate and
poor state, respectively, and could not be improved with the mitiga-
tion measures (SIIIa–SIIId) considered in our case study (Table 3).
For F1, the main constraining factors were identified in the structure
and density of trout populations, and for F4 in the very low abun-
dance of juveniles (e.g. for scenario S1 between 2009 and 2011
only 33–44 juveniles per hectare were caught). These three parame-
ters were predicted not to further deteriorate with the slight in-
crease in peak flow and flow ramping rate in scenario SII, but also
not to ameliorate with a reduction in flow ramping rate in scenario
SIII (Table 2).

The risk of fish stranding (F2)was evaluated asmoderate in scenario
SI as well as in scenario SII (Table 3), mainly because there were no
changes in base flow conditions and in flow falling rates with increased
turbine capacity (Table 2). With a retention volume of 50,000m3 (SIIIa)
it was already possible to significantly reduce the flow falling rate to a
threshold value of 0.3–0.5 cm/s, which is defined as good ecological sta-
tus for this indicator (Table S1 Supplementarymaterial). Therefore, sce-
narios SIIIa and SIIIb were evaluated as good, one class better than
scenarios SI and SII (Table 3). Scenarios SIIIc and SIIId were evaluated
one class better than scenarios SIIIa and SIIIb as larger retention volumes
(80,000 and 100,000 m3 respectively) could be used to further reduce
the flow falling rate (by regulation of the basin/cavern) in the case of fu-
ture morphological restoration measures (e.g. widening of the river
bed; see Section 3.3). Generally, slower flow falling rates are expected
to provide longer response times for fish to move to appropriate refugia
during hydropeaking.

The evaluations of the indicator ‘productivity’ (F5)were the same for
scenarios SI and SII, but it was predicted to improve by one ecological
class in the future scenarios with mitigation measures (SIIIa–SIIId) due
to probable increase in macroinvertebrate biomass (indicator M1),
which is a substantial part of fish diets. The monotonous morphology
of the Hasliaare with no major in-stream structures limited habitat
availability for juvenile fish irrespective of hydropeaking, and thus
curtailed further improvement of the indicators F1, F4 and F5. In fact,
hydraulic modelling showed that high-quality habitats for young-of-
the-year brown trout were only available at discharges below 20 m3/s
(Person et al., 2014). However, natural mean monthly flow during the
development of juvenile fish was higher (e.g. 45 m3/s in May), and
thus suitable habitats would also be limited under natural flow
conditions.
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3.2.2. Overall evaluation
After ecological evaluation of the indicators for all scenarios, an inte-

grative qualitative evaluation was carried out in a workshop with ex-
perts, the cantonal and federal authorities, and KWO. This led to the
following conclusions (see also Table 3):

(i) In the pre-mitigation scenario (SI), hydropeaking resulted in se-
rious harm to aquatic organisms and habitats: five indicators
were found to be in a lower-than-good ecological state.

(ii) A reduction in macroinvertebrate biomass (indicator M1), as a
consequence of high drift, as well as fish stranding (indicator
F2) were the most severe hydropeaking effects in the pre-
mitigation scenario (SI), which suggests a need for reductions
in ramping and falling flow rates.

(iii) The upgrade of thehydropower plant Innertkirchen I (SII) caused
a slight degradation of the ecological situation compared to the
pre-mitigation scenario (SI): three indicators (M2, M3, M4)
were degraded by one ecological class.

(iv) The two mitigation measures (SIIIa and SIIIb) with the smaller
retention volumes (50,000 m3 and 60,000 m3 respectively)
were able to compensate for the increase in hydropeaking im-
pacts due to an increase in turbine capacity, which led to a slight
ecological improvement compared to the pre-mitigation scenar-
io (SI): three indicators (F2, F5, M1) improved by one ecological
class.

(v) Retention volumes of 80,000 m3 and 100,000 m3 (SIIIc and SIIId
respectively) led to a moderate ecological improvement com-
pared to the pre-mitigation scenario (SI): one indicator (F5) im-
proved by one ecological class and two indicators by two
ecological classes (F2, M1).

(vi) The ecological state of the indicators F1, F4 and F5 can only be
further ameliorated with morphological restoration measures.
Such measures are currently being discussed for the Hasliaare.

3.3. Selection of the most appropriate mitigation measure

The evaluations described above identified themost efficientmitiga-
tion measure based on current knowledge (for details, see Schweizer
et al., 2013d, 2016). The cantonal and federal authorities chose themea-
surewith a retention volume of 80,000m3 (SIIIc) because, togetherwith
measure SIIId, it was found to have the greatest ecological benefits. For
instance, the retention volume and the operation rules of the basin have
already been optimized to substantially reduce flow falling and ramping
rates, whichwere identified as particularly detrimental in the Hasliaare,
and have consequently decreased ecological impacts that are influenced
by these parameters (Table 3). For example, dampening the flow falling
rate is expected to reduce stranding risk of juvenile trout at low flows,
and minimizing the flow ramping rate is expected to reduce macroin-
vertebrate drift. Moreover, this retention volume may suffice, to a cer-
tain degree, to compensate for possible future modifications in the
operation mode of the hydropower plant due to climate change or
changes in electricity demand as well as morphological restoration of
the hydropeaking section. For example, a widening of the river bed
would ameliorate the hydraulic conditions in the hydropeaking section,
creating areaswith lowflowdepth and velocity. On the onehand, asfish
habitat diversity and stranding risk are strongly influenced by channel
morphology (Person et al., 2014; Vanzo et al., 2016), this would im-
prove hydro-morphological habitat conditions for fish larvae and juve-
niles, but on the other hand it would increase the risk of stranding
because of larger dewatering areas that are only inundated during
peak flows but not during base flow. The latter could again be reduced
by further decreasing the flow falling rate, which is not possible with
smaller retention volumes, thus providing longer response times for
trout larvae (which are more sensitive to stranding than older fish
stages; Schmutz et al., 2013) in April–May. A further reduction in flow
falling rates would also reduce the stranding risk for flow conditions
above 8.1 m³/s; although stranding is currently not possible under
these conditions, this may change in the future due to morphological
restoration and thus larger areas with dewatering potholes that could
act as fish traps. Theoretically, a larger retention volume could, at least
during smaller peaks, operate a ‘conditioning reduction’, i.e. a rapid de-
crease and increase in flow prior to a planned reduction, to mitigate the
increased stranding risk associated with long-wetted histories (Irvine
et al., 2009). However, recent findings suggest that this effect is proba-
bly less than initially supposed, because even a short-term drop could
cause highmortality due to stranding (Irvine et al., 2015). Finally, a vol-
ume of 80,000m3would also allow for seasonal regulation of the reten-
tion volume, for example to reduce small flow peaks during the trout
spawning season (October–December), thus prolonging periods with
good spawning conditions. The smaller volumes of 50,000 m3 and
60,000 m3 were rejected because they did not meet the legal obligation
to sufficiently mitigate the serious harm to aquatic organisms and their
habitat caused by hydropeaking. The largest retention volume
(100,000 m3) was also rejected because costs were disproportionally
higher compared to the 80,000 m3 volume, as it would require a new
layout of the cavern and an additional storage site for the excavated
material.

The construction of the retention basins and the cavern started in
spring 2013 and was completed in summer 2016. A comprehensive
monitoring program over the next 10 years has been planned to evalu-
ate the predicted ecological improvements, further optimize the regula-
tion of the retention volume, and gain new knowledge on the efficiency
of such mitigation measures.

4. Conclusions and outlook

The approachwe illustratedwith our case study allowed for an effec-
tive evaluation of different mitigation measures and selection of the
most appropriate one. In contrast to previous methods (e.g.
Bevelhimer et al., 2015; Carolli et al., 2015; Vanzo et al., 2016), which
principally focused on hydrological-hydraulic responses of river reaches
to hydropeaking or on a limited number of ecological indicators for the
investigation of theoretical mitigation measures, our evaluation was
based on the combined evaluation of hydrological-hydraulic conditions
(representative hydrographs) as well as a comprehensive quantitative
or qualitative prediction of 12 biotic and abiotic indicators, and the
links between them, for three concrete scenarios (pre-mitigation, in-
creased turbine capacity without mitigation measures, increased tur-
bine capacity and four alternative mitigation measures). However, the
ecological indicator set proposed in Baumann et al. (2012) and applied
in our study was primarily developed to evaluate pre-mitigation situa-
tions (i.e. the ecological impacts caused by hydropeaking) and not to ex-
plicitly predict the ecological consequences of mitigation measures.
Therefore, evaluation of the different mitigation scenarios was often
possible only qualitatively but not quantitatively. To address this prob-
lem and to support hydropower plant owners, authorities andwater re-
source managers in planning, evaluating, selecting and realizing
appropriate and effective mitigation measures, a new guideline was
published by the FOEN (Tonolla et al., 2016, available in German, French
and Italian). This guideline is based on recent scientific findings and sev-
eral case studies including the one presented here, and was developed
in collaborationwith national and international scientists, environmen-
tal and engineers’ offices, Swiss cantonal and federal authorities, repre-
sentatives of hydropower companies and NGOs. Collaboration among
scientists as well as with relevant social and political stakeholders
with different disciplinary backgrounds was fundamental to creating a
common understanding of river ecosystems affected by hydropeaking,
and thus to developing a broadly accepted approach for effective evalu-
ation and implementation of mitigation measures.

The new guideline defines a general framework for hydropeaking
evaluation and, and have also revised the indicator set proposed by
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Baumann et al. (2012) by integrating recent scientific findings and prac-
tical experience as well as by proposing six indicators that are most ap-
propriate for the prediction of hydropeaking effects and corresponding
evaluation ofmitigationmeasures. Indicator selectionwas based on two
main criteria; firstly, the indicators needed to be specific for
hydropeaking and thus not reflect other anthropogenic impacts such
as poor water quality or morphological deficits (or these aspects were
directly considered in the indicator); secondly, the indicators needed
to be predictable for future situations at least semi-quantitatively.
Such indicators can, for example, be evaluated using numerical models
(e.g. habitat models for fish or macroinvertebrates), physical models
(e.g. experimental channels), and hydropeaking experiments (also
called discharge scenarios; Bruder et al., 2016) with direct measure-
ments in a watercourse using representative hydrographs by directly
adapting the hydropower production scheme (e.g. simulation of
hydropeaking conditions by the hydropower plant while performing
drift sampling). The proposed indicators are (i) stranding of larvae
and 0+ fish (brown trout and grayling), (ii) suitable fish spawning
grounds (brown trout, lake trout, and grayling), (iii) habitat suitability
for fish (0+ and adult), (iv) habitat suitability for macroinvertebrates,
(v) rate of change in water temperature, and (vi) hydrological key pa-
rameters (base and peak flow, falling and ramping rates). For details
of the indicators and the proposed procedure and thresholds for evalu-
ation in ecological-quality classes, see Tonolla et al. (2016).

We expect the applied approach presented in the KWO case study,
including the future outcomes of the planned long-term monitoring,
and further developed in the new FOEN guideline to support the appli-
cation of Swiss and international water protection laws and, more gen-
erally, to provide useful information and necessary guidance for the
evaluation of adverse hydropeaking impacts and possible mitigation
measures for hydropower plants in alpine catchments. Nevertheless,
more research is needed, especially to establish a standardized and reli-
able relationship between measurable and predictable hydrological pa-
rameters, and the status class of ecological indicators.
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