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Abstract

Storage hydropower plants, which are an important component of energy production
in Switzerland, can lead to hydro- and thermopeaking, affecting river habitats and
organisms. In this study, we developed an approach for integrating water tempera-
ture simulations into a habitat model to assess the impact of both hydro- and ther-
mopeaking on the availability of suitable fish habitats. We focused on the habitat
requirements of juvenile brown trout (Salmo trutta) in a semi-natural braided flood-
plain along the Moesa River (Southern Switzerland) in early summer. First, we defined
different scenarios (with and without hydropeaking) based on the local hydrological
and meteorological conditions. Second, we used a two-dimensional depth-averaged
hydro- and thermodynamic model to simulate the spatial distributions of water
depth, flow velocity, and water temperature. Third, we applied generalized prefer-
ence curves for juvenile brown trout to identify hydraulically suitable habitats, and
developed a new index to assess the availability of thermally suitable habitats. Finally,
we quantified the extent to which hydraulically and thermally suitable habitats over-
lap in space and time. During both base and peak flow phases, most of the hydrauli-
cally and thermally suitable habitats are located in the side channels. High flow
conditions combined with strong cold-thermopeaking lead to a higher thermal het-
erogeneity. However, disconnected habitats originate in the dewatering zone,
increasing the risk of stranding as well as thermal stress. By helping to better under-
stand the effects of thermopeaking on the availability of fish habitats, our approach
could contribute to the design and evaluation of ecological restoration in hydropeak-

ing rivers.
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1 | INTRODUCTION
Hydropower is an important renewable energy source contributing
ca. 16% to the global and ca. 60% to Swiss electricity production
(International Energy Agency, 2019; Swiss Federal Office of
Energy, 2020). Hydropower facilities thus play a crucial socioeco-
nomic role, but they also impact rivers by altering their hydrological
and sediment regimes (Poff et al., 1997; Wohl et al., 2015). In particu-
lar, intermittent electricity production of storage hydropower plants
results in daily and sub-daily flow fluctuations (“hydropeaking”). In
contrast to natural flow variability due to snowmelt or rainfall, hydro-
peaking events are more frequent (Greimel et al., 2016). They have
multiple and complex effects on river ecosystems, including impacts
on riparian vegetation (reviewed by Bejarano, Jansson, &
2018), drift and
(e.g., macroinvertebrates and fish), and reduced reproductive success
in fish (Bruder et al., 2016; Moreira et al., 2019; Schmutz et al., 2015;
Young, Cech, & Thompson, 2011).

The temperature of turbined water from storage hydropower

Nilsson, stranding of aquatic organisms

plants usually differs from the downstream river, causing sharp alter-
ations in water temperature, that is, thermopeaking (Toffolon, Sivi-
glia, & Zolezzi, 2010; Zolezzi, Siviglia, Toffolon, & Maiolini, 2011).
River water temperature is a key driver in aquatic ecosystems
(Caissie, 2006). Related to storage hydropower plants, previous stud-
ies on thermal alterations examined the effects of long-term (seasonal)
water temperature shifts. For example, rivers tend to be warmed up in
winter and cooled down in summer by the water turbined from reser-
voirs (Feng, Zolezzi, & Pusch, 2018; Heggenes, Alfredsen, Bustos,
Huusko, & Stickler, 2018; Meier, Bonjour, Wuest, & Reichert, 2003;
Olden & Naiman, 2010), with potential ecological consequences such
as shifts in fish hatching periods (Angilletta Jr et al., 2008; Zhong &
Power, 1996). Short-term (sub-daily) thermal variations were found to
influence the distribution, behaviour, and survival of fish and other
aquatic organisms (Bruno, Siviglia, Carolli, & Maiolini, 2013; Carolli,
Bruno, Siviglia, & Maiolini, 2012; Halleraker et al., 2003; Saltveit, Hal-
leraker, Arnekleiv, & Harby, 2001). In particular, the water tempera-
ture can influence fish performance, food intake, metabolism, growth,
and reproduction (see for a review Jonsson & Jonsson, 2009). Several
studies have documented the negative effects of cold water coming
from reservoirs, such as the local disappearance of warm water fish
(Quinn & Kwak, 2003), lower larval development (Clarkson &
Childs, 2000), or reduced growth rates of juvenile fish (Saltveit, 1990),
as well as the influence of thermopeaking on habitat selection, migra-
tion, spawning behaviour, larval development, or behavioural drift of
fish (Moreira et al., 2019; Zolezzi et al., 2011).

To avoid thermal stress if temperatures are too high or too low,
salmonids move to thermal refugia (Berman & Quinn, 1991; Breau,
Cunjak, & Bremset, 2007; Petty, Hansbarger,
Mazik, 2012; Wilbur, O'Sullivan,
Curry, 2020). However, they actively exploit the spatiotemporal het-
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erogeneity of water temperature also outside the critical temperature
range for regulating their internal temperature (Armstrong

et al., 2013; Baldock, Armstrong, Schindler, & Carter, 2016; Brewitt,

Danner, & Moore, 2017). Elliott (1981) argued that this thermoregula-
tory behaviour (thermoregulation) is one of the main factors in fish
movement, whereas Jonsson and Jonsson (2011) were critical of
whether there is, in nature, a direct relationship between temperature
for maximum growth efficiency and habitat selection in salmonids.
Based on laboratory experiments, Elliott and Allonby (2013) showed
that brown trout actively select temperatures for maximum growth,
when the opportunity is given.

As the most widespread fish habitat model type, habitat suitabil-
ity models have been increasingly used to assess the effects of hydro-
peaking on the availability of suitable fish habitats (Garcia, Jorde,
Habit, Caamafio, & Parra, 2011; Mufioz-Mas, Martinez-Capel, Schnei-
der, & Mouton, 2012; Pisaturo et al., 2017; Weber, Schneider, Junker,
Kopecki, & Alexander, 2015). Such models quantify the extension of
suitable microhabitats in a river reach by combining the results of a
hydrodynamic model with the habitat requirements of a target spe-
cies. The most common variables used for fish habitat suitability
models are water depth and flow velocity, and to a lesser extent, sub-
strate (Eberstaller et al., 2012; Hauer, Unfer, Holzapfel, Haimann, &
Habersack, 2014; Jonsson & Jonsson, 2009; Person, Bieri, Peter, &
Schleiss, 2014). Despite the lively interest in river water temperature
research (Ouellet et al.,, 2020), few studies simulate the combined
effects of hydraulic conditions and water temperature on the avail-
ability of suitable habitats in complex floodplains under hydropeaking
conditions. Grand, Railsback, Hayse, and LaGory (2006) investigated
the influence of water temperature and habitat geometry on the avail-
ability of nursery habitats for larval and juvenile Colorado pikeminnow
(Ptychocheilus lucius) in the Green River, Utah. Furthermore, Casas-
Mulet, Saltveit, and Alfredsen (2016) proposed a modelling approach
to assess the impact of different mitigation strategies on the hydro-
logical and thermal effects of hydropeaking on the early life stages of
salmonids in the Lundesokna River (Norway), where flow and thermal
conditions were simulated in a one-dimensional framework. However,
these habitat modelling frameworks are hardly applicable for a hydro-
thermopeaking impact assessment on study sites with complex mor-
phologies, as the spatial heterogeneity of hydrodynamic and thermal
conditions suggests a more refined, two-dimensional (2D) modelling
approach. Ouellet, Secretan, St-Hilaire, and Morin (2014) employed a
2D hydro-thermal model to simulate St. Lawrence River dynamics on
a daily scale. Similarly, Yao, Chen, Zhong, Zhang, and Fan (2017)
assessed the impact of restoration strategies on the Mian River
(China) by modelling hydrodynamics, sediment transport, and heat
transfer in a 2D manner. However, they focussed on the long-term
effects.

In this study, we developed an interdisciplinary approach for inte-
grating 2D depth-averaged water flow and temperature simulations
into a fish habitat model, with the aim of assessing the combined
effect of both hydro- and thermopeaking on the availability of suitable
fish habitats. Hydro-thermodynamic simulations were conducted with
the freeware tool BASEMENT (Vanzo et al., 2021), equipped with a
dedicated module for water temperature simulations. For the habitat
modelling, we focused on the habitat requirements of juvenile brown

trout (Salmo trutta) in a semi-natural braided floodplain along the
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Moesa River (Southern Switzerland) during early summer conditions.
In this period, the mean water temperature is still below the values
that are optimal for metabolism and thus provide a growth advantage
for juvenile brown trout (Elliott & Allonby, 2013). We therefore
assumed areas with higher relative temperatures (warm water
patches) as being more suitable habitats for thermoregulation of juve-
nile brown trout, referred to hereafter as thermal suitable habitats.
We addressed the following research questions: (a) How does the
spatiotemporal availability of hydraulically and thermally suitable habi-
tats for juvenile brown trout change with different hydrometeorologi-
cal scenarios? (b) How does hydropeaking modify the spatial
distribution of hydraulically suitable habitats for juvenile brown trout?
(c) How does thermopeaking impact the thermal heterogeneity as well

2 | METHODS

21 | Study area and data collection

The Pomareda floodplain (46°20'00”N; 9°12'30"E) is located at
450 m a.s.l. along the Moesa River in the Canton of Grisons
(Southern Switzerland, Figure 1). The Moesa is a fifth-order Alpine
River that originates above the San Bernardino Pass at around
2,250 m ass.l. and flows in the southern direction through the
Mesolcina valley, ultimately draining into the Ticino River after
ca. 43 km at 230 m a.s.l. While the upper section of the river
upstream of the Isola reservoir (1,600 m a.s.l) is minimally
impacted or near natural, the middle and lower sections are mor-

as the suitable habitats for thermoregulation? phologically heavily impacted. The Pomareda floodplain is
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FIGURE 1 (a) Map of the Moesa catchment (Southern Switzerland), as well as the location of hydropower plants (HPP), reservoirs, water

intakes, pipes, and residual flow section. The study area is outlined in red. Background map: DHM25 SwissTopo. (b) Overview of the Pomareda
floodplain; location of the data loggers (water level and temperature), as well as computational domain and roughness subregions defined for the
hydrodynamic modelling. Flow direction from north to south. Background map: Orthofoto of December 2018 [Color figure can be viewed at
wileyonlinelibrary.com]
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approximately 800 m long, with an averaged longitudinal slope of
0.012 (m/m) and floodplain width ranging between 100 and 200 m.
The substrate is dominated by gravel (median diameter of 7 cm)
with localized patches of sand. The reach is subject to hydropeak-
ing due to the hydropower plant of Soazza, operating two turbines
with a maximum production capacity of 7 m®/s each (Paszti, 2019).
The turbined water is mainly diverted from the Isola reservoir (vol-
ume: 6.5 million m3; max. depth: 39 m), with minor contributions
from the Calancasca River and other small tributaries (Figure 1).
The Isola reservoir is exploited by Officine Idroelettriche di Mesol-
cina solely for hydropower electricity generation. According to
Huet (1949), the river is located in the transition area between the
lower trout (S. trutta) and the upper grayling (Thymallus thymallus)
regions, but also bullhead (Cottus gobio) are present in the area
(personal communication from Flavio Nollo, resp. Mesolcina valley
at the Ufficio Caccia e Pesca of the Canton of Grisons).

The topography of the study area was derived by a drone (UAV)
survey in December 2018 at low flow conditions of 2.0 m%/s using an
eBee Classic™ equipped with an RGB camera (S.0.D.A). A total of
14 ground control points were measured by an RTK-GPS (Trimble
R10 GNSS system; accuracy <2 cm) for orthorectification. Drone
images were processed with Pix4D mapper (Pix4D, 2020) to extract a
digital elevation model (DEM). The bathymetric data of the river
floodplain was integrated into the DEM based on further RTK-GPS
measurements.

Water levels were available from a gauging station at Soazza Al
Pont (SEBA Hydrometrie GmbH & Co., 2021) located in the resid-
ual flow section, approximately 4 km upstream of the study site.
These were converted into discharge data based on a rating curve
derived from flow measurements performed at three different dis-
charges (Paszti, 2019). With the derived rating curve, the discharge
averages approximated 4 m®/s during summer time and 1.5 m®/s
during winter (van Rooijen, 2022). Turbined water flow data from
the hydropower plant was available with a resolution of 3 min for
the investigated period. Water level and temperature were contin-
uously measured by 12 data loggers (HOBO U20L-04, water level
and temperature accuracy of 0.4 cm and 0.44°C, respectively)
installed in the main and side channels of the floodplain, whereas
for air temperature, global radiation, wind speed, and relative
humidity, data from the automatic meteorological station at Grono
(323 m a.s.l.; MeteoSwiss, 2020) was used (Figure 1). Moreover,
thermal infrared (TIR) UAV surveys were performed in February
2019 using an eBee Classic™ equipped with a TIR camera
(thermoMAP).

2.2 | Hydro- and thermodynamic modelling

For the hydrodynamic modelling we used the modular freeware
BASEMENT v3 (V3.0.1; Vanzo et al., 2021), which solves the 2D shal-
low water equations with a finite volume method on unstructured
computational meshes. A newly developed numerical module was

implemented for the simulation of thermodynamic processes. The

module solves the transport and mixing of water temperature with a
scalar advection-diffusion equation solver based on a relaxation
approach described in Vanzo, Siviglia, and Toro (2016). The module
can additionally evaluate atmospheric forcing terms to resolve the
heat exchange at the water-air interface. A summary of the governing
equations and closure relationships is given in the Supporting
Information.

The model does not account for the fluid mass loss due to evapo-
ration or infiltration, as it is often negligible in practical applications.
As consequence, fictitious high temperatures might occur in almost-
dry cells having vanishing flow velocity. To overcome such numerical
inaccuracies, the analysis of the simulation results is restricted to com-
putational cells with water depths greater than 0.05 m. For these cells,
the spatial median of the simulated water temperatures, as well as the
coefficient of quartile variation (CQV; Bonett, 2006) as a measure of
thermal heterogeneity, were calculated at 15-min intervals. Hyporheic
and/or groundwater exchanges, which might increase or decrease
thermal heterogeneity (Malard, Mangin, Uehlinger, & Ward, 2001;
Olsen & Young, 2009; Uehlinger, Malard, & Ward, 2003; Wawrzyniak,
Piégay, Allemand, Vaudor, & Grandjean, 2013), were not considered
in the model. In support of this modelling assumption, the TIR-UAV
surveys in conjunction with local water temperatures from the data
loggers did not reveal relevant upwelling phenomena in the study area
(Figure A1).

The Pomereda floodplain was discretized with a total of
175,520 computational cells with a mean cell size of 0.62 m?. In
terms of hydrodynamic boundary conditions (BCs), a total dis-
charge volume was provided at the inflow as a hydrograph,
whereas for the outflow BC a uniform flow was imposed. The com-
putational domain was divided into three roughness subregions
(“smooth,” “rough,” and “vegetation”) and, for each one, a Strickler
friction coefficient was assigned (55, 30, and 5 m*3/s respectively,
Figure 1). The roughness coefficients were calibrated over three
different discharge stages against five different water level mea-
surements in the floodplain. Two additional water level measure-
ments were used for validation. The mean average error was <5 cm
in both calibration and validation. Further details can be found in
Paszti (2019) and van Rooijen (2022). The Courant-Friedrichs-
Lewy number was set to 0.95. Concerning the BCs for the thermo-
dynamic simulations, the inflowing water temperature was pro-
vided as temporal series, whereas zero gradients (i.e., Neumann
type) BCs were set at the outflow. For the calculation of the atmo-
spheric forcing terms, temporal series of air temperature, global

radiation, and wind speed were provided (see Section 2.4).

2.3 | Fish habitat modelling

To model the extent of hydraulically suitable habitats, empirically-
derived habitat suitability curves (HSC) are generally used to quantify
habitat preferences for different abiotic parameters and different life
stages on a scale between O (complete avoidance) and 1 (best suitabil-
ity: Wakeley, 1988; Person et al, 2014; Macura, Stefunkova,
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Schematic representation of the habitat modelling approach. (a) Generalized habitat suitability curves (HSC) after Hauer et al.

(2014) indicate the habitat suitability index (HSI) corresponding to a given water depth (h) or flow velocity (v). These are used to identify
hydraulically suitable habitats (SHA). (b) Warm water patches are identified according to Wawrzyniak et al. (2016) and are assumed to be suitable
habitats for thermoregulation (SHtg); Tw_median = Mmedian of water temperature. (c) The overlapping area between SHA and SHrg represents the
effective suitable habitats for thermoregulation (SH+r ) [Color figure can be viewed at wileyonlinelibrary.com]

Majorosova, Halaj, & Skrinar, 2018). As no HSCs are available specifi-
cally for the study area, we used the generalized HSCs for the early
development stages (0+) of brown trout after Hauer et al. (2014;
Figure 2a). As parameters, we account for water depth and flow
velocity only, given that sediment texture is quite homogeneous in
the study area. To compare the availability of hydraulically suitable
habitats at different discharges, the habitat suitability index (HSI),
the suitable habitat area (SHA), and the suitable habitat ratio (SHR)
were calculated based on the simulation results (Person
et al.,, 2014; Table A2). The HSI () is calculated as the geometric
mean of the suitability indices of water depth and flow velocity for
each computational cell at a given discharge. The SHA (m?) repre-
sents the total area of suitable habitat and is calculated by adding
up the areas of all computational cells with an HSI > 0.5. The SHR
(=) is the ratio between the SHA and the effective wetted area
(WA [m?] of computational cells with a water depth > 0.05 m) for a
given discharge.

Changes in the spatial distribution of hydraulically suitable
habitats during hydropeaking scenarios were assessed by quantify-
ing the change in SHA over the course of the day for the perma-
nently wetted zone (i.e., base flow zone) and the dewatering zone.
Moreover, the spatial distribution of hydraulically suitable habitats
was analysed by comparing their spatial extension during both base
(Qbase) and peak flow (Qpeak). Those habitats remaining suitable
during both Qpase and Qpeak Were considered “stable,” whereas
those suitable either during Qpase Or Qpeak Were considered “unsta-
ble” and “new,” respectively.

With regard to the suitable habitats for thermoregulation, the
thermal anomalies in the floodplain were detected, in a first step, fol-
lowing Wawrzyniak et al. (2016; Figure 2b). The median temperature
within a 2 m buffer around the centreline of the main channel was cal-

culated and the thermal anomaly for each computational cell was

computed as the difference to this value. Cells with a thermal anomaly
of at least +0.5°C were classified as warm- or cold-water patches. In a
second step, suitable habitats for thermoregulation (SHrg [m?]) were
determined based on these thermal anomalies. We considered a com-
putational cell to be suitable for thermoregulation if its thermal anom-
aly is positive (i.e., warm water patch) and its water temperature does
not exceed a given preferential temperature threshold (Ty, pref) for
juvenile brown trout. This temperature depends on several factors,
such as time of day or food intake (Elliott & Allonby, 2013). For the
present study, a constant value of 16°C was assumed as Ty, prer. AS
we focussed on early summer conditions, when temperatures never
fall below the lower optimum threshold (4°C according to
Elliott, 1981), there was no need to set one for our analysis. SHr was
calculated for the entire floodplain for each simulation time step and
its temperature range (i.e., the interval between Ty, median + 0.5°C and
Tw _pref) compared with the corresponding cumulative water tempera-
ture distribution. Moreover, the SHR for thermoregulation (SHRtg
[-]) was calculated as the ratio between SHyg and the WA for a given
discharge, this allowed for different hydrometeorological scenarios to
be compared. To determine whether suitable habitats for thermoregu-
lation overlap in space and time with those hydraulically suitable, the
overlapping area of SHtg and SHA was calculated for each scenario
and time step. These areas are referred to as effective suitable habi-

tats for thermoregulation (SH+g e, Figure 2c).

24 | Simulation scenario design

In an initial step, steady-state discharge conditions between 2 and
20 m®/s were simulated with a 1 m®/s step to assess the extent of
SHA over the whole discharge range that could occur in the Pomareda

floodplain during hydropeaking (flood discharges were neglected). In a
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TABLE 1 Overview of the parameter values used for the 15 scenarios simulated in this study (M1, M2, and M3 = sub-scenarios defined
based on synthetic meteorological conditions; QR = sub-scenarios defined based on hydrological conditions on the residual flow section;

HP = sub-scenarios defined based on the discharge of the water turbined from the hydropower plant; and TP = sub-scenarios defined based on
the temperature of the water turbined from the hydropower plant)

Base flow (Qpase) Peak flow (Qpeak) Meteorological conditions

Scenario QM%s)  Tumean Q)  Twamp('Q)  Qump(M®/s)  Tu1p(C)  Tamean('C)  Taamp(’C)  GRpax (W/m?)
M1_QR2_HPO 2 9.5 1 - - 20 4 600
M1_QR4_HPO 4 9.5 1 = = 20 4 600
M1_QR6_HPO 6 9.5 1 - - 20 4 600
M2_QR2_HPO 2 9.5 2 = = 20 ) 800
M2_QR4_HPO 4 9.5 2 - - 20 [ 800
M2_QR6_HPO <) 9.5 2 = = 20 6 800
M3_QR2_HPO 2 9.5 3 - - 20 8 1,000
M3_QR4_HPO 4 9.5 S = = 20 8 1,000
M3_QR6_HPO 6 9.5 3 — - 20 8 1,000
M2_QR4_HP7_TP4 4 9.5 2 7 4 20 ) 800
M2_QR4_HP7_TPé 4 9.5 2 7 6 20 6 800
M2_QR4_HP7_TP8 4 9.5 2 7 8 20 6 800
M2_QR4_HP14_TP4 4 9.5 2 14 4 20 6 800
M2_QR4_HP14_TP6 4 9.5 2 14 6 20 <) 800
M2_QR4_HP14_TP8 4 9.5 2 14 8 20 6 800

Note: The parameter values were gradually adjusted starting from the scenario “M2_QR4_HPO” (bold).
Abbreviations: GRmax, daily maximum of global radiation; Q, discharge; Q.mp, amplitude of the hydropeaking event, defined as Qpeak — Qbase; Tw_mean, Me€2N
daily water temperature; T, mean, mean daily air temperature; T, amp, amplitude of daily water temperature; T, ,mp, amplitude of daily air temperature.

(@) (b)
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FIGURE 3 (a) Suitable habitat area (SHA, red line) and suitable habitat ratio (SHR, blue line) for juvenile brown trout as a function of
discharge. (b) Wetted area as a function of discharge, subdivided into habitat suitability index (HSI) classes for juvenile brown trout [Color figure
can be viewed at wileyonlinelibrary.com]

second step, synthetic hydrometeorological scenarios were simulated flows (Qpase = 2, 4, and 6 m®/s) and three meteorological scenarios, all
with different daily time series of water temperature, air temperature, which were then combined (Table 1). For the meteorological scenar-
and global radiation under three constant base flows (Table 1). To ios, the June 5, 2019 was selected as a representative day, as its sum-
reproduce early summer hydraulic and thermal conditions as realistic mary statistics (min, max, and mean) were the closest to those of the
as possible, we analysed the hydrological and meteorological observa- whole time period considered. The corresponding measured data was

tions in the study area between May and June and derived three base used to derive synthetic daily time series (see Figure A2). For the
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Suitable habitat ratio for thermoregulation (SHRtg; above) and the ratio of the effective suitable habitats for thermoregulation

(SHtR eff) to the suitable habitats for thermoregulation (SH+tg; below) over the course of the day for different hydrological (QR) and meteorological
(M) scenarios (without hydropeaking) [Color figure can be viewed at wileyonlinelibrary.com]

global radiation, we fitted a Gaussian function to the measured data,
whereas for the air and water temperature we used a sine function
(Table A3). To reduce the computational effort, we restricted the simula-
tions to three meteorological scenarios (M1, M2, and M3). Starting from
the scenario that best reproduced the selected representative day
(i.e., M2), two further scenarios were defined to reproduce a typical
colder and cloudier day (M1), as well as a warmer and sunnier one (M3;
Table A1 and Figure A2). Compared to M2, a smaller amplitude of daily
air temperature (T, ,mp), @ smaller one of water temperature (T, amp),
and a lower daily maximum of global radiation (GR..,) were assigned to
M1. In contrast, higher values of T, amp, Tw amp @and GRpax than M2
were defined for M3. For all scenarios, we kept wind speed constant at
2 m/s, as a sensitivity analysis it did not show relevant effects on the
model output (see Figure A3).

To investigate the impact of hydro- and thermopeaking, we
defined, in a third step, a total of six scenarios based on the available
hydropower turbined water flow data (Table 1). These consist of two
hydropeaking hydrographs with different amplitudes (Q,mp = 7 and
14 m3/s according to the production capacity of the turbines). Based

on an analysis of the turbined water flow data, the number of peaks
(2), peak duration (3 hr), and time of day (morning and evening), as
well as the up- and down-ramping rates (1.4 m3/s per minute) were
considered representative for the hydropower plant at Soazza and
kept constant during the simulations. The temperature of the water
turbined from the hydropower plant could only be estimated indi-
rectly by comparing the temperatures of the data loggers in the
floodplain during the peak phases. These show that, between
February and May, the temperature of the water turbined from the
hydropower plant was always lower compared to the water in the
floodplain. As the daily mean water temperature in the floodplain
was set at 9.5°C, we defined three scenarios with constant water
temperatures of 4, 6, and 8°C for the water turbined from the hydro-
power plant (Table 1).

For the input water temperature, we assumed the turbined and
the residual flow water to be well mixed at the beginning of the
computational domain (about 700 m downstream of the turbine
outlet, Figure 1). The input temperature of the different scenarios

was therefore calculated as a mixing ratio of discharge and
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FIGURE 5 Spatial distribution of the hydraulically suitable habitats (SH), those suitable for thermoregulation (SH+R), and the overlap between
them (SHrreefr) at 11:30 a.m. for juvenile brown trout in the M3 scenario for three different base flows (2, 4, and 6 m®/s). Flow direction from
north to south. The location of the main channel is depicted in Figure 1 [Color figure can be viewed at wileyonlinelibrary.com]

temperature (see Table A3). All the scenarios with thermopeaking warm-up period of 86,400 s (1 day) was included in the simulations
were simulated with a base flow of 4 m®/s. The water temperature to allow the computational domain to reach an equilibrium state

in the floodplain at the simulation start was set at 9.5°C, and a with the external forcing.
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FIGURE 6 Total discharge volume entering the computational domain (top), median (middle), and coefficient of quartile variation (CQV;
bottom) of simulated water temperatures over the course of the day without (left) and with (right and centre) hydropeaking (base flow 4 m®/s).
The scenarios differed in amplitude (7 and 14 m®/s) and in temperature of the turbined water (TP4 = 4°C, TP6 = 6°C, and TP8 = 8°C), see

Table 1 [Color figure can be viewed at wileyonlinelibrary.com]

3 | RESULTS

3.1 | Spatiotemporal availability of suitable
habitats under different hydrometeorological
scenarios

The SHA in the Pomareda floodplain remained relatively constant for
the modelled discharges (Figure 3a). The highest values were reached
at discharges of 2-5 and 19-20 m%/s. As the WA increased with
increasing discharge (Figure 3b), the SHR decreased from ca. 60% at a

discharge of 2 m3/s to ca. 25% at 20 m®/s. Between 13 and 20 m%/s,
the SHR remained relatively constant, as the SA increased proportion-
ally to WA. Areas with very high suitability (HSI > 0.9) were present
to a similar extent at all discharges. In contrast, areas that are very
likely avoided by juvenile brown trout (HSI < 0.1) increased markedly
with increasing discharge (Figure 3b).

SHRtr were mainly present during the daylight hours in all sce-
narios (Figure 4, top), with a maximum around noon. The highest
values were found at 2 m%/s in scenario M3 with a maximum of
ca. 40% of the WA, corresponding to about 5,500 m2. With lower
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temperature amplitudes and lower global radiation maxima, as well as
with higher discharges, SHRtr decreased markedly. The smallest
SHRr was found in scenario M1 at 6 m®/s, with a maximum of 3% of
WA (500 m?). Effective suitable habitats for thermoregulation were
present in all scenarios (Figure 4, bottom). At 2 m®/s during the day,
nearly 75% of SHtr was hydraulically suitable, too. With increasing
discharge, this ratio decreased, whereas the meteorological conditions

(i.e., air temperature and global radiation) had a less marked influence.

The spatial distribution of SHA was similar among the three base
flows (Figure 5). With increasing discharge, however, the availability
of suitable habitats in the main channels decreased. While at 2 m®/s
the extent of suitable habitats in the main channel and in the side
channels was similar, at 4 and 6 m®/s the SHrress Was more wide-
spread in the side channels than in the main one. The largest SHtg et
was expected in the side channels with 2 m®/s and for the M3

scenario.
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FIGURE 8 Example of spatial distributions of water temperature and effective suitable habitats for thermoregulation (SHyg ¢f) during
different representative times of the day for the scenario M2_QR4_HP14_TP4 (see Table 1). (a and b) the first peak in the morning (amplitude
14 m®/s) is subdivided into two points in time; (c) base flow phase (4 m®/s) and (d) the second peak in the evening (amplitude 14 m®/s) [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9

Upper part (0.5-1) of the cumulative water temperature distributions in the floodplain during different representative times of the

day with (continuous lines; scenario M2_QR4_HP14_TP4 see Table 1) and without (dashed lines; scenario M2_QR4_HPO0) hydropeaking. The
horizontal segments represent the temperature ranges (i.e., the interval between T, median + 0.5°C and Ty _pref) Used for defining the suitable
habitats for thermoregulation (SH+R) [Color figure can be viewed at wileyonlinelibrary.com]

3.2 | Habitat modelling under hydro- and
thermopeaking

In most simulation scenarios, the peak flow caused cold-
thermopeaking (Figure 6). Only the scenario TP8 led to a slight warm-
ing of the water temperature in the morning. During the peak phase,
the CQV showed higher values compared to the scenario without
hydropeaking. This value was higher the lower the temperature of tur-
bined water and the higher the flow ratio was.

During the peak phases, SHA decreased in the base flow zone
(Figure 7). The reduction was greater with a higher flow ratio. At the
same time, new habitats formed temporarily in the dewatering zone.
At the amplitude of 7 m®/s, the overall habitat availability remained
lower than during base flow. Conversely, at the amplitude of 14 m/s,
new habitats compensated for the habitat losses in the base flow
zone. When comparing base flow with peak flow conditions, the spa-
tial distribution of hydraulically suitable habitats changed (Figure 7).
At the amplitude of 7 m®/s, only 15% of the hydraulically suitable hab-
itats remained stable. Most of these habitats were located along shal-
low gravel banks and in the side channels. At the amplitude of 14 m®/
s, several new side channels were activated, and many new hydrauli-
cally suitable habitats were developed. However, only a small part
(2%) of the habitats was stable.

Hydropeaking affected the thermal heterogeneity of the entire
floodplain (Figures 6 and 8). After the marked cooling of the entire
floodplain during the morning hydropeaking event, spatial heteroge-
neity emerged around noon. After the morning peak, however, dis-
connected habitats formed in the dewatering zone, and warmed up
strongly during the day (Figure 8c). During the evening hydropeaking
event, many of the isolated pools were flooded again and cooled
down, an exception being those side channels that were not
completely flooded. During and after the peak, they still had higher

temperatures than the main channel. An increase in SHtrerr Was

observed in the side channels at a Qump of 14 m3/s around 9:00
a.m. and 6:30 p.m., which corresponded to an increase in both thermal
heterogeneity and the temperature range considered as SHyr during
the peak phase (Figure 9).

4 | DISCUSSION
41 | Spatiotemporal availability of suitable
habitats

The simulation of synthetic hydrometeorological scenarios showed a
pronounced water thermal heterogeneity in the Pomareda floodplain,
which can be expected in a morphologically complex braided river
floodplain (Arscott, Tockner, & Ward, 2001; Mosley, 1983; Tonolla,
Acuna, Uehlinger, Frank, & Tockner, 2010; Uehlinger et al., 2003).
Higher radiation intensities and larger air temperature amplitudes led
to higher thermal heterogeneity. An increase in discharge reduced the
thermal heterogeneity in the floodplain, as high discharges can cause
the connection of individual water bodies, thereby homogenizing
water temperatures (Ward, Tockner, Uehlinger, & Malard, 2001;
Wawrzyniak et al, 2013; Webb, Hannah, Moore, Brown, &
Nobilis, 2008). On the other hand, also very low discharges can lead
to little hydro-morphological and thermal variability because all the
flow occurs in a single main channel. This can lead to maximum ther-
mal heterogeneity at intermediate discharges.

The SH+r index was coupled in space and time with the thermal
heterogeneity in the floodplain. The index showed a clear variation
over the course of the day, with a maximum around noon and a
decrease in the afternoon. This pattern originated because the side
channels warmed up faster than the main channel in the first half of
the day, whereas in the afternoon, the temperatures of the different

river channels equalized. Juvenile brown trout, by exploiting the faster
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warming areas in the side channels as habitats in early summer, could
therefore benefit from warmer water temperatures for a longer period
of time during the day, compared to their conspecifics in the main
channel. This can lead to a potential growth advantage, provided that
these habitats are detectable and reachable by fish. In the evening
and at night, the thermal differences in the floodplain were small,
meaning that there is hardly any suitable habitat for thermoregulation.

With increasing discharge, the overlap of thermally and hydrauli-
cally suitable habitats decreased. This can potentially lead to juvenile
brown trout being exposed to a trade-off between thermally and
hydraulically favourable habitats. The suitable habitats for thermoreg-
ulation were in fact found in the rather shallow and slowly flowing
side channels. However, the use of these habitats may expose juvenile
brown trout to an increased risk of predation by terrestrial predators
(Crowder, Squires, & Rice, 1997).

4.2 | Impact of hydropeaking on the availability of
suitable habitats

Hydraulically suitable habitats for juvenile fish were present during
both base flow and peak flow phases in the Pomareda floodplain. As
shown by Weber et al. (2015), morphologically intact braided flood-
plains seem to be able to buffer the negative effects of hydropeaking
on habitat availability. This is due to side channels that can get acti-
vated during the up-ramping and peak phase, as well as shallow gravel
banks which can get overflowed and, therefore, serve as temporary
suitable habitat during hydropeaking. However, the interaction
between hydropeaking and river morphology can have multiple and
contrasting ecological effects (Vanzo, Zolezzi, & Siviglia, 2016). For
example, the new habitats acting as refugia during peak flow can dry
out during the down-ramping phase, increasing the risk of stranding
(Auer, Zeiringer, Fihrer, Tonolla, & Schmutz, 2017; Halleraker
et al., 2003; Vanzo, Tancon, Zolezzi, Alfredsen, & Siviglia, 2016). Our
results showed that only a few hydraulically suitable habitats
remained stable during hydropeaking. The higher the flow amplitude,
the smaller the proportion of hydraulically stable habitats. Conse-
quently, juvenile fish have to find new sites with every hydropeaking
event, which can increase their energetic costs (Puffer et al., 2015).
Several studies showed that hydropeaking affected the behaviour of
fish, likely causing stress and forcing them to move to different habi-
tats in response to flow changes (Boavida, Harby, Clarke, &
Heggenes, 2017; Capra et al., 2017; Saltveit, Brabrand, Juarez, Stick-
ler, & Dgnnum, 2020; Scruton et al., 2003). Scruton et al. (2008) sug-
gested that frequent changes in the habitat distribution may influence
the survival of juvenile salmonids, especially in winter, as their body's
energy reserves are lower. Reducing up- and down-ramping rates
could give the fish more time to seek new suitable habitats
(Halleraker et al., 2003). Due to the higher flow velocities during the
peak phase, there is also a risk of fish being passively drifting down-
stream. Even if adult trout seem to be able to resist high flow veloci-
ties (Heggenes et al, 2007; Rocaspana, Aparicio, Palau-lbars,

Guillem, & Alcaraz, 2019), larvae and juvenile trout are more

susceptible to passive drift and stranding due to their still limited
swimming ability (Auer et al, 2017; Thompson, Cocherell, Chun,
Cech, & Klimley, 2011). Water temperature can further affect it,
increasing the probability of passive drift and stranding at lower water
temperatures (Halleraker et al., 2003; Heggenes & Traaen, 1988).

During the hydropeaking events, an increase in thermal heteroge-
neity was observed. The largest increase resulted in the scenario with
the lowest temperature of the turbined water (i.e., the largest temper-
ature difference compared to the residual flow section). In contrast to
the observed thermal heterogeneity without hydropeaking, this pat-
tern is not due to natural heat exchange processes, but rather a con-
sequence of the mixing between the warm water of the residual flow
section and the cold turbined water. Overall, the lower temperatures
of the turbined water led to a marked cooling within the floodplain.
The extent of the cooling was mainly determined by the temperature
of the turbined water and less by the flow amplitude.

Although the defined hydropeaking scenarios led to strong
changes in the spatial distribution of hydraulically suitable habitats in
the floodplain, the variation of SHtg ¢ Over the course of the day was
little affected, as the hydropeaking events occurred outside the phase
with high thermal heterogeneity. However, after the down-ramping
phase of the first hydropeaking event (in the morning), fragmented
water areas originated in the dewatering zone, therefore increasing
the risk of stranding as well as thermal stress (Elliott, 1981; Tuhtan,
Noack, & Wieprecht, 2012). In more general terms, our results high-
light how the thermal effects of hydro- and thermopeaking depend
not only on the river morphology but also on the timing of such

events.

4.3 | Value and potential improvements of thermal
habitat modelling

Based on the assumption that a high thermal heterogeneity, as well as
a large diversity of thermal habitats, can have positive effects on trout
populations (McCullough et al., 2009), the indices we introduced
(SHyr and SHtgrefr) successfully highlighted zones with temperatures
that are closer to those for an optimal growth rate or growth effi-
ciency, compared to average conditions. It is emphasized that habitat
selection remains a trade-off between optimizing bioenergetics, food
availability, shelter access, predator avoidance, and competition
(Elliott & Allonby, 2013; Jonsson & Jonsson, 2011). According to
McCullough et al. (2009), many questions related to the use of ther-
mal refugia by salmonids remain open. These include the magnitude
of the deviation from average conditions needed to gain a significant
biological advantage, the circumstances under which thermal refugia
are visited, as well as further characteristics (size, food availability,
water chemistry, etc.) that thermal refugia need to have to be used by
brown trout.

The presented interdisciplinary approach entails simplifications of
the hydromorphological and ecological conditions in complex braided
floodplains. The application of generalized HSC taken from the litera-

ture might be constrained in transferability, as suitability criteria can
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differ seasonally as well as regionally and are often developed specifi-
cally for a given river reach (Person et al., 2014; Weber et al., 2015).
However, especially for juveniles, it has been shown that data on hab-
itat preferences can be transferred reliably between rivers
(Nykanen & Huusko, 2004). The rate of temperature change and ther-
mally stable habitats were not taken into account by SH+g, although
they are important parameters for the planning of hydropeaking miti-
gation measures (Carolli et al., 2012; Vanzo, Siviglia, Carolli, &
Zolezzi, 2016). If the water temperature in suitable habitats changes
too rapidly, the thermal wave could cause an avoidance response,
forcing fish to seek new habitats to avoid the unfavourable tempera-
tures (McCullough et al., 2009). Some thermally suitable habitats dur-
ing the peak phase resulted in temperatures colder than areas
considered non-suitable during base flow. To better highlight the criti-
calities of thermopeaking, however, SAr needs to be evaluated also
in comparison with the temperature diurnal cycle without hydropeak-
ing. In the next step, therefore, the absolute water temperatures, as
well as their duration, will be included in the thermal habitat
modelling.

5 | CONCLUSION AND OUTLOOK

Our results showed that the side channels in a morphologically semi-
natural river floodplain are of great importance as fish habitats, as
they not only show hydraulically suitable conditions under different
discharge scenarios but also can be thermally beneficial for juvenile
fish. To generalize these results, however, further synthetic scenarios
with other hydrological and meteorological conditions need to be
investigated. For example, a detailed analysis of the summer months,
when water temperatures are warmer than those preferred by brown
trout, or even exceed their upper tolerance threshold, would be of
great interest in view of climate change (Mufoz-Mas, Lopez-Nicolas,
Martinez-Capel, & Pulido-Velazquez, 2016; Santiago, Alonso, Garcia
de Jaldn, Solana-Gutiérrez, & Mufioz-Mas, 2020). Moreover, analysing
winter conditions would allow the development of brown trout eggs
to be considered, which rely on stable temperature conditions and
react sensitively to disturbances (Elliott, 1981).

To limit the influence of hydropeaking on thermal heterogeneity,
the seasonal and diurnal operation regime could be modified to pref-
erentially shift hydropeaking events outside of phases with high ther-
mal heterogeneity. However, such a regime could lead to economic
conflicts of interest (Casas-Mulet et al., 2016) because it limits the
production flexibility of storage hydropower plants. Further investiga-
tions, as well as comparisons with natural scenarios, are therefore
necessary to optimize as far as possible the cost-benefit ratio of such
measures. Integrating 2D water temperature simulations in habitat
modelling, as in the approach presented here, can help to better
understand the effects of thermopeaking on fish habitat dynamics
and, therefore, contribute to the ecological restoration of hydropower
plants. Further, thanks to its reproducibility, our approach could be
useful in the planning of restoration projects or to investigate the

effects of climate change on discharge and water temperature.
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APPENDIX

TABLE A1 List of abbreviations used in this study

Abbreviation  Long name/description

2D Two-dimensional
BC Boundary conditions
cQv Coefficient of quartile variation (%)
DEM Digital elevation model
GR Global radiation (W/m?)
h Water depth (m)
HPO, HP7, Hydropeaking scenarios
HP14
HSC Habitat suitability curves
HSI Habitat suitability index (—)
M1, M2, M3 Meteorological scenarios
Q Discharge (m®/s)
Qamp Amplitude of the hydropeaking event (m®/s)
Qbase Base flow (m®/s)
Qpeak Peak flow (m®/s)
Quurb Turbined water flow (m®/s); 0 < Qurb < Qamp
QR2, QR4, Scenarios defined based on hydrological conditions
QR6 in the residual flow section
SHA Suitable habitat area (m?)
SHR Suitable habitat ratio (—)
SHRtr Suitable habitat ratio for thermoregulation (—)
SHTR Suitable habitats for thermoregulation (m?)
SHtReff Effective suitable habitats for thermoregulation (m?)
T, Air temperature (°C)
Taamp Amplitude, that is, max. deviation from T, mean (°C)
Ve mem Mean daily air temperature (°C)
TIR Thermal infrared
TP4, TP6, Thermopeaking scenarios
TP8
Tw_pref Preferential temperature (°C)
Tw Water temperature (°C)
Tw rfs Water temperature or the residual flow section (°C)
Vi emp Amplitude, that is, max. deviation from Ty, mean (°C)
Tw_mean Mean daily water temperature (°C)
ey rzslem Median of water temperature (°C)
Tw 1P Temperature of the water turbined from the

hydropower plant (°C)
v Flow velocity (m/s)

WA Wetted area (m?)
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TABLE A2 Formal expressions of

Index Extended name Equation
the indices used for the fish habitat
. HSI Habitat suitability index (—) HSI=+/SI,-SI,
modelling
SHA Suitable habitat area (m?) SHA=Y"",A;|HSI;>0.5
WA Wetted area (m?) WA=Y""A;|h>0.05m
SHR Suitable habitat ratio (—) SHR =SHA/WA
SHR Suitable habitats for thermoregulation (m?) SHr =31 1 Aj|ATyi > 0.5 CandTy; < Tw pref
SHtr ¢ Effective suitable habitats for thermoregulation ~ SHANSH1r
(m?)
Abbreviations: AT,,, thermal anomaly, that is, the difference between the temperature of a computational cell
and the median (Ty, median) Of all computational cells within a 2 m buffer around the centreline of the main
channel; A, area of computation cell; S, suitability index of water depth; Sl,, suitability index of velocity; T,
water temperature. Ty, prr, preferential water temperature; WA, wetted area.
TABLE A3 Formal equations used for the design of the

simulation scenarios

Description Equation

Gaussian function used for the
synthetic time series of
global radiation

c

GR() =GR - exp (—a(t2)?)

Sine function for the synthetic
time series of air and water
temperature

Tv’(t) = Tv'_mean + Ti_amp - sin (?_,é+ (DO)

Mixing ratio of discharge and
temperature

) _ Quase Tw.rts ()+Quurb (t)- Tu 1P
walnput(t) = W

Abbreviations: a, curvature parameter of the curve, set equal to 50; b,
position of the centre of the peak, set equal to 11.5 hr; ¢, period duration,
set equal to 24 hr; GR, global radiation (W/m?); GRnax daily maximum of
global radiation (W/m?); Quurb, turbined water flow (m3/s), with

0 < Qturb < Qamp; Ti, air/water temperature (°C); Ti_mean, mean daily water
temperature (°C); T amp, amplitude, that is, max. deviation from T;_mean
(°C); ®g, phase angle set equal to 21.5 hr (22.5 hr) for air (water)
temperature; Ty, jnput, input water temperature (°C); Ty, s, water
temperature of the residual flow section (°C); T, 1p, temperature of the
water turbined from the hydropower plant (°C).

Temperature
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FIGURE A1 Thermalinfrared (TIR) mosaic derived with a UAV
survey on February 7, 2019 at ca. 8:00 a.m. during base flow
condition. Flow direction from north to south [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE A2 Overview of the meteorological scenarios defined
for this study. Starting from the scenario (M2) that best corresponded
to a representative day (5 June 2019), two further scenarios were
defined for global radiation (a), air temperature (b), and water
temperature (c), with smaller (M1) and larger (M3) maximum values
and amplitudes, respectively. The equations used to derive the
meteorological scenarios are listed in Table A3 [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE A3 Mean (left) and SD (right) of the simulated water temperature over the entire floodplain over the course of the day as a function
of the wind speed [Color figure can be viewed at wileyonlinelibrary.com]
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