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Abstract: The Norwegian electrical energy supply system is based on hydropower. The now
deregulated energy market has led to increased use of hydropeaking production, leading to greater
fluctuations in discharge and water levels below hydropower stations. The power station HOL 1,
with an outlet to the Stordne River, is a large hydropeaking facility. With over 300 rapid flow increases
and decreases per year since 2012, it is a river subjected to frequent hydropeaking. To quantify the
stranding risk downstream of the power plant, the effect of a series of different turbine shutdown
scenarios was simulated in an earlier study. The residual flow of 6 m3:s7! and a full production
of 66 m3:s~! were considered as the baselines for the calculation of dewatered areas. A three-year
study of juvenile fish density both upstream as a reference and downstream of the power plant was
undertaken. There were very low densities or even an absence of brown trout (Salmo trutta) older
than young-of-the-year (YoY) below the outlet of the power station, despite high densities of YoY in
previous years. This is probably due to the large and rapid changes in flow below the power station.
Hydropeaking has less impact on the earliest life stages of brown trout during spring and summer,
as well as on spawning and egg development during winter. This is attributed spawning in late
autumn occurring at a low flow seldom reached during hydropeaking. The high survival of YoY
during the first summer and early autumn is likely due to a lower frequency of hydropeaking and
higher residual flows, leaving a larger wetted area.

Keywords: river regulation; hydropeaking; brown trout; fish density

1. Introduction

Climate change, as a driving factor for the future European energy market, favors for the use of
renewable energy, with the contribution of solar and wind energy and using hydropower as a base load
increasing [1]. The Norwegian electrical energy supply system is nearly 100% based on hydropower [2].
The now deregulated energy market has led to increased use of hydropeaking, causing rapid changes
in downstream flow. Differences in energy prices between day and night, an increase in the import and
export of electrical energy, and intermittent electricity generation from solar and wind energy delivering
balancing power are the main reasons for changes in power production patterns. This has led to
increased hydropeaking production, leading to higher fluctuations in discharge and water levels below
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hydropower stations. Future hydropower production can therefore be expected to be characterized by
short-term peak production dependent on energy prices, marked demand, and profitability from wind
and solar energy [2].

The power station HOL 1 with outlet to the Stordne River in the Hallingdal watercourse
is a large hydropower station that delivers power on request from the Norwegian national grid.
In Norway, there has been an increase in requests for balancing power since 2010, with increased use
of hydropeaking. Over 300 rapid flow increases and decreases per year since 2012 indicate a river
subjected to frequent hydropeaking [3]. To quantify the stranding risk downstream of the power plant,
Juarez et al. [3] simulated the effect from a series of different turbine shutdown scenarios. A residual
flow set at 6 m3:s7! and full production set at 66 m3-s~! were considered as the baselines for the
calculation of dewatered areas.

The power station has four Francis turbines, each one with a capacity of 15 m3-s™!. A typical
downstream dewatering or riverbed drainage event is a discharge decrease of 15 m3s~! in 5 min for
each turbine. Alternative scenarios involved discharge decreases from full production to zero in 30 min.
Several simulation results were obtained by decreasing from all four turbines down to only one [3].
The dewatered areas were calculated as a function of the number of turbines that were running at
the start and at the end of each scenario, from a reference discharge of 66 m3-s~!
production and no dewatered area, to zero turbines running, representing residual flow and 35% dry

, representing full

area. Even if most of the rapid increases started and the decreases stopped at relatively high discharges
especially during winter, 25% of the fluctuation limits were <16 m3-s~! and 10% were <8 m3.s71.
Furthermore, the ramping down rate downstream from the power station outlet was considered when
calculating the dewatering speed. According to Halleraker et al. [4], ramping down rates should be
<10 cm-h™! to limit the stranding fish risk.

The main environmental impact of hydropeaking on fish is stranding, causing mortality [5].
In several Norwegian regulated rivers, like the Nidelva, Suldalsldgen, Surna, and Alta, stranding and
mortality of fish are connected to sudden and strong reductions in flow [6-9]. Fish may strand on flat
riverbanks or be trapped in pools disconnected from the main channel [4,5,10,11]. Young-of-the-year
(YoY) Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) seem to be more severely affected
than older juveniles, as areas inhabited by YoY are more exposed than habitats used by older fish [12,13].
However, stranding is not always equivalent to mortality, as fish can survive for several hours after
dewatering [11]. Hydropeaking-induced stranding mortality may affect the Atlantic salmon population
across multiple generations [14]; this is also likely for brown trout.

Hydropeaking may also reduce the quality of fish habitat and change fish community structures by
changes in current speed [15,16] and by the stranding of invertebrates [17]. Benthic macroinvertebrates
are potentially vulnerable in shallow riffle habitats [18,19]. Invertebrate abundance in rivers affected
by hydropeaking demonstrates a lateral gradient from the most exposed areas having a low overall
abundance through to the permanently wetted zone, which has invertebrate abundance and diversity
similar to natural systems or unaffected reaches [20,21]. The prevailing opinion is that repeated drift or
involuntarily downstream migration induced by hydropeaking depletes the benthic macroinvertebrate
community [22]. Consequently, both invertebrate drift and benthic-feeding fish species are affected by
the potentially limited supply of their major food source in these habitats. Studies have also revealed
the negative impacts on aquatic ecosystems in general and ecosystem services such as kayaking and
recreational fishing [23].

The study by Judrez et al. [3] did not include brown trout densities in the Storane River. The aim
of our study was therefore to achieve a better understanding of the population effects of hydropeaking
on brown trout. The results will provide a basis for future mitigation strategies to reduce juvenile fish
stranding. The study design is based on quantitative comparisons of juvenile fish density upstream
(reference) and downstream of an existing hydropower plant.
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2. Material and Methods

2.1. Study Site

The study site, the Stordne River, runs from Lake Strandavatnet through Lake Sudndalsfjord and
Lake Hovsfjorden to Lake Holsfjorden, all located in the Hol municipality in central southern Norway
(Figure 1). The studied river reach, containing the outlet of the HOL 1 power plant, is an approximately
3 km river section above Lake Hovsfjord. The reach downstream of the power station affected by
hydropeaking is 2.0 km. The first 400 m downstream of the outlet is an artificially laid stone trapezoidal
channel, whereas the rest of the river is a natural braided river section with several side channels
forming three main islands. The Storane River has clear water and is relatively shallow (mean depth
< 1 m). The mesohabitat varies between glide and riffle, with some steep sections. The total river
length accessible for trout migrating upstream from Lake Hovsfjorden is 8.1 km.
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Figure 1. The Stordne River in Norway with the locations for sampling fish. R1-R3, river sections
upstream from the power station (HOL 1); S1-S5, hydropeaking sections downstream from HOL 1.
The arrow shows the direction of river flow.

The HOL 1 hydro power station, built in the period 1940-1956, has four high-head Francis turbines
in two groups; receiving water through two pipelines from two different high mountain reservoirs
Urunda (head = 399 m) and Votna (head = 407 m). The capacity was upgraded in the period 2009-2012
for delivering grid stabilizing services, both for regulating voltage and frequency in the national grid.
There is no dam on the River Storane.

2.2. Methods

Electrofishing was carried out at eight stations along the Stordne River (Figure 1) in the autumns
of 2016, 2017, and 2018. Three stations (R1-R3) were located above the outlet of the Hovet power
station (HOL 1) and were regarded as a reference for five stations (51-55) below the outlet of the power
station, which were influenced by the operation of the power station.
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The localities had habitat (substrate and current) suitable for both YoY and older trout. However,
one locality upstream had a substrate more suitable for older trout (R3), whereas one downstream site
was more suitable for YoY (S5).

Fish density at the eight stations was calculated via successive removal, using three subsequent
catches [24-26], with a 20 min break between each removal. We used an electric fishing device designed
by Terik Technology. Its maximum voltage is 1600 V and the pulse frequency is 80 Hz. Density, given as
number of fish per 100 m?, was estimated for all stations. In the calculations of trout density, YoY and
older juveniles (>1 one year) were separated by size. YoY were, in general, between 40 and 60 mm,
whereas older juveniles were larger than 70 mm.

2.3. Hydrological Analysis

The time series of hourly discharge from 2016 to 2018 in the reach below the power station was
provided from the Ruud gauging station, located 100 m downstream of the power station outlet
(Figure 1). It measures the flow through the HOL 1 power station plus the flow from the Storane
River above the power station. The flow from the Stordne River upstream from the power station was
calculated from the difference between the flow at Ruud and the production flow from the HOL 1
power station.

2.4. Statistical Analysis

Potential differences in the continuous response variable fish density across factors (years or
stations) were tested with one-way ANOVA [27].

3. Results

3.1. River Flow

The flow on the impacted downstream reach is characterized by large and frequent hydropeaking
events (Figure 2) and is mainly determined by the production flow from the HOL 1 power station.
The demand for energy is high in late autumn and winter. Running on maximum load, the flow is
therefore usually higher from about 1 October until 1 May (winter) than during summer, 1 May until
1 October. Thus the peaks are also larger and more frequent during winter (Figure 2). The residual
flow from the bypassed river section upstream of the outlet from the power station is generally low
but is higher in summer than in winter (Figure 2).

The river flow lowering speed is 7% slower in summer than in winter: 5.25 m3-s71-h™! in
summer and 4.9 m>s~!-h~! in winter. The frequency of hydropeaking is very high and twice as many
hydropeaking events occur during winter than during summer (Table 1). During the period from
2010 to 2020, a mean of 57 decreasing peaks occurred per month; of these, 42 (74%) occurred at night.
In summer, an average of 33 decreasing peaks per month (75%) occurred at night (Table 1).

Flow duration curves from the bypass section above the power station from 2010 to 2019, for both
summer and winter, show that the flow from the bypass section above the power station is higher in
summer than in winter (Figure 3). When the flows were below 12 m®:s~!, the dewatered area increased
much faster, and flow below 6 m3:s7! led to a large increase in dry areas when the power station was
shut down completely [3]. However, due to higher flow from the bypass section during summer,
flows above 6 m3-s~1 only occurred 35% of the time; 70% of the time, flows were lower than 12 m3.s71
downstream from the power station. During winter, residual flows below 6 and 12 m3:s~! occurred
as often as 75% and 93% of the time, respectively. This means that when there is a complete turbine
shutdown, the possibility that the final flow will be critical for fish stranding is far greater in winter
than in summer. However, most of the rapid decreases stopped at relatively high discharge (median
34.61 m3-s71) [3].
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downstream from the power station HOL 1 and in the river section upstream from the power station
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Table 1. Number of decreasing peaks (mean) per month during summer and winter in daylight and
darkness during the period from 2010 to 2019 in the Storane River.

Decreasing Peaks/Month

Time Summer Winter
Daylight 8 15
Darkness 25 42

Total 33 57

Duration curve
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Percentage below given discharge (%)
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Figure 3. Flow duration curves for both summer and winter for flow on the impacted section below
the HOL 1 power station, based on hourly discharge measurements. Summer: 1 May to 1 October;
winter: 1 October to 1 May.

3.2. Fish Density

Below the power station, no brown trout were present in catches at station S1 in all three years and
none at station S3 in 2016, though they were present in every year at all other stations below the outlet
(Figure 4). At the three reference stations above the station, YoY and older juveniles were caught in
each year (Figure 4). The only exception was 2018, when no YoY were present in the catch at station R3.
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Figure 4. Density (number of fish per m?) with +95% CI at different localities in the Storane River
in 2016, 2017, and 2018. Stations R1-R3 are on the bypass reach above the HOL 1 power station and
stations S1-S5 are below the power station.

In 2016, the density of trout, both YoY and older, was significantly higher at the reference stations
than at the stations below HOL 1 (51-55). The density of YoY trout was then particularly high at the
two uppermost stations but low at R3 due to unsuitable substrate, large stones, and blocks. In 2017
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and 2018, R1 and R2 had significantly lower YoY densities, whereas only R1 had lower older juvenile
densities in 2017 and 2018 compared with 2016. There is no apparent correlation between YoY density
and older trout the following year (one-way ANOVA).

The density of YoY at some of the stations downstream of the power station was relatively high
(Figure 4), particularly at station S2 in all three years and S3 and S4 in 2018. At station S5, the YoY
density was stable but low due to an unstable substrate of small stones, coarse gravel and sand.
Despite high YoY densities, older trout >1 year old, when present, were found only in very low
densities at the stations below the power station (Figure 4).

In summary, one-way ANOVA showed no statistical difference in the density of YoY or older
trout across years (YoY/years: p = 0.362, F = 1.065; older trout/years: p = 0.55, F = 0.615). There was no
significant difference in fish density across stations for YOY (one-way ANOVA, p = 0.231; F = 1.516).
However, for trout older than YoY, a clear statistically significant difference was found across stations
(p = 0.0101; F = 4.019) due to the large difference in density above and below the power station.

4. Discussion

The main impact of the hydropeaking operations in the Stordne River was the very low density or
absence of brown trout older than YoY below the outlet of the power station, despite high densities of
YoY in the previous years. This may be due to several reasons but is probably attributed to the large and
rapid changes in flow below the power station caused by hydropeaking operations (Juarez et al. 2019).
The analysis by Juarez et al. [3] of the flow time series in the Stordne River showed that in the period
2012-2017, there were, on average, over 280 rapid decreases during the year, typical of the patternin a
highly impacted hydropeaking river [28].

Hydropeaking had less impact on the earliest life stage of brown trout, YoY, during spring and
summer. The estimated density of YoY was high in the autumn in the reach below the power station
and was even higher than the density at the reference stations.

The main effect of hydropeaking on juvenile salmonids in rivers is mortality due to stranding and
desiccation [11,14,29]. However, hydropeaking can also lead to increased mortality due to increased
energy consumption and stress [30]. The lower density of juveniles aged >1 year in the Storane
River might be due to involuntary juvenile drift or downstream migration into the lake below [31],
especially during autumn and winter, when the size, frequency, and speed of the hydropeaking increase.
In addition, periodic and frequent fluctuations of gas supersaturation, called saturopeaking and which
follow the pattern of hydropeaking events, cannot be excluded as a factor [32], especially in the upper
part of the river close to the power station outlet where no trout were found.

The high density of YoY in autumn indicates that not only were the juvenile fish less affected
during summer but so were spawning during late autumn and egg development during winter below
the power station. Hydropeaking can potentially lead to dewatering of salmonid spawning redds and
then to mortality of early life stages, such as eggs and alevins [28], with higher impact on the alevins
due to lower tolerance to dewatering than the eggs [33]. Even though the hydropeaking operations
are more severe during late autumn and winter, both larger and more rapid; this does not seem to
influence the gravel stages of trout and then the recruitment of YoY. This is attributed to spawning
in the autumn occurring at a flow seldom reached during hydropeaking in winter and early spring
and only during short total shutdowns. According to Juarez et al. [3], most of the rapid decreases
during drift stopped at relatively high discharges during winter (mean 29.72 m3-s7!) (see Figure 2),
dewatering only ~15% of the downstream river bed [3].

Spawning below a discharge of ~30 m®:s~! means that redds are rarely left dry during hydropeaking
operations during winter, leaving the redds wet most of the time during winter. Thus redds are only
dewatered occasionally for shorter periods during a total shutdown of the power station or when only
running on the lowest load. Eggs tolerate shorter periods of dewatering as long as they are moist
and not frozen [34]. The influx of groundwater to the redds may also play an important role in the
survival of salmonid eggs [28], although no information on the influx of groundwater is available
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for the Storane River. Even if 25% of the flows are below 16 m3-s~! and 10% are lower than 8 m3-s~1,

most occur after hatching and swim-up and when the flow from the upstream section is high (Figure 2).

The high survival of YoY during the first summer and early autumn is due to the lower frequency
of hydropeaking and the higher residual flow from the bypass section, which has a dampening effect
on the peaks and leaves a larger area not dewatered during the rapid decreases or when the power
station is not running.

Temperature, season, and light conditions have the most pronounced effect on the stranding of
juvenile salmonids. In general, a far higher incidence of fish stranding occurs during winter conditions
(<4.5 °C) compared with during summer and early autumn [11]. This is mainly because of lower fish
activity during the cold season and substrate-seeking behavior, especially during daytime. Stranding is
lower at night during winter [11], probably because of the predominant night active behavior of
juvenile brown trout [35]. In the Storane River, 70% of the decreases occur during the night [3],
which might reduce stranding incidents during winter. Long, slow shutdown procedures of the
turbines during daytime with water level changes of <20 cm-h™! decreased the stranding of Atlantic
salmon drastically [11]. It may therefore be possible to reduce stranding by taking such ecological
considerations into account during hydropeaking operations.

Seasonal analysis showed that the highest percentage of rapid decreases occurs during darkness in
winter and autumn [3]. According to refs. [11,14,36,37], there is a far higher risk of fish stranding during
daylight in winter conditions due to the activity patterns of the fish [35]. Therefore, restricting dewatering
to the night may reduce the risk of stranding.

Juarez et al. [3] outlined the principal methods that can be used to reduce hydropower’s impact,
such as operational measures or building dikes or pools to decrease the effect of hydropeaking flows
downstream, although all have operational and construction costs. From the point of view of fish
biology, changes in the operation of the power station are the optimal strategy. Other mitigation
strategies suggested by ref. [3] involving morphological changes would probably worsen fish habitats.

Mitigation measures should target juvenile brown trout >1 year old during winter. Stranded fish
have occasionally been observed (M. Stickler, pers. comm.). However, stranding does not seem to be the
main impact. Dewatered areas mostly appear below 12 m®:s~!, reaching 34% at 6 m3-s~!. According to
the Envipeak guidelines [38], dewatered areas greater than 20% are considered to have a major impact.
During winter, most of the rapid decreases stop at relatively high discharges (mean 29.72 m3s71),
inundating only small areas [3]. The simulation results showed that with the current operational
procedures, the main impact during winter is a dewatering rate of >20 cm-h™! [3]. In addition, there is
a high frequency of such large decreases and increases in flow. Changes in water discharge and
water level of this magnitude have been shown to affect behavior in Atlantic salmon and brown trout,
which can lead to higher mortality during winter [4,39,40]. Although we have no data to support this,
we think that the lack of >1year old trout below the power station may be due to drift or migration into
the lake below. The high densities of YoY indicate extensive spawning in the reach below the power
station and is likely to be an important recruitment area for trout to Lake Hovsfjord.
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