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• High frequency and duration of zero-
flow events were documented in the
regulated Ume River System.

• The hydropower stations stand still be-
tween 9—55% of the time a hydrologi-
cally normal year, resulting in periods
of stagnant water.

• Introducing minimum discharge equiv-
alent to mean annual low flow would
create 240 ha of permanent lotic habitat.

• Another 107 ha of similar lotic habitat
could be created after structural rehabil-
itation of the streambed along river
reaches.

• Introducing minimum discharge in the
river system would result in 0.5% loss
of hydropower production annually.
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Hydropeaking, defined as rapid and frequent changes in flow to optimize hydropower production, is an increas-
ingly common procedure negatively affecting lotic habitats in riverine ecosystems. An important aspect of
hydropeaking is zero-flow events, occurring when hydropower stations are stopped due to low energy demand
or low electricity prices. We quantified the ecological benefits and consequences for hydropower production of
restricting zero-flow events. The 19 major hydropower stations in the Ume River system in northern Sweden
stand stillwith no discharge 9% to 55% of the time a hydrologically normal year, transforming lotic habitat to stag-
nant water. The duration of zero-flow events is exacerbated in dry years, with no discharge for 28% of the time in
a typical station, to be compared with 7% in a wet year. Zero-flow events affect the behavior of fish, altering the
fish community, and potentially result in low oxygen levels and low food supply to filter-feeding macroinverte-
brates. We modelled the consequences of restricting zero-flow events by introducing minimum flows equaling
mean annual low flow or higher for the entire Ume River catchment. The measure would result in an additional
240 ha of shallow lotic habitatwith gravel to boulder streambeds havingflow velocity exceeding 0.1m/s, i.e. suit-
able for lotic species such as grayling Thymallus thymallus. In addition, the measure would enable creating an-
other 107 ha of similar habitat after structural rehabilitation of river reaches. All measures would result in a
mean loss of hydropower production of 0.5% per year for the entire river system, 98% of which would occur
itta.malm-renofalt@umu.se (B.M. Renöfält), erik.degerman@slu.se (E. Degerman), dag.wisaeus@afconsult.se (D. Wisaeus),

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.147010&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.147010
mailto:asa.widen@umu.se
mailto:birgitta.malm-renofalt@umu.se
mailto:erik.degerman@slu.se
mailto:dag.wisaeus@afconsult.se
mailto:roland.jansson@umu.se
https://doi.org/10.1016/j.scitotenv.2021.147010
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Å. Widén, B.M. Renöfält, E. Degerman et al. Science of the Total Environment 783 (2021) 147010
between May and October when the demand for electricity is lower. Hydropower production would also be
partlymoved fromdaytime to nighttime. As zero-flow events are common in several other river systems, restric-
tions on their frequency and duration could be implemented in many areas.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

To increase the environmental sustainability of hydropower produc-
tion, futuremanagement of regulated rivers needs to balance increasing
demands for renewable electricity production and legal requirements to
ensure better protection of riverine ecosystems (Renöfält et al., 2010;
Zhang et al., 2014; Winemiller et al., 2016; Adeva Bustos et al., 2017).
Hydropower is presently the largest contributor of renewable electricity
(REN21, 2019) and does not emit greenhouse gases except for under
certain conditions (St. Louis et al., 2000). Hydropower also has a key
function in the electricity production system of many regions in its abil-
ity to rapidly vary production output. This means that hydropower is
likely to be increasingly important in the future, balancing variation in
wind and solar power production to ensure that electricity demands
are met and the frequency in the electricity grid remains stable (Riml
et al., 2018). Hydropower can increase or decrease production within
minutes by adjusting flow at hydropower stations (Sauterleute and
Charmasson, 2014), a practice called hydropeaking (Moog, 1993).

Hydropeaking entails rapid shifts in flow andwater levels, as well as
periods of no discharge, resulting in stagnant water in impoundments
and parts of reaches downstream of dams sometimes intermittently
laid dry. Downstream of hydropower stations, hydropeaking results in
abrupt changes between droughts and flushing flows, causing erosion,
clogging of stream-bed sediment and rapidwater-temperature shifts
(Bruno et al., 2010; Toffolon et al., 2010; Charmasson and Zinke,
2011; Bruder et al., 2016; Tonolla et al., 2016; Moreira et al., 2019;
Judes et al., 2020). Fish are at risk of being stranded or drift down-
stream (Holzapfel et al., 2017). Upstream of hydropower stations,
hydropeaking results in fast water-level drawdowns caused by
start of the turbines (Bejarano et al., 2018). Hydropeaking affects
roe and juvenile fish negatively since they are sensitive to alterations
in flow andwater levels (Moreira et al., 2019). Brown trout Salmo trutta
and grayling Thymallus thymallus can show behavioral changes related
to hydropeaking caused by increased stress (Vehanen et al., 2005;
Sloman et al., 2002; Flodmark et al., 2002). Further, hydropeaking
causes decreased abundance and species richness of macroinverte-
brates (Englund and Malmqvist, 1996). For example, Englund et al.
(1997) found fewer species and lower total abundance of caddisflies
(order Trichoptera) at sites with reduced flow, and the occurrence of
zero-flow events stood out as the most important factor. Erosion and
frequent water-level fluctuations associated with hydropeaking result
in loss of cover and species richness of riparian vegetation along
impounded reaches (Jansson et al., 2000; Bejarano et al., 2018). On the
other hand, hydropeaking may mitigate against natural drought condi-
tionswhich occur for example inMediterranean rivers (Alexandre et al.,
2016).

Effects of stagnant water (zero-flow in a normally lotic reach) are
lesswell studied, andmany regulated rivers globally have rulesmandat-
ing minimum flows. However, in Sweden such rules are rare. In rivers
with cascades of impoundments, habitats of lotic species are trans-
formed into lake-like ecosystems, thus favoring generalist and lake spe-
cies (Vehanen et al., 2005). Periods with stagnant water in lotic reaches
will alter riverine processes such as oxygenation, sedimentation, ice-
formation, thermal regimes and hyporheic exchange (Renöfält et al.,
2010). With zero-flow events, species adapted to lotic environments
such as drift-feeding young salmonids must frequently change habitat
and feeding behavior. Kalleberg (1958) showed in experiments that in-
stead of keeping a sheltered feeding position close to the bottom
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waiting for drifting insects, young brown trout and Atlantic salmon
(Salmo salar) left their territories and began shoaling in midwater
when the flow ceased. When the flow was resumed these fish had to
re-establish feeding territories. Much energy is spent on shifting habitat
and behavior, resulting in an increased risk of predation (Kraft, 1972).
Also larger individuals are affected and spawning riverine fish are sensi-
tive to zero-flow events with stagnant water (Grabowski and Isely,
2007) causing low oxygen levels and increasing predation from
piscivores (Friedland et al., 2017).

Negative environmental effects of hydropeaking can bemitigated by
structural restoration and/or by changing hydropower operational rules
to implement environmental flow options (Moog, 1993; Person et al.,
2014; Bruder et al., 2016). Structural measures imply diverting peak
flows to parallel channels or water bodies (Brunner and Rey, 2014),
building structures to retain water (Bruder et al., 2016), as well as reha-
bilitating degraded stream channels to increase morphological diver-
sity. Operational measures aim to reduce the hydrological effects of
hydropeaking by reducing the extremes of discharge and water levels
(Niu and Insley, 2013; Person et al., 2014) to better resemble flow pat-
terns that sustain native freshwater and estuarine ecosystems and the
ecosystem services they provide (Acreman et al., 2014).

Most large river systems in northern Swedenwere developed for hy-
dropower production in the 1950-ies and 1960-ies under thewater law
of 1918 (SFS 1918), with little consideration of environmental conse-
quences. In 2019, Sweden launched a national plan for relicensing of hy-
dropower permits to meet both modern environmental requirements
and provision of hydropower (Swedish Energy Agency, 2019). Almost
2000 hydropower plants will be assessed andmeasures to provide eco-
logical benefits will be considered, such as minimum flow release in
bypassed reaches or passages to enhance connectivity. However, a na-
tional plan for balancing the needs for hydropower production and en-
vironmental concerns (Swedish Energy Agency, 2016) recommends a
maximum annual loss of hydropower production of 2.3% nationally to
biodiversity improvement, compared to present conditions.

To accomplish a balance between environmental benefits and po-
tential loss of electricity production (Saarinen et al., 2015), the water
needs of ecosystems should be considered and be fully integrated in
river management (Richter and Thomas, 2007). In Sweden, environ-
mental assessments will be done in river systems where hydropower
stations and dams already exist. Hence, the question to be addressed
is: How much water do hydropower operators have to refrain from in
order to maintain or rehabilitate riverine ecosystems (Poff et al.,
2016)? Answering this requires the ability to predict and measure eco-
logical benefits as well as losses in electricity production at the catch-
ment scale.

Here, we model the ecological and power-production consequences
of implementing simple hydropower operation rulesmandating contin-
uous flow, equivalent of at least the unregulated mean annual low flow
in the Ume River catchment in northern Sweden. This environmental
flow measure is intended to mitigate stress and disturbance caused by
zero-flow events. Almost all lotic habitat in the main stem has been
lost, since most fall height is utilized for hydroelectric production
(Fig. 1 a-c). Damming and regulation have resulted in biodiversity loss
(Nilsson et al., 1991; Englund and Malmqvist, 1996; Jansson et al.,
2000), with notable declines in the number and abundance of popula-
tions of salmonid fish species, such as brown trout (Heggenes et al.,
1996; Saltveit et al., 2001) and grayling (Andersson, 1978a, 1978b;
Linløkken, 1993). Brown trout is more or less gone from the main



Fig. 1. Longitudinal profile of the Ume River from headwater to mouth (a-c) and map of the catchment. Channel bed (light blue) and water surface (dark blue) profiles for (a) the reach
Abelvattnet to Rusfors, (b) the reach Överuman to Gardiken, (c) the reach Rusfors to themouth of the river. (d)Map showing the Ume River cathment. Names of hydropower stations are
also used for the impoundment/reservoir affected by the dam at the station throughout the paper. Inset map shows the major catchments in Sweden with the Ume River in blue. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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stem, while there are remnant grayling populations making the latter a
suitable target species for restoration efforts.

The aim of introducing minimum flow targets would be to increase
the area and quality of habitat for lotic species. Continuous discharge
at all power stations implies avoiding periods of stagnant water. In ad-
dition, minimum discharge requirements mean that stress and distur-
bance associated with starts and stops of the turbines are avoided
(Greimel et al., 2018). Evaluation of the costs and benefits of environ-
mental flowmeasures requires a method to quantify the predicted eco-
logical benefits and the associated costs in terms of losses in
hydropower production. In previous environmental flow assessments,
some studies have assessed the projected benefits for specific species
or groups of species (e.g., Esselman and Opperman, 2010; Lessard
et al., 2013; Razurel et al., 2016), some studies have assessed costs in
the form of reductions in hydropower production (e.g., Morrison and
Stone, 2015; Nyatsanza et al., 2015) at the basin scale, but few studies
have done both (but see Casas-Mulet et al., 2014; Adeva Bustos et al.,
2017). The reason for the rarity of such studies is that they require
large-scale inventories of habitat quality combined with knowledge of
habitat requirements of target species or ecosystem functions. Finally,
assessing the consequences for hydropower production requires collab-
oration with hydropower operators, and obtaining information about
technical and legal constraints and conditions, electricity prices, flow re-
cords, and water allocation strategies among reservoirs and hydro-
power stations.

Here, we (1) quantify the frequency and duration of zero-flow
events in the Ume River catchment, (2) quantify the projected environ-
mental benefits of introducing requirements for minimum discharge
equivalent of mean annual low discharge to improve habitat quality
and area for riverine species adapted to lotic habitats, and (3) analyze
effects of implementing the measure on hydropower production in
the catchment. To the best of our knowledge, this is the first study to as-
sess the frequency and magnitude of zero-flow events in a regulated
3

catchment, and one of few to assess both the ecological benefits and im-
pact on hydropower production of implementing an environmental
flow measure in a large catchment.

2. Study area

The Ume River runs from the Scandinavian mountain range and
empties in the Bothnian Bay (Fig. 1). The river is 467 km long, with a
catchment area of 26,800 km2. The Vindel River is the largest tributary,
and remains free-flowing, but empties into the Stornorrfors impound-
ment, the last impoundment in the main stem before the sea. The
mean annual discharge of the Ume River is 242 m3/s above the conflu-
ence with the Vindel River. The river system is regulated by 19 hydro-
power stations, six of which are associated with large storage
reservoirs and the remaining 13 with run-of-river impoundments
(Fig. 1). The mean annual electric production in the Ume River is 7.7
TWh (1962–2008).

All hydrological analyses were done for all hydropower stations in
the catchment, but will be exemplified by three stations: (1) Storuman,
a reservoir with storage function, (2) Tuggen, representative of the run-
of-river impoundments in the river, and (3) Stornorrfors, the run-of-
river impoundment closest to the mouth, having limited degrees of
freedom to regulate as it receives the flow from the free-flowing Vindel
River (Fig. 2a-f). Comparisons of regulated flow conditions with
modelled unregulated flows using mean weekly flow data for the
years 1962–2008 demonstrate large changes as a result of regulation
(Fig. 2a-c). The Storuman storage reservoir is filled during snowmelt
in spring/early summer, with water being released the following fall
and winter, resulting in altered timing and magnitude of water-level
variation compared to unregulated conditions (Fig. 2a, d). In the run-
of-river impoundments (Fig. 2b-c, e-f), seasonal flow variation is re-
placed by daily and weekly variation in discharge and water levels as
a result of hydropeaking to meet variation in electricity demand,



Fig. 2. Hydrographs of (a) the Storuman hydropower station situated at a storage reservoir, (b) the Tuggen hydropower station functioning as a run-of-river station with hydropeaking,
(c) the Stornorrfors hydropower station functioning as a run-of-river station with limited possibilities for hydropeaking. Data are means from 1962 to 2008. (d) Weekly water-level data
from the Storuman storage reservoir. (e) Water-level variation in the Tuggen run-of-river impoundment using hourly data. (f) Water-level variation in the Stornorrfors impoundment
using hourly data. All water-level data are from the hydrologically normal year 2010.
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although a spring-flood peak remains in Stornorrfors as a result of dis-
charge from the free-flowing Vindel River. Water levels and flows are
decoupled in all run-of-river impoundments as a consequence of
hydropeaking being coordinated among the consecutive impound-
ments. This entails that discharge can increase while water levels de-
crease and vice versa. Basic technical and operational data about the
hydropower stations were used to determine minimum discharge and
to set hydropower operational rules (HOR) used in the flow scenarios.
Turbine capacity is the flow interval used to produce electricity, ranging
from the lowest possible flow through turbines without risking turbine
damage (Qmin) to the maximum capacity (Qmax).

3. Methods

3.1. Calculating the frequency and duration of zero-flow events

Hourly flow data (m3/s) was obtained from the hydropower opera-
tors to calculate the number of zero-flow events, when they occurred,
and their duration, for a hydrological wet year (2012), a normal year
(2010) and a dry year (2003),with hourly data as the highest resolution
in time. Calculations were made for all hydropower stations in the Ume
River system. In addition, we analyzed water-level changes with hourly
resolution for the corresponding years.

3.2. New hydropower operational rules to avoid zero-flow events

Wemodelled the ecological benefits and consequences of introduc-
ing new hydropower operational rules (Person et al., 2014) mandating
minimum flow at all hydropower stations below the storage reservoir
Storuman to avoid extended periods of zero-flow (Table 1).We decided
4

that the minimum discharge passing each hydropower station either
through turbines or the spill gates should be equal to the unregulated
mean annual low flow based on run-off 1999–2012 (data from the
Swedish Meteorological and Hydrological Institute) or alternatively,
the minimum flow that can be released through turbines (Qmin). The
aim was that discharge should primarily go through the turbines, thus
minimizing hydropower production losses. When the unregulated
mean annual low flow was lower than Qmin of the turbines, the mini-
mum discharge was increased to match Qmin to avoid spill. If Qmin sub-
stantially exceeded the mean annual low flow, water was allocated to
spill gates instead of turbines. However, in cases where there were
bypassed reaches, i.e. dry river beds downstream of dams, or in cases
wherewe identified a potential for buildingfishways, spill waterwas al-
located to these.

3.3. Assessment of the expected environmental benefits

Themost important ecological benefits of the proposed ruleswould be
to (1) to increasewater flow velocity and avoid stagnantwater in the im-
poundments and downstream of hydropower stations, (2) reducing the
adjustable flow interval, thus decreasing the potential for hydropeaking
intensity, (3) reduce the frequency of abrupt starts and stops inflowcaus-
ing erosion and stress to fish and aquatic invertebrates. All assessments of
environmental benefits and loss of electricity productionweredone at the
catchment scale. The potential environmental benefits of introducing
minimum flows were assessed in three ways:

1. First, wemodelled the expectedmeanwaterflowvelocity thatwould
result from the mandated minimum discharge at varying distances
downstream of hydropower stations (Table 2).



Table 1
Data on minimum flows for hydropower stations in the Ume River system. The minimum flow through turbines is the minimum flow that will not risk damaging the turbines (Qmin).

Hydropower station Type of
reservoira

and turbineb

Minimum flow
(Qmin) through
turbines (m3/s)

Mean annual
unregulated low
flow (m3/s)

Minimum discharge
used as a hydropower
operational rule (m3/s)

Hydropeaking
interval before
measure (m3/s)

Reduction in
hydropeaking
interval (%)

Flow path of minimum
discharge at the
hydro-power station

Abelvattnet S-K n/a 1.6 No 0–24 n/a n/a
Bleriken-Gejmån S-F 21 1.7 No 0–29 n/a n/a
Överuman-Klippen S-K 20 3.8 No 0–50 n/a n/a
Gardiken S-F 45 9.3 No 0–170 n/a n/a
Ajaure S-K 30 13.3 No 0–170 n/a n/a
Storjuktan S-F n/a 5.7 No 0–50 n/a n/a
Storuman S-K 50 21.4 50 0–330 15 Turbines
Stensele R-K 90 23.6 24 0–310 8 Spill gatesc

Grundfors R-K 40 24.6 40 0–330 12 Spill gatesc

Rusfors R-F 120 37.5 37 0–450 8 Spill gatesc

Bålforsen R-K 50 40.5 50 0–305 16 Turbines
Betsele R-K 50 40.7 50 0–320 16 Turbines
Hällforsen R-K 50 41.9 50 0–320 16 Turbines
Tuggen R-K 55 39.6 55 0–480 11 Turbines
Bjurfors Övre R-K 50 44.1 50 0–450 11 Turbines
Bjurfors Nedre R-K 50 44.2 50 0–450 11 Turbines
Harrsele R-K 85 45.3 45 0–450 10 Spill gatesc

Pengfors R-K 30 42.3 50 0–450 11 Turbines
Stornorrfors R-K 80 80.0 72 0–1045 7 Turbines

a S = Storage reservoir, R = run-of-river impoundment.
b K = Kaplan turbine, F = Francis turbine.
c Through spill gates when the turbines are not in operation.
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2. Second, we assessed the channel area with channel-bed substrate
consisting of sand, gravel, pebbles, cobbles or boulders estimated to
have flow velocities exceeding 0.1 m/s after introducing minimum
discharge requirements. These habitat conditions were assumed to
benefit lotic fish such as grayling and macroinvertebrate communi-
ties. Estimation of areas was based on surveys of water depths
(<1.5 m) and bottom substrates consisting of sand, gravel and peb-
bles without accumulation of silt. Note that since discharge and
flow are decoupled, we can assume that flow velocity will increase
without any concomitant changes in depth.

3. Third, we estimated the area of new potential high-velocity habitat
that could be gained by structural modification of outlet channels
downstream hydropower stations. These areas would have a varia-
tion of water depths and flow velocities creating a mosaic of micro
Table 2
River cross sections where flow velocity calculations were performed. Habitat was defined acc

Section number Reach (upstream and downstream
hydropower station)

Distance from upstream
hydropower station (km)

The cros
column p

1, 2 Storuman/Stensele 6.0
3 Stensele/Grundfors 2.0
4 Stensele/Grundfors 7.0
5 Stensele/Grundfors 15.0
6 Grundfors/Rusfors 4.0
7 Grundfors/Rusfors 8.0
8 Rusfors/Bålforsen 1.5
9 Rusfors/Bålforsen 9.0
10 Bålforsen/Betsele 2.5
11 Bålforsen/Betsele 5.0
12 Betsele/Hällforsen 2.5
13 Betsele/Hällforsen 5.0
14 Hällforsen/Tuggen 3.0
15 Tuggen/Bjurfors Ö 5.0
16 Tuggen/Bjurfors Ö 14.0
17 Bjurfors Ö/Bjurfors N 0.5
18 Bjurfors Ö/Bjurfors N 4.0
19 Bjurfors N/Harrsele 1.0
20 Bjurfors N/Harrsele 3.0
21 Harrsele/Pengfors 2.0
22 Harrsele/Pengfors 5.0
23 Pengfors/Stornorrfors 7.0
24 Stornorrfors/Sea 2.0

a Fast = mean velocity > 0.1 m/s, medium= mean velocity < 0.1 to >0.05 m/s, slow = m
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and meso habitats corresponding to the demands of grayling at dif-
ferent life stages.

3.4. Background to the choice of grayling as a target species for restoration

Large regulated rivers in northern Sweden can harbor sustainable
grayling populations with reproduction in outlet channels and other
reaches with high flow velocity provided important structural compo-
nents in the channels are still remaining (Persson and Isaksson, 2015;
Stridsman, County board of Norrbotten, 2017, personal communica-
tion). This implies structural restoration of reaches that have the poten-
tial of becoming suitable grayling habitat. We assessed potential areas
suitable for different life stages of grayling based on hydrology, channel
substrate composition and depth. Habitat preferences for grayling vary
ording to flow velocity at minimum low flow into slow, medium and fast.

s-sectional area of the ground
erpendicular to the flow (m2)

Minimum annual
low flow(m3/s)

Estimated flow
velocity (m/s)

Habitat type based
on flow velocitya

300 21.4 0.07 Medium
290 23.6 0.08 Medium
275 23.6 0.09 Medium

5225 23.6 0.01 Slow
210 24.6 0.12 Fast

1005 24.6 0.02 Slow
326 37.5 0.11 Fast
795 37.5 0.05 Medium
810 40.5 0.05 Medium

2700 40.5 0.01 Slow
203 40.7 0.20 Fast

1356 40.7 0.03 Slow
1100 44.0 0.04 Slow
421 39.6 0.09 Medium
820 39.6 0.05 Medium
320 44.1 0.14 Fast

2700 44.1 0.02 Slow
160 44.2 0.28 Fast
720 44.2 0.06 Medium
530 45.3 0.08 Medium

1260 45.3 0.03 Slow
215 42.3 0.20 Fast
810 72.3 0.09 Medium

ean velocity < 0.05 m/s.



Å. Widén, B.M. Renöfält, E. Degerman et al. Science of the Total Environment 783 (2021) 147010
depending on season, life stage, water depth, bottom substrate andwater
flow velocity (Gonczi, 1985; Crisp, 1996; Heggenes et al., 1996; Nykänen
and Huusko, 2003; Nykänen, 2004; Nykänen et al., 2004a, 2004b). For
example, during spring, grayling larvae (17–21 mm long) prefer a
water depth of 10–30 cm, with sand as bottom substrate and a water
velocity < 0.1 m/s. In contrast, spawning grayling prefers a water depth
of 30–50 cm with gravel and a water velocity of 0.1–0.5 m/s.

3.5. Flow velocity projections

To assess the projected minimum flow velocities at varying dis-
tances from hydropower stations by implementing restrictions against
zero-flow events, we made projections of expected flow velocity at 24
sections along the Ume River assuming minimum discharge require-
ments had been implemented. Flow velocity (m/s) was calculated for
the mean annual low discharge below each power station (Table 2).
When the turbines are started and stopped, swells occur that may last
up to several hours. The swells may give rise to water-level differences
of several centimeters and these differences are often many times
greater than the friction losses that are the starting point for flow calcu-
lationswithManning's equation. For this reason, we calculated flow ve-
locity using the eq. V = Q / A, where velocity V is a function of mean
annual low flow Q (m3/s) divided by the cross-sectional area A of the
ground column perpendicular to the flow (m2). For each section, A
was calculated in ArcGIS Version 10 (ESRI 2011) with depth data
obtained from the hydropower company Vattenfall AB. Median water
levels were used in the calculations. We used flows for 2010, a hydro-
logically normal year, and calculated flow velocities at each section
using the above equation. Based on the flow velocity measurements,
we classified each section as being characterized by fast (mean >
0.1 m/s), medium (mean 0.05–0.1 m/s) and slow (mean < 0.05) flow
velocity. The aimwas to relate the expected flow velocities atminimum
Fig. 3. Projected gains in the area and distribution of lotic habitat, defined as shallow areas wit
m/s, created by introducing requirements on minimum discharge. (a) Estimated gain in area o
discharge. (b) Same as in (a) but for each impoundment/reservoir. Gardiken, Bleriken-Gejm
proportional gain in area of lotic habitat per impoundment (green bars) and proportional o
Bjurfors N and Harrsele are merged, as are Bålforsen, Betsele and Hällforsen. (d) Photos of sh
Stenselet impoundment. Right: Tuggen impoundment. Photographs: Åsa Widén. (For interp
version of this article.)
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flow to habitat conditions for lotic organisms, with specific focus on
habitat demands of grayling (see Section 3.4).

3.6. Potential gain in area of high flow velocity in shallow reaches of
impoundments

The impoundments were inventoried by boat by two persons visu-
ally inspecting bottom conditions during the summers of 2012–2014.
Channel areas being less than 1.5 m deepwith flow velocities estimated
to exceed 0.1 m/s at minimum flow, having coarser bottom substrates
(sand, gravel, pebbles, cobbles or boulders) and lacking deposits of silt
and finer sediment, were quantified in all run-of-river impoundments,
and the summed area per impoundment is displayed in Fig. 3. These
areas were deemed to become suitable for organisms adapted to lotic
habitat, such as grayling, if rules for minimum discharge would be
implemented.

3.7. New habitat area downstream hydropower plant in outlet channels

Outlet channels immediately downstream of hydropower stations
represent one of the few remaining types of river reaches with high
flow velocity in the regulated Ume River (Fig. 3a-c), although this is
true only when turbines are producing electricity. Outlet channels are
often deep (3–10 m) and narrowwith dredged or blasted beds, making
conditions unsuitable to most aquatic macro-species. However, outlet
channelswhere structural features such as boulders remain in the chan-
nel bed can harbor self-sustainable populations of grayling (Persson and
Isaksson, 2015). We assume that with structural modification of the
channel, these reaches could serve as habitat for lotic species, i.e. river-
ine species adapted to habitat with high flow velocities. Since any mea-
sures in the outlet channel that would lower its capacity for discharging
water from the power stationwould affect hydropower production and
h gravel, pebble, cobble or boulder channel bed substrate with flow velocity exceeding 0.1
f improved and new shallow lotic habitat along the Ume River after introducingminimum
ån, Abelvattnet and Överuman-Klippen lacked environmental benefits. (c) Estimated

f annual change in electricity production per hydropower station (red bars). Bjurfors Ö,
allow bottom substrate with pebbles and cobbles deemed as potential lotic habitat. Left:
retation of the references to color in this figure legend, the reader is referred to the web
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safety negatively, restoration work was assumed to occur by widening
the channel. At all outlet channels, we assumed the construction of an
“ecological shelf”, i.e. a widening of the channel with depths and veloc-
ity accommodating habitat requirements at different life stages of gray-
ling (Supplementary information, Fig. S1). This corresponds to water
depths from 10 to 400 cm and flow velocities between <0.10 and 1.1
m/s (Gonczi, 1985; Nykänen and Huusko, 2003; Nykänen, 2004;
Nykänen et al., 2004a, 2004b). The shallow areas would also have boul-
ders, contributing to increased roughness and heterogeneity of hydrau-
lic conditions.

3.8. Effects on hydropower production

We calculated the estimated loss of hydropower production at all
power stations using the software ProdRisk (SINTEF, Trondheim,
Norway).We usedweekly flow data for the years 1962–2007, and elec-
tricity price prognoses for the period 2014–2024 by permission of
Vattenfall AB. The aim of the simulations was to mimic how hydro-
power production is planned with the aim of maximizing hydropower
production and revenues by running the hydropower system as pres-
ently with the addition of our proposed new environmental flow re-
quirements, implemented as additional hydropower operational rules
in the model runs.

ProdRisk is developed by SINTEF, Norway (www.sintef.no) and in
operational use by many of the largest hydropower companies on the
Nordic powermarket. The programwas run in a market modewith en-
ergy prices given exogenously. The simulations were performed in col-
laboration with Vattenfall AB. The output of the analyses included
estimates of electricity production, described as differences in produc-
tion between the current and environmental flow modes of operation
per week, water storage and flow for each of the 46 years used in the
scenarios for each hydropower station in the river. To validate the
model, and to ensure that our hydrological data was correct, we ran
the models with current hydropower operational rules and adjusted
for possible deviations compared to logged regulated flow until the
model results were close to observed (mean deviation per year 0.2
GWh, equivalent to a 2.9 × 10−6%). In the analyses, we used five price
ranges, reflecting differences in the price paid for electricity depending
on demand and availability on the NordPool exchange market,
encompassing the Nordic and Baltic countries. The five price ranges
are approximations of actual prices, and roughly correspond to two
ranges having the highest prices and mainly occurring during day-
time (generally about 20% higher than during night), two ranges oc-
curring during night (having the lowest prices) and one range (10 h
per week) which can occur whenever the prices are high during a
week. Themodel runs in ProdRisk are based on equations for the pro-
duction at each hydropower station based on e.g., gross head, the
gravitational constant, turbine efficiency, and flow per time unit.
Algorithms are then used to make decisions on where and when to
allocate flow to hydropower stations in the river system tomaximize
hydropower production and revenues. ProdRisk finds this solution
using stochastic dual dynamic programming. This means combining
system simulation and strategy computation to find an optimal strat-
egy. This is achieved by dividing the overall problem into smaller
optimization problems, which are solved by using linear program-
ming and coordinated by using the principle of Benders decomposi-
tion. The models were run with the ProdRisk license owned by
Vattenfall AB.

We took no account of effects on balancing and regulating power in
the simulations, i.e. the fact that production has to balance demand at
each moment to keep the frequency in the electric grid stable (at 50
Hz). To analyze the extent to which the timing of hydropower produc-
tion would be changed, and when potential losses would occur, we
compared differences in the amount of hydropower produced at differ-
ent times of the year and different times of the day between the current
and environmental flow modes of operation.
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4. Results

4.1. Frequency and duration of zero-flow events

There were long durations of zero-flow events in almost all the hy-
dropower stations, especially during dry years (Fig. 4a), with individual
zero-flow events lasting days orweeks. On average 84% of the zero-flow
events occurred during night (between 10.00 p.m. and 06.00 a.m.). The
meanduration of zero-flowevents during a yearwith average discharge
(“normal year”) was 2047 h or 23% of the time, varying from almost no
zero-flow events at Stornorrfors (9 h) to 10% of the time (1014 h) in
Hällforsen, to 29% of the time (2518 h) in Stensele and to 48% of the
time (4163 h) in Bleriken-Gejmån (Fig. 3). Klippen had the longest du-
ration of zero-flows (4797 h or 55% of the time a normal year), but has a
mandatedminimumdischarge of 5.5% of mean annual discharge (mean
0.94 m3/s) released into the bypassed 6 km long channel, to be com-
pared with the suggested 3.8 m3/s (Table 1).

The variation in the frequency and duration of zero-flow events
between dry andwet years was large (Fig. 4a). For example, the Tuggen
power station stood still with no discharge 28% of the time
(2442 h) during the dry year of 2003, to be compared with only 7% of
the time (573 h) during the wet year of 2012. Stornorrfors was an
outlier, as zero-flow events were infrequent and of short total duration
(Fig. 4) because the free-flowing Vindel River empties into the im-
poundment thus hindering zero-flow events during a hydrologically
normal year.

The frequency and timing of zero-flowevents differed between stor-
age reservoirs (mean duration 47.8% of a hydrologically normal year)
and run-of-river impoundments (mean duration 17.2% of a hydrologi-
cally normal year). In Fig. 4b, the storage reservoirs are represented by
Storuman, having few but long-lasting zero-flow events. For example,
in 2010, one event in May lasted 563 h and one in June lasted 168 h.
During the remaining year, zero-flow events were of short duration.
Storuman had 168 zero-flow events during 2010, 103 in 2012 and 233
during 2003. In contrast, Tuggen, representing a run-of-river impound-
ment, had long-lasting zero-flow events occurring all months, except
for January (Fig. 3c). The Tuggen hydropower station had 215 zero-
flow events in 2010, and 104 and 295 events during the years of 2012
and 2003, respectively.

Flow duration curves for Storuman and Tuggen show that zero-flow
events lasted between 32% of the year (2003, a dry year) to 15% (2012, a
wet year) in Storuman, compared to between 26% (dry year) and 6%
(wet year) in Tuggen. The flow duration curves show that the discharge
at Storumanwas close to themaximum turbine capacity for longer time
spans compared to Tuggen (Fig. 4d-e).

4.2. Effects of introducing minimum discharge on flow velocity

Introducing rules mandating minimum flow discharge to eliminate
zero-flow eventswould increaseminimumflowvelocity in the river, ac-
cording to our projections. Since the turbines neverwould be turned off,
stagnantwater is avoided. Comparing the flow velocity at the suggested
minimumdischarge with calculated values of flow velocity at the actual
discharge during 2010, we found large differences between reaches. Six
reaches were projected to be fast flowing (velocity > 0.1 m/s), tenwere
projected to have medium velocity (velocity 0.05 to 0.09 m/s) and six
were slow flowing (velocity < 0.05 m/s; Table 2). For river Sections 1
and 2, situated below the Storuman hydropower station, introducing a
mandatedminimum discharge would result in avoiding 2929 h of stag-
nant water conditions, occurring mainly from March to November
(Fig. 5a). Introducing minimum discharge corresponding to 21.4 m3/s
(Table 2) would imply a minimum flow velocity > 0.7 m/s (Fig. 5a). In
the two sections below the Tuggen station (Fig. 5b,c), flow velocity
was estimated to vary between 0 and 1.3 m/s (Section 15, Fig. 5b,e),
and between 0 and 0.6 m/s (Section 16, Fig. 5c,e, respectively). Here, a
minimum discharge corresponding to 50 m3/s would result in a

http://www.sintef.no


Fig. 4. (a) Duration of zero flow events during 2010 (a hydrologically normal year), 2003 (a dry year) and 2012 (awet year) for all hydropower stations in the Ume River system except for
Gardiken. Pengfors lacked reported data for the year 2010 and 2003. Bleriken-Gejmån, Ajaure, Abelvattnet and Överuman-Klippen lacked data for the year 2010 and 2003. (b) Storuman
hydropower station and storage reservoir. Periodswith zero-flowpresented permonth for 2010. (c) Tuggenhydropower stationwith a run-of-river impoundment. Periodswith zero-flow
presented per month for 2010. (d) Storuman hydropower station. Flow duration curve for the hydrologically normal year 2010, the wet year 2012 and the dry year 2003. (e) Tuggen
hydropower station. Flow duration curve for the hydrologically normal year 2010, the wet year 2012 and the dry year 2003.

Fig. 5. Variation in water flow velocity at a number of river sections using the actual variation in discharge for 2010 compared with estimated water flow velocity at minimum discharge,
based on hourly logged data. (a). Sections 1 and, 6 km downstream of Storuman hydropower station in the Stensele impoundment receiving flow from Storuman. (b) Section 15, 5 km
downstream the Tuggen hydropower station in the Bjurfors Övre impoundment. (c) Section 16, 14 km downstream Tuggen hydropower station in the Bjurfors Övre impoundment
receiving flow from Tuggen. (d) Sections in reach 24 receiving flow from the Stornorrfors hydropower station. (e) Water flow velocity at Tuggen during March 12 to 21, 2010. The
fast-flowing section 15 is situated 5 km downstream of the power station. The slow flowing section 16 is situated 15 km downstream the power station where the channel is wider.
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minimum water flow velocity > 0.1 m/s. For the reach below
Stornorrfors hydropower station, implementing a rule mandating min-
imum discharge of 50 m3/s would not give any effect on flow velocity,
since flow exceeds this magnitude almost all the time. Flow velocity
downstream of Stornorrfors was estimated to vary between 1.3 m/s
and 0.1 m/s (Fig. 5d).

4.3. Projections of increases in the area and quality of lotic habitat created
by minimum discharge requirements

The total area of shallow lotic habitat (having flow velocity exceed-
ing the minimum limit of 0.1 m3/s at all times) that would benefit from
introducing a mandated minimum discharge was estimated to be 372
ha, which equals 15% of the wetted area of the run-of-river impound-
ments downstreamof Storuman. Of this area, 240 ha consists of shallow
areas with sand, gravel, pebble, cobble or boulder substrate (Fig. 3a-d),
suitable for lotic species. In addition, introduction of a minimum dis-
charge would allow creation of 107 ha of new lotic habitat in outlet
channels. This can be achieved after widening (“ecological shelves”)
and restoring the reaches to create shallow areas, with coarser bottom
substrates suitable to lotic species, such as grayling. The area of im-
proved and newly created lotic habitat was unequally distributed
along the river with peaks in the Grundfors and Rusfors impoundments
(Fig. 3b), and covaried with the estimated loss of electricity production
(r=0.91, P< 0.0001, n=15, Spearman rank correlation test, assuming
power stations were random samples).

4.4. Consequences for electricity production

Introducing restrictions on zero-flow events would result in a mean
loss in electricity production of 39 GWh per year for the Ume River,
equivalent to 0.5% of current production calculated for the period
1962–2008. This would amount to 15 MSEK per year in lost revenues,
or equivalent to 0.7% of current values (Table 3). However, hydropower
production as well as the predicted production loss due to flow restric-
tions vary among years (Fig. 6a-b). Modelled hydropower production
during 1962–2007 varied between 5.4 TWh (in 1970) and 10.1 TWh
Table 3
Change in electricity of production (GWh)permonth and hydropower station causedby introdu
loss, light green indicates no impact and green color net gain in electricity production. Column
portional change in annual electricity production.

January February March April May June July

Abelva�net 0.0 0.0 0.0 0.0 0.0 0.0 -

Gejmån -0.8 -0.7 -0.8 0.1 0.3 -0.2 -

Överuman-Klippen 0.4 0.2 -0.1 0.0 0.2 0.1

Ajaure 0.3 0.3 0.0 -0.2 -0.2 0.0 -

Gardiken -0.5 0.5 0.3 0.2 0.3 0.0 -

Juktan 0.2 0.0 0.1 0.4 0.1 0.3 -

Storuman 0.2 0.3 0.2 0.5 0.2 0.2

Stensele -0.2 0.0 -0.3 -0.5 -2.2 -1.4 -

Grundfors 0.2 -0.2 -0.2 -0.8 -2.9 -1.8 -

Rusfors -0.5 -0.3 -0.5 -1.0 -1.1 -1.4 -

Bålforsen-Hällforsen 0.2 0.2 0.3 0.7 -0.2 0.2 -

Tuggen -0.2 0.2 0.2 0.5 0.2 0.2 -

Bjurfors Övre-Harrsele -0.3 -0.3 -0.2 1.0 -0.3 0.0 -

Pengfors -0.2 0.0 0.2 0.2 0.2 0.0

Stornorrfors 0.2 0.5 0.5 1.7 0.2 0.7 -

Total -1.0 0.7 -0.3 2.8 -5.2 -3.1 -
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(in 2001) (Fig. 6a). Effects on electricity production varied from a loss
of 0.11 TWh (1.6%, 2006), to a gain of 0.025 TWh (0.3%, 1975) (Fig. 6b).

Zero-flow events generally start in February, and with rules set for
continuous discharge, electricity production in themodel is forced to in-
crease during such periods (net gain in February, April and December
(Table 3). In addition,minimumdischargewould lead to increasing pro-
duction during night (low prices) at the expense of daytime production
(high demand and prices). The night and weekend production thus in-
creased at the expense of the better-paid daytime production (Fig. 5c).
Having continuous flow through power stations would also affect
when during the year electricity is produced. Losses in electricity pro-
duction occurred primarily from May to October (on average 98% of
the loss or 38.5 GWh), whereas the remaining part of the year (January
toMarch and November to December) only accounted for 2% of the loss
or 0.5GWh (Table 3). Electricity production losses occurred at all hydro-
power stations except five, which instead increased net production
(Table 3). All five of these stations except Stornorrfors were situated
at storage reservoirs. All run-of-river impoundments except
Stornorrfors lost in annual electricity production, but gained in produc-
tion from December to June. Most losses occurred during the summer
season (Table 3). Loss of electricity production in Stensele, Grundfors
and Rusfors was caused by spill since theminimum capacity of turbines
(Qmin) was too large in relation to the mean annual low flow used as a
benchmark for setting minimum discharge. This spill water could po-
tentially serve other environmental mitigation measures, such as
being released in fishways or bypassed river reaches. The losses in
Harrsele and Tuggen were mainly caused by loss of turbine efficiency
due to production occurring at lower efficiency of the turbines.

5. Discussion

Our study shows that there are opportunities to improve ecosystem
health in the Ume River withmitigationmeasures that entail only small
losses in electricity production. This is in line with the argument by Poff
et al. (2016), that “a lot can be donewith little water”. We would like to
add “and with small losses in electricity production”, given that river
management is analyzed from both ecological and engineering
cing demands onminimumdischarge at each hydropower station. Blue color indicates net
s to the far right show change in annual revenue from electricity production and the pro-

August September October November December Annual

Annual 
change in 
revenue
(MSEK)

Pro-
por�onal 
change in 
produc�on
(%)

0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 -0.2

0.7 0.8 1.0 0.7 0.3 0.5 0.5 0.0 0.1

0.0 -0.3 0.2 0.0 0.0 0.3 -0.2 0.0 0.0

0.2 -0.2 0.2 -0.2 0.2 -0.3 -0.2 0.0 0.0

0.3 0.0 0.0 0.0 0.3 0.0 0.8 0.1 0.1

0.3 -0.2 0.0 -0.7 0.0 0.0 -0.1 0.0 0.1

0.2 -0.8 -0.3 -0.2 0.0 0.2 0.5 0.1 0.1

1.2 -1.0 -0.8 -0.8 -0.3 0.0 -8.8 -2.7 -3.6

1.7 -1.3 -0.7 -1.2 -0.5 0.0 -11.1 -3.4 -2.4

1.2 -1.0 -0.3 -1.0 -0.7 -0.2 -9.2 -2.6 -4.5

0.7 -1.5 -1.0 -0.3 -0.3 0.2 -2.4 -1.2 -0.6

0.2 -0.7 -0.3 -0.5 -0.2 0.0 -0.8 -0.8 -0.6

1.2 -3.0 -1.8 -1.3 -1.2 -0.3 -9.1 -4.2 -1.0

0.0 -0.5 -0.2 -0.2 -0.2 0.2 -0.5 -0.4 -0.5

0.2 -2.0 -0.8 0.0 -0.3 0.3 0.7 -0.1 0.0

7.8 -11.6 -4.7 -5.7 -2.9 0.9 -39.9 -15.2 -0.7



Fig. 6. (a) Totalmodelled annual electricity production in theUme River 1962–2008. (b) Proportional change in annualmodelled electricity production caused by introducing demands on
minimum discharge, compared to annual production with current hydropower operation rules. (c) Proportional change in production per month in Tuggen occurring in different price
ranges caused by introducing demands on minimum discharge, compared to annual production with current hydropower operation rules. Proportion of change presented as mean
change in timing (1962–2008) per price range.
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perspectives. This is probably true for many regulated rivers around the
world and certainly in Scandinavia. An environmental flow assessment
cannot be considered cost-effective based simply on low cost for imple-
mentation, but should be based on robust models of ecological benefits
and consequences for the energy system. Here, we estimated the conse-
quences of introducing rules mandating continuous flow through hy-
dropower stations to improve habitat conditions for aquatic organisms
adapted to lotic conditions by calculating the gains in area with condi-
tions suitable for lotic species such as grayling, as well as changes in hy-
dropower production and revenues. Below we discuss the main
methodological challenges and implications of the results.

5.1. Ecosystem benefits of minimum flow

Effects of hydropeaking can be mitigated with rules of mandated
minimum discharge, but to quantify and predict the environmental
benefits this might bring is challenging (Bruder et al., 2016). We started
out by identifying the lack of lotic habitat with permanently flowing
water (with flow velocity meeting the requirements of lotic taxa) as a
major problem in the Ume River, and hence decided to focus on the po-
tential gain in area of lotic habitatmeeting specific requirements of flow
velocity and channel bed substrate conditions for the target species
grayling, acting as an “umbrella” species (Roberge and Angelstam,
2004). If implemented, the minimum-flow measure would likely pro-
vide multiple benefits for riverine ecosystems that we have not tried
to quantify, associated with less rapid changes in discharge going from
stagnant water to high flow velocities. For example, avoiding periods
of stagnant water would promote hyporheic flow, reducing the risk
for critically low levels of dissolved oxygen leading to egg mortality
and failed incubation in salmonids (Malcolm et al., 2003; Calles et al.,
2007). Continuous reservoir release would also help avoid stagnant
water resulting in high temperatures (Olden and Naiman, 2010) having
negative effects e.g., on the number of egg-bearing grayling females
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(Wedekind and Kung, 2010). Frequent starts and stops of turbines
also increase disturbance from displacement of ice and sediment
(Ettema and Zabilansky, 2004; Turcotte et al., 2011; Prowse and Culp,
2003), constituting a stress for young brown trout (Watz et al., 2015)
and riparian vegetation (Bejarano et al., 2018). Finally, having rules for
minimum discharge through turbines would decrease the available
hydropeaking interval, i.e. the range offlows available for hydropeaking,
with more than 10%, since the range of discharge from zero-flow up to
minimum low flow would not be allowed (Table 1). As a consequence,
hydropeaking intensity would decrease, potentially also reducing
water-level fluctuations. Minimum discharge could however increase
the rate-of-change or flashiness of flow variation in small impound-
ments and hydropower stationswith turbines with large capacity in re-
lation to themean discharge. This means that the impoundment can be
filled up or emptiedwithin a short time period. Thus, in these situations,
lowering the available hydropeaking interval could increase the stress
and disturbance on ecosystems. In such situations, the minimum dis-
charge should be combined with rules on the maximum rate of change
in flow or water levels. To detect such cases, flow data with high time
resolution (e.g. hourly data) is needed. This helps both developing
new hydropower operational rules and is essential when analyzing his-
torical records of flow andwater levels. However, we did not use hourly
data in calculating how implementing environmental flows would af-
fect electricity production since this would not match how hydropower
operators plan hydropower production.

We quantified environmental benefits of introducing minimum
flows as changes in suitable habitat, based on flow velocity, channel
bed substrate composition and water depth, for species adapted to run-
ningwaters. In doing so, there are multiple biotic interactions not taken
into consideration in our study, as exemplified by the grayling. It is sen-
sitive to competition from brown trout (Degerman et al., 2000; Goble
et al., 2018), but is rarely exposed to predation from Northern pike
Esox lucius (Sandlund et al., 2016) in their natural habitat. With
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increasingwaterflowvelocity, Northern pikewill have less effect on sal-
monids in running water. Factors affecting salmonid food availability,
such as drift of invertebrates, are also affected by discharge and velocity
(Naman et al., 2016) andmay be positively affected by amandatedmin-
imum discharge.

Calculating the potential benefits of environmental flow measures
can be done in multiple ways, including (1) projecting their effect on
processes deemed important for ecosystem functions, (2) estimating
theareaof habitat created ormaintainedby themeasure, or (3) calculat-
ing the effect on the population abundance of key species (Heggenes
et al., 1996; Vehanen et al., 2003; Capra et al., 2017). The threemethods
go from low to high precision in making projections for a target organ-
ism, and we primarily opted for the second strategy since the measure
would potentially benefit multiple species, for which we have limited
information, making estimates of population responses infeasible. At
the same time, we employed strategy (1), assessing the effect on flow
velocity since this is a key hydrological process affecting sediment redis-
tribution, oxygenation and habitat conditions for focal species, and can
be modelled quantitatively.

5.2. Catchment area perspective

Despite that ownership of hydropower stations in the Ume River
system is divided among multiple hydropower companies, water man-
agement is highly integrated across the catchment. This means that es-
timating the consequences of introducing minimum discharge for
hydropower production aswell as assessing the environmental benefits
had to be done at the catchment level. Our models show that restriction
of zero-flow events would result in both gains and losses in production
throughout the system (Table 3). In addition, the gains in habitat area
would not always be located at the impoundment and hydropower sta-
tion in focus. This is because a change at a specific hydropower station
may force concomitant changes in operation of other stations. For ex-
ample, the rule of minimum discharge through turbines was applied
to all hydropower stations downstream of Storuman, but the electricity
productionwould be affected in all upstream stations, since the flow re-
striction would force them to release water.

5.3. Potential synergistic effects of multiple rehabilitation measures

Although not an environmental benefit per se, introducing require-
ments for minimum discharge can facilitate introducing additional en-
vironmental flow measures. In hydropower stations where the
minimum capacity of turbines is too large to set rules for a minimum
flow equivalent of mean annual low discharge, water would be released
through spill gates. However, the spill water should not be considered
“lost water”, since it can be used for subsequent environmental mea-
sures, such as discharge to fishways or bypassed reaches, providing ad-
ditional ecosystem benefits.

Hydropeaking intensity is modulated by river morphology (Person
et al., 2014). More complex river morphology, such as meanders,
islands, braided shallow sections, can attenuate flow and increase hy-
draulic roughness, thus reducing flow velocity variation (Hauer et al.,
2013). In Norway, it is common for environmental flow measures to
be combined with structural rehabilitation measures (Adeva Bustos
et al., 2017; Casas-Mulet et al., 2014). Halleraker et al. (2007) concluded
that a combination of habitat improvement, decreased flow ramping,
and environmental flowmeasures would be necessary to enhance con-
ditions for Atlantic salmon Salmo salar.

When calculating the total area of gained habitat for grayling and
other lotic species, we assumed that environmental flow measures
would be combined with structural rehabilitation of stream channels
(Whipple and Viers, 2019). Measures to improve stream channel mor-
phology, especially in-stream structures, are often needed to create
the range of habitats used by species over their entire life cycle. For ex-
ample, structural modification of the streambed may increase
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roughness helping to buffer against hydropeaking effects (Hauer et al.,
2013; Casas-Mulet et al., 2014). We assumed that outlet channels
below hydropower stations, having high flow velocities, could be mod-
ified to meet the requirements of grayling and similar species. This
would be done by widening the channel to include shallow areas with
suitable depths andflowvelocity for grayling along one bank, an ecolog-
ical shelf. Suchmeasures have not yet been implemented, but there are
regulated river reaches in the region with hydropeaking having self-
sustaining populations of grayling in outlet channels, and these are
characterized by high sediment heterogeneity, including large boulders
(Persson and Isaksson, 2015). Since there is almost no remaining fall
height, the structural measures are dependent on restricting zero-flow
events in order to avoid stagnant water.

5.4. Loss of electricity production in relation to environmental benefits

All hydropower stations in the Ume River are scheduled to un-
dergo a relicensing process to adapt the legal requirements to meet
modern environmental demands (Swedish Energy Agency, 2019).
Our results show that restricting zero-flow events in the Ume River
would cause a mean loss equivalent of 39 GWh or 0.5% of current hy-
dropower production per year (Fig. 6b), which can be compared to
the range of variation among years, being 4.8 TWh for the period
1962–2008 (Fig. 6a). The fact that this between-year variation can
be accommodated and managed successfully suggests that a 0.5%
loss of electricity production can be considered manageable for the
energy system. The maximum loss in hydropower production in
the Ume River system envisioned in the Swedish National Strategy
for hydropower and mitigation of riverine ecosystems (Swedish
Energy Agency, 2019) was preliminarily set to 1.9% or 139 GWh of
current annual production (information from the Swedish Energy
Agency, the Swedish Agency for Marine and Water Management,
and Svenska Kraftnät), and introducing mandates for minimum
discharge would thus be well below the limit.

The fact that minimum flows would primarily run through turbines
minimized production losses, so that the main impact is to change the
timing rather than the magnitude of hydropower production. This
means that hydropower companies are forced to produce electricity
during periods of less demand and lower revenues. Given that electric-
ity must be consumed at the same time as it is produced, changing the
timing of production is potentially problematic. Hydropower plays a
complex role in the electricity system, providing base power that vary
between seasons and with time of day. In addition, hydropower bal-
ances short-term variation in electricity demand as well as variation in
the production of other renewables like wind and solar power. The
projected increases in the installed capacity of wind and solar power
will likely make the ability of hydropower to balance other renewables
evenmore valuable,with potential for increasing revenues. Despite this,
there are also arguments forwhy the reduction in the capacity of hydro-
power to provide balancing power would be small. First, the largest
changes in the seasonal and daily timing of production by implementing
minimum flowswould occur during April to August (Table 3), when the
total demand for electricity is at its annual lowest and balancing capac-
ity is high. Second, consumption patterns are likely to change in the fu-
ture, with increased use of devices such as electric vehicles, that will
require overnight charging. Daily patterns of consumption can also be
changed by economic incentives, e.g. to move consumption from day
to night (Bartusch et al., 2011). In fact, current consumption patterns
put strain on the capacity of electricity grids during peak demand
(Koliou et al., 2015; Öhrlund et al., 2019). In this context, moving elec-
tricity consumption from times of the day with high demand to times
with lower demand would serve both environmental benefits and re-
duce the strain on the electricity grid, thus “killing two birds with one
stone”.

If we conclude that the consequences of implementing minimum
flows are manageable for the energy system, what are the reasons to
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believe hydropower operators will adopt the scheme, considering they
would lose 0.7% of their revenues a normal year? First, a decision on im-
plementation needs to consider alternativemeans of electricity produc-
tion or a reduction in consumption, but these considerations are beyond
the scope of this study. Second, hydropower operators are under pres-
sure to increase environmental considerations in the process of
relicensing hydropower permits. As mentioned above, a national strat-
egy has set an upper limit of 2.3% loss of annual hydropower production
for this process (1.9% for the Ume River system, preliminarily), but
which actions that will be prioritized will ultimately be determined by
decisions taken by the Swedish Land and Environmental Court. Given
that we are involved in pilot projects in the river systems first up for
re-licensing,where the aim is to identify the environmentalflowactions
providing the most ecological benefits with minimum impacts on hy-
dropower production, we know that the scheme presented here will
at least be among the actions considered.

5.5. Conclusions and future prospects

Climate change and electrification of society increase thedemand for
renewable energy sources such as hydropower, which can result in fur-
ther degradation of freshwater ecosystems. Our work in the Ume River
catchment is one of few examples of an assessment of catchment-scale
consequences of introducing environmental flowmeasures where both
the potential benefits for riverine ecosystems and the effects on hydro-
power production are quantified. The estimated consequences on hy-
dropower production were small in relation to natural between-year
variation in electricity production, and changes in the timing of produc-
tion would be manageable by society. Although the results are not di-
rectly transferrable to other river systems, there is an urgent need for
similar assessments in order to reduce impacts of electricity production
that can be avoided, and make management of freshwater ecosystems
more sustainable. Future studies should investigate direct effects of
zero-flow events on riverine organisms and ecosystem processes in
order to facilitate development of mitigation measures.
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