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Abstract 
The aim of this study was to model if hydraulically suitable habitats for juvenile and 
spawning grayling could be created by morphological restoration alone in the Bjurfors Övre 
hydropower outlet channel in the Ume River Basin. The study was done by 2D modelling 
with HEC-RAS using hourly water flow and level data collected during the period 20160521-
20161029. Suitable water depth and velocity values for larvae and spawning grayling were 
collected from literature. Environmental measures for the Bjurfors Övre outlet channel were 
designed based on the morphology in outlet channels with documented reproducing grayling 
populations and large habitat diversities. The outlet channel at present morphology and after 
morphological modifications were modelled at different flow scenarios (0-369m3/s) and 
areas of suitable water velocities and depths before and after proposed measures were 
compared. Results show that suitable velocity areas would increase with a factor of between 
1,03-1,81 and the suitable depth areas with a factor of 2,34-19,09 and that suitable depths 
may be the major limiting factor in current conditions. Results also show that zero-flow 
events at Bjurfors Övre hydropower plant create unsuitable velocities for larvae and 
spawning grayling and that the frequency and duration of such events could be more limiting 
than the mere occurrence of such events. The study indicates that the morphological 
restoration in hydropeaking outlet channels could improve the availability of habitats with 
suitability water depth and velocity not only for larvae and spawning grayling, but for other 
lotic organisms. The study also showed that HEC-RAS modelling is a potential resource 
effective way to assess to what extent certain proposed environmental measures may create 
suitable water depths and velocities in hydropeaking outlet channels. 
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1 Introduction  
 
1.1 Ecological effects of hydropower  
Freshwater ecosystems are highly biodiverse and considered to be among the most 
threatened ones (WWF 2016). Flowing water ecosystems show the largest proportion of 
species threatened with extinction, and habitat loss and degradation along with flow 
alteration are the major causes to the decline of biodiversity in freshwater ecosystems. 
Channelization and the building and operation of dams and reservoirs are considered to be 
among the main factors that lead to flow alteration and habitat loss and degradation in 
freshwater ecosystems (Vörösmarty et al, 2010, Collen et al. 2014). A majority of the large 
river systems in the world are affected by fragmentation and flow regulation by dams, and 
about two thirds of the river systems are used for hydropower production (Jansson et al. 
2000, Nilsson et al. 2005). Dams and reservoirs are constructed to meet the needs of society 
in the form of water usage, flood prevention and power production but are seldom 
customized in order to preserve the riverine ecosystem (Jager and Smith 2008). The 
development of new hydropower plants in Africa, Asia and Latin America is rapid and 
increasing and decision makers are in need of reliable guidelines in order to be able to 
develop new and adapt existing hydropower plants while ensuring ecological viability in the 
affected river systems (Jager 2015 et al.). The anticipated climate changes represent a 
growing threat to riverine organisms and many of these can persist by dispersals within free-
flowing river systems without migration barriers. Such dispersals are not possible in 
regulated and fragmented rivers and these problems need to be addressed in order to 
minimize the negative ecological effects of hydropower production (Nilsson et al. 2005) 
Habitat loss and degradation due to hydropower production pose a threat to freshwater 
species to a degree and of type that needs to be addressed urgently by ensuring freshwater 
ecosystem diversity on the catchment or even sub-catchment level (Collen et al. 2014). The 
WFD (EU Water Frame Directive [2000/60/EU]) was established in order to secure the 
biodiversity in freshwater ecosystems and is implemented in Swedish law (SFS2004:660). 
Ecological flow regulations and morphological restorations are important measures in 
securing that water bodies affected by hydropower production reach Good Ecological Status 
(GES) or in case of the severely altered water bodies “Good Ecological Potential” (GEP) 
(European Commission Environment 2015).   
 
There are around 2000 hydropower plants in Sweden and more than half of the annual 
electricity production comes from hydropower. All large Swedish river systems (MQ >150 
m/s3) except for the Torne, Kalix, Pite and Vindel Rivers are modified in order to enable 
hydropower production (Renöfält et al. 2010, Strasevicius et al. 2013, Lindholm 2017).  
Almost all large scale hydropower in Sweden is produced in rivers with series of run-of-river 
impoundments throughout the length of the river, utilizing all drop height. The distances 
between the impoundments in these systems are generally very short, and the reach between 
is often completely leveled off.  This has transformed the river to a series of reservoirs and 
most rapids and reaches with a higher flow velocity in these rivers are gone (Figure 1). Much 
of the annual discharge is stored in large reservoirs at high altitudes because the natural 
discharge is highest during the snow melt in spring and lowest during the winter when the 
energy demand is highest (Nilsson and Berggren 2000, Renöfält et al. 2010).  
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Figure 1. Percentages of existing habitat types before and after regulation in Ume River. Modified from Renöfält et 
al. 2017. 

 
The outlet channel river bed below the hydropower plants were often dredged and 
channelized in order to maximize the height difference between the upstream and 
downstream water levels (Figure 2), Many of the rivers in Northern Sweden were also 
morphologically altered for timber floating purposes and many reaches were cleared from 
obstacles and channeled during the 19th and 20th centuries (Törnlund and Östlund 2002, 
Helfield et al. 2007). 
 
Ecological processes in the river are profoundly altered by a hydropower dam. The dam itself 
creates a physical barrier that disrupts natural routes of migration and dispersal for aquatic 
and riparian biota, nutrients and organic matter.  The operation of a hydropower plant often 
also lead to unnatural flow regimes, and severely alter the morphology in the affected river 
(Nilsson et al. 2005, Calles and Greenberg 2009, Renöfält et al. 2010, Papush 2011). Run-of-
river hydropower plants generally produce more energy when demand is high and vice versa. 
This leads to rapid and unpredictable sub-daily changes in flows and water levels below the 
dam (i.e. hydropeaking). The rates, directions and timing of flow alterations during 
hydropeaking are often highly unnatural at run-of-river hydropower outlet channels 
compared to unregulated streams (Zimmerman et al. 2010, Ahonen 2013. Very rapid 
 

  
Figure 2. Simplified drawing over a typical impoundment type hydropower plant (a). The greater the height 
difference between the upstream and downstream water levels is, the more energy can be harvested. The river bed 
at the downstream outlet should therefore be as deep and as free from obstacles as possible. From Environment 
and Climate Change Canada 2010. The photograph (b) shows a Marion 7400 dragline excavator in the process of 
channelizing the river bed at Kvistforsen in Skellefte River (by Skellefteå museum, distributed under a CC-BY 3.0 
license. http://skellefteamuseum.se/). 
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fluctuations can result in the washing out or stranding of aquatic and in the drowning of 
terrestrial organisms. This may lead to the reduction of abundance, diversity and 
reproductive success of such organisms (Cushman 1985, Blinn et al. 1995, Halleraker et al. 
2003, van Looy et al. 2007, Fette et al. 2007, Bruno et al. 2010, Charmasson & Zinke 2011, 
Leigh 2013, Bruder et al. 2016). Hydropeaking may lead to zero-flow events and such are 
common in the regulated rivers of northern Sweden but never occur naturally in comparable 
unregulated rivers (Ahonen 2013). If the zero-flow event drains the outlet channel one such 
event can cause profound change to whole ecosystems by excluding large and predatory 
organisms and therefore shorten the length of the food web by 2/3 (Sabo et al. 2010, 
Woodward et al. 2012). Even in a case where the zero-flow events do not cause the draining 
of the outlet channel, it may create unsuitable spawning habitat water velocities for lotic fish 
(Wang et al. 2013). Still, the outlet channels at hydropeaking power plants that display zero 
flow events may also at other times show large discharges and high water velocities on a daily 
basis (Bejarano et al. 2017). 
 

1.2 Grayling habitat requirements  
In Scandinavia, grayling (Thymallus thymallus L) is common in rivers and lakes in most of 
the northern Swedish basins, but is also found in estuaries and shore habitats in brackish 
water. They feed mainly on invertebrates, such as insects, crustaceans and molluscs but may 
also feed on smaller fish and zooplankton. The grayling migrate during spring (March-June) 
to suitable spawning areas in riverine habitats with sand, gravel or rock bottom substrates, 
but unlike most of the other Salmonidae species they do not dig spawning pits. The female 
can lay as many as 30000 eggs which hatch in 3-4 weeks. The grayling grow to approximately 
10 cm length during the first summer and reaches sexual maturity at the length of 20-40 cm, 
usually at the age of 3-6 years (Muus & Dahlström 1968, Vostradovsky 1973, Billard 1997, 
Kottelat & Freyhof 2007). 
 
Nykänen and Huusko (2003) found that the spawning season, the feeding season and the 
cold season are potentially the most critical life-stages considering habitat requirements. 
Furthermore, the grayling egg burial sites generally show similar traits on the microhabitat 
level regarding water velocity and bottom substratum size but the water depth may vary. Low 
water velocities (<10 cm/s) and shallow depth (10-30 cm) were preferred by the smallest 
larvae (17-21 mm) while the middle-sized (22-25 mm) and the large (26-31 mm) larvae 
tolerate larger depth and velocity. Nykänen (2004a and b) also found that the habitat 
selections of adult grayling show a wider range at the meso- and microhabitat scale regarding 
bottom substratum, water velocity and water depth both between and within seasons (Table 
1). 
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Table 1: Grayling habitat preferences during different seasons and life stages.  From Gönczi (1989), Nykänen et.al. 
(2001), Nykänen and Huusko (2003) and Nykänen (2004a and b). 

Season Life stage Water depth 

(cm) 

Bottom 

substrate 

Water velocity (cm/s) 

Spring Larvae (17-21mm) 10-30 Sand <10  

Spring Larvae (22-25 mm) 30-90 Sand <10 

Spring Larvae (26-31 mm) 50-110 Sand and 

boulders 

10-50 

Spring Adult (Spawning) 30-50 Gravel 23-90 

Summer Adult (Foraging) 100-300 Sand 30-110 

Autumn/ 

Winter 

Adult (Wintering) 150-400 Small rocks 

and boulders 

20-80 

 
 
Larval stage graylings are poor swimmers and need shallow and low flow velocity habitats 
that are protected from the main current. Such habitats are often e.g. small backwaters 
created by physical structures. These habitats have shown to be important for both larvae as 
nursing areas and for juvenile grayling during nighttime (Gaudin and Sempeski 2001). Early 
Young-of-the-year (YOY) stages of both species have similar habitat and diet requirements 
during the first summer but when in sympatry YOY grayling utilize shallower sections with 
finer substrate to a greater extent than trout (Salmo trutta L) suggesting competition for 
limiting resources. Correspondingly, YOY grayling generally are more common compared to 
YOY trout in larger streams and deeper river sections (Degerman et al. 2000). 
 
Adult grayling undertake migrations both between and within seasons. Mostly the 
movements within a season are small (<200 m). Generally the fish migrate upstream in 
spring and downstream in autumn. Most migrations to overwintering sites are <1 km (0-11 
km) and <5 km (0-37 km) to spawning and summer feeding sites (Zacharenko 1973, 
Parkinson et al. 1999, Meyer 2001, Nykänen et al. 2001). 
 
Electrofishing results from small natural Swedish rivers normally show densities around 1 
grayling/100m2 and seldom higher than 2,3 grayling/100m2 (Degerman et al. 2005). A boat 
electrofishing survey conducted in the large regulated rivers Svågan and Ljungan resulted in 
0,7 +1 YO (years old) grayling / electrofishing minute and in 0,05-0,17 YOY grayling / 
electrofishing minute. A calculation based on capture-mark-recapture results indicated 
population sizes ranging between 53-84 +1 YO grayling / 10000m2 (Carlstein et al. 2001). 
Boat electrofishing studies conducted in 2017 at 14 stations in regulated parts of the Lule 
River measured 0,1-4,6 (mean 0,89) grayling/ electrofishing minute (Stridsman 2017). 
 

1.3 Mitigation of the effects of hydropeaking 
The aims of restoration efforts in Northern Sweden have mainly been to create suitable 
habitats for e.g. Atlantic salmon (Salmo salar L), trout and grayling by restoring the original 
morphology of the river before timber floating (Helfield et al. 2007). Conservation and 
restoration efforts in river reaches affected by hydropeaking have also generally mainly been 
focused on rehabilitation of the physical environment (Van Looy et al. 2006) and the effects 
of hydropeaking are amplified due to prior channeling of the rivers. The 2011 Swiss Federal 
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Law on Water clearly dictates the owners of hydropower plants to dampen the negative 
effects of hydropeaking with structural measures (Ribi et al. 2014). The WFD requires water 
bodies to achieve GES or GEP and this has resulted in numerous efforts in order to improve 
the morpho-ecological quality of altered water bodies. Morphological restoration efforts have 
been conducted in the form of reconnecting former channels and floodplains and gravel 
reintroduction (Arnaud et al. 2015). The operation of hydropeaking facilities often lead to 
smaller local alterations to the rivers flow regimes due to the small water storage capacities of 
the facilities relative to the flow volume of the river. Generally the annual high flows in the 
basin are stored in hydropower storage reservoirs and released at periods of high energy 
demands and this leads to the loss of natural spring floods in the whole basin. Numerous 
projects with the aim to restore more natural flow regimes in hydropeaking facilities have 
been initiated on all continents (but not so much in Sweden yet) under the last decades 
(Richter and Thomas 2007, The Nature Conservancy 2017). Many of the impoundment type 
run-of-river hydropower outlet channels are severely altered morphologically (Person 2013) 
and hydropeaking operation may lead to disturbances in the river morphology (Tuhtan et al. 
2012). Even though the hydropeaking flow regime differ fundamentally from the natural 
state with daily zero-flow events the operation of the power plants still lead to flows in the 
channel and a large constantly wetted area (Bejarano et al. 2017). Restoration efforts at 
hydropeaking sites should therefore be planned by considering both regulation and 
morphological mitigations in order to maximize the effects of the measures (Hauer et al.  
2017) and refuges should be constructed to minimize the risk of stranding during low flows 
(Ribi et al. 2014). 
 

1.4 Restoration of grayling habitats in rivers affected by hydropower 
production 
Unnaturally rapid flow releases due to hydropeaking can flush out eggs and larvae from the 
shallow areas, where they are situated. Sudden low flows may lead to the stranding of 
primarily grayling eggs and larvae but also of juvenile and adult grayling. Mortality due to 
short-time water level lowering rates can be drastically decreased if lateral refuges with 
suitable depths and water velocities are available for juvenile grayling (Valentin et al. 1994). 
The initial water level effect the stranding risk and the risk is as largest when dewatering 
events starts and stops near or at minimum levels (Tuhtan et al. 2012). Lowering the water 
level at a faster rate than 0,3-0,4 cm/ min leads to high juvenile grayling mortality risk 
(Zeiringer 2014, Auer et al.  2017).  Shelters should be nature-like and have high substrate 
variability in order to create the best possible conditions for macroinvertebrates and juvenile 
fish. The availability of gravel should be ensured by depots of gravel upstream of the shelters. 
Nearby lateral tributaries may function as spawning areas and shelters during extreme flow 
fluctuations (Hauer et al. 2017). Auer (et al. 2017) found that even though river bed potholes 
can function as refuges for juvenile grayling during high flows, they may act as traps during 
low flows and that the stranding risk for juvenile grayling is significantly higher during 
nighttime. These factors should be considered in hydropower mitigation measures. Ribi et al. 
(2014) conducted experiments with different lateral shelters in conditions mimicking 
hydropeaking in channelized rivers and found that an island-type partially submerged groyne 
creates the most stable and attractive velocities and depths for juvenile trout (Figure 3). 
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Figure 3: Recommended design and minimum dimensions (m) of a lateral shelter for juvenile trout shown from 
above (left) and as a cross-section (right). From Ribi et al. 2014. 

 

Vehanen et al. (2003) tracked the movements of adult grayling in a restored reach of 
Oulujoki River. A 1,0 ha large section of the channeled reach was physically restored by 
building small reefs and islands. The grayling avoided the channeled part and preferred the 
areas in the restored site with velocities between 20-45 cm/s and at depths between 20-155 
cm (Figure 4a). In a result analysis of 36 German river restoration projects grayling 
populations increased significantly. The analysis also stresses that in order to generate as 
positive effects as possible on fish assemblages, river restoration projects should focus on 
creating naturally diverse, shallow and slow flowing shorelines and marginal zones (Lorenz 
2013).  
 

1.5 Grayling in hydropeaking outlet channels 
Even though many of the rapids and reaches have disappeared from the regulated rivers, the 
water velocities generally are higher in the hydropower outlet channels. These channels may 
therefore be suitable focus areas for restoration efforts with the aim of creating lotic habitats 
in regulated rivers (Renöfält et al. 2017). The restored areas of the Merikoski reservoir are 
found to be suitable grayling habitats under both high and low flows (Vehanen et al. 2003, 
Figure 4 a, b). Similar observations have been made at the hydropower outlet channel at 
Granforsen in Skellefte River (Figure 4 c, d). The mean annual flow (MQ) at Granforsen is 171 
m2/s (SMHI 2017) and the power station displayed zero-flow values in 3,0 % of the hourly 
flow data recorded 1993-2011. The shallow parts near the shoreline shows suitable spawning 
and fry habitats for grayling and between 0,5 -3 larvae/m shoreline (Isaksson and Persson 
2015) or approximately 0,2-1,3 larvae/m2 suitable habitat in these areas. Boat electrofishing 
conducted in the Granforsen outlet channel resulted in total 48 grayling in the size range 70-
201 (mean 112) mm and in 0,85 +1 YO (one year and older)  grayling/ electrofishing minute 
and 2,06 YOY (young-of-the-year) grayling / electrofishing minute (Persson 2017).  
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Figure 4: Topography and water velocities (here displayed in red for high and blue for low velocities [m/s]) in the 
Merikoski reservoir in River Oulujoki at low (a) and high (b) flows. White dots represent the number of grayling 
observations, Z-axis show depth (m) and the X and Y-axis represent coordinates. From Vehanen et al. 2003. The 
outlet channel at Granforsen hydropower plant was mapped with ADCP. The cross-sections are located 
downstream (c=90m, d=900m) from the outlet and display similar topographies as in Merikoski. Red dots 
indicate river bank stations (normal river water level elevation values digitalized from terrain height data 
[Höjddata raster 2m © Lantmäteriet]), Y-axis the height over sea level (m) and X-axis the length of the cross-
section. 

 

1.6 Aim  
The majority of Sweden´s large rivers are strongly affected by dams and hydropeaking 
activities and many of them are transformed from mainly lotic to mainly lentic ecosystems. 
The need for habitat refugia for lotic organisms in these rivers is great and such could 
possibly be created in hydropeaking outlet channels that display daily water flows. Restored 
and non-channelized hydropower outlet channels show areas with suitable grayling habitats 
even though they display highly unnatural flow regimes with zero flows. The main objective 
for this study was to determine if such potential areas could be created by morphologic 
restoration of the Bjurfors Övre hydropower plant outlet channel. This was done by 2D 
modelling with HEC-RAS (USACE, 2016). Specific questions addressed are: 
 

 Can morphologic restoration of shallow stream habitats in hydropower outlet 
channels create hydraulically suitable spawning and larvae habitats for grayling?  

 Are morphologic restorations in hydropower outlet channels sufficient 
environmental measure to create hydraulically suitable spawning and larvae 
habitats for grayling alone within current flow regimes or are flow regime 
regulations also needed?  
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The modelling was conducted at current flow regime and at environmental flow scenarios 
and with the aim to mimic the morphology of known grayling habitats at Granforsen and 
Merikoski (Figure 4). Grayling habitat depth and water velocity requirements were obtained 
from ecological data (Table 1). 
 

2 Method  

2.1 Study area  
The studied site is located in the boreal cold-tempered climate zone of northern Sweden 
(Figure 5a). Bjurfors Övre outlet channel (SWEREF99 719066, 7121973) is located in Ume 
River within the Ume River basin (26815 km2).The basin is heavily modified for logging 
purposes and hydropower production (Vattenmyndigheten Bottenviken 2016)  and there are 
19 hydropower plants in the Ume River basin (Vattenregelringsföretagen 2016). The mean 
annual flow at Bjurfors Övre is 247 m3/s (SMHI 2016). The area proposed for environmental 
measures is located at the western bank of the Bjurfors Övre outlet channel  and is 
approximately 1050 m long, 20-85 m wide and covers an area of 45411 m2 (Figure 5b). 
Typically, the mean hourly discharge from the plant fluctuates between 0-350m3/s daily and 
includes a 5 hour long zero-flow event. During the period 1999-2014, the maximum flow was 
986 m3/s, the longest zero-flow event was 83 hours long and 13493 of the total 133134 
(10,1%) recorded hours showed 0m3/s. The water surface level during the study period 
20160520-20161028 fluctuated 1,56m and the water flow varied between 0-369 m3/s. A boat 
electrofishing study conducted in the outlet channel in August 2017 resulted in no grayling 
caught (Stridsman 2017). The bottom depth profile show that the channeled shorelines are 
steep and low in structural diversity (Figure 6). 
 

 
Figure 5: Map of the lower Ume River Basin (a) and Bjurfors Övre outlet channel (b). The proposed environmental 
measure affects an area of approximately 45411 m2 of the western bank of the outlet channel. Maps created from 
Sverigekartan (a) and Ortofoto and Terrängkartan (b). © Lantmäteriet. 
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Figure 6: Typical ADCP profiles from Bjurfors Övre outlet channel showing elevation (m). Section a) is located 
700 m and section b) 300 m downstream of the power plant. Red dots show bank stations (normal river water 
level elevation values digitalized from terrain height data). Terrain height data from Höjddata raster 2m © 
Lantmäteriet. 
 

2.2 Data collection 
The bathymetric transects of the outlet channel were recorded with SonTek RiverSurveyer® 
M9 ADCP (Acoustic Doppler Current Profiler™) by motor boat on 20160516-20160517. The 
starting points of each of the 27 transects were logged with a Trimble® Geo 7X GNSS unit 
and all data was saved on a laptop. The water level fluctuations at the lower end of the 
research reach were logged with an In-Situ Rugged Troll® 100 Data Logger under the period 
20160521-20161029. Hourly flow data for the same period was acquired from the owner of 
the Bjurfors Övre hydropower plant, Statkraft AB. 
 

2.3 Modelling with HEC-GeoRAS and HEC-RAS 
The ADCP bathymetric data was digitalized and converted into cross-sections (XS) with the 
ESRI™ ArcMap 10.5.1® HEC-GeoRAS plug-in and exported to HEC-RAS, where a 1D model 
of the Bjurfors Övre outlet channel was created. The model was merged with a DEM-terrain 
raster of the area (Höjddata raster 2m © Lantmäteriet) (Figure 7). The reference height 
position for ADCP data collection was taken from the local height fix points used by Statkraft 
AB. These local fix points use the RH00 height system (dated the year 1900) and the terrain 
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model and the water level loggers use the RH2000-system (dated 2005).  The cross-sections 
were adjusted with 1.o m to match the terrain model and the logger data due to the 
postglacial land uplift of ~1 cm/year in the region (Lantmäteriet 2017). Then the HEC-RAS 
Graphic XS Editor was used to create the new river bed topography for the west river bank 
with morphology similar to the confirmed grayling habitats in Merikoski and Granforsen 
(Figure 4, 7, 8 and 9). 2D flow area models for both the existing and the new river bed were 
created in HEC-RAS RAS Mapper and Geometry Editor by merging the terrain model with 
the cross-sections. The new bed topography adds a terraced shallow area on the western river 
bed (Figure 7). The DX/DY spacing was set to 20m and the default Manning´s n-value was 
set to 0.06 (Arcement and Schneider 1984, The Engineering Toolbox 2017). Unsteady flow 
simulations were performed for both 2D flow area models with the recorded flows for the 
period 20160521-20161029 at current flow regime, at a minimum flow scenario with 
Qmin=50m3/s, a scenario at MQ=235m3/s and a Qmax=369m3/s scenario. The Qmin was set to 
50m3/s as this is the minimal flow that can be released through the turbines in the power 
plant. In this way the minimum flow release will not lead to production losses (Widén et al. 
2015). The resulting velocity and depth data for all flow scenarios were categorized into zones 
based on the ecological data in Table 1 and the areas for these zones were calculated. The 
results were visualized as maps in ESRI ArcMap 10.5.1®.  
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Figure 7: Cross-sections for the Bjurfors Övre outlet channel before (a, c) and after (b, d) proposed environmental 
measures. Upper cross-sections (a, b) are located 700 m and the lower (c, d) 1200 m from the power plant. Red 
dots indicate bank stations (normal river water level elevation values digitalized from terrain height data). Terrain 
height data from Höjddata raster 2m © Lantmäteriet. 
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Figure 8: Terrain models of Bjurfors Övre outlet channel before (a) and after (b) the proposed environmental 
measurements. Map created from Höjddata raster 2m © Lantmäteriet. 
 

2.4 Data validation 
The flow values measured by the ADCP for each XS was validated during the data collection 
by comparing these with the values recorded at the same time at the power plant and it is 
therefore likely that the depth values also were measured correctly. Visual examination of 
cross-sections, 1D models, flow data and water log data in HEC-RAS X-Y-Z Perspective Plots 
display high-level conformity and no errors were recorded for cross-sections or 1D-models 
(Figure 8). 1D and the 2D model operate within recorded max-min values for both flow and 
water level log data. The ADCP-measured mean water velocities also correspond well with 
modelled water velocities in different areas of the outlet channel. No errors were recorded for 
the 2D models. 
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Figure 9: 1D models of Bjurfors Övre outlet channel with cross-sections before (a) and after (b) the proposed 
environmental measurements displayed in HEC-RAS X-Y-Z Perspective Plots with modelled water level.  Blue 
arrow indicates north. Terrain height data from Höjddata raster 2m © Lantmäteriet. 

 
  



14 
 

3 Results  

3.1 Maximum and minimum water velocities before environmental 
measures 
At the current flow regime (Qmin=0m3/s and Qmax=369m3/s) and morphology the unsteady 
flow simulation model display extremely low to no velocities in the whole study area. 
Maximum flow create no areas with water velocities below 13 cm/s, 61384 m2 with 13-50 
cm/s and 56289 m2  with 51-81 cm/s (Figure 10). 

 
Figure 10: Map of the Bjurfors Övre outlet channel showing modelled water velocities (cm/s) at Qmin=0m3/s (a) 
and Qmax=369m3/s (b) before environmental measures. Maps created from Ortofoto and Terrängkartan © 
Lantmäteriet. 
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3.2 Maximum and minimum water depth before environmental 
measures 
At the current flow regime (Qmin=0m3/s and Qmax=369m3/s) and morphology the unsteady 
flow simulation model display a total area of 1281 m2 with water depths <30 cm, 869 m2 with 
31-50 cm, 2567 m2 with 51-100 cm and 9736 m2 with 101-200 cm. Maximum flow create a 
total area of 8 m2 with water depths <30, 268 m2 with 31-50 cm, 505 m2 with 51-100 cm and 
3040 m2 with 101-200 cm (Figure 11). 

 
Figure 11: Map of the Bjurfors Övre outlet channel showing modelled water depths (cm) at Qmin=0m3/s (a) and 
Qmax=369m3/s (a) before environmental measures. Maps created from Ortofoto and Terrängkartan © 
Lantmäteriet. 
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3.3 Maximum and minimum water velocities after environmental 
measures 
At the current flow regime (Qmin=0m3/s and Qmax=369m3/s) and modified morphology the 
unsteady flow simulation model display extremely low to no velocities in all areas of the study 
area. Maximum flow create no areas with water velocities below 3 cm/s, 943m2 with 3-10 
cm/s, 111049m2  with 11-50 cm/s and 39806 m2 with 51-80 cm/s (Figure 12). 
 

 
Figure 12: Map of the Bjurfors Övre outlet channel showing modelled water velocities (cm/s) at Qmin=0m3/s (a) 
and Qmax=369m3/s (b) after environmental measures. Maps created from Ortofoto and Terrängkartan © 
Lantmäteriet. 
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3.4 Maximum and minimum water depth after environmental measures 
At the current flow regime (Qmin=0m3/s  and Qmax=369m3/s) and modified morphology the 
unsteady flow simulation model display a total area of 4134 m2 with water depths <30 cm, 
3213 m2 with 31-50 cm, 12632 m2 with 51-100 cm and 25679 m2 with 101-200 cm. Maximum 
flow create a total area of 1935 m2 with water depths <30 cm, 1403 m2 with 31-50 cm, 3718 
m2 with 51-100 cm and 11067 m2 with 101-200 cm (Figure 13).   

 
Figure 13: Map of the Bjurfors Övre outlet channel showing modelled water depth (cm) at Qmin=0m3/s (a) and 
Qmax=369m3/s (b) after environmental measures. Maps created from Ortofoto and Terrängkartan © 
Lantmäteriet. 
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3.5 Water velocities at Qmin=50m3/s before and after environmental 
measures 
At Qmin=50m3/s  and with current channel morphology the unsteady flow simulation model 
display a total area of 5013 m2 with water velocities below 1 cm/s, 52084 m2 with 1-10 cm/s, 
77928 m2  with 11-50 cm/s and 1121 m2 with 51-80 cm/s. With modified morphology the 
model display a total area of 2220 m2 with water velocities below 1 cm/s, 78248 m2 with 1-10 
cm/s, 83153 m2  with 11-50 cm/s and no areas with 51-80 cm/s (Figure 14). 
 
 

 
Figure 14: Map of the Bjurfors Övre outlet channel showing modelled water velocities (cm/s) at Qmin=50m3/s 
before (a) and after (b) environmental measures. Maps created from Ortofoto and Terrängkartan © 
Lantmäteriet. 
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3.6 Water depth at Qmin=50m3/s before and after environmental 
measures 
At Qmin=50m3/s  and with current channel morphology the unsteady flow simulation model 
display a total area of 104 m2 with water depths <30 cm, 104 m2 with 31-50 cm, 604 m2 with 
51-100 cm and 5191 m2 with 101-200 cm. With modified channel morphology the model 
display a total area of 3550 m2 with water depths <30 cm, 2780 m2 with 31-50 cm, 9171 m2 
with 51-100 cm and 27827 m2 with 101-200 cm (Figure 15).  
    

 
Figure 15: Map of the Bjurfors Övre outlet channel showing modelled water depth (cm) at Qmin=50m3/s before (a) 
and after (b) environmental measures. Maps created from Ortofoto and Terrängkartan © Lantmäteriet. 
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3.7 Water velocities at MQ=235m3/s before and after environmental 
measures 
At MQ=235 m3/s  and with current channel morphology the unsteady flow simulation model 
display a total area of 99 m2 with water velocities below 1 cm/s, 8988 m2 with 1-10 cm/s, 
58148 m2  with 11-50 cm/s and 44841 m2 with 51-80 cm/s. With modified morphology the 
model display a total area of 120 m2 with water velocities below 1 cm/s, 9236 m2 with 1-10 
cm/s, 92122 m2 with 11-50 cm/s and 42416 m2 with 51-80 cm/s (Figure 16). 
 

 
Figure 16: Map of the Bjurfors Övre outlet channel showing modelled water velocities (cm/s) at MQ=235m3/s 
before (a) and after (b) environmental measures. Maps created from Ortofoto and Terrängkartan © Lantmäteriet. 
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3.8 Water depth at MQ=235m3/s before and after environmental 
measures 
At MQ=235 m3/s and with current channel morphology the unsteady flow simulation model 
display a total area of 96 m2 with water depths <30 cm, 94 m2 with 31-50 cm, 555 m2 with 51-
100 cm and 4926 m2 with 101-200 cm. With modified channel morphology the model display 
a total area of 2435 m2 with water depths <30 cm, 1989 m2 with 31-50 cm, 6231 m2 with 51-
100 cm and 25167 m2 with 101-200 cm (Figure 17).  

 
Figure 17: Map of the Bjurfors Övre outlet channel showing modelled water depth (cm) at MQ=235m3/s before (a) 
and after (b) environmental measures. Maps created from Ortofoto and Terrängkartan © Lantmäteriet. 
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3.9 Summary tables for areas of suitable grayling habitat velocities at 
different outlet discharges before and after proposed environmental 
measures 
The proposed environmental measures do not affect velocities at zero-flow events and all 
areas display no or slow negative velocity values. At Qmin (50m3/s), the total areas of -1-0 
cm/s velocities decrease from 5013 to 2220 m2, areas with 3-10 cm/s increase from 52084 to 
78248 m2, areas with 11-50 cm/s increase from 77928 to 83153 m2 and areas with 51-80 cm/s 
decrease from 1121 to 0 m2. At MQ (235 m3/s), the total areas of -1-0 cm/s velocities increase 
from 99 to 0 m2, areas with 3-10 cm/s increase from 8988 to 9236 m2, areas with 11-50 cm/s 
increase from 58148 to 92122 m2 and areas with 51-80 cm/s decrease from 44841 to 42416 
m2. At Qmax (369 m3/s), there are no areas with velocities of -1-0 cm/s, areas with 3-10 cm/s 
increase from 0 to 943 m2, areas with 11-50 cm/s increase from 61384 to 111049 m2 and areas 
with 51-80 cm/s decrease from 56289 to 39806 m2 (Table 2).  
 
 
Table 2: Areas of suitable grayling habitat velocities at different outlet discharges before and after proposed 
environmental measures.  

Before environmental measures Velocity (cm/s) -1- 0 1-10 11-50 51-80 

Qmin (0m3/s) Area (m2) 100% - - - 

Qmin (50m3/s) 5013 52084 77928 1121 

MQ (235 m3/s) 99 8988 58148 44841 

Qmax (369 m3/s) - - 61384 56289 

 

After environmental measures Velocity (cm/s) -1- 0  1-10 11-50 51-80 

Qmin (0m3/s) Area (m2) 100% - - - 

Qmin (50m3/s) 2220 78248 83153 - 

MQ (235 m3/s) 120 9236 92122 42416 

Qmax (369 m3/s) - 943 111049 39806 

 
 

3.10 Summary table for areas of suitable grayling habitat depths at 
different outlet discharges before and after proposed environmental 
measures 
The proposed environmental measures increase the areas with <30 cm water depth from 
1281 to 4134 m2 at zero-flow events. The total area with water depth 30-50 cm increase from 
869 to 2220 m2, areas with 51-100 cm depth increase from 2567 to 12632 m2 and areas with 
101-200 cm depth increase from 9736 to 25679 m2. At Qmin (50m3/s), the total areas with 
water depth <30 cm increase from 104 to 3550 m2, areas with water depth between 30-50 cm 
increase from 104 to 2780 m2, areas with 51-100 cm depth increase from 604 to 9171 m2 and 
areas with 101-200 cm depth increase from 5191 to 27827 m2. At MQ (235m3/s) the total 
areas with water depth <30 cm increase from 96 to 2435 m2, areas with water depth between 
30-50 cm increase from 94 to 1989 m2, areas with 51-100 cm depth increase from 555 to 6231 
m2 and areas with 101-200 cm depth increase from 4926 to 25167 m2. At Qmax (369m3/s), the 
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total areas with water depth <30 cm increase from 8 to 1935 m2, areas with water depth 
between 30-50 cm increase from 26 to 1403 m2, areas with 51-100 cm depth increase from 
505 to 3718 m2 and areas with 101-200 cm depth increase from 3040 to 11067 m2 (Table 3). 
 
 
Table 3: Areas of suitable grayling habitat depths at different outlet discharges before and after proposed 
environmental measures.  

Before environmental measures Depth 

(cm) 

<30 

cm 

30-50 51-100 101-200 

Qmin (0m3/s) Area 

(m2) 
1281 869 2567 9736 

Qmin (50m3/s) 104 104 604 5191 

MQ (235 m3/s) 96 94 555 4926 

Qmax (369 m3/s) 8 26 505 3040 

 

After environmental measures Depth 

(cm) 

<30 

cm 

30-50 51-100 101-200 

Qmin (0m3/s) Area 

(m2) 
4134 3213 12632 25679 

Qmin (50m3/s) 3550 2780 9171 27827 

MQ (235 m3/s) 2435 1989 6231 25167 

Qmax (369 m3/s) 1935 1403 3718 11067 

 

 

4. Discussion 

4.1 Model function and limitations  
Both the 1D and 2D models operate within recorded max-min values for both water level log 
and flow data and no errors were recorded for the 2D models. Mean water velocity values 
recorded with ADCP corresponded well with modelled velocities in different parts of the 
channel. This indicates that the models operate well and display water flow and depth values 
in a plausible way from the recorded data. 
 
The model is based on 27 transects of the more than 1 km long section of the Bjurfors Övre 
outlet channel and it is possible that important river bed structures are not displayed in the 
river bed terrain model. The transect data points were plotted every ~0,5-3 m (Fig. 5b 
displays 44 data points in ~120 m) and many smaller structures and terrain irregularities 
may therefore be displayed. The model is focused on estimating suitable water depth and 
velocity areas under different flows and morphologies for spawning and juvenile grayling and 
does not directly consider other possibly important factors as water temperatures, bottom 
substratum or food availability. The model is based on water flow and level data from 
20160520-20161029 and this period did not contain maximum flows at the same level as 
displayed in the data period 1999-2014 (986 m3/s). This limits how well the results at Qmax 
for this model represent reliable water velocity and depth values at the highest flow values on 
the +10 year time scale.  
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4.2 Suitable water velocities and depths for larvae and spawning 
grayling created by environmental measures 
Larvae and spawning grayling require shallow depth (<1 m) areas with slow water (1-50 
cm/s) velocities (Table 1). The current regulation regime at Bjurfors Övre hydropower plant 
results in a 1,56 m fluctuation of the water surface level. In order to secure refugia and 
suitable depths for larvae and spawning grayling during such fluctuations, there should be 
nearby deeper (1-2 m) areas in the proximity of the shallow (<1 m) areas. The widening of the 
channel is likely to dampen the water level fluctuations (van Looy et al. 2007). 
 
At current morphology, the outlet channel display no or extremely low water velocities during 
zero-flow event (Qmin=0m3/s), and only a total of 4717 m2 <1 m depth and 9736 m2 with depth 
1-2 m. After proposed environmental measures, the zero-flows still lead to no or extremely 
low water velocities, but the suitable grayling larvae and spawning depth areas increase (with 
the factor 4,24) to a total area of 19979 m2 with water depths <1 m and (with the factor 2,34) 
25679 m2 with depths 1-2 m.  
 
With a Qmin at 50 m3/s, there´s a total area of 5013 m2 with no or extremely low water 
velocities at present morphology, a total area of 52084 m2 with water velocities 1-10 cm/s and 
77928 m2 between 11-50 cm/s. The total area of <1 m depth at Qmin=50m3/s is 812 m2 and 
area with depths between 1-2 m sums is 5191 m2. After proposed environmental measures the 
no or extremely slow velocity areas decrease (with the factor 0,44) to 2220 m2, the 1-10 cm/s 
velocity areas increase (with the factor 1,52) to 79248 m2 and the 11-50 cm/s velocity areas to 
83153 m2 (with the factor 1,07). The measures increase (with the factor 19,09) the <1 m depth 
area to 15501 m2 and depths between 1-2 m (with the factor 5,37) to 27872 m2. 
 
At present morphology and at MQ=235 m3/s, there´s a total area 99 m2 with no or extremely 
low water velocities, a total area of 8988 m2 with water velocities 1-10 cm/s and 58148 m2 
between 11-50 cm/s. The total area of <1 m depth at MQ is 745 m2 and depths between 1-2 m 
sums to 4926 m2. After proposed environmental measures the no or extremely slow velocity 
areas increase (with the factor 1,21) to 120 m2, the 1-10 cm/s velocity areas increase (with the 
factor 1,03) to 9236 m2 and the 11-50 cm/s velocity areas (with the factor 1,58) to 92122 m2. 
The measures increase the <1 m depth area (with the factor 14,30) to 10655 m2 and depths 
between 1-2 m (with the factor 5,11) to 25167 m2.    
 
In a scenario with a Qmax=369 m3/s, there are no areas with no or extremely low water 
velocities or 1-10 cm/s at present morphology, and a total area of 61384 m2 with water 
velocities between 11-50 cm/s. The total area of <1 m depth at MQ is 539 m2 and depths 
between 1-2 m 3040m2. There are no areas with no or extremely slow water velocity after 
proposed environmental measures, the 1-10 cm/s velocity areas increase to 943 m2 and the 
11-50 cm/s velocity areas (with the factor 1,81) to 111049 m2. The measures increase the <1 m 
depth area (with the factor 13,10) to 7056 m2 and depths between 1-2 m (with the factor 3,64) 
to 11067 m2.    
 
The modelling show that the proposed measures would increase the areas with suitable 
velocities (1-50cm/s) for larvae and spawning grayling with factors between 1,03-1,81 at all 
except for the zero-flow scenarios. At Qmax=369 m3/s the 1-10cm/s areas increase from 0 to 
943 m2/s and at Qmin=50 m3/s areas no or extreme low velocities decrease from 5013 with a 
factor of 0,44 to 2220 m2. The largest increase of suitable velocity areas occur at Qmax=369 
m3/s (factor 1,81) and the suitable velocity areas would vary between 101358-161401m2. The 
suitable depth areas are large before and increase greatly after the measures at Qmin=0 m3/s 
(from 4717 to 19978 m2 in <1 m depths and from 9736 to 25679 m2 in 1-2m depths) but are 
not likely to be adequate grayling larvae or spawning habitat because the zero or extremely 
low water velocity values. In the 50-369 m3/s scenarios the suitable depths areas are 
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relatively small (539-812 m2 <1 m and 3040-5191 m2 1-2 m) at current conditions and the 
measures would increase areas with factors between 2,34-19,09 and <1 m depths would cover 
an area between 15501-7056m2 and areas with 1-2 m depths variate between 11067-27827 m2.  
 
If the zero-flow events are not considered, the very large sizes (61384-130012m2 before and 
101358-161401 m2 after measures) of the suitable velocity areas indicate that the velocities are 
unlikely to be the major factor in limiting the grayling larvae and spawning habitats in the 
Bjurfors Övre outlet channel. The occurrence of zero-flow events (10,1 % of the recorded 
hourly values) is likely not the major factor that limits the grayling population in Bjurfors 
Övre outlet channel as such flows also occur at Granforsen (3,0 % of the recorded hourly 
values). The suitable depth areas at current conditions are very small in comparison with the 
suitable velocity areas and this is likely to have a larger impact than the earlier mentioned 
factors. The proposed measures would also lead to large areas of suitable depth areas (7056-
15501 m2 of <1 m and 11067-27827 m2 of 1-2 m and a total of 18123-43328m2). If the <1 m 
areas would function as well as suitable areas for spawning and larvae grayling as the habitats 
at Granforsen are (0,2-1,3 larvae/m2), this could lead to an annual adding of at least 1400-
20000 larvae to the Bjurfors Övre outlet channel.  
 
The grayling densities recorded by boat electrofishing in the larger regulated rivers Svågan 
and Ljungan were 0,7 grayling/minute and 53-84 +1YO grayling /10000m2 (Carlstein et al. 
2001). Assuming that the recorded grayling electrofishing data from Granforsen outlet 
channel shows similar ratios between catch/minute (0,85) and grayling/10000 m2 as in 
Svågan and Ljungan, the population should be at a size between 64-102 +1 YO grayling 
/10000 m2. If the suitable areas created by the proposed measures should result in similar 
grayling population densities as assumed in Granforsen, the suitable depth areas (<2m) alone 
would be able to support a population size of approximately at least between (18123 to 
43328m2 x (64 to 102/10000m2)) 116-442 +1YO grayling in the Bjurfors Övre outlet channel. 
 

4.3 Flow mitigations 
Even though zero-flows have been identified as a major factor in limiting the spawning 
habitat suitability for lotic fish (Wang et al. 2013) and both larvae and spawning grayling 
require lotic habitats, the occurrence of zero-flows in the Granforsen outlet channel does not 
affect the grayling habitats to the extent it that obstructs larvae development and spawning 
processes. It is however plausible that the frequency, duration and quantity of zero-flow 
events in the Bjurfors Övre outlet channel (10,1%) could be a considerable limiting factor. 
This could be mitigated either by identifying and implementing zero-flow threshold values or 
by defining a minimum flow value similar to that the Qmin (50m3/s) used in the modelling 
and this should guarantee adequate lotic conditions in the expected larvae and spawning 
areas and during critical life stage periods (Table 1).  
 
Unnaturally rapid flow releases may flush out and sudden low flows may result in the 
desiccation of grayling larvae and eggs in shallow habitats. The stranding risks and mortality 
rates can be decreased by avoiding rapid lowering events when initial levels are near the 
minimum levels (Tuthan et al. 2012). In order to minimize the standing risk for juvenile 
grayling, the maximum water level lowering rate should not exceed 0,3-0,4 cm/min 
(Zeiringer 2014, Auer et al. 2017) and this is should especially considered during nighttime 
due to the extra high nocturnal stranding risk shown in experiments (Auer et al. 2017). Rapid 
flow releases may also result in the washing out of benthic invertebrates (Bruno et al. 2010) 
and rapid water level lowering rates may lead to the stranding of aquatic invertebrates 
(Bruder et al. 2016). If the lowering and flow release rates are restricted to more ecologically 
sustainable levels, this should not only benefit the grayling population directly, but also 
indirectly due to the greater available food resource in form of the increase in aquatic 
invertebrate biomass in the outlet channel. 
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4.4 Meso- and microhabitat mitigations 
The HEC-RAS 2D modelling DEM mesh size (DX/DY) was set to 20 m and this enabled the 
creation of islands and reefs as in Merikoski and large shallow areas as in Granforsen, but not 
important water velocity diversity ensuring mesohabitat size structures as juvenile shelter 
groynes (Ribi et al. 2014), water velocity lowering river bed potholes (Auer et al. 2017) or 
small nearby lateral tributaries (Hauer et al. 2017). Same applies to lateral refuges in the 
shoreline area and such structures may drastically decrease juvenile grayling mortality rates 
at rapid water level lowering events (Valentin et al. 1994). Deeper areas (>1 m) should be 
constructed in the vicinity of the structures above and safe exit routes for fish and 
invertebrates from areas that dewaters during low- or zero-flow event needs to be ensured. 
 
Microhabitat level structures that create water velocity and depth diversity as boulders, rocks 
and gravel bars are also too small to be displayed in the HEC-RAS model. Bottom substrate 
suitability is important for larvae and spawning grayling (Table 1) and direct linked to 
benthic macroinvertebrate abundance and biomass. The natural formation of gravel bars 
should be ensured by placing available gravel material upstream of the restored areas (Hauer 
et al. 2017). High macroinvertebrate abundance and biomass guarantees good food resource 
availability to grayling of all life stages. 
 
The model is not able to display or compute depth and velocity values at this level and 
therefore likely underestimates the areas with suitable grayling habitats. By considering the 
meso- and microhabitat measures above, the habitat suitability would increase by 
diversifying depths and velocities in shallow areas. Restoration measures targeting grayling 
and other riverine fish fauna should include the creation of shallow riparian habitats with low 
velocities in order to ensure self-sustaining fish populations (Lorenz et al. 2013). 
 
 

4.5 Conclusions  
The modelling results show that the Bjurfors outlet channel display extremely small suitable 
depth and velocity areas for larvae and spawning grayling at current morphology and that the 
proposed environmental measures would increase such areas with factors between 1,08-
19,09. The created suitable depth and velocity areas would cover at least 18123-43328m2 with 
suitable depths (if the zero-flow event scenarios are excluded) and 101358-161401 m2 with 
suitable water velocity values. This indicates that areas with suitable depths is the most 
limiting factor of the two for spawning and larvae after proposed measures. If the suitable 
areas after measures would enable spawning and larvae survival at the same level as 
displayed in Granforsen, this would add at least 1400-20000 larvae to and hold a population 
size of 116-442 +1YO grayling in the Bjurfors Övre outlet channel. 

The results also show that the measures likely will not dampen the negative effects on water 
velocities caused by zero-flow events. In a comparative analysis of the ratio of zero-flows in 
recorded hourly flow data, Bjurfors Övre showed zero-flow values in 10,1% and Granforsen in 
3,0% of the recorded values and the fact that the Granforsen outlet channel supports a 
reproducing grayling population indicate that the length and frequency of these events may 
be stronger limiting factor for spawning and larvae grayling than the mere occurrence of 
zero-flows. Zero-flow effects could be mitigated by implementing ecologically sustainable 
minimum flows or by identifying ecologically sustainable threshold values for the quota, 
timing and duration of zero-flow events. Water level draw down rates over 0.4 cm/min 
should be avoided in order to guarantee the positive effects of the measures. This should be 
considered especially during nighttime or when initial flows are near minimum levels in 
order to minimize the stranding risk for juvenile grayling. Flow regime recommendations in 
form of minimum and maximum flows that guarantee the shallow and low water velocity 
habitats for spawning and larvae grayling under the most critical period should be set (Table 
1). 
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Rapid flow increases may result in the flushing out of macroinvertebrates, juvenile grayling 
and grayling egg and larvae and meso- and microhabitat structures in form of lateral 
shoreline refuges, underwater groynes, boulders, gravel bars and small lateral tributary inlets 
may dampen the effects of sudden high flows by adding water depth and velocity diversity to 
the outlet channel. The resolution of the model does not capture such smaller structures and 
therefore the suitable velocity and depth areas may be underestimated in the results. If the 
proposed measures would be realized, it would be of great importance to create these 
structures and also to ensure safe escape routes for macroinvertebrates and grayling larvae 
and larvae from areas that will be desiccated under the zero- and low flow events if the 
maximum effects of the measures are to be achieved. 

The modelling shows that morphological restorations by creating terraces in the channelized 
hydropower outlet channels could drastically increase the habitat diversity and thereby also 
the areas of suitable water depth and velocity habitats for spawning and larvae grayling in the 
terraced areas. Such habitats are likely to be suitable for other lotic organisms as 
macroinvertebrates and juvenile trout (Degerman et. al. 2000). The majority of the Swedish 
rivers are modified to maximize hydropower production to the extent that rapids and streams 
have been replaced by cascades of reservoirs (Renöfält et al. 2010). River restorations in form 
terraces in hydropower outlet channels has the potential to increase the possibility for water 
bodies such as Bjurfors Övre to meet the requirements of the WFD and could potentially be 
an important instrument in providing suitable habitats for lotic organisms in similar areas of 
river catchments with several consecutive hydropeaking facilities without decreasing the 
power production potential significantly. Creating HEC-RAS 1D and 2D models of 
morphological restorations and by running different water flow and level scenarios in these 
models gives the possibility to estimate the effects of such restoration measures in a resource 
and time efficient way. Even if all parameters are not considered, the models can predict to 
what extent a measure is likely to increase suitable water depths and velocity values for lotic 
organisms. 
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