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Abstract: Despite that hydromorphological restoration projects have been implemented since the
1940s, the key to improve the effectiveness of future restoration measures remains a challenge.
This is in part related to the lack of adequate aims and objectives together with our limitations in
understanding the effects on the physical habitat and ecosystems from interventions. This study
shows the potential of using remote sensing techniques combined with hydraulic modelling to
evaluate the success of physical restoration measures using habitat suitability as a quantifiable
objective. Airborne light detection and ranging (LiDAR) was used to build a high-resolution
two-dimensional model for Ljungan River, Sweden, using HEC-RAS 5.0. Two types of instream
restoration measures were simulated according to the physical measures carried out in the river to
improve salmonid habitat: (a) stones and rocks were moved from the bank sides to the main channel,
and (b) a concrete wall was broken to open two channels to connect a side channel with the main
river. Results showed that the hydraulic model could potentially be used to simulate the hydraulic
conditions before and after instream modifications were implemented. A general improvement was
found for the potential suitable habitat based on depth, velocity and shear stress values after the
instream measures.
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1. Introduction

Management of restoration action in regulated rivers might be motivated by different drivers.
In countries located in North Europe and North America, where the Atlantic salmon (Salmo salar L.)
plays an important role for both its high economic and conservation value, it is often found that
the status of Atlantic salmon will have an important role in guidance of management decisions [1].
Several measures can be applied to maintain and improve Atlantic salmon populations, such as flow
related measures (minimum flows, changes in operational strategies), biological measures (re-stocking)
and instream measures (habitat modifications) among others. However, particularly in regulated
rivers and because Atlantic salmon has a wide range of habitat requirements depending on their
life stage [2], implementing effective restoration measures is still a challenge. Most of the habitat
modifications measures will depend on the discharge released from the hydropower system to be
effective. The difficulty increases in specific seasons when water allocation lead to a conflict between
Atlantic salmon requirements and energy demand. In recent years, models that integrate hydrological,
hydrodynamic and habitat has shown to be the most appropriate to evaluate habitat suitability
for aquatic organisms, since they include physical variables such as depth, velocity, substrate and
shelter [3,4].
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These models can also help to overcome some of the most common gaps in river restoration
management, such as evaluating the outcome of restoration and mitigation measures before their
implementation. Benchmarks and the use of endpoints that define project goals are valuable indicators
to measure the success of an action, since they are realistic and can be quantified [5]. Hydraulic
parameters and their interaction with physical habitat have been used for several years as benchmarks
to measure instream restoration for fish habitat. For example, the weighted usable area (WUA) is
a well-established method that has been widely used in combination with habitat modelling [6] to
predict and quantify physical habitat requirements per unit area. However, physical habitat simulation
(PHABSIM) [7] only uses a one-dimensional (1D) routine to calculated water surface elevations, and
velocities for each cross-section [8]. Several studies support the use of two-dimensional (2D) models in
order to better capture spatial changes in fish habitat parameters such as depth and water velocity
with a finer (cell) resolution. Crowder and Diplas [9] used a 2D model to capture changes in depth and
velocity after the introduction of boulders and cobbles on a river reach. Lacey J and Millar [8] used
a 2D model and combined this with WUA calculations to predict the effect of instream large woody
debris and a rock groyne habitat. Boavida et al. [10] used a 2D model to assed the effect in WUA
from introducing different instream structures (islands, lateral bays, and deflectors). The accuracy of
results from these models benefit from high resolution bathymetry data. Recent studies have shown
that of light detection and ranging (LiDAR) bathymetry can be used as a suitable tool for mapping
rivers with a high density over large areas [11]. Airborne LiDAR bathymetry (ALB) data also capture
elevation points for the entire foreland, including riparian areas, vegetation, ice and snow, which
opens the possibility to be used in a wide range of studies [12]. ALB is a fast method for collecting
data with high density (>20 points/m2), with an accuracy under water of approximately 5 cm [12],
covering rivers of 15–20 km in a few hours, and reaching up to 10 m depth [13]. Whereas conventional
methods for mapping bathymetry can provide accurate measurements, they can have limitations due
to restricted accessibility, safety precautions and time required [13,14] to fully cover the interested
areas. In the other hand, ALB data requires post-processing, including filtering and removal noise and
false echoes, water surface detection and correction for the refraction [15]. ALB surveys are affected by
environmental conditions such as floods, rain and snow and by water turbidity, since dissolved and
suspended organic material affect negatively the river bottom reflection [16]. Despite these drawbacks,
ALB it is still considered more cost-effective than conventional methods due to the coverage of data
obtained per unit of effort [12,17]. Therefore, the use of ALB data in fish habitat quality models can
support a cost-effective design of mitigation and restoration measures, in terms of amount of suitable
area created per unit of cost spent and prioritize them based on their performance.

In Sweden, during the last three decades, several river restorations have been carried out, most
of them comprised of instream habitat modification measures [18] related to restore river channels
that earlier were modified to transport timber. Timber floating was an important activity from ca.
1850 until 1970, and to facilitate the transportation of logs to the coastal mills the channel morphology
was simplified by removing boulders and large woody debris from the channel to the river banks.
In addition, secondary channels and meander bends were cut off by the construction of stone and
wood levees [19]. The removal of larger stones and other obstacles and elimination of eddies and
side channels has led to a loss of structural complexity and simplified flow patterns [20], which has
had a profound negative impact on stream-dwelling fish and invertebrates [21] as habitat niches were
removed and primary production was limited [22]. Johansson [23] found that channelization affected
both fish abundance as well as species richness and composition. Findings have shown a general
decreased in fish species that depend on flowing water for food, shelter, spawning and movement
between different habitats. Today, 98% of the Swedish salmon rivers are affected by the modification
from timber floating channelization, hydropower development and agricultural areas [18]. The loss of
habitat is considered one of the major threats to fish biodiversity [24] and Sweden has around 20,000 km
of rivers affected by timber channelization [22]. Based on a literature review, Nilsson et al. [25] provide
a summary of the effects from implementing instream measures to restore rivers that were used for
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timber floating. They suggested the following main variables for geomorphology and hydraulic
responses: increased channel area, increased water depth and reduction of velocities, and for ecological
responses: increased habitat complexity for riparian and aquatic organisms.

In this study, hydraulic parameters and their interactions with physical habitats were used as a
benchmark to evaluate the impacts from instream measures carried out in Ljungan river in Sweden.
In the past, Ljungan was heavily modified for timber floating. In addition, Ljungan is extensively
regulated for hydropower production. Even though, salmon and sea trout reproduce in a 19 km
reach from the river mouth to the most downstream hydropower plant at Viforsen [26]. In 2015,
a stakeholders group was established to improve the communication between the different interest
groups in the river, including power producers, non-governmental organisations (NGOs), and the
local county. Today, the stakeholders group has carried out several instream restoration measures.
They have concentrated their efforts on restoring the hydromorphology to the state it had before the
timber floating modifications. Therefore, the term instream restoration is used to refer to the instream
modification carried out in stream habitat to recreate the physical habitat conditions that characterized
the stream habitat before channelization.

This study aims to demonstrate that the use of modelling techniques supported by remote sensing
data is a valuable method to plan and evaluate the success of instream restoration and mitigations
measures. In order to fulfil this, the following objectives were pursued: (a) to create a 2D hydraulic
model for both the situation before and after the instream modifications that adequately simulated
the physical parameters (depth, velocity and shear stress), (b) to evaluate the physical parameters
obtained from the hydraulic model in term of potential suitable areas for salmon and (c) combine the
cost of the instream modifications with their effectiveness (in terms of potential suitable area created)
to calculate the cost-effectiveness of the measures. The method presented aims to show that modelling
tools with support from modern data surveying could help to decide and prioritize where to place and
how to design instream measures. Calculating the cost-effectiveness for the measures is done with the
purpose to share knowledge and experiences and promote this type of methodologies. Future analyses
combining the biological data from monitoring and further physical measured values to contrast
modelling data with measured data will validate and reinforce the potential of this method to help
stakeholders, managers and decision makers to reduce the uncertainty during the planning process.

2. Materials and Methods

2.1. Study Area

The Ljungan River originates on the Norwegian border and runs through the middle part of
Sweden before it reaches the Gulf of Bothnia. Its total length is 399 km with a catchment area of
12,851.1 km2 and a total of 15 power plants, where Viforsen power plant is the most downstream in
the system (Figure 1). The instream restoration measures carried out by the stakeholders were located
at three different locations: Grenforsen (Gren), Allstaforsen (Allsta) and Nolbystrommen (Nolby).
The three locations were selected by the stakeholders group judged by their potential to improve the
salmonid habitat quality after restoration measures were in place (Figure 1).
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Figure 1. Ljungan River and the three locations in which restoration measures have been carried out. 
Coloured lines represent cross sections explained in Section 2.3 (Figure 2). Points, triangles and 
squares in Grennforsen, Allstaforsen and Nolbystromen, respectively, represent the measured water 
edge and are used in Section 3.1 (Figure 3) to verify the hydraulic model. 

2.2. Terrain Modification 

Bathymetry data were collected during an airborne LiDAR bathymetry (ALB) survey. It was 
conducted on 2 September 2015 by the company airborne hydro mapping (AHM), Austria, with the 
RIEGL VQ-880 G green laser camera [27] and lasted for 2–3 h to survey approximately 19 km. The 
total amount of ground points captured was 1,518,500, and it was delivered as cross sections with 5-
m average distance. These ground points were already filtered by AHM who removed the raw data 
noise originated from the laser being scattered by birds, clouds, dust and other particles. The filtering 
process involved both automatic and manual filtering ([see 15 for more details]. In addition, 
vegetation was also removed from the point cloud by AHM in the pre-processing step. The survey 
was carried out with a measured flow of 58.9 m3 s−1 with an accuracy of 0.07 m for planar coordinates, 
and 0.03–0.04 m for mean vertical accuracy obtained from comparing LiDAR elevation points with 
manual measurements [13]. The maximum average depth reached was 2.8 m restricted by the dark 
bottom and organic material in the water. Therefore, additional manual data (14.190 points) were 
collected from the river bed and banks using a Sontek RiverSurveyor M9 acoustic Doppler profiler 
(ADCP) [28] equipped with a differential GPS system. The ADCP was mounted on a floating platform 
towed by a kayak and used to capture bathymetry points from Viforsen and 19 km downstream to 
the end of the area covered by LiDAR data. In addition, the ADCP was also used with a small rowing 
boat to survey additional points in Allstaforsen [13]. The ADCP surveys were carried out following 
a pre-specified route that was mapped based on the missing LiDAR data, however the precision to 
capture all the missing areas was subjective to the individual performance and to the external 
conditions, including security. In both cases, the GPS antenna system was used to capture the XY 
coordinates, whereas the ADCP was used to collect the bathymetric data with a sampling frequency 
of 1 Hz from the nine individual transducers which define the channel definition with an accuracy of 
1% [28] and gives input to further development of a digital elevation model see [see 13]). The LiDAR 
and ADCP points were combined into a point cloud used as the input to the empirical Bayesian 
kriging interpolation method using the average method for overlapping points in ArcGIS [29] to 

Figure 1. Ljungan River and the three locations in which restoration measures have been carried out.
Coloured lines represent cross sections explained in Section 2.3 (Figure 2). Points, triangles and squares
in Grennforsen, Allstaforsen and Nolbystromen, respectively, represent the measured water edge and
are used in Section 3.1 (Figure 3) to verify the hydraulic model.

2.2. Terrain Modification

Bathymetry data were collected during an airborne LiDAR bathymetry (ALB) survey. It was
conducted on 2 September 2015 by the company airborne hydro mapping (AHM), Austria, with the
RIEGL VQ-880 G green laser camera [27] and lasted for 2–3 h to survey approximately 19 km. The total
amount of ground points captured was 1,518,500, and it was delivered as cross sections with 5-m
average distance. These ground points were already filtered by AHM who removed the raw data noise
originated from the laser being scattered by birds, clouds, dust and other particles. The filtering process
involved both automatic and manual filtering (see [15] for more details). In addition, vegetation was
also removed from the point cloud by AHM in the pre-processing step. The survey was carried
out with a measured flow of 58.9 m3 s−1 with an accuracy of 0.07 m for planar coordinates, and
0.03–0.04 m for mean vertical accuracy obtained from comparing LiDAR elevation points with manual
measurements [13]. The maximum average depth reached was 2.8 m restricted by the dark bottom
and organic material in the water. Therefore, additional manual data (14.190 points) were collected
from the river bed and banks using a Sontek RiverSurveyor M9 acoustic Doppler profiler (ADCP) [28]
equipped with a differential GPS system. The ADCP was mounted on a floating platform towed by a
kayak and used to capture bathymetry points from Viforsen and 19 km downstream to the end of the
area covered by LiDAR data. In addition, the ADCP was also used with a small rowing boat to survey
additional points in Allstaforsen [13]. The ADCP surveys were carried out following a pre-specified
route that was mapped based on the missing LiDAR data, however the precision to capture all the
missing areas was subjective to the individual performance and to the external conditions, including
security. In both cases, the GPS antenna system was used to capture the XY coordinates, whereas
the ADCP was used to collect the bathymetric data with a sampling frequency of 1 Hz from the nine
individual transducers which define the channel definition with an accuracy of 1% [28] and gives input
to further development of a digital elevation model (see [13]). The LiDAR and ADCP points were
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combined into a point cloud used as the input to the empirical Bayesian kriging interpolation method
using the average method for overlapping points in ArcGIS [29] to create a digital elevation model
(DEM) with a resolution of 1 by 1 m. The DEM obtained was representative of the situation before
the instream modifications were carried out. In order to simulate the situation after the modifications,
a second DEM was created including the terrain modifications (Figure 2). These modifications were
modelled by altering the DEM using ArcGIS and the raster editor (ArcMap Raster Edit) which allows
changing the values of specific points in a raster. Three reaches in Ljungan river were modelled: Gren,
Allsta and Nolby (Table 1). Two main measures were simulated: (a) Stones and rocks were moved
from the banks to the main channel in Gren, Allsta, and Nolby and (b) a concrete wall was broken to
open two channels: Gren S.Ch 1 and Gren S.Ch 2 (Figure 2).

Table 1. Name for the six scenarios simulated at the three locations, their status before and after
modifications and the objective to fulfill after the modifications.

Location Sub Location Before Modifications After Modifications Objective

Gren

Gren M.Ch Narrow channel with
high banks

Wider channel, rocks that
were on the banks were placed
in the middle. Gravel and
cobbles were added.

Reduce water velocities,
increase the wetted area
and create suitable
habitat for spawning.

Gren S.Ch

Concrete wall was
blocking water to flow in
the right-side channel
under low flows

Wall was opened in two
channels (Gren. S.Ch 1 & Gren.
S.Ch 2) so water could flow
inside the right-side channel,
even at low flows

Restore the right-side
channel and its function
as a nursery area as well
as to restore connectivity.

Allsta
Narrow channel with
higher elevations in the
banks

Wider channel, rocks that
were on the banks were placed
in the middle. Gravel and
cobbles are added.

Reduce water velocities,
increase the wetted area
and create suitable
habitat for spawning.

Nolby

Narrow channel with
higher elevations
specially in the right-side
bank

Wider channel, rocks that
were on the right-side banks
were placed in the middle.
Gravel and cobbles are added.

Reduce water velocities,
increase the wetted area
and create suitable
habitat for spawning.
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Figure 2. Elevation along the cross sections (colored lines in Figure 1) extracted from the digital 
elevation model (DEM) before (solid line) and the DEM after (dashed line) habitat adjustments in the 
areas were modifications took place. Figure 1 shows the cross-section lines location, colors correspond 
to Gren M.Ch in blue, Gren S.Ch 1 in green and Gren S.Ch 2 in pink in Grenforsen. Allsta has one in 
blue, and in Nolbystromen, Nolby in blue. 

Figure 2. Elevation along the cross sections (colored lines in Figure 1) extracted from the digital
elevation model (DEM) before (solid line) and the DEM after (dashed line) habitat adjustments in the
areas were modifications took place. Figure 1 shows the cross-section lines location, colors correspond
to Gren M.Ch in blue, Gren S.Ch 1 in green and Gren S.Ch 2 in pink in Grenforsen. Allsta has one in
blue, and in Nolbystromen, Nolby in blue.
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2.3. Hydraulic Modeling

A two-dimensional hydraulic model with cell size of 1 by 1 m was developed for each of the three
locations using the HEC-RAS 5.0 software developed by US Army Corps of Engineers [30]. The model
before the restoration measures (reference model) was calibrated for a discharge of 58.9 m3 s−1

corresponding to the discharge measured during the ALB survey. The difference between the water
surface elevation simulated and the values delivered by AHM based on the LiDAR data were used for
the calibration. In order to validate the situation after the modifications, a simulation was done for the
observed discharge on aerial pictures (65.4 m3 s−1), and the wetted area extent from the simulation
results and the water edge from the aerial picture from 2017 when the instream modifications were
already in place were visually compared. The successful of the instream measures were considered
under the premises that the wetted area results will be as expected under the objectives (Table 1) and in
addition they will match the water covered area extent after the modifications from the aerial picture
provided by Lantmäteriet (www.lantmateriet.se) with 0.25 m planar resolution.

The discharges used for the hydraulic simulations before and after instream modifications were
selected based on the following criteria: discharges that are dominant during the spawning season
(60 m3 s−1 and 100 m3 s−1), 138 m3 s−1 is the average flow in Ljungan and 380 m3 s−1 is the average
one-day maximum discharge (Table 2). In addition, because in Gren one of the measures was designed
to reconnect the side channel with the main channel also on lower flows, low discharges that could
be observed particularly during summer months were also analyzed. In order to provide a detailed
coverage of low discharges and due to wetted area changes in a more pronounced way at low flows
changes, four discharges were selected: 20 m3 s−1, 30 m3 s−1, 35 m3 s−1, and 40 m3 s−1. These
discharges were used as inputs for the upper boundary condition. In addition to the 1 by 1 m cells,
break lines were included in areas were higher resolution was needed (such as along river banks,
islands and side channels). Crowder and Diplas [9] showed the importance of analyzing effects at a
finer scale, such as the close surrounding area after placing boulders in the river. Forcing the break lines
in the mesh produced a mesh with different dimensions. Normal depth was specified for the lower
boundary condition, the average channel slope at the downstream part of the reach was used as an
approximation of the friction slope. For the river bed roughness, Manning’s n coefficients ranged from
n = 0.03 (channel with gravels and cobbles) to n = 0.15 (channel with bushes and higher resistance) [31].

Table 2. Parameters used for the hydraulic simulations in each reach.

Reach Discharge
(m3 s−1) # of Cells Dimensions

(m2)
Normal Depth

(m) Manning’s 1

Gren 20, 30, 35, 40,
60, 100, 138, 380 364.436

Max: 1.92 m2

Min: 0.01 m2

Avg: 0.90 m2
0.01 0.06

Allsta

60, 100, 138, 380

147.229
Max: 1.73 m2

Min: 0.34 m2

Avg: 0.99 m2
0.001 0.03, 0.06, 0.15

Nolby 223.121
Max: 1.74 m2

Min: 0.05 m2

Avg: 0.93 m2
0.001 0.06, 0.08, 0.15

1 See Appendix A, Figure A1.

2.4. Depth, Velocity and Shear Stress Distribution and Potential Suitable Area

Water-surface elevation, depth, velocity and shear stress values were extracted as average point
values for each cell in the mesh for discharges ranging from 20 m3 s−1 to 380 m3 s−1 (Table 2) before
and after the modifications. An initial comparison for the situation before and after modification
for the full range of parameters (depth, velocity and shear stress) was carried out. Analyses of the
potential suitable area (PSA) were carried out using literature data on preferred ranges of habitat

www.lantmateriet.se
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for juvenile Atlantic salmon [2,32] and available physical habitat data (spawning areas location,
substrate composition, shelter distribution) that were surveyed and mapped by Uni Research in 2014
in Ljungan [33]. Physical habitat data from field measurements were used to compare and support the
data obtained from literature [2,32]. The average depths and velocities simulated from the hydraulic
model were exported to GIS tools and extracted at the spawning locations [33] under the average
spawning discharge conditions. The same was carried out for the nursery areas. After obtaining the
simulated average depths and velocities in the studied areas, the data were compared to the ones
obtained from literature. This comparison showed that the simulated values agreed with the ranges
from literature, except for spawning area depths. Simulated values in Ljungan river could go up
to 2 m, in contrast to the values from Armstrong and Kemp [2] and Forseth and Harby [32], which
did not exceed 1.5 m. Therefore, the depth range used to identify the potential suitable area was
increased accordingly. PSA was calculated as the number of square meters for depth, velocity and
shear stress values that fell inside the range considered suitable (Table 3). PSA was also calculated and
related to the total wetted area to obtain the percentage of PSA (PSA%). Considering the uncertainties
related to habitat results from the hydraulic model and in addition the lack of detailed and observed
depth, velocities and critical shear stress values in the field, the analyses of the PSA were considered
separately as suggested by Scruton et al. [34]. Therefore, PSA were calculated for depth, velocity and
critical shear stress individually instead of weighting and summing them into an overall PSA. Critical
shear stress was included under the assumption that sediment mobility for a given particle size occurs
when the bed shear stress exceeds the critical shear stress [35]. Values were selected according to the
predominant substrate type in the areas [33].

Table 3. Values used to determine the potential suitable area based on literature data [2,32] and field
data [33].

Spawning Area Nursery Area

Depth (m) 0.3–2.0 0.05–0.9
Water velocity (m s−1) 0.3–0.8 0.06–0.9

Critical shear Stress (N/m2) 12.2 53.8

2.5. Calculation of Costs Per Unit of Potential Suitable Area

The cost of the modifications at each location were obtained from the project budget (Table 4).
The total cost at each site was used to calculate the cost to create a unit of potential suitable area. This
was used to compare the cost and the potential effectiveness of the modifications within sites and
within the type of habitat created based on depth, velocity and shear stress values.

Table 4. Costs in EUR per location and action. Values were converted from Swedish Kroner to Euro
using the annual average exchange rate for 2016 (0.105653917).

Excavator Helicopter Gravel
1–10 cm

Cobbles
10–100 cm

Coarse Cobbles
50–100 cm Total

Gren M.Ch 2208 24,089 6551 0 1310 34,158
Gren S.Ch 2208 0 0 0 0 2208

Allsta 2504 24,089 6551 0 1310 34,454
Nolby 5404 12,045 3275 0 655 21,379

Total 12,324 60,223 16,376 0 3275 92,199
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3. Results

3.1. Calibration & Verification

Calibration for the situation before modifications was considered good when the correlation
between the observed water surface elevation and simulated water surface elevation exceeded 0.85
(R2 ≥ 0.85). After modification, the verification was considered good when water surface extent
from the simulated results matched the situation observed from aerial pictures (Figure 3). Based on
the results from calibration, the hydraulic model setup for both the before and after situation were
considered adequate for simulating the effects from habitat modification on depth, velocities and
shear stress.
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Figure 3. Calibration for the hydraulic model before (upper graph) showing water surface elevation
simulated (WSE simulated) against water surface elevation measured by airborne hydro mapping
(WSE AHM). The three panels (lower figures) show the visual verification of the hydraulic model
after modifications at Gren, Allsta and Nolby. Aerial pictures from before and after modifications
and simulated water surface for three locations are presented. Blue color is the water surface extent
obtained from the hydraulic model and overlap by the aerial picture after modifications. Names for
the sub-locations are shown, and the areas analyzed are marked with orange circles.



Sustainability 2019, 11, 1500 9 of 20

3.2. Depth, Velocity and Shear Stress Distribution

After modifications, the range of distributions for depth, velocity and shear stress was reduced.
The lower values found before the modification increased after the modifications, and the higher values
were reduced. This was found at Gren. M.Ch (Figure 4), Allsta (Figure 5) and Nolby (Appendix B.
In Gren S.Ch (Figure 6), results showed increased values for the three parameters after modifications.

Changes in the distribution of depth and velocity, in relation to the range of potential suitable area
(vertical lines) showed that the percentage of cells for discharges from 60 m3 s−1 to 138 m3 s−1 inside
the specified values increased at Gren M.Ch (Figure 4), but this is not the case for the high discharge at
380 m3 s−1. The same results were found for Allsta (Figure 5) and Nolby (Appendix B). Changes in
shear stress values were not that significant at any location. In Gren S.Ch (Figure 6), a general increase
for the percentage of cells after instream modification was found under all discharges and for the three
parameters (depth, velocity and shear stress).
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Wetted areas increased at all locations and with increasing discharges after the instream
modifications (Figure 7). PSA% showed an increase for depth after modifications at all locations,
for velocities it also improved at all locations, especially in Gren S.Ch. Shear stress PSA% values
decreased after modification at all sites except in Gren S.Ch.

3.3. Cost Per Unit of Potential Suitable Area

The cost per unit of PSA (Figure 7) showed that the creation of PSA for depth values was the
cheapest at all locations except in Grenn M.Ch, with 380 m3 s−1 as the discharge that showed the most
expensive values Velocity costs showed a similar pattern as depth. Shear stress was the most expensive
PSA, and Nolby exhibited the highest cost per square meter.
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Figure 7. Wetted area (WA), potential suitable area (PSA) and potential suitable area percentage (PSA%) calculated as the percentage of PSA related to the WA (blue
colors are for higher values and red for lower for (PSA%) and cost (Cost) per unit of potential suitable area (grey bars are used as a cost indicator). These are calculated
for each location (grey rectangle), for depth, velocity and shear stress values under the discharges evaluated. When PSA was 0, costs has not been considered.
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4. Discussion

Several concepts, tools and new techniques are used over recent decades for planning and
evaluation of the feasibility of mitigation and restoration projects in rivers. The availability of high
resolution bathymetry data provide the opportunity to obtain physical parameters such as depth
or velocities values in a finer spatial scale distribution from 2D models compared with previous
analyses carried out with 1D models, which has been reported to be more appropriate for fish habitat
studies [4,9]. Despite that most of the habitat suitability studies are based on average-point depth
and velocities. Pisaturo et al. [36] found that 3D modelling for habitat suitability gave significantly
different results compared with 2D modelling results. This could be important if habitat suitability
indexes were based on e.g., bottom flow velocity [37]. On the other hand, the 3D modelling will
incur higher computational costs [38]. Based on the need for efficient computation and since we do
not have the necessary fish habitat data to utilize the extra information provided by the 3D model,
we decided to run a 2D simulation in this project. The 2D modelling approach has been proved to
successfully simulate the water covered areas and flow patterns which is important for planning
mitigation measures. The same model setup has also been shown to be efficient in evaluating the
drying out areas at different flow regimes [39], which is also relevant for the study in Ljungan. This
study used LiDAR bathymetry data to build a hydraulic model and analyze the depth, velocity and
shear stress distributions which were used as a benchmark to evaluate the success of instream measures
carried out in Ljungan river. The two types of instream measures simulated, returning stones and
rocks to the river channel and opening a wall to reconnect a side channel with the main river, showed
that spawning and nursery areas were potentially improved after the modifications. In addition, it
also showed that Allsta was the location where the instream modification was most cost-effective.
The procedure presented in this study could be used to design mitigation and restoration measures
during the planning process for anticipated impacts but also in future restoration measures to improve
the effectiveness aiming to improve fish habitat conditions.

4.1. Hydraulic Responses and PSA

The instream modifications aimed to improve the habitat for Atlantic salmon spawning showed
an increase of water depth values and a reduction of flow velocity values comparing to the situation
before modification. These findings were also observed by Gardeström et al. [40] who analyzed the
abiotic effects from restoring a channelized river in Sweden, and found that after restoration, water
velocities were significantly reduced and channels were wider. These effects can be related to the
changes in the geomorphology, as explained by Nilsson and Lepori [25], after the reduction in the
bank elevations and the return of stones and rocks to the channel, the channel structure will be more
complex and so roughness and flow resistance will increase. This leads to a reduction in flow velocity
and to an increase in the wetted area. Water depth could increase or decrease depending on the relative
changes done in the channel. According to the values established from literature and field data [2,32]
the suitable area for water depth and velocities increased at all sites for the discharges expected during
the spawning season and also for the average discharge. The area showing values under the critical
shear stress range chosen by literature [35] decreased after the measures at all sites. Despite values
for shear stress PSA after the measures were reduced, still they exhibited a PSA% similar to the one
for velocities, which was also observed for the velocity and shear stress distribution range. The same
results were found by Bair [41], where the range of shear stress and velocities were reduced after large
wood were placed in the river. The shear stress results and analyses for PSA presented in this study
could be considered as conservative because of the following reasons: (a) Wilcock and McArdell [42]
observed partial mobility of the bed to occur between critical shear stress value and twice the shear
stress value, and full mobility was observed above twice the shear stress value, while the PSA in this
study was calculated based just on values lower than the critical shear stress, (b) the critical value
selected from literature was the minimum value indicated within a wider range for coarse gravel for
the spawning area and the highest value for very coarse gravel for the nursery area, and (c) the shear
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stress obtained from the hydraulic model is an average value for each cell face instead of the river bed
shear stress.

The instream modifications aimed to restore the nursery area reconnecting the side channel and
showed increased values at Gren S.Ch for water depth, velocities and shear stress as discharge also
increased. This is in agreement with Nilsson and Lepori [25], who described the predicted changes
after the reconnection of cut-off side channels as increased channel area, increased total flow resistance
and water volume. The largest changes were seen at lower flows, and this was expected since the
channel was only disconnected under low flow conditions. At higher flows, water was still flowing
into the channel from a small area with lower elevation some meters downstream of the concrete wall
also before the modification. Based on the literature data to evaluate the increase in suitability nursery
habitat [2,32], instream modification has led to an increase in the nursery habitat for water depth,
velocity and shear stress. However, even if velocities showed an improvement after modifications
the amount of potential suitable habitat created after modifications for the velocity is small compared
with the amount of habitat for depth. Unlike most of the WUA studies, in this study the preferred
values were considered by separate [34], however, this results may indicate that the potential suitable
nursery area is not appropriate if velocities are not increased. It is also important to highlight that these
values contain the uncertainties related to an inappropriate representation of the instream modification
from the terrain modifications, and as for the other sites, further field data collection will be needed to
corroborate these results.

4.2. Expected Ecological Responses

Several studies support that restoration measures will generally have a positive effect on fish
production [43,44]. Restoration measures for spawning areas has been reported as a success by
Gard [45]. They used a 2D hydraulic model and predicted an increase of WUA for salmon spawning,
which was also supported by the biological monitoring data. Fjeldstad et al. [46] used 2D hydraulic
modelling techniques to predict that the removal of weirs and the addition of spawning gravel would
create favorable conditions for Atlantic salmon spawning, which was also corroborated with biological
data. High shear stress values could cause gravel to be flushed away and consequently, salmon eggs
could be scoured, however, McKean and Tonina [47] found that even at higher shear stress values a
lower amount of gravel was found to be mobile at high flows. In addition, they also discussed that
salmon eggs are usually buried 15–50 cm below the streambed surface, protecting the eggs to be flushed
away. The reconnection of the side channel could provide suitable refuge habitat for juvenile fish [2,25].
Using a 2D hydraulic model, Koljonen et al. [48] predicted an increase in weighted usable habitat for
juveniles, which was related to an observed increase of juveniles densities. However, difficult winter
conditions overrode the density improvements for the next summer juveniles. Gard [45] found lower
fry densities after modification than before the modifications in rearing habitats, but they suggested
that their model could be used to design additional instream modifications, such as the addition of
boulders and the construction of a side channel, could increase the shelter and would modify the depth
and velocities values to the ones preferred by fry and juvenile salmonids. Bair [41] found an increase
in the suitable habitat and shelter for salmon juveniles after large pieces of wood were added to the
river bed. At the same time, shear stress values and velocity decreased. Despite these positive results,
Palmer et al. [49] reported from an extensive literature review that no clear evidence for biological
improvement was found after instream restorations, suggesting that a reason could be the deterioration
of the habitat created after the instream measures. However, Marttila et al. [50] found that long term
changes in habitat structure after restoration either remained unaltered or were reinforced through
time. They were able to discard the hypothesis that the low biological improvements found after
instream restoration were related to a long-term deterioration of the habitat. Therefore, based on our
results for potential suitable areas and the literature findings, there are reasons to believe that future
analyses of monitoring data will corroborate that the restoration measures in Ljungan improved the
usable nursery and spawning areas in the river as a result of the implemented habitat adjustments.
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4.3. Cost-Effectiveness

In terms of cost-effectiveness for the location of the instream measure, Allsta was the most
cost-effective site where the most suitable areas were obtained for the money spent. In addition,
creating suitable ranges of depth was found to be the most cost-effective measure for both spawning
and nursery areas. Based on these results, Allsta and Gren S.C have shown to be the areas to prioritize
for cost-effective restoration measures. However, it is important to notice that further instream works
might be needed to improve the PSA for velocity values in the side channel. The term effectiveness
in this study has been used to describe the effectiveness of instream measures to improve habitat
conditions. However, benefits cannot be calculated until data from biological monitoring is available
after the modifications in River Ljungan.

Re-stocking measures, which consist of the release of young salmon in order to compensate
for the loss of habitat and migration corridors, has been carried out in many hydropower regulated
rivers [51,52], but they are usually reported as a costly and ineffective mitigation measure because
young salmon die in high numbers before maturing to spawning adults. [51,53] In Ljungan, re-stocking
of salmon was carried out in the past, but in the last 15 years, salmon was re-stocked only in 2004
with 13,200 young salmon [54]. The cost per salmon release for re-stoking in Ljungan after bread
from egg to two-year-old smolt is 2.21 EUR (21 SEK), and the costs for capture of spawning fish
(trapped at Viforsen) is 16,904 EUR (160,000 SEK) per year. As an approximation, the cost for the
release during 2004 could be calculated as 46,076 EUR. The total cost calculated in this study for all
the instream modifications was 92,199 EUR, considering the cost over a 40-year time span at 2.5%
p.a. amortization [55], the annuity cost is 3648 EUR/year. Considering the low effectiveness from
the restocking measures, it is expected that instream measures will be a more cost-effective measure
in Ljungan than the previous re-stocking programs. It is important to note that instream mitigation
measures could require a follow-up maintenance [32], e.g., due to sediments deposited which could
clog the interstitial spaces, affecting spawning and nursery areas. This maintenance measures will
incur in an increment in the cost per unit of PSA that has not been included in this study. This however
will be very dependent on the river and the sediment dynamics. Barlaup and Gabrielsen [44] did not
find degradation of the restored spawning habitat from sediment depositions, the amount of sediments
accumulated was washed away when the spawning fish built their redds. Still, Pulg et al. [56] found
a degradation of the restored spawning areas from sediment deposition, expecting unsuitable areas
for reproduction after five or six years. Follow-up mitigation measures could be done, among others,
by harrowing the gravels using an excavator [32], or could be done addressing the sedimentation
source which will require large scale river restoration [56]. Monitoring and follow up will be needed
in Ljungan to determine the maintenance and cost evaluation of the degradation of spawning areas,
based on initial cost elements and necessary frequency.

The suitable habitat data presented in this study is considered as a first estimation, and field
data to calibrate and corroborate the results will be needed to complete the validity of the model.
Biological data will make it possible to evaluate the effects from the instream restoration measures.
Despite the lack of such data, this study has shown the capability to transform a cloud of bathymetry
points into a user-friendly method and techniques that helps to get easily interpretable outcomes that
can positively influence management decisions. It is important to highlight that the LiDAR survey
was affected by turbidity and the low bottom reflection in some areas, which were supplemented by
manual measurements. However, this was not the case in other rivers like Tokkeåi or Hallingdal where
water conditions were clear and average depths registered were up to 5 and 6 m [13,57]. Despite this
limitation, the use of LiDAR bathymetry data as inputs for the hydraulic model has shown the potential
of using this type of technique to model large river reaches with high resolution and use the results to
evaluate fish habitat suitability and to support cost-effectiveness mitigation and restoration measures.
In this particular case, the method presented had been applied after the instream measures were carried
out, but it could also support the design before its implementation, promoting that stakeholders and
water managers could test alternative scenarios [58]. Therefore, a method that supports restoration
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measures in order to fulfill ecological and stakeholder outcomes, and that future efforts will benefit
from the understanding gained, was defined by Palmer et al. [59] as the most effective restoration.
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