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Abstract 
Altered flow regimes following river regulation can result in significant changes in river bed 

geomorphology and subsequent negative ecological impacts caused by re-suspended 

sediments deposited on the riverbed. This study aimed to evaluate the consequences of 

implementing an ecological flow regime on sediments accumulated within the regulated river 

Juktån. Sediments were sampled and analysed for particle size distribution to estimate 

sediment stability. Flow alteration following the ecological flow regime was analysed with 

HEC-RAS unsteady flow simulation serving as a basis for calculations of forces acting to erode 

or retain deposited sediments. Additional analyses regarding critical flow were made with 

HEC-RAS steady flow simulation. Results show that 4 out of 15 cross-sections analysed would 

have the potential to erode and re-suspend sediments. The estimated average critical flow for 

when sediments become unstable with potential to re-suspend is 17 m3/s. The total sediment 

inventory of the studied reach is ~25000 ton, with ~3000-ton sediments potentially eroding 

into re-suspension. This is approximately 3% of river Umeälvens annual 100 000 ton 

suspended sediments before being regulated. Results indicate that river bed heterogeneity in 

river Juktån could benefit from implementing the ecological flow regime while not mobilizing 

such amounts of fine sediments that would cause clogging effects downstream the site of 

interest. The study also introduces the erosion rate equation which compares the annual 

erosion between two different flow regimes.  
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Fine sediments, Boundary shear stress, Critical shear stress, Critical flow, Competence, HEC-
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1. Introduction  

Water quality is of fundamental importance for most species. The human need for water as an 

economic resource has increased rapidly for the last 50 years  (Meybeck 2003), and this need 

is expected to grow even larger within the coming decades (Falkenmark & Lundqvist 1997, 

1998). Increased demands for hydropower accompanying urbanization and industrialization 

has caused increased ecological pressure on aquatic ecosystems (Meybeck 2003; Vörösmarty 

& Lettenmaier 2004; Renöfält & Nilsson 2008). River regulation is often followed by extinction 

of species, population reduction, loss of habitat and ecosystem services such as game- and 

household fishing, degradation of water- quality and quantity, and ground water depletion 

(Naiman 1995; Abramovitz 1996; Collier et al. 2000). This degradation of riverine ecosystems 

and loss of biodiversity has gained increasing attention during the last 20 years and 

conservation- and restoration actions towards these systems has been made. The historical 

management of regulated waters are in many cases limited to the minimum flow which do not 

consider the fundamental variable to which freshwater biota respond, namely the dynamic flow  

(Poff et al. 1997). The quality and quantity of water at a given time is of great importance to the 

aquatic community and the species within, as they respond to differences in flow patterns 

which influences physigeochemical variables such as water temperature, geomorphology and 

habitat diversity (Resh et al. 1988; Power et al. 1995). These variables act as the main drivers 

for events such as fish migration  (Trépanier & Rodriguez 1996), spawning  (Montgomery & 

McCormick 1983), and the dispersal of riparian vegetation seedlings  (Poff et al. 1997). The 

regulation of rivers has in many ways been beneficial for the human society by providing cheap 

and renewable energy, flood control and continuous access to freshwater. There are however 

fundamental ecological differences between regulated and free flowing rivers, as the natural 

cycles of flooding and sediment transport cease to exist when rivers are regulated. This 

significantly alters the river channel shape and affects the availability of habitat on multiple 

spatial scales (Collier et al. 2000; Meybeck 2003), as well as species composition and 

ecosystem function and services (Collier et al. 2000).  

 

The natural water flow has affected the rivers ecological conditions for thousands of years. 

Reservoir construction is considered one of the greatest anthropogenic impacts on aquatic 

ecosystems (Petts 1984; Dynesius & Nilsson 1994; Nilsson & Berggren 2000), and significantly 

alters the river flow regime for purposes such as water storage, flood control or hydropower 

(Meybeck 2003). Alterations of the natural flow regime affect both aquatic and riparian local 

species (Poff et al. 2010), which have been amply demonstrated in both observational (Jansson 

et al. 2000; Nilsson & Svedmark 2002; Poff & Zimmerman 2010; Konrad et al. 2011) and 

modelling (Richards et al. 2002) studies. In riverine ecosystems, the ecological processes are 

mainly controlled by the magnitude of discharge, the frequency of occurrence, the duration, 

the predictability and the rate of change (Poff et al. 1997). The impact magnitude of flow 

alteration depends on how these flow components have changed relative to the natural flow 

(Poff & Ward 1990), as the ecological response is dependent on how flow alteration influences 

the local geomorphic and ecological processes. Flow alteration tend to negatively influence 

specialist species, while promoting the presence of generalist species. This because the 

acquirements to fulfil one or more stages in the life cycle of specialist species such as aquatic 

insects cannot be met due to the limited variation in flow behaviour and the limited kinds of 

habitat it creates. The loss of habitat heterogeneity can be reduced by mimicking the 

geomorphic processes of a natural stream when planning the flow regime of a regulated water  

(Poff et al. 1997).   

 

The physical structure of the river and the habitat for freshwater species it creates is driven by 

the physical processes of water and sediment movement within- and between the channel and 

the floodplain (Meybeck 2003). Water movement represents the greatest flux of material 
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through the biosphere (Vörösmarty & Lettenmaier 2004) which distributes the sediments and 

creates river bed heterogeneity and different habitats for riverine- and riparian species to 

exploit along the river channel (Poff  et al. 1997).  These processes are often defined as an 

equilibrium between fluxes, reservoirs and cycles of water, sediments, nutrients and ions 

entering the river. These cycles are controlled by large scale processes such as climate, 

biological uptake, erosion, weathering and soil leaching (Meybeck 2003).  The distribution of 

these sediments is size- and origin dependent, often with increasing fines in slow-flow parts of 

the river and block and boulders in the fast-flowing streams (Schälchi 1992). The downstream 

movement of sediment is continually and sediment structures and the habitats they create are 

lost and gained as time goes (Poff et al. 1997). High peaks in water flow, such as the spring 

flood, can move great quantities of sediments in different sizes (Wolman & Miller 1960; Brandt 

1996). Events like this can significantly modify the river channel and influence local species 

who uses an array of different habitats during different stages of their life cycle (Greenberg et 

al. 1995; Reeves et al. 1995). When rivers are regulated, the dynamic equilibrium between the 

movement of water and sediment that characterizes a free-flowing river is disturbed (Clark et 

al. 1980) and suspended particles are deposited in a graded manner (Schälchi 1992). 

Alterations of the flow regime changes the patterns of hydrologic variation which influences 

the dynamics of water and sediment movement.   

 

The downstream transfer of riverine sediments is a function of multiple variables including 

erosion-, mobilization-, deposition- and re-mobilization processes. The timescale of these 

variables is highly dynamic, ranging from humus particles entering the river as suspended 

particles which is flushed away within days, to river-bed downstream migration of sediments 

which lasts for thousands of years (Trimble 1977; Meade 1982; Meade 1988; Bravard 2001). 

This downstream transfer is abruptly interrupted by the construction of dams in the river, 

which significantly alters the sediment sources, transfers and sinks, and traps large amounts 

of sediment against the dam construction as well as impounded basins functions as sediment 

traps (Meybeck 2003). As the movement of water and sediment is fundamental to the 

heterogeneity of riverine habitat, flow-modification creates new conditions for the local biota 

(Poff et al. 1997). Flow regulation has been shown to affect channel degradation, aggradation 

and metamorphosis at multiple temporal and spatial scales  (Grams & Schmidt 2002; Thorne 

et al. 2005; Gregory 2006; Downs & Gregory 2014). The installation of a dam significantly 

influences the flux of sediments between the reach above- and below the dam (Lu et al. 2015), 

as the dam acts as a barrier for all sediment sizes but the finest. The water released from dams 

are often sediment-depleted and may erode finer sediment particles from the receiving channel 

which is coarsening the stream bed and reduces habitat availability. As dams also reduces the 

events of high-flushing floods, finer sediments that enters the river downstream a dam may 

deposit between the coarser particles. This creates a clogging effect that will reduce hydraulic 

conductivity (figure 1), pore space (Schälchi 1992) and affect species dependent on  

specific substrates to fulfil some part of their life cycle, such as egg- and early larvae- or juvenile 

stages for invertebrates and fish (Poff et al. 1997). The effects of clogging depend on factors 

such as flow, suspended load, particle size distribution and slope of the river channel (Schälchi 

1992). The events of high and low flows regulate several ecological processes (Poff & Ward 

1989; Puckridge et al. 1998), and recurrent high flows will move sediment through the channel 

whilst low flows will deposit sediments at the streambed (Clark et al. 1980; Leopold  et al. 

2012). This movement of sediments helps to export important organic resources that re-

juvenate the biological community as many species uses it for dispersal and re-colonization of 

available habitats (Fisher 1983). It has been shown that the composition and relative 

abundance of species present in a stream is correlated to the frequency and intensity of high 

flows (Schlosser 1985; Meffe & Minckley 1987).  
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Figure 1: The figure shows the effects of clogging on the hydraulic conductivity between flow and sediments. 

Effective clogging (left picture) increases the retention time of infiltrating water within the sediment layer. Irregular 

clogging (central picture) slows down water infiltration in clogged areas. No clogging (right picture) allows rapid 

transport of infiltrating water through the sediment layer (Nogaro et al. 2010).  

 

High floods remove and transport fine sediments which creates habitat for species with 

interstitial space needs (Beschta & Jackson 1979; Pitlick & Wilcock 2001) and also imports 

woody debris to the river channel, which serve as habitat or shelter for many species (Wallace 

and Benke 1984; Moore and Gregory 1988). Sediment transport hence is a key component in 

the formation and maintenance of aquatic habitats. The simulation of spring floods and rapid 

flushing flows have been successfully used in several studies to increase river bed heterogeneity 

in regulated rivers (Salant et al. 2005; Merz et al. 2006; Vericat et al. 2006). By using 

hydrological modelling to estimate the shear stress acting to erode or retain deposited 

sediments, key variables such as shields parameter, critical flow and competence can be 

identified and used to achieve desired river bed conditions. This approach is wide used because 

of its simplicity and adaptability. Other river bed erosion models exist but require high 

amounts of input data, excellent knowledge in fluvial sedimentology, relies on coarse 

assumptions and often lack to predict accurate estimations (Merritt et al. 2003).  

 

1.1. Ecological flows  

The demands on freshwater comes from several stakeholders with a wide range of needs. Often 

two or more interests can collide (Dudgeon et al. 2006). The use of water for electricity 

production, such as dams and reservoirs, often collide with the public demand to preserve fish 

populations for game fishing or other recreational activities. Freshwater is also criteria for 

basic human needs, such as drinking and cleaning, and Acreman (2001) states that ‘aquatic 

ecosystems support our livelihoods, life styles and ethical values’. As the pressure from 

different kinds of water users is high, there is a growing demand on water management to cater 

for all aspects related to the availability of freshwater such as ecological requirements, social 

well-being and industrial needs (Gleick 2003; Board 2005; Dudgeon et al. 2006). One way to 

achieve this is the introduction of ecological flows, which is defined as the ‘quantity, timing and 

quality of water flows required to sustain freshwater and estuarine ecosystems and the human 

livelihood and well-being that depend on these ecosystems’ (Arthington 2012). It is now 

acknowledged that the dynamic flow regime meets the demands from far more stakeholders 

than the historical used minimal flow (Poff et al. 1997; Bunn & Arthington 2002; Postel & 

Richter 2012; Annear et al. 2004; Biggs et al. 2005; Poff et al. 2010), which is too static and 

one-tracked to maintain the ecological functions that characterizes riverine ecosystems 

(Tharme 2003; Postel & Richter 2012). Research support that seasonal and inter-annual 

variation of long-term flow patterns are needed to support ecosystem integrity ( Poff et al. 
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1997; Mahoney & Rood 1998; Bunn & Arthington 2002; Richards et al. 2002), and ecological 

flow regimes thereby must mimic the space- and time variations of natural flows to achieve the 

desired condition of the ecosystem (Bunn & Arthington 2002; Pahl-Wostl et al. 2013). 

Ecological flow regimes have been implemented on thousands of river kilometres across the 

world (Postel & Richter 2012), and is recognized at national and international scales to 

incorporate ecosystem needs on basin- and regional wide scales (Poff et al. 2010). Stream flow 

dynamics has in multiple studies been shown to influence ecological processes and structures 

in river ecosystems (Poff et al. 1997; Bunn & Arthington 2002; Lytle & Poff 2004), and has 

been classified as the ‘master variable’ for riverine systems (Resh et al. 1988; Power et al. 1995). 

This is supported by several studies showing that modifications of the streamflow entail 

ecological alterations (Bunn & Arthington 2002; Poff & Zimmerman 2010). Hence, ecological 

flows can be used to improve the riverine ecosystems of flow-altered rivers and streams (Poff 

et al. 2010), or to ensure these systems wont decline further in water- and ecosystem services 

quality (Palmer et al. 2005).      

 

1.2. Aim with thesis  
This project aims to predict how accumulated sediments along the regulated river Juktån in 

northern Sweden will respond to altered flow regimes. River Juktån is impounded at the south 

end of lake Storjuktan and currently uses the minimum flow regime which is proposed to be 

changed to an ecological flow regime. Figure 2 visualizes the difference between the current 

minimum flow regime and the proposed ecological flow regime. Concerns have been raised 

regarding the fate of the fine sediments that has accumulated on the river bed at the reach 

downstream the hydropower plan outlet. My hypothesis is that increased flows will erode these 

sediments into suspension which might deposit downstream the study site and cause clogging 

effects. To test my main hypothesis, I combined hydrological modelling of the proposed 

ecological flow regime by using the HEC-RAS (USACE 2018) river analysis system together 

with boundary shear stress estimates of the river bed based on its particle size distribution. 

Critical flow- and competence analysis also was performed to underpin the main hypothesis 

and provide decisionmakers with adequate data needed to understand the sedimentation 

processes at the site. Finally, an erosion rate calculation was developed to compare the annual 

erosion patterns between the current minimal flow regime and the proposed ecological flow 

regime. 

Figure 2: The figure visualizes the current minimal flow scenario (m3/s) plotted together with the ecological flow 
scenario (m3/s) over the year.  
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2. Methods  

2.1. River Juktån  

River Juktån is situated in the boreal cold-temperate climate zone of northern Sweden, in the 

municipality of Sorsele, and is the second biggest tributary to river Umeälven with a length of 

177 km and a drainage basin area of 1699 km2, respectively (SMHI 2018). The river derives 

from mountains areas in the Västerbotten county and can be divided into two parts: The upper 

Juktån river upstream lake Fjosoken, which is protected from hydropower production 

(Johansson 2018), and the lower Juktån River downstream lake Storjuktan which is heavily 

modified for logging- and hydropower production. River Juktån was impounded 1961 when 

lakes Fjosoken and Storjuktan were unified into one single storage area, containing 575 x 106 

m3 of water and regulation amplitude of 14 meters (Widén et al. 2015). The powerplant is in 

the south end of lake Storjuktan and has the capacity of 26 MWe/Year (Vattenfall 2018). The 

area of interest, Sikselet (SWEREF99 7245129, 608935), is located right below the powerplant 

outlet, with mean annual flow regime of 4-6 m3/s (Wisæus 2014). The surrounding area is 

exploited by a wind farm containing 99 wind turbines (Skellefteå Kraft 2018), and former 

mining activities located at the western shore of lake Storjuktan (Johansson & Erixon 2018). 

The study site is 2 km long, ~130 m wide and covers an area of 0.335 km2 (figure 3). The water 

surface level in reach Sikselet varies from 395.85 m ± 0.02 m above sea level depending on 

flow.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3: The green point in the lower left figure displays river Juktåns location in Sweden while the larger figure 

presents the study site seen from above. The blue color visualizes the studied area. Orthophoto created from © 

Lantmäteriet.  
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2.2. Data collection   

Water depth- and velocity data was collected in august 2016 using SonTek RiverSurveyer® M9 

ADCP (Acoustic Doppler Current Profiler™) and driving a boat in cross-sections with 

approximately 100-150-meter intervals. Additional depth- and velocity cross-section data was 

collected in September 2017 but were excluded from sediment sampling and only used for river 

analysis (figure 4). Sediment sample sites were selected by identifying each cross-section 

(using data from 2016) deepest- and highest velocity point, thus collecting two sediment 

samples from each cross-section. Sediments were sampled 22 March-30 March 2017. 

Sampling sites (figure 5) were located using Garmin etrex 30x GPS (± 5m precision). Once 

located, the location was saved as GPS-coordinates, a hole was drilled through the ice with a 

wide auger and a sediment core was collected with the HON-Kajak sediment corer (Renberg 

1991, figure 6). The length of the core was measured and then stored in ziploc bags. Additional 

sediment samples were collected at the lower part of the reach as the initial sampling declared 

this as the ‘hot-spot’ for accumulated sediments. The additional sites were selected in-situ with 

the gained experience from the first round of sampling in terms of ice thickness, changes in the 

river main channel and where sediments were found. In total, 65 sediments samples were 

taken; 36 samples containing sediments and 29 samples where no sediments were found. 

Sampled sediments were stored in climate room with thermal regime of 15° C until analysis.

  
Figure 4: The figure shows the bathymetry for a typical cross-section at river Juktån (flow=4 m3/s) when imported 

to the program HEC-RAS. The y-axis shows the bathymetry as meters above sea level (m) and the x-axis shows 

cross-section width (m). The blue color visualizes the area covered by water and the red dots show bank stations as 

digitized from DEM Höjddata raster 2m © Lantmäteriet.  
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Figure 5: The figure displays river cross-section transects collected in 2016 (red lines) and 2017 (blue lines) 

and sediment sample sites. 
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Figure 6: The left picture shows the HON-kajak sediment corer (Renberg 1991) and the right picture shows the 

sediment core when attached to the cradle.  
 

2.3. Sediment particle size distribution   

Sampled sediments (n=36) were placed in aluminum molds and oven-dried (105° C) until 

dried. Dried samples were homogenized and well crushed with a mortar to dissolve particle 

aggregation. Samples were dried once again (105° C) for 24 hours to allow eventual remaining 

water to evaporate. Organic matter content was calculated by using mass loss after heating at 

480° C for five hours according to previous described methods (Dean 1974). All sediment 

samples were analyzed with the batch settling method for particle sizes ≤ 0.063 mm (Coe & 

Clevenger 1916, Merta & Ziolo 1986). 50-100 g of each sample were poured into a cylinder 

(diameter=6 cm) containing 1000 ml of water. The particle size distribution was calculated by 

measuring the suspension density at regular time intervals (30,60,120,240,600,1200 sec) to 

determine the fraction remaining in suspension at each time interval (figure 7). 21 samples 

were also analyzed for 6000 seconds, and 6 samples were analyzed for 86400-259200 seconds 

(24-72 hours). Results from analysis >1200 sec were assigned to samples not participating in 

these analysis as average of the analyzed samples. Sieve analysis (ASTM C136 2014) was used 

to analyze particle size distribution >0.063 mm, as these sizes are not suited to analyze with 

the batch settling analysis (Julien 2010). Sieve analysis (n=10) was performed on sediment 

samples representing a north to south gradient of reach Sikselet (figure 8). Sieves used was 

>0.25 mm, >0.125 mm, >0.075 mm and <0.075 mm. Prior sieve analysis, each sample was 

carefully homogenized and crushed to dissolve aggregated particles. Samples were weighed 

prior analysis, as was each separate sieve and all sieves together. Sieve analysis were conducted 

for 20 minutes. Post analysis, each separate sieve as well as all sieves together were weighted.  

 

The particle size distribution was calculated by subtracting the prior analysis weight of each 

sieve from the post analysis weight, giving the distribution as percentage of the sample. Particle 

size distribution was calculated by combining the results from the batch settling- and sieve 

analysis. Normal distribution was assumed due to the central limit theorem (n=36 for batch 

analysis samples). The results from the batch settling analysis were assumed to cover all grain 

sizes <0.075 mm sieve. By multiplying the particle size distribution from the batch analysis 

with the total concentration from the <0.75 mm sieve, the results from the two analysis 

methods could be combined into one distribution ranging from 0.001-0.25 mm. As the sieve 

analysis only was performed on 10 samples, particle size distribution >0.075 mm was lacking 

for most of the samples. This was solved in ESRI™ ArcMap 10.5.1® using Thiessen polygons 

to assign the particle distribution >0.075 mm to samples not included in the sieve analysis. 



9 
 

Thiessen polygons are created from a set of points where each point is represented by a 

polygon. In this case, points are the sampling sites for all samples used in the sieve analysis. 

Any location within this polygon is closer to the point it is created from than to any other point. 

All sediment samples were assigned the sieve result from the thiessen polygon they belonged 

to (figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 7: The figure shows an example of the batch analysis process. The upper left picture shows 

a sediment sample at 0 seconds, the upper right picture shows the same sediment sample after  

600 seconds and the bottom picture show the sediment sample after 427 200 seconds (~120 hours). 
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Figure 8: The figure shows the thiessen polygons created from the sites where sieve analysis was performed. Particle 

size distribution >0.075 mm was assigned to all batch analysis sediment samples within the thiessen polygon. 
 

2.4. HEC-RAS analysis  

The ecological flow regime was analyzed using the river analysis program HEC-RAS (USACE 

2016) to obtain water depth (m), energy slope (m/m), flow area (m2), average flow velocity 

(m/s) and wetted perimeter (m) for the proposed ecological flow regime (2.8-14 m3/s). River 
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bathymetry was obtained by interpolating collected depth data in ESRI™ ArcMap 10.5.1® 

using the Inverse Distance Weighting method to create river bathymetry (Panhalkar and Jarag 

2016). Based on experience from collecting the depth data, an assumption of river bathymetry 

homogeneity was made and copies of upstream cross-sections were included in the river 

bathymetry to minimize the interpolation influence. The created bathymetry was mosaiced 

into Digital Elevation Model-terrain raster (DEM) of the area (Höjddata raster 2m © 

Lantmäteriet), resulting in DEM with river bathymetry surrounded by local topography. River 

bathymetry DEM served as basis for the river reach analysis. Preparatory work was done in 

ESRI™ ArcMap 10.5.1® HEC-GeoRAS plug-in. River bank lines were digitized from terrain 

orthophoto and contours (0.01 m interval) calculated from the DEM. River cross-sections were 

drawn to overlap with collected depth data to ensure extracted depths originated from 

measured and not interpolated data. Data then was exported to HEC-RAS for analysis. HEC-

RAS uses the mannings coefficient, hereby called ‘Mannings N’ to describe the average 

roughness influencing the flow of the fluid in an open channel (Julien 2010). This is calculated 

with the equation  

 

𝑁 = (𝑅
2

3 ∗ 𝑆
1

2) ÷ 𝑉     (1) 

 

where N=Mannings N, R=Hydraulic radius (m), S=Channel bed slope (m/m) and V=Fluid 

velocity (m/s). Mannings N were obtained by extracting cross-section lengths, depths and 

velocity from the river bathymetry DTM and calculate N individually for the left, right and 

central region of each cross-section. Flow hydrograph (m3/s) with daily intervals were used as 

upstream boundary condition. Data was obtained from the owner of the upstream hydropower 

plant, Statkraft AB. Water stage hydrograph (meters above sea-level) were used as downstream 

boundary condition. Data was collected hourly with the In-Situ Rugged Troll® 100 Data 

Logger for the whole year 2016 and paired with water elevation data obtained from 

Vattenregleringsföretagen (personal communication) for flows >6 m3/s. This data derives from 

a spill with flows ≤100 m3/s in 2001 and has been validated by the Swedish Meteorological and 

Hydrological Institute.  Rating curve for Sikselet (figure 9) was obtained by plotting flow (m3/s) 

against the corresponding water elevation (meters above sea level). The river simulation was 

performed for one year with HEC-RAS 1D unsteady flow simulation. Geometry pre-processor, 

post processor and floodplain mapping were all included in the simulation. Computation 

interval was set to one hour. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 9: The figure shows the rating curve used for the HEC-RAS analysis. Flow (m3/s) was plotted against the 

corresponding water elevation (meters above sea-level).  

395.8

395.9

396

396.1

396.2

396.3

396.4

396.5

396.6

0 2 4 6 8 10 12 14 16 18

W
at

er
 e

le
va

ti
o

n
 (

m
.a

.s
)

Flow (m3/s)



12 
 

2.5. Equations  

2.5.1. Boundary shear stress  

The boundary stress is defined as the shear stress applied by the water during given conditions 

(Julien 2010) and is a key component of the shields parameter equation. Boundary shear stress 

for each cross-section was calculated using the equation  

 

𝜏 = 𝛾𝑅𝑆      (2) 

 

where τ=Boundary shear stress (N/m2), γ=Specific weight of water (N/m3), R=Hydraulic 

radius (m) and S=Energy slope (m/m). Required data was obtained from HEC-RAS 

simulation. The flow of interest was the maximum flow in the proposed ecological flow regime 

(14 m3/s). Cross-sections used in the boundary shear stress analysis was decided with the near 

analysis in ArcMap ESRI™ ArcMap 10.5.1®, assigning the nearest cross-section to all 

sediment samples to ensure accurate depths and lengths were used. Specific weight of water 

was set to 9810 N/m3 (4°C).  

 

2.5.2. Particle size of interest  

The particle size of interest (di) is defined as the percentage of sediment finer than a given 

sediment size (Julien 2010). Di was set at three levels; the 16th percentile (d16), the 50th 

percentile (d50) and the 84th percentile (d84). These were used as they are standard deviations 

of the median. Potential erosion of cross-sections was calculated with d84 (Julien 2010). Di  was 

calculated using the cumulative percent of each cross-sections particle size distribution. 

Particle size was transformed to midpoint size, defined as the average between two particle size 

neighbor classes and can be found in appendix as table 1. For particle size 0.25 mm, the coarser 

particle size neighbor was assumed to be 0.5 mm, resulting in midpoint for particle size 0.25 

mm to be 0.375 mm. When particle size on x-axis is plotted against the cumulative percent on 

the y-axis, di can be obtained either by manual interpretation of the plot or by using linear 

equation 

 

𝑥 = (
𝑦−𝑦1

𝑦2−𝑦1
) ∗ (𝑥2 − 𝑥1) + 𝑥1    (3) 

 

where x=di, x1=lower boundary of known x, x2=higher boundary of known x, y=yi 

y1=corresponding y to x1 and y2=corresponding y to x2 . The manual interpretation of di as seen 

in figure 10 is also a quick way to estimate, or validate calculated di, as di follows the line of the 

scatterplot.  

 

2.5.3. Shields parameter  

The shields parameter defines the unitless number to calculate the shear stress needed to  

initiate motion of particles in a fluid (Shields 1936). Shields equation says that 

 

𝜏∗ =
𝜏

(𝜌𝑠−𝜌𝑤)∗𝐺∗𝐷𝑖

       (4) 

Where τ*=Shields parameter, τ=Boundary shear stress (N/m2), ρs=Density of sediment (kg 

/m3), ρw=Density of fluid (kg/m3), G=Gravity (m/s-2) and Di=Particle size of interest (m).

  

2.5.4. Critical shear stress  

The critical shear stress (τ*c) is defined as the stress needed to initiate motion of sediment for 

a given particle size in a fluid. The critical shear stress is based on flume experiments and can 

be found in appendix as table 2. The critical shear stress constant was set to 0.165 as coarse silt 

is the dominant particle fraction at the site which is further presented in results.  
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Figure 10: The figure shows the manual interpretation of d16 (orange circle), d50 (grey circle) and d84 (yellow circle) 

for cross-section 149.13 with calculated di for respective percentile as labels where the first value shows di and the 

second value shows percentile of interest. 

 

2.5.5. Critical flow  

Critical flow is defined as the flow where forces applied will initiate di movement. Critical flow 

was calculated by performing steady flow analysis in HEC-RAS within the range 0-30 m3/s and 

extracting flow area, wetted perimeter and energy slope for each flow. Boundary shear stress 

and shields parameter were calculated for each cross-section at given flow and compared to 

the critical shear stress. The critical flow was determined as the flow where shields parameter 

for di exceeded the critical shear stress. When sediments were stable for flows >30 m3/s, no 

further analysis was made, and critical flow was set to 31 m3/s.  

 

2.5.6. Competence  

Competence is defined as the largest particle size where movement can be initiated under given 

conditions, and can be  calculated by  replacing shields parameter with the critical shear stress:

  

𝐶𝑑𝑖 = (
𝜏

(𝜌𝑠−𝜌𝑤)∗𝐺
)/𝜏𝐶

∗      (5) 

 

where Cdi=Competence (m), τ=Boundary shear stress (N/m2), ρs=Density of sediment (kg/m3), 

ρw=Density of fluid (kg/m3), G=Gravity (m/s-2) and τ*c =Critical shear stress. Competence was 

calculated for the flows 4 m3/s, 6 m3/s and 14 m3/s to compare the competence at today’s 

minimum flow regime (4-6 m3/s) with the maximum flow from the proposed ecological flow 

regime (14 m3/s).  

 

2.5.7. Sediment budget and potential mobile sediments  

The sediment budget was obtained by calculating the volume of sediment present at the site. 

The area (m2) used in the volume calculation was based on the corresponding water elevation 

to the minimum flow (~4 m3/s) at the site. The upper part of the site was excluded from the 

d16 

d50 

d84 
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sediment budget analysis as sediment samples taken there were blanks, indicating moraine, 

and includes a high percentage of ineffective flow areas where flow is close to zero when 

flow=14 m3/s. The area of interest also was separated in two parts, north and south, to account 

for the bias of sediment samples concentrated to the south area. The area of interest was 

further reduced in three steps, each step representing one scenario, based on site field 

experience that sediments close to the shoreline are bound by the roots of aquatic plants, and 

HEC-RAS analysis showing that approximately 80-90% of the flow is focused in the main 

channel. Four scenarios were calculated with scenario 1 as default with no reduction in area, 

and scenario 2-4 reduced in steps of a 5 m buffer zone (-5 m, -10 m, -15 m) from the shoreline 

(figure 11). Average sediment height (m) was calculated separately for the north and south area, 

including blank samples where no sediments were found (n=29, total n=65). Volume was 

obtained by multiplying the area of interest (m2) with average sediment height (m) for north 

and south area separately and adding them together. Bulk density (ton/ m3) for sediments were 

taken from Yu et al. (2015) and determined by sorting sediments in two categories; ≤0.063 

mm (silt) and >0.063 mm (sand). The silt/sand quota was multiplied with corresponding bulk 

density and summed together to obtain average bulk density for the site. Sediment budget (ton) 

was calculated by multiplying volume (m3) with bulk density (ton/m3).  The amount of 

potential mobile sediment was calculated by multiplying the sediment budget with the quota 

of unstable sediment cross-sections by the total number of cross-sections. Assumptions were 

that the area of each individual cross-section was equal to the other, thus ignoring potential 

differences in spatial extent. The potential mobile sediment was categorized in two classes; 

potential sediment in suspension (silt particles ≤0.063 mm) and potential sediment for 

internal re-distribution (sand particles >0.063 mm). Each class was multiplied with 

corresponding silt/sand quota, hence separating the sediments in potential suspension (silt) 

from the sediments in potential internal re-distribution (sand).  

 

2.5.8. Erosion rate   

The erosion rate equation was developed to compare erosion patterns for the two flow regimes. 

This equation assumes a constant erosion rate which do not change with higher water flows 

and only considers the number of days unstable cross-sections are exposed to the force needed 

for erosion to occur. The number of days with the erodible water flow of interest was paired 

with the critical flow result and multiplied with the quota of erodible cross-sections at given 

flow and total number of cross-sections with the equation  

 

𝑟 = 𝑑 ∗ 𝑐𝑠𝑞      (6) 

 

where r=erosion rate (unitless), d=Number of days per year with the erodible flow of interest 

and csq=The quota of cross-sections erodible at given flow and total number of cross-sections. 
 

2.6. Validation  

The simulated flow and corresponding water elevation for the ecological flow regime (14 m3/s) 

derives from measured flow (m3/s) and corresponding water elevation (meters above sea 

level). This allows for easy validation by comparing measured flow/water elevation 

relationship against modeled flow/water elevation relationship. If measured and modeled 

relationship does not match, mannings N can be calibrated to allow water to flow with higher 

or lower resistance through the river channel until measured and modeled flows fit. HEC-RAS 

validates the measured energy flow between cross-sections continually by calculating the 

conveyance ratio during the simulation. When the conveyance ratio is higher than the accepted 

threshold value, the model will crash, and no result will be obtained. This can be solved by 

adding more cross-sections which will reduce the unmeasured energy flow between cross-

sections. When the simulation is successful, HEC-RAS provides a summary of errors and 
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warning notifications that occurred during the simulation. This serve as basis for the validation 

of the HEC-RAS simulation.  

Figure 11: The figure shows the area used as basis for the sediment budget analysis as four scenarios. The cross-

sectional line represents the boundary for the north and south part where average sediment height where calculated 

separately to account for the bias of sediment samples concentrated to the south area. The close-up figure in the 

lower left corner shows the boundaries for the four buffer zones (0, 5, 10, 15 m) 
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3. Results  
3.1. HEC-RAS model validation  

The HEC-RAS simulation was successful but provided some warning notifications regarding 

the conveyance ratio between cross-sections. Extra cross-sections were not added to the 

simulation because the simulated flow/water elevation relationship matched the measured 

flow/water elevation relationship. This indicates that extra cross-sections would not improve 

the simulation and would only eliminate the warning notifications without changing the result.  
   

3.2. Particle size distribution  

Figure 12 presents particle size distribution (mm) as average per cross-section and site average. 

Coarse silt (0.02 mm-0.063 mm) is the dominant particle fraction, ranging from 25.8% - 

46.6% per transect with site average = 33.5%. Clay content (< 0.001 mm) per transect varies 

from 2% - 7.4% with site average 4.4%, and fine sand (> 0.063 mm) varies from 4.4% - 20% 

with site average = 10.3%. Details for each sediment sample can be found in appendix as table 

3. 

 

Figure 12: The figure visualizes particle size distribution (mm) as average per cross-section (cumulative percent). 

Cross-sections are presented from upstream to the left and downstream to the right. Site average for all cross-

sections combined is presented in the right staple.  
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3.3. Critical shear stress, critical flow and competence  

The critical shear stress is constant at 0.165 for silt, and the stability of the cross-sections can 

be decided by comparing the shields parameter for each cross-section to the critical shear 

stress. Table for shields parameter and data needed for the calculations can be found in 

appendix; see table 4 and 5. Figure 13 presents the calculated shields parameter for each cross-

section together with the critical shear stress constant. 7 out of the 15 cross-sections have 

shields parameter values above the critical shear stress constant at 0.165 and hence have the 

potential to erode. The critical flow (m3/s) for when deposited sediments will erode was 

calculated for each cross-section to underpin the critical shear stress result and can be found 

in appendix in table 6. The water flow has eroding potential when ≥ 3 m3/s which will then 

increase as the flow increase. No erosion will occur when water flow < 3 m3/s. Average critical 

flow of all cross-sections is 17 m3/s, and the analysis also showed that 3 out of the 7 unstable 

cross-sections would erode at flows 3 m3/s to 6 m3/s. These are flows found at the current 

minimal flow regime, and thereby erosion at these cross-sections occurs today. Because of this, 

they should not be included with the cross-sections where erosion will occur due to the 

proposed ecological flow regime and thus erosion due to the higher flows within the proposed 

ecological flow regime will occur at 4 out of the 15 cross-sections. Competence analysis was 

performed for the flows 4-, 6- and 14 m3/s to better understand current deposition patterns 

from the minimum flow regime (4-6 m3/s) and predict what particle sizes that could erode with 

the proposed ecological flow regimes maximum flow (14 m3/s). Table can be found in appendix 

in table 7. The result show that the current minimal flow regime has the competence to erode 

particles <0.06 mm. This implicates that the silt found at the site is most likely to have 

deposited on top of the sand, as the flows needed to transport sand particles are not available 

in the current minimum flow regime. Figure 14. shows a typical sediment sample from Sikselet. 

The figure reveals a clear gradation line that separates the silt (above) from the sand (below). 

The proposed ecological flow regime would have the competence to erode particles ≤ 0.19 mm 

at 14 m3/s and hence could erode the silt deposited on top of the sand.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. The figure presents the calculated shields parameter for each cross-section together with the horizontal 

line representing the critical shear stress constant for silt (0.165). Cross-sections are stable when shields parameter 

< 0.165, and unstable with potential to erode when shields parameter ≥ 0.165.  
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Figure 14: The figure shows a typical sediment sample from Sikselet in river Juktån. The grey sand is at the bottom 

of the sample while the brown silt has deposited on top of the sand. The arrow in the figure points out the shifting 

from sand to silt. This figure supports the conclusion that current minimum flow regime’s competence is limited to 

transporting silt.   
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3.4. Erosion rate and seasonal patterns  

While the analyzed ecological flow regime is shown to have potential to erode sediments at 

more cross-sections than the minimal flow regime, it is important to highlight that the flows 

needed for erosion will not occur at all for 174 days per year (flow < 3 m3/s) with the ecological 

flow regime. The annual erosion rate for the ecological flow regime is 34.1 (unitless), while the 

annual erosion rate for the minimum flow regime is 44.7 (unitless). Data can be found in 

appendix in table 8. This estimation shows that when only considering erodible flow, the 

annual erosion rate will be lower for the ecological flow regime than for the minimal flow 

regime. The erosion rate equation compares the total erosion based on erodible cross-sections 

for the two flow regimes and  serves the purpose of emphasizing that even though more cross-

sections will be exposed to such forces that erosion has the potential to occur, that does not 

mean that the annual net outflow of sediments are higher by default as no erosion will occur at 

flows < 3 m3/s. Figure 15 presents annual erosion patterns for the two flow regimes based on 

the erosion rate calculated as average per month. The ecological flow regime shows higher 

diversity in erosion patterns where erosion is high during the high flows of the spring flood and 

no erosion during winter. The minimum flow regime is less diverse with autumn peaks in 

erosion. This indicates that the ecological flow regime will induce a shift in the seasonal erosion 

patterns of site Sikselet.  

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The figure presents the annual erosion patterns for the ecological flow regime and the minimum flow 

regime based on the erosion rate (unitless). Erosion rate was calculated as average per month.   
 

3.5. Sediment stability and sediment budget  
In contrast to my hypothesis, the sediment on most cross-sections are expected to be stable 

following the proposed ecological flow regime. The amount of sediment with the potential to 

erode into re-suspension was estimated for four scenarios (buffer zone 0 m, -5 m, -10 m, -15 

m) and table with the calculations can be found in appendix in table 9. Results show that the 

amount of sediment that could erode into re-suspension following the ecological flow regime 

is between 2600- 3700 ton, with each buffer zone delimitation corresponding to approximately 

300 ton decrease in available sediment. It is likely that scenario 2 and 3 (5- and 10 m buffer 

zone) are most representative of the actual conditions. These scenarios consider the low flows 

near the shoreline whilst still reflecting an area that is not severely underestimated. Each 

scenario differs approximately 300 ton which must be within the acceptable margin of error. 
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4. Discussion  

4.1. Geomorphological consequences  

This study has investigated the potential erosion of fine sediments following the ecological flow 

regime. The results suggest increased erosion and higher competence of what particle sizes 

could erode when shifting flow regime from the minimal flow regime to the ecological flow 

regime. Hence, this study predicts that ~3000-3500 ton has the potential to erode and re-

suspend downstream over time if the ecological flow regime is implemented. As comparison, 

river Umeälven (drainage basin area=29300 km2) carried a total of 100 000-ton of sediments 

in suspension per year before being regulated (Nilsson 1976), and the unregulated river 

Ammerån (drainage basin area=2500 km2) carries an average of 70 000-ton annual sediment 

in suspension (Brandt 1996). The ~3000 ton of sediments with re-suspension potential in river 

Juktån corresponds to 3% of what river Umeälvens carried per year before being regulated, 

and 4% of what unregulated river Ammerån carries per year. When reviewing these numbers, 

it is necessary to once again highlight that the flows needed for erosion in river Juktån will not 

occur at 174 days per year (flow < 3 m3/s) with the ecological flow regime. The process of 

eroding unstable sediments happens over timescales of years to decades (Haschenburger et al. 

2003; Vericat et al. 2006) and as erosion only will occur during specific periods with the 

ecological flow regime, the re-suspension of unstable sediments at site Sikselet will take 

multiple years and maybe even decades to complete. The erosion of sediments will occur in 

small portions, mainly during the simulated spring flood (14 m3/s) which is a natural like 

behavior for rivers (Wolman & Miller 1960; Brandt 1996). Hence, the ~3000 ton of sediments 

at site Sikselet won’t erode all at once but will be a continuous process.  

 

Rather than viewing these results as an increase of the net outflux of sediments from the site, 

I argue that the ecological flow regime induces a shift towards more natural-like sediment 

processes behaviour with initial higher levels of sediments exiting the site before steady state 

conditions between particles entering and exiting the system is achieved. The 

geomorphological consequences for implementing the ecological flow regime must be viewed 

from two perspectives. The first perspective is the sediments entering the water as individual 

particles originating from multiple sources within the drainage basin. Most particles will enter 

the water with the spring flood during snow melt, thus the greatest flux of sediments will occur 

in short periods (Summer et al. 1994; Brandt 1996; Hamm et al. 2006). As the ecological flow 

regime aims to create spring floods, flows will be higher during this period. This will result in 

a greater flux of entered sediments also exiting the reach, as the turbulence forces upholding 

the particles in suspension will be higher (Schälchi 1992) and the yearly accumulation of 

sediments hence will decrease. This can benefit composition and relative abundance of aquatic 

species (Schlosser 1985; Meffe & Minckley 1987). The second perspective is the sediments 

already deposited. This study shows that erosion of sediments will occur at more cross-sections 

when implementing the ecological flow regime. With time, erosion will decrease the amount of 

sediments at the site, resulting in reduced clogging effects such as increased oxygen supply 

(Scheurer et al. 2009), increased hydraulic conductivity (Schälchi 1992) and improved 

microbial processes (Nogaro et al. 2010).   

 

The implications of these two perspectives combined is that the annual accumulation of fine 

sediments will decrease while erosion of deposited sediments will occur at more cross-sections 

with higher flows in shorter periods. This will result in a greater flux of sediments exiting the 

system. This conclusion is supported by the results from similar studies where temporary 

floods have been used to create natural-like river bed composition (Salant et al. 2005), 

salmonid spawning habitat rehabilitation (Merz et al. 2006) and the breakup of clogged 

armoring layers (Vericat et al. 2006). River bed heterogeneity thus will increase when 

implementing the ecological flow regime and will increase with time as flow regulations have 
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been shown to have both short- and long-term effects on channel geomorphology (Andrews 

1986). Numerous authors have highlighted the importance of habitat heterogeneity to the 

restoration of rivers following impoundment (Jungwirth et al. 1995; Poff et al., 1997; Wood & 

Armitage 1997; Harper et al. 1999; Rehg et al. 2005). The re-establishment of hydrologic and 

successional processes across the river channel could serve as the focus of river conservation 

initiatives (Ward & Tockner 2001). Once these processes have been re-established, habitat 

heterogeneity will increase, and diversity of aquatic and riparian species will follow (Merz et 

al. 2006). This study is limited to a short length scale below the dam. Other studies have 

highlighted that sedimentation patterns can change significantly within rivers when tributaries 

are included and affect the influence of the dam on sedimentation processes (Wilcock et al. 

1996; Collier 2002). Hence, the conclusions from this study cease to apply when flow patterns 

are affected by downstream tributaries or impoundments.   

 

4.2. Model evaluation  

Flushing flows is common practice when mitigating the ecological impacts by dams and have 

been used successfully in several studies to increase river bed levels of sand and gravel below 

hydro power plants (Collier 2002; Osmundson 2002; Merz et al. 2006). The boundary shear 

stress approach which includes identifying shields parameter, critical flow and competence has 

been used successfully for river and wetland restoration by sediment re-distribution all over 

the world (Salant et al. 2005; Merz et al 2006; Vericat et al. 2006; Larsen et al. 2009) and is 

simple to approach while providing adequate information needed. There are many other 

available sediment transport models developed for erosion and sediment transportation which 

requires significant more input data. According to Merritt (2003), these models often suffer 

from over-parameterization, unrealistic input requirements and coarse assumptions. The 

sources of possible errors will accumulate with the number of required parameters needed to 

run the model (Wheater et al. 1993; Merritt et al. 2003). The main factor determining a 

model’s value is the simplicity of the model relative to the explanatory power and the ability to 

use the model in different situations (Steefel and Van Cappellan, 1998).   

 

The boundary shear stress approach used in this study can be applied in most regulated rivers, 

does not require significant economic resources to conduct and is limited to provide results 

based on field observations, thus avoiding the errors often associated with more complicated 

models while still being successful in predicting potential erosion following altered flow 

regimes (Salant et al. 2005; Merz et al 2006; Batalla et al. 2006; Vericat et al. 2006; Larsen et 

al. 2009). The model used in this study relies on the assumption of river bathymetry 

homogeneity. This assumption was made due to initial underestimation of depth data needed 

to run a successful simulation in HEC-RAS. Cross-section copies therefore was included in the 

river bathymetry to minimize the distance between cross-sections. The assumption is based on 

field experience gained when collecting depth data as the ADCP equipment used allowed real 

time observation of the depths. Additional depth data would improve the river bathymetry 

interpolation which the HEC-RAS simulation relies on, and additional cross-sections included 

in the HEC-RAS analysis would also increase the credibility of the simulation. However, as the 

simulated flow/water elevation relationship for the ecological flow regime fitted the measured 

flow/water elevation relationship, possible errors should be viewed as negligible.   

 

The erosion rate presented in this study was developed to compare erosion patterns between 

different flow regimes without the need of sediment transport equations. This equation should 

only be viewed as explanatory in aspects of annual erosion patterns and should not be used in 

attempts to quantify what amounts of sediments will erode. What amount of sediments will 

erode is hard to predict and would require significant more input parameters and knowledge 

in fluvial sediment transport equations such as Einstein’s transport equation (Einstein 1950). 
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The boundary shear stress approach used in this study only accounts for the increased shear 

stress following higher flows and predicts potential erosion. Shields parameter does not 

consider shielding effects from surrounding particles or cohesive forces acting on the 

sediments. Clays and other fine particles such as silt exhibits cohesive behavior which binds 

the particles and stabilizes the bed (Briaud 2008). Given the clay and silt content at the site, 

where 50% of sediment samples are classified as silt or finer (figure 12), cohesive forces are 

likely to exist. This indicates that the sediments at the site are more stable than the calculated 

result shows.  

 

4.3. Further work to be done  

To get a better understanding of the sediments at site Sikselet, water samples at different flows 

and locations throughout the year is needed to quantify the amount of sediments in 

suspension. This would be the first step to quantify the annual flux of sediments entering and 

exiting the system at the current minimal flow regime. Because of the significant amounts of 

sediments that has accumulated over time in reach Sikselet, more detailed studies regarding 

the fate of the sediments exiting the system are needed. When the ecological flow regime has 

been implemented, water samples collected at the end of the reach at different flows would 

provide valuable data to predict annual net loss of sediments at given flows and would also 

serve as warning if great amounts are mobilized. The fate of the re-suspended sediments is yet 

to be investigated. This could be achieved with basic HEC-RAS analysis, using GIS to identify 

slow flowing parts of the river and collect parameters needed for HEC-RAS analysis. Stokes 

law can then be used to predict the critical stream velocity for when suspended particles will 

deposit. 

 

4.4. Conclusions.   

There is nothing in the results of this study that suggests immediate erosion of large amounts 

of deposited sediments due to the proposed ecological flow regime. Erosion will occur but 

during specific annual periods. Future deposition of fine sediments will be limited as the 

ecological flow regime will have higher flows during the spring. A net loss of sediment from the 

site is to be expected, but the process will be ongoing over the course of several years. With 

time, equilibrium between sediments entering and exiting the system will be achieved and 

sediment cycles with natural-like behaviour and seasonal changes will be established. As 

stream flow dynamics is considered the ‘master variable’ for riverine systems (Resh et al. 1988; 

Power et al. 1995), the ecological processes and structures in site Sikselet is likely to be 

benefitted by the ecological flow regime. The process of sediments entering and exiting the 

system is complex and occurs in various modes including bed load, suspended load and wash 

load. The total load available for transport is the sum of the transportation in diverse modes. 

Accurate estimations of deposited and erodible sediments thus are complicated and relies on 

precise measurements of all variables. Sediment transport equations such as Einstein (1950) 

are complicated, time-consuming and demands great financial resources to collect the data 

needed for the calculations to provide good results. The boundary shear stress approach 

applied in this study provide a cheap, time-effective way to study the potential erosion of 

deposited sediments which can be applied by ecologists and other. As climate change is 

expected to increase erosion and sediment loads (IPCC 2007), the ecological flow regime is an 

important tool to prevent regulated river beds from extended clogging effects and treat current 

clogging symptoms. The ecological flow has been shown to better suit the needs of aquatic biota 

and plants and can establish symbiosis between multiple freshwater stakeholders.
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Appendix 

 
 
Table 1: The table shows the corresponding midpoints to sediment particle sizes.  

 
 

Table 2: The table shows the critical shear stress τ*c for different particle sizes (Julien 2010). 

 

Particle size (mm) 0.001 0.01 0.02 0.04 0.05 0.06 0.075 0.125 0.25

Midpoint (mm) 0.005 0.015 0.03 0.045 0.055 0.0675 0.1 0.1875 0.375

Class name ds (mm) τ*c

Boulder

Very large >2048 0.054

Large >1024 0.054

Medium >512 0.054

Small >256 0.054

Cobble

Large >128 0.054

Small >64 0.052

Gravel

Very coarse >32 0.05

Coarse >16 0.047

Medium >8 0.044

Fine >4 0.042

Very fine >2 0.039

Sand

Very coarse >1 0.029

Coarse >0.5 0.033

Medium >0.25 0.048

Fine >0.125 0.072

Very fine >0.0625 0.109

Silt

Coarse >0.031 0.165

Medium >0.016 0.25



 
 

Table 3: The table presents the characteristics of each sample point used in this study sorted by nearest cross-section in north-south gradient. Underlined particle sizes 

represent potential cohesive soils.



 
 

Table 4: The table presents the cross-sectional parameters flow area (m2), wetted perimeter (m), energy slope 

(m/m) and specific weight of water (N/m3), needed to calculate the cross-sectional boundary shear stress (N/m2). 

The boundary shear stress is needed to calculate shields parameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5: The table presents the parameters boundary shear stress (N/m2), di (m), gravity constant (m/s2), 

sediment and water density (kg/m3) for each cross-section, needed to calculate the shields parameter for di. 

Erosion of the riverbed was calculated with shields parameter for d84 as this size has been shown to mobilize the 

whole bed while d16 and d50 only mobilizes parts of the riverbed (Julien 2010). 

  

Cross-

section

Boundary 

shear stress 

(N/m
2)

d16 (m) d50 (m) d84 (m)

Gravity 

(m/s
2
)

Sediment 

density 

(kg/m
3
)

Water 

density 

(kg/m
3
)

Shields 

parameter 

(d16)

Shields 

parameter 

(d50)

Shields 

parameter 

(d84)

1791.45 1.44 2.62E-05 6.66E-05 1.44E-04 9.82 2650 1000 3.393 1.333 0.615

1647.41 2.12 2.52E-05 6.67E-05 1.44E-04 9.82 2650 1000 5.192 1.966 0.908

1487.58 0.28 2.56E-05 6.60E-05 1.57E-04 9.82 2650 1000 0.685 0.266 0.112

1218.086 0.08 5.78E-05 1.05E-04 2.25E-04 9.82 2650 1000 0.089 0.049 0.023

1018.62 0.19 3.12E-05 7.83E-05 1.56E-04 9.82 2650 1000 0.377 0.150 0.076

608.81 0.07 2.63E-05 6.53E-05 1.61E-04 9.82 2650 1000 0.162 0.065 0.026

572.55 13.51 2.48E-05 7.15E-05 2.14E-04 9.82 2650 1000 33.662 11.681 3.909

533.36 0.14 2.68E-05 6.53E-05 1.61E-04 9.82 2650 1000 0.327 0.134 0.054

486.66 0.71 2.56E-05 6.72E-05 1.88E-04 9.82 2650 1000 1.708 0.653 0.233

446.47 0.61 4.41E-05 7.97E-05 1.72E-04 9.82 2650 1000 0.850 0.470 0.218

405.51 0.19 5.53E-05 7.18E-05 2.15E-04 9.82 2650 1000 0.209 0.161 0.054

361.38 0.82 5.72E-05 8.50E-05 1.58E-04 9.82 2650 1000 0.882 0.593 0.319

276.57 0.28 3.51E-05 7.57E-05 1.54E-04 9.82 2650 1000 0.498 0.231 0.114

196.66 0.28 2.69E-05 6.33E-05 1.30E-04 9.82 2650 1000 0.636 0.270 0.132

149.14 0.56 1.43E-05 5.85E-05 1.26E-04 9.82 2650 1000 2.439 0.595 0.275



 
 

Table 6: The table presents the critical flow (m3/s) for di at maximum flow (14 m3/s). Critical flow was analyzed 

for flows 0-30 m3/s. When cross-sections were stable for flows > 30 m3/s, no further analysis was made, and 

critical flow was set to 31 m3/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Table 7: The table shows the competence (mm) calculated at flow 4, 6 and 14 m3/s. When exluding the outlier at 

cross-section 572.5546, average competence is 0.19 mm for flow = 14 m3/s, 0.06 mm for flow = 6 m3/s and 0.03 

mm for flow = 4 m3/s.



 
 

Table 8: The table presents the number of days per year the flow is ≥ x m3/s when comparing the ecological flow regime against the minimum flow regime (obtained from figure 

2). The table also provides the result from the critical flow analysis (table 6) for d84 as number of cross-sections with the potential to erode with given flow, which is multiplied 

with the number of days with given flow regime to obtain erosion rates for each flow. Erosion rates are summed up to obtain total erosion rate for all unstable cross-sections 

combined over the year.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow (m
3
/s) ≥3 ≥4 ≥5 ≥6 ≥7 ≥8 ≥9 ≥10 ≥11 ≥12 ≥13 ≥14 Sum

Days erodible 

ecological flow 

(de) 191 142 87 63 63 49 39 35 28 26 10 2

Days erodible 

minimum flow 

(dm) 365 183 122 122 0 0 0 0 0 0 0 0

Cross-sections 

eroded (csq) 1/15  1/15  0/15  1/15 0 0 0  1/15  1/15  2/15 0 0  7/15

Ecological flow 

erosion rate 

(re) 12.7 9.5 0.0 4.2 0.0 0.0 0.0 2.3 1.9 3.5 0.0 0.0 34.1

Minimum flow 

erosion rate 

(rm) 24.3 12.2 0.0 8.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 44.7



 
 

Table 9: The table presents the data needed to estimate the sediment budget (ton), potential mobile sediments in suspension (ton), potential mobile sediments for internal re-

distribution (ton) and visualizes the amounts by presenting the number of 35 m3 containers each scenario would fill.  

 

  

Scenario

Buffer 

zone 

(m)

Sediment 

area of 

interest 

north (m
2
)

Sediment 

area of 

interest 

south (m
2
)

Mean 

sediment 

sample 

height 

north (m)

Mean 

sediment 

sample 

height 

south (m)

Sediment 

volume 

(m
3
) north

Sediment 

volume 

(m
3
) north

Bulk 

density 

silt 

(kg/m
3
)

Bulk 

density 

sand 

(kg/m
3
)

Sediment 

budget 

(ton)

Potential 

mobile 

sediment 

(ton)

Potential 

sediment 

in 

suspension 

(ton)

Potential 

sediment 

internal re-

distribution 

(ton)

Amount 

35 m3 

containers

1 0 120611 89617 0.085 0.094 10252 8424 1300 1600 27080 7221.364 3683 3538 105

2 -5 107769 81466 0.085 0.094 9160 7658 1300 1600 24386 6503.04 3317 3186 95

3 -10 95281 72718 0.085 0.094 8099 6836 1300 1600 21655 5774.641 2945 2830 84

4 -15 87291 62948 0.085 0.094 7420 5917 1300 1600 19338 5156.926 2630 2527 75
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