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Abstract 

Streams around the world are shaped by physical processes between water and sediment 

transport which generates unique geomorphic structures for each stream. This study aimed 

to evaluated how geomorphic structures and grain attributes would influence entrainment 

frequency and transport distance of traced clasts. The morphologic structures observed were 

the clasts morphologic setting in the surface bed, constrainment type, clasts location and 

distance to immobile boulders, slope, dimensionless critical shear stress and bankfull shear 

stress. The grain attributes consisted of the length of the longest(L), intermediate(I) and 

shortest(S) axis and the ratio between I/L and S/I to classify the shape of the clasts. To 

observe this, passive integrated transponders (PIT) were inserted into 558 clasts and then 

implemented into a stream in northern Sweden. The study was set up with 15 transects with 

10 meters apart in the summer of 2017. The clasts new position, morphologic setting and 

constrainment type were resurveyed in the summer of 2018 and 2019. The entrainment 

frequency was higher at 74% during 2017-2018 compared to 54% during 2018-2019 and the 

mean transport distance was 0.59m and 0.19m respectively. The results show that 7 out of 14 

variables had a significant effect (α=0.05) on entrainment and transport distance during 

2017-2018 and 5 out of 14 during 2018-2019. The explanatory value (R2) for each significant 

variable, however, was low between 0.01-0.04. The major difference in entrainment 

frequency and transport distance during 2017-2018 compared to 2018-2019 and low R2-

value show complex relationship between stream characteristics and grain attributes in 

streams.  

Key words: Stream geomorphology, Sediment transport, Entrainment, Grain attributes, 

Bankfull shear stress, Dimensionless critical shear stress, Slope, Boulders, Constrainment. 
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1. Introduction 
 
1.1 Background 
All streams have different geomorphic structures that are shaped by the physical processes of 
water and sediment transport in each stream (Meybeck 2003), creating heterogeneity between 
streams and benefiting species diversity (Poff et al. 1997). These processes are generated by 
stream-specific fluxes of sediment, nutrient, ions, and water, which in turn are controlled by 
climate, biological uptake, erosion, weathering and soil leaching within the stream’s 
catchment (Meybeck 2003). A reach in a stream refers to a length of the stream’s channel with 
consistent spatial dimensions such as valley and channel geometry. The reach’s location in the 
catchment and that catchment’s location globally can also be described by spatial dimensions 
concerning climate, lithology, tectonics, and biome (Wohl 2018). The frequency and duration 
of specific processes that affect the reach that originates both outside and inside the stream 
channel can be described as temporal dimensions. The specific processes are dynamic events 
of different magnitudes of inputs, transport, storage and outputs of water and sediment. 
Instream wood is also common for streams that are part of catchments that are in forested 
areas (Wohl 2018). Higher flow events such as spring floods in snowmelt-dominated regions 
can have a massive impact on channel morphology due to the increased flow magnitude being 
capable of transporting a larger sediment supply and move larger sediment sizes (Brandt 
1996). Streams will transport and deposit sediment based on their size and origin, with finer 
sediments depositing in low-velocity zones and bigger clasts, like boulders depositing in high-
velocity zones (Schälchi 1992). The morphology of streams changes through time due to 
sediment- and water-availability and the continuous erosion of banks that creates new 
meanders and fills in others (Florsheim et al. 2008). 
 
The geomorphic complexity affects the scale of attenuation for downstream fluxes of water, 
solutes, mineral sediment, and particulate organic matter varies between streams. Things such 
as the size of sediment formations, logjams, boulder frequency, and secondary channels can 
generate flow separation which in turn affects the flow velocity and transport capacity (Gooseff 
et al. 2007). How resistant and resilient a stream is against anthropogenic or natural 
disturbances is also strongly connected to geomorphic complexity (Wohl 2016). Stream 
processes influenced by complexity can be sediment in various grain sizes and bed elevation 
affecting the hydraulic resistance, which in turn alters the hydraulic force and sediment 
transport (Yochum et al. 2012). The mobility of larger wood in streams is also controlled by 
stream processes which in turn influences the hydraulics and aquatic habitats (Vaz et al. 2013).  
Geomorphic complexity measurements have been used in studies for the purpose to analyse 
streams exposed to different degrees of anthropogenic alterations and compare restored, 
altered, unrestored and reference stream segments (Gooseff et al. 2007, Polvi et al. 2014). In 
northern Sweden, the geomorphic complexity has been reduced by straightening the streams, 
blocking offside-channels and removing obstructions for easier transportation of timber to 
sawmills downstream (Polvi et al. 2014). Streams with obstructions and meandering bends 
generate reaches with slower -moving water and natural pools and in these areas finer 
sediment patches are formed but these elements are eliminated with channelized streams. 
With less channel complexity, there is a decreased chance for particles to be constrained, with 
smaller particle sizes being affected more since larger particles can resist higher flow velocities 
in altered streams. 

Alluvial stream has been studied for a long time which has increased the precision to predict 
sediment transport, channel geometry and bedforms based on slope and bankfull discharge 
(Church 2006). For semi alluvial channels however, it is harder to estimate the channel 
geometry and bedforms based on factors that are used for alluvial channels. The banks and 
bed channels in semi alluvial streams consist mostly of a cohesive boundary made of either 
bedrock or cohesive clays. The cohesive boundary reduces the lateral migration and of the 
channel’s banks and degradation of the channel bed (Coulombe-Pontbriand & LaPointe, 2004; 
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Meshkova et al., 2012; Turowski, 2012). Some semi alluvial channels have randomly spaced 
immobile boulders which are not the result of fluvial process and are not affected by the 
current flow regime and can be the result of mass wasting (Brummer and Montgomery 2006), 
lahar deposits (Reid et al. 2013) or through glacial processes (Polvi et al. 2014). In northern 
Sweden, the streams that are located above the former highest coastline (FHC) are 
predominantly semi-alluvial channels due to both deposition fluvial sediment and glacial till 
(from the last ice age). Immobile boulders deposited by glacial process act like barriers in 
streams by diverting the water flow, and associated sediment, and creating patches of finer 
sediment on the lee side of protruding boulders (Thompson 2008). Boulders also modify the 
local roughness, which in turn influences hydraulics adjacent to boulders by diverting the 
sediment transport around them (Lisle et al. 2000). In streams where the boulders have a low 
relative submergence with a ratio of h/D <3.5 (where h represents flow depth and D the 
boulder diameter; Papanicolaou and Kramer 2005), fine to medium-sized sediment have 
formed patches upstream of boulders in experimental studies (Monsalve and Yager 2017; 
Papanicolaou et al. 2018).  

1.2 Factors influencing entrainment and sediment transport 
Understanding and predicting entrainment in streams is one of the most important problems 
in understanding sediment transport and fluvial geomorphology. Predictions of sediment 
transport are essential when routing sediment through stream networks (Wiele et al. 2007) 
and restoring streams into their natural state by increasing geomorphic complexity (Polvi et 
al. 2014). The increased geomorphic complexity will increase biodiversity and bio productivity 
indirectly through habitat diversity (Wohl 2016), which is generally the goal for restoration. 
Sediment transport occurs through bedload (saltation, rolling and traction) or suspension; the 
transition between these two is controlled by interactions between flow velocity, grain size and 
shear stress (Bierman and Montgomery 2014). In this study and the following discussion, I 
will focus on bedload transport. Boundary shear stress (τ) is defined by the amount of force 
exerted by a fluid on a sediment particle situated at the surface of the stream bed where  
 
τ =  γRS           (1) 
 
τ = shear stress (N/m2), γ = specific weight of water(N/m3) and R = hydraulic radius (m). The 
critical shear stress (τc) is the threshold that shear stress needs to exceed for sediment particles 
to be entrained. To calculate the shear stress needed to exceed the critical shear stress for a 
stream the comparison between them is set to be dimensionless τ* and τc

* respectively and is 
called shields parameter (eq 2). 

𝜏∗  =
τ

ρs−ρw
∗ G ∗ D           (2) 

 
Where τ*=Shields parameter (dimensionless shear stress), τ=Boundary shear stress (N/m2), 
ρs=Density of sediment (kg/m3), ρw=Density of fluid (kg/m3), G=Gravity (m/s2) and 
D=Particle size of interest (m). In hydraulics, dimensionless shear stress (τ*) is an essential 
factor for sediment-transport models to determine when transport initiates (Phillips and 
Jerolmack 2014). The critical dimensionless shear stress (τc

*) is the threshold amount of force 
needed for sediment grains to pivot up and travel downstream. Multiple studies have made 
estimations on how to calculate τc

* with constant values based on weight, size, length and 
energy of drag and lift force generated by water-flow. First of these experiments was done by 
Shields (1936) which presented that τc

* changes with the particle Reynolds number Rep and is 
calculated based on the kinematic viscosity of the liquid. Shields (1936) estimate τc

* to be 
around 0.045. Since Shields (1936) studies have performed their own experiment based on his 
findings to calculated τc

* basing their calculations his factors (Miller et al. 1977; Yalin and 
Karahan 1979; Buffington and Montgomomery 1997). Other studies have focused on the 
exposure and friction angles and how it correlates with the size and weight of particles might 
affect τc

* (Parker et al. 1982; Wiberg and Smith 1987; Parker 1990). A compilation of multiple 
articles with different calculations of τc

* by Lamb et al. (2008) estimated that τc
* is on average 
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valued between 0.03 – 0.06. Based on these previous studies Lamb et al. (2008) created an 
equation to calculate τc

* based on stream slope (S0) rather than the earlier factors. The 
equation by Lamb et al (2008) is as follows 
 

τ𝑐
∗ = 0.15 ∗ 𝑆0.25          (3) 

 
where τc

* is the dimensionless critical shear stress, S is the slope (S0), and the constants (0.15 
and 0.25) are the results of multiple studies in the field and laboratory reviewed by Lamb et 
al. (2008) and their correlations with S0 and entrainment. Other important factors which are 
not part of the τ* calculation is the cohesive strength between grains. shape of the sediment, 
the duration of water flow. These factors are in turn mainly controlled by the S0channel 
roughness, shear stress, flow depth, the density of water and sediment composition. 
Depending on the bed structure, sediment constrainment, whether the clast protrudes into the 
water column, is buried and the strength of granular friction between grains will affect the 
individual particle resistance against entrainment (Yager 2018). To estimate sediment flux, 
correct estimations for τc

* are of utmost importance, however, due to variations for the factors 
determining τc differs in each river system means it is hard to estimate sediment flux 
predictions without sufficient field data (Buffington & Montgomery, 1997). Bankfull shear 
stress (τb) defines the amount of shear stress applied by water under bankfull conditions. The 
bankfull shear stress was calculated for each transect with the following equation 

𝜏𝑏 = γDS           (4) 
 
where τb=bankfull shear stress (N/m2), γ=Specific weight of water (N/m3), D=bankfull depth 
(m) and S0= S0 (m/m). All data for this equation were acquired in the field except for the 
specific weight of water which was set to 9810 N/m3 (4°C). Depth for each clast was calculated 
from their starting position each year at bankfull flow and using the local S0 between each 
transect from the thalweg. Immobile boulder's effect on critical shear stress differs depending 
on their arrangement in streams. Whether boulders are completely isolated or part of a cluster 
of boulders determines how they will affect the flow pattern in the streams. An isolated boulder 
will simply divert the water and generate locally increased roughness, whereas a cluster of 
boulders will generate flow retardation and backwater upstream, which can have a significant 
effect on critical shear stress further from the boulders (Papanicolaou et al. 2011). 
Papanicolaou et al. (2011) experimented to 
determine how submerged boulders affect 
shear stress based on drag form and found 
that a single immobile boulder could 
increase the average critical shear stress by 
10%, while a cluster of 40 immobile 
boulders in the same flow conditions 
increased it by 30%. The critical shear 
stress that submerged boulders generate is 
a consequence of reduced flow velocity for 
water approaching the boulder, flow 
deflection around the boulders crest, flow 
reversion downstream of the boulder (near 
wake) and reduced flow velocity 
downstream as an effect of the flow 
reversion (far wake) (Shamloo et al. 2001; 
Dey et al. 2011).  
 
Sedimentary particle shape influences 
entrainment and transport distance and 
are calculated by the relative lengths    Figure 1. Figure show the Short/Intermediate (x) and 
of three orthogonal axes of the particle   Intermediate/Long (y) ratios for clasts (Oakey et al. 2005). 
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(Oakey et al. 2005). The three axes can be labeled as L (long), I (intermediate) and S (short) 
where L≥I≥S. (Oakey et al. 2005). The particle form can be observed in a diagram of the ratio 
of I/L versus S/I, where the 4 corners would represent a blade, rod, spheroid and discoid 
(figure 1). A particle with a blade or discoid shape will require higher shear stress to be 
entrained and will likely be transported a shorter distance compared to a rod or spherical 
particle which can easier roll along the bed surface (Carling et al. 1992). A particle’s roundness 
also affects the shape based on how smooth and angular the edges are and lastly how the 
rough, scratched and etched the surface or the particle is (Benn and Ballantyne 1992).  

1.3 RFID tags   
Sediment transport can be studied by tagging sediment clasts and surveying their movement 
from start to end positions. Tracking the movement of sediment particles has become a lot 
easier in modern days by using radio-frequency identification (RFID) technology, which 
works by inserting a passive integrated transponder (PIT) into clasts and using a radio 
antenna to relocate them. In a meta-analysis comparing 223 experiments with different 
sediment tracking methods, RFID have greatly increased sediment recovery rates compared 
to painted tracers and magnets, by 81% compared to 71% and 58%, respectively (Phillips et 
al. 2013; Vázquez-Tarrío et al. 2019). PIT tags also have an advantage over magnets, because 
magnets need to be physically removed when they are identified and there is a problem with 
decaying labels (Hassan and Bradley 2017). By implementing RFID techniques in this study, 
we can track the sediments’ start and end positions with higher precision compared to other 
techniques and follow the patterns of bedload dispersion and downstream displacement of 
fluvial sediment transportation (Haschenburger 2011). 
 
1.4 Aim 
Previous research has focused on hydraulics as the main factor for sediment transport and 
deposition in rivers. According to some studies, channel morphology could also influence 
sediment transport (Hassan and Bradley 2017). Earlier studies have also focused on alluvial 
channels and not semi-alluvial channels with a higher density of boulders. The aim of this 
study will focus on how (1) channel morphology, location of immobile boulders, 
constrainment, morphologies, and S0 affects critical shear stress; and (2) How sediment 
attributes such as grain shape and size, and how together channel morphology and sediment 
attributes affect entrainment and transport distance. Sediment particles are deposited in 
different morphologic settings along the bed and are constrained depending on different bed 
structures (table 1). To perform this study, RFID techniques will be used to locate sediment 
clasts and survey their position in a local coordinate system and calculate their transport 
distance, classify their morphologies and constrainment using (table 1) over two years (three 
summers). The collected data will be analysed in order to evaluate how particle size and shape, 
morphological setting, local S0, proximity and location to boulders, bankfull shear stress and 
critical shear stress will influence entrainment and then the transport distance. 
 
My hypothesis is that entrainment and transport distance of clasts will be (H1) negatively 
affected by the size, and ratio between S/I and I/L of clasts. (H2) The morphologic setting on 
a step, will have higher frequency of entrainment compared to the other groups due to the 
exposed location and low local roughness following a step, and constrained clasts will be less 
likely to entrained and be transported shorter distances compared to unconstrained. (H3) 
That steeper local S0 and higher τc

* should reduce the entrainment frequency and transport 
distance based on Lamb et al.’s (2008) equation (eq 3). (H4) Closer proximity to nearest 
boulder, clasts located above and below boulders will have a lower frequency of entrainment 
and clasts located far away and lateral to boulders will have a higher frequency of entrainment. 
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Table 1. Sediment morphologic setting, clasts location to boulder and constrainment classes.  
Channel properties                                Definition 

Morphologic setting 

On a step Located on the step of a step-pool formation 

In a pool Located in apool with deep water levels consisting mostly of gravel 

Next to boulder Located next to boulder 

Above instream wood Obstructed by instream wood below clast 

Riffle/planebed Located in an open area, not obstructed by larger bed forms 

On top/under boulder Located on top (2017) and under (2018) 

In boulder circle Clast is surronded by boulders on all sides of clast 

Backwater Located in an area with little to now current 

Cavity Located in a hole in the surface bed 
Constrainment class 

unconstrained No surrounding particles or bedrock ribs protruded above the clast 

Shielded Bedrock ribs protruded above the clast, and likely interfered with transport 

imbricated Surrounding particles constrained the movement 

buried Required removing sediment in order to recover the tracer 

embedded Packed into the armor layer 
Clasts location to boulder 

Below Clast located below boulder 

Above Clast located above boulder 

Lateral Clast located lateral to boulder 

No boulder No boulder next to clast 

  

2.    Method 

 
2.1Olsbäcken 
Olsbäcken is located in the municipality of Sorsele, which is a part of the boreal cold-
temperate climate zone of northern Sweden (figure 2). Olsbäcken is 8 km long, its total 
drainage area covers 215.44 km2, has averaged 2.92 m/s3 mean annual discharge over the 
last 14 years and is a tributary to the Vindel  River (SMHI 2019). The river’s outlet is at 
Stensundselet in Vindelälven, and it originates for the marsh Olsträsket. There is a total of 15 
registered dams in the whole drainage area and 1 in the subdrainage area of Olsbäcken. This 
study took place about 2.2 km from from Olsträsket with 15 transects where the first five 
transects are divided by an island in the middle of the channel, which creates three sub-
reaches (figure 2). The study reach of Olsbäcken has previously been restored due to 
channelization generated by timber transport using best practice restoration, where 
sediment that had earlier been moved to the channel margins because of timber floating has 
been relocated back into the stream (Gardeström et al. 2013). The same section was also 
later restored using demonstration methods, where larger boulders and dead trees from 
surrounding areas were added to the stream (Gardeström et al. 2013).  
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Figure 2. Olsbäcken location in northern Sweden and the studied reach, red dotted lines represent the 
 two first transects and the last one 
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2.2 Data collection 
The sediment size distribution for the 
reach was examined in field and compared 
with the examined sediment in the study. 
The sediment size distribution for I-axis in 
the reach ranged from 1 to 1834 mm with a 
mean of 346 mm, median of 279 mm. The 
examined clasts from 22 to 222 mm with a 
mean length of 76 mm and median of 70 
mm. The cumulative size distribution of 
the I-axis for the reach and examined clasts 
are represented in figure 3. Tracer clasts 
were created by inserting a 25 mm passive 
integrated transponder (PIT), each with a 
unique RFID value, into 558 particles, by 
using an angle grinder to cut a straight line 
in the particles and then sealing the PITs in 
the scour with marine epoxy. The clasts 
were then placed in 10 transects, 
perpendicular to flow with 10 m spacing in 
the study reach, with an average of 0.35 m 
between each clast in the  summer of 2017 
(figure 4). Each clast had its long (L), 
intermediate (I) and short (S) axis 
measured for future analysis against 
transport distance and entrainment.    Figure 3. Cumulative sediment seize distribution 
        based on the intermediate axis in the reach and 
        clasts traced in this study. 

Figure 4. The clasts original position in the implemented transects in 2017 are represented by the black squares, 
yellow circles are their new location in 2018 and red triangles are their final location in 2019. If there are no black 
squares visible it means that there were no major transport distance for clasts in that transect. 
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In August 2018 and 2019, RFID was used to find the clasts and then measured their new x, y, 
z coordinates with a total station and compare with the initial coordinates from 2017 (figure 5 
and 6). The morphologic setting and 
constrainment categories of the clasts 
were surveyed each year based on table 1. 
The five constrainment classes were also 
divided into either constrained (shielded, 
imbricated, buried and embedded) and 
unconstrained. If there was a boulder 
within the length of the long axis of the 
clast it was recorded as being above, below 
or lateral to the boulder. I surveyed  points 
along the bare or annual vegetated edges 
of the stream called bankfull edge, and 
along the thalweg which is the lowest line 
of elevation within a stream at an interval 
of 2 m. Coordinates of boulders with a 
diameter >1 m were measured on the 
channel bed directly upstream and 
downstream, and on the central point, 
and instream wood coordinates were 
measured on the point furthest upstream, 
point furthest downstream and their 
diameter. The coordinates of the channel 
banks, boulders, and instream wood were 
measured to calculate the bankfull shear 
stress for each transect and to create a 
visualization of the whole stream system. Figure 5. Picture from Olsbäcken with RFID scanner (round 
       bottom) and prism pole on top of a white clast 

 
Figure 6. Picture of total station in the middle of the studied reach.  



9 
 

2.3 Data analysis 
2.3.1 Data preparation  
Measured data from each year were organized according to their ID in order to analyse 
changes in independent and dependent variables. The thalweg points were used to calculate 
the local S0 angle between each transect. The transport distance for each clast was calculated 
as the linear displacement using their new x- and y coordinates for each resurvey. The 
transport distance was only considered if it was longer than 5 cm due to the potential for error 
between each survey generated by the positioning of the prism pole that the total station 
reflects against and was more complicated with larger clasts. The shape of each clast was 
calculated using the ratio between S/I (short/intermediate) and I/L (intermediate/long) to 
create a Zingg diagram (Oakey et al. 2005). By interpreting the Zingg diagram we can 
determine if the studied clasts are rod, blade, disc or sphere-shaped. A buffer was generated 
around each boulder based on their own radius using the “near” tool in Arcmap to calculate 
the shortest proximity to a boulder for all clasts.  
 
2.3.3 Transport distance data analysis 
A correlation matrix using Spearman correlation was created in Rstudio (R Development Core 
Team 2009) with the Corrplot package to determine if there were any strong correlations 
(r>0.8) between continuous variables: L, I and S-axis, I/L and S/I ratios, proximity distance 
to nearest boulder, S0, τc

* and τb (Wei and Simko 2017). The variables that had the weakest 
correlations with transport distance between 2017 and 2018 were removed if they had any 
strong correlation and were significant (α=0.05) with other variables (r>0.8). The correlation 
strength between variables and transport distance differed between 2017 and 2018, which 
resulted in different variables analysed in using generalized linear regression (GLM) in order 
to determine the best significant model to explain the variation in the dependent variables. 
Stepwise removal was performed to remove non-significant variables to get the best-fitted 
model for the linear regression. Each continuous variable was also analyzed with linear 
regression. For the categorical variables morphological setting, constrainment, if located 
above, below or lateral to a boulder ANOVA was performed to see if the groups had any 
significant influence on entrainment or transport distance. The morphologic setting, 
constrainment class and if the clasts were located  above, below or lateral to boulder were the 
only factors with multiple groups in the analysis and to reduce the type 1 error. When 
determining significant variation between the categories a Tukey's honestly significant 
difference test was implemented as a multiple comparison penalty (Horthorn et al. 2008). 

2.3.4 Entrainment data analysis  
A correlation matrix using Spearman correlation was also performed for entrainment of 
sediment with the same variables L, I and S-axis, I/L and S/I ratios, distance to nearest 
boulder, S0, τc

* and τb. For variables that had a strong correlation (r>0.8), I removed the ones 
with the weakest correlation with entrainment for the multiple binomial logistic regression. 
The multiple binomial logistic regression was used with the rms package in Rstudio which 
performs a GLM function since the dependent variable is binomial (Harrel 2019). Then 
stepwise removal of non-significant variables was performed until only significant variables 
were left. Logistic regression was also implemented for each continuous variable against 
entrainment. Chi-squared test was performed for the categorical variables and entrainment to 
find any significant difference between groups. 

3. Results 

3.1 General descriptive results 
S0 varied from 1.2 % to 8.15%  between the transects with an overall mean for the whole reach 
of 4.2% and median of 5%. The τc

* for each transect ranged from 0.02 - 0.08 according to (eq. 
3) by Lamb et al (2008) with the only non-constant variable in the calculations being S0 
meaning that there is a higher τc

* in transects with a stronger S0. τc
* had a mean value of 0.063 

and median 0.071 for the whole reach with general increase downstream. The minimum τb 
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was 0.0015 N/m2 and highest at 0.9 N/m2 with a mean of 0.23 N/m2 and median of 0.2 N/m2. 
Since S0 was also a strong factor in the calculation for τ, it means that there are higher values 
in transects with a higher S0. The shape of the clasts had a general trend towards spheroids, 
and a few have shapes like a rod or blade (figure 7).  

 

Figure 7. Zings diagram for clasts. Y-axis represents intermediate/long and x-axis short/intermediate ratio.  

The transport distance ranged from 0.05m to 14.4m during 2017-2018 compared to 0.05m to 
9.21mduring 2018-2019.The mean transport distance was higher during 2017-2018 (0.59 m) 
compared to 2018-2019 (0.19 m), and the same pattern is seen with median value at 0.21m 
and 0.09m respectively.  Entrainment had a higher frequency with a rate of 74% during 2017-
2018 compared to 54% during 2018-2019. The number of constrained clasts changed from 
50% in 2017 to 74% in 2018 and 80% in 2019. The morphologic setting did not show any major 
differences between the years (table 2). 

Table 2. The morphologic setting for clasts in 2017, 2018 and 2019. 

Morphologic setting 2017 2018 2019 
On a step 21 30 15 
In a pool 25 49 52 
Next to boulder 190 130 120 
Above instream wood 4 2 8 
Riffle/planebed 167 207 206 
On top/under boulder 39 18 15 
Backwater 26 22 36 
Cavity 5 7 1 

3.2 Observations during 2017-2018 
3.2.1 Independent variables influence on transport distance 
Five out of 16 variables had a significant correlation (α=0.05) on the transport distance during 
2017-2018 (appendix 1). The length of the L-axis showed a negative correlation on the 
transport distance, with longer clasts correlating with shorter transport distances (figure 2). 
τb had a significant correlation which was positive with higher τb values and longer transport 
distances (figure 8). The ratio between the S/I-axis showed that a lower ratio valued correlated 
with longer transport distances (figure 8).  
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The different morphologic settings had a different influenced transport distance, with clasts 
located on a step having a longer transport distance compared to those in the following 
morphologic settings: planebed/riffle (p=0.006), on top of boulder (p=0.033) and 
backwater(p=0.046) with Tukeys range test (figure 9). If there was a boulder located lateral to 
a clast, they had a significantly longer transport distance (figure 10). There were also three 
variables with a significant influence (α=0.1)(appendix 1) on transport distance which was the 
length of the I-axis, I/L (figure 8; appendix 4) and if the clasts were located below, above 
and/or lateral to boulders (figure 11). Constrainment type, S0, τc

*, distance to nearest boulder 
and the length of the S-axis did not have a significant effect on transport distance during 2017-
2018 (appendix 4). 
 
The L-, I- and S-axes were collinear (r>0.8), so for the multiple linear regression, the I and S-
axis were removed due to the L-axis having a stronger correlation with transport distance 
(appendix 2). S0 and τc

* were also removed from the multiple linear regression model selection 
since they are collinear with τb (r>0.8), which had a stronger correlation with transport 
distance (appendix 2). The best-fit multiple linear regression showed that the S/I ratio and the 
L-axis were significant factors (p<0.05) in transport distance together with τb (α=0.1; table 3). 

Table 3. Multiple linear/logistic regression for entrainment and transport distance during 2017-2018 and 2018-
2019. Values represent significance level and X means non-significant variables.  

Mutiple linear/logistic regression 

Independent variables Distance 17 Entrainment 17 Distance 18 Entrainment 18 

L-axis 0.0244* X <0.05 X 

I-axis X X X <0.05 

S-axis X X X X 

L/I ratio X X X X 

S/I ratio 0.0021** X X X 

Slope X 0.0013** X <0.05 

Dimensionless critical shear stress X X X X 

Bankfull shear stress 0.05725 . X X X 

Proximity to boulder X X X X 

Morphology X X X X 

Constrainment X X X X 

ConstvsUnconst X X X X 

Located above boulder X X X X 

Located below boulder X X X X 

Located lateral to boulder X X X X 

Above, below and lateral combined X X X X 

P-value <0.0001*** 0.0013** 0.0077** 0.0058** 

F/χ2-value  7.497 10.74 7.224 10.32 

R2 0.062   0.0292  

Adj R2 0.054   0.025   

psuedo-R2   0.033   0.03 

 



12 
 

 

 
Figure 8. Plots show spearman correlation between independent variables on the x-axis which are bankfull shear 
stress (top left), S/I -ratio (top right) and the long-axis (bottom left) correlation with transport distance on y-axis 
during 2017-2018. Black dots represent measured values, the black line is the linear relationship and its grey 
outline is the 95% confidence interval. 

 
Figure 9. Morphologies setting in 2017 is on the x-axis and transport distance during 2017-2018 on the y-axis 
with Tukey’s HSD, b(on a step)(blue) is significant different influence on transport distance compared to 
a(planebed/riffle, on top of boulder and backwater)(green). Ab(in a pool, next to boulder, above instream wood 
and cavity)(orange) did not have significantly different transport distances compared to the other groups. Red 
dot represents mean value for each group. 
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Figure 10. Y-axis shows transport distance and from left to right if clasts are located above, below and lateral to 
boulder during 2017-2018. There was a significant difference in transport distance if clasts were located lateral to 
a boulder or not which is highlighted with star at the top of the plot. Red dot represents the mean value for each 
group. 

 
Figure 11. Showing the combined groups of above(Ab), below(Be), lateral(La) and NB means no boulder against 
transport distance during 2017-2018. Red dot shows mean value 

3.2.2 Independent variables influence on entrainment 
For entrainment during 2017-2018, there were four variables which had one-on-one 
significant influence (α=0.05). Two were categorical variables which were the combined 
location of boulders next to clasts and the morphologic setting. For continuous variables only 
S0 and τc

* had a significant influence on entrainment (appendix 1). If the clasts were located 
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above, below and/or lateral to boulders there was a significant difference (p=0.0210, 
χ2=16.535) in entrainment between the groups (appendix 1). The morphology setting showed 
a significant difference between the type of setting the clasts were in (appendix 1, 7). S0 and τc

* 
showed very similar effects on entrainment with stronger S0 and higher τc

* correlating with 
lower  frequency of entrainment (figure 12). Since the τc

* (equation 3) is based on the local S0 
it makes sense that they correlate close to r=1 (appendix 13). For the multiple logistic 
regression, one of these variables had to be removed and I decided to keep S0 since it is the 
physical-based variable. Τhe and L and I-axis variables were also removed from the multiple 
logistic regression due to having a strong correlation (r>0.8) with S0 and the S-axis 
respectively (appendix 2). No significant  multiple logistic regression was found;  only S0 was 
left after stepwise removal (table 3). The S/I ratio, proximity to nearest boulder and if there 
was a boulder located above the clast had smaller significant effects (p<0.1). The length of the 
three axes and the ratios between them, τb, and constrainment did not have  significant effects 
on the entrainment during 2017-2018 (appendix 1). 

Figure 12. Plots represent continuous variables on the x-axis with S0 to the left and τc
* to the right and their effect 

on entrainment on the y-axis during 2017-2018. Black dots represent measured values, the black line is the 
negative linear relationship and the grey outline around is the 95% confidence correlation values. 

3.3  Observations during 2018-2019 
3.3.1 Independent variables influence on transport distance 
Only two of 16 variables had a significant independent correlation (α=0.05) with transport 
distance during 2018-2019 which was the L and S-axis length (appendix 1). The length of the 
L and I-axes showed that longer clasts correlated with shorter transport distances (figure 13). 
The rest of the continuous variables, S0, τb and τc

* did not have a significant correlation with 
transport distance (appendix 1). The ANOVA results showed that the groups of the categorical 
variables did not have any significant difference in transport distance difference 2018-2019 
(appendix 1).For the multiple linear regression, the L-axis and τb had the strongest correlation 
with the transport distance so S0, τc

*, S and I-axis were removed (appendix 2). The results from 
the multiple linear regression and stepwise removal of the least significant factor revealed that 
only the length of the L-axis had any significant correlation (p=0.0210, χ2=16.535) (table 3). 
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Figure 13. Plots represent the length of the L-axis to the left and I-axis to the right and their linear relationship 
with transport distance during 2018-2019. Black dots represent measured values, the black line is the negative 
linear relationship and the grey outline around is the 95% confidence interval. 
 

3.3.1 Independent variables influence on entrainment 
Five variables were significant (α=0.05) for entrainment frequency during 2018-2019 which 
were once again the L and I-axis, S0, τc

* and morphology setting (appendix 1). Both L and I-
axis had a correlation with longer lengths and lower likelihood of entrainment (figure 14). S0 
and τc

* also had a correlation with lower probability of entrainment with a stronger S0 and 
higher τc

* (figure 15). Similar to entrainment during 2017-2018, the morphology setting had a 
significant difference in transport distance between groups (appendix 1, 7). The different 
constrainment classes showed a significant difference (α <0.1) in transport distance between 
groups (appendix 1, 7). For the multiple logistic regression τb, τc

*, L- and S-axes was removed 
due to correlation with more significant variables against entrainment (appendix 2). The 
length of the S-axis, ratio between S/I, I/L and the three-axis, τb, proximity to the nearest 
boulder, constrainment class, and location relative to boulders did not have any significant 
effect on the entrainment during 2018-2019 (appendix 1).    

 
Figure 14. Plots represent the length of the L-axis to the left and the I-axis to the right and their logistic 
relationship with entrainment during 2018-2019. Black dots represent measured values, the black line is the 
negative linear relationship and the grey outline around is the 95% confidence interval. 
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Figure 15. The figure shows the S0 (left) and τc

* (right) and their logistic relationship with entrainment during 
2018-2019. Black dots represent measured values, the black line is the linear relationship and the grey outline 
around is the 95% confidence interval. 

 
4.Discussion 

 
4.1 Grain attributes 
This study analysed how channel morphology and sediment attributes can have a potential 
effect on entrainment and transport distance of clasts in semi-alluvial streams. The results 
show that the length of the clasts has a significant influence on transport distance and 
entrainment during both 2017-2018 and 2018-2019. This lines up with my (H1) that larger 
clasts should show less frequency of entrainment and are transported shorter distances. The 
reason why larger clasts are less likely to be entrained and be transported shorter distances 
could be because they require an individual higher τ to be entrained compared to smaller 
clasts. However, the explanatory value (R2) for size of the clast’s relationship with entrainment 
and transport distance range from R2 = 0.01-0.03 which is a very low explanatory effect 
(appendix 1). Since there is such a large sample size in this study, the probability for the size 
of the clasts to have a significant effect on transport distance and entrainment is higher even 
though it is such a low explanatory variable. There is a large variation in transport distance for 
the length of the L-axis below 130mm where there is a clear threshold for transport distance 
for larger sizes (figure 8). This threshold could explain the effect that the length of the L-axis 
has on transport distance,  meaning that it would not matter in the studied stream if the clasts 
are larger than 130 mm (figure 8).  
 
Continuing with the second part of my (H1) that the S/I ratio of the clast would influence 
transport distance and entrainment, and this was only the case during 2017-2018 (appendix 
1). Clasts with a high S/I and I/L ratio values are shaped like a rod or blade, they have a lower 
chance to be entrained compared to spheroid shaped clasts, which can roll more easily along 
the surface of the channel bed (Ashworth and Ferguson 1989; Andrews, 1983; Oakey et al. 
2005). Even though the S/I ratio was significant and the I/L ratio was not, it could be 
explained by the type of material the clasts are made off and how far from their origin they 
have been transported (Litty and Schlunegger 2017). Clasts that are freshly plucked from the 
bedrock tend to have a more jagged and less smooth surface and are more likely to break while 
being transported downstream (Litty and Schlunegger 2017). Particles that have been 
transported in streams and rivers for a longer time, however, are eroded to a round and 
smooth shape and can roll downstream easier without breaking. Northern Sweden have 
experienced multiple glaciations in the in last 100 000 years which stopped about 10 000 years 
ago, and these glaciations have formed most of the Swedish soil. The particles were eroded 
under the large ice sheets during glaciation into smoother particles and later hydrologic 

https://www-sciencedirect-com.proxy.ub.umu.se/science/article/pii/S0169555X03001375?via%3Dihub#BIB1
https://www-sciencedirect-com.proxy.ub.umu.se/science/article/pii/S0169555X03001375?via%3Dihub#BIB1
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erosion smoothened particles even more in rivers. Meaning that there are less particles freshly 
plucked from the bedrock in rivers, hence the lack of blade- and rod-like clasts in this study 
(figure 7). Even though the S/I ratio influence on transport distance was significant, the 
explanatory value was very low at  R2=0.035 which could be explained by the large sample size 
which increases the chance to get a significant but very low effect on the dependent variable. 
For the transport distance during 2018-2019 however, neither S/I nor I/L-ratio showed any 
significant effect on transport distance (appendix 1, 8). The major difference during 2017-2018 
and 2018-2019 is that no clasts were transported above 2m during 2018-2019 while multiple 
clasts during 2017-2018 travelled further than 2m (figure 9, figure 13). One reason for this 
could be that clasts which were in the reach with channel morphologies that correspond with 
smaller and spheroid clasts during 2017-2018 was transported until those criteria did not 
match anymore. That is why there are no clasts transported further than 2m during 2018-2019 
because all clasts with small grain size and spheroid shape were in channel morphologies 
which does not correspond with longer transport distances. The low R2 -value for the variables 
could also then be explained by this, in the sense that there are so many factors that they 
multiple variables need to correspond for particles to have a long transport distance.  
 

4.2 Channel morphology 
Bankfull shear stress only had a significant effect on transport distance during 2017-2018. One 
reason for this could be that they were more exposed when they were implemented along their 
transects into the reach since the clasts were situated on top of boulders (figure 9). With clasts 
located on top of boulders, I would assume that clasts in other morphologic setting were also 
slightly more exposed during 2017-2018. With less obstructions protecting the clasts, the 
bankfull shear stress would be more influential and likely a more significant factor for 
transporting clasts during 2017-2018 compared to 2018-2019. Steeper slope and higher 
dimensionless critical shear stress values correlated with the lower frequency of entrainment 
but not transport distance during both 2017-2018 and 2018-2019. Previous studies have 
argued that with steeper slope, the clasts would be less stable and there would be a higher 
frequency of entrainment due to the increased gravitational force downstream (Wiberg and 
Smith 1987). However, steeper slopes also have a higher relative roughness (bed-roughness 
scale to flow depth), which increases the resistance and a higher shear stress is needed to 
overcome the critical shear stress (Parker et al. 2010). Another reason for less entrainment in 
steeper reaches could be turbulent fluctuations and changes in flow velocity in wakes 
generated by boulders which are more prominent in steeper slope compared to finer 
sediments (Lamb et al. 2008). In comparison with earlier studies this reach had a mean value 
of 0.063 for dimensionless critical shear stress which is slightly above the general average 
(0.03-0.06) (Lamb et al. 2008). Since the dimensionless critical shear stress is higher than the 
average it is not unexpected that it would have significant effect but since the R2 -value is so 
low (0.02-0.03) it might also be a consequence of a large sample size that generates the 
significant result.  
 
The type of morphological setting had a significant effect between groups  for all dependent 
variables except transport distance during 2018-2019. There is a clear difference with higher 
mean transport distance for clasts located on a step versus those in a planebed/riffle, on top 
of boulder or backwater during 2017-2018 (figure 9). An argument for why clasts located on a 
step will travel further could be explained by the steep local slope after a step, assisting bedload 
transportation by increasing the gravitational force substantially. A step is also followed by a 
bed surface made up of smaller sized sediment (e.g., gravel), which has a lower local roughness 
so clasts can be transported further (Buffington & Montgomery 1997). This could also be the 
case for clasts that were located on top boulders, however, if they were located on top of a 
boulder in the reach of this study that generally meant that there would be another boulder 
directly after the one it was placed upon blocking the clasts downstream path. Results from 
this study support that a cluster of boulders have an effect on entrainment and transport 
distance, with a 94% chance of entrainment if the clasts were located on top of a boulder in 
2017 (appendix 7), but they have a low transport distance (figure 9). A study by Goode and 
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Wohl (2010) investigated if bedrock ribs which were longitudinal or oblique to downstream 
flow it would affect the transport distance of coarse sediment. They concluded that even when 
the dimensionless shear stress was 1.5-2 times higher than the dimensionless critical shear 
stress reaches with bedrock ribs oblique positioned to flow correlated with shorter transport 
distances for coarse materials (Goode and Wohl 2010). There are no bedrock ribs in this study, 
but cluster of boulders in this study could also potentially generate similar local roughness on 
a smaller scale to that of bedrock ribs (Goode and Wohl 2010). Similar channel structures with 
clusters of boulders were studied by Papanicolaou et al. (2011), and they found that clusters of 
boulders increased the local roughness and with it elevated critical shear stress.  
 
The reason why the morphologic setting did not have any significant effect on the transport 
distance during 2018-2019 could be explained by the lower mean transport distance from 
0.59m (during 2017-2018) compared to 0.19m which would reduce the difference in mean 
values between each group and not yield a significant result (appendix 9). Surprisingly there 
was not a big difference (1%) in entrainment probability between clasts located on top of a 
boulder (2017) and under a boulder (2018), since clasts located under a boulder would be more 
likely to be constrained (appendix 9). There can also be an open space or a tunnel underneath 
boulders that has a stable foundation which is not uncommon, meaning that clasts would be 
less obstructed and able to be transported during 2017-2018. Another reason for high 
frequency of entrainment for clasts located underneath boulders could be that the requirement 
for a clast to be classified as entrained it must be transported further than 5 cm. With clasts 
located under a boulder, it was complicated to find the exact position of the clasts meaning 
that  they could counted as entrained even though they were immobile due to the misplaced 
prism pole. Looking at group “under a boulder” the boxplot for transport distance during 
2018-2019 (appendix 9) could support this that they did move but with an average of o.12 m 
which could be the misplacement of the prism pole. However, clasts with in the other 
morphologic settings had similar transport distance as those located under a boulder so there 
is also a big possibility that its correctly measured (appendix 9).   
 
The location of clasts relative to boulders was only significant for transport distance and 
entrainment during 2017-2018 if they were located lateral to a boulder. Two outliers with a 
long transport distance for clast located next to boulders have driven the mean value higher 
than it otherwise would have been and without them there might not have been a significant 
difference for clasts lateral to boulders (figure 10). The proximity to nearest boulder was not 
significant and could be explained by the fact of the high density of immobile boulders in the 
reach increases the local roughness. A study by Dey et al. (2011) have shown that immobile 
boulders decreased the water velocity downstream within five times the boulder diameter and 
one time the boulders size upstream. The local roughness generated by boulders downstream 
is explained by reduced flow velocity, flow deflection around the boulders crest, flow reversion 
in the form of near wake (stronger) and far wake(weaker) (Shamloo et al. 2001; Dey et al. 
2011). A cluster of boulders will increase the local roughness upstream too through flow 
retardation and backwater formation (Papanicolaou et al. 2011). In this study, boulders were 
classified as immobile if they had a diameter longer than 1m which means that the smallest 
boulder would influence at least 5m downstream. The mean distance from clasts to nearest 
boulder was 1m in both 2017 and 2018 and median was 0.88 and 0.86m respectively. The max 
distance to nearest boulder was 5.56m and there were only three clasts in total with a distance 
above 5 m to the nearest boulder. If the results by Dey et al. (2011) were applied in this study 
stream there are at most only three clasts that were not influenced by boulders and with a 
median of ca 0.87 for both 2017 and 2018 it means that there are very few clasts which are not 
majorly affected by boulders. In this case, then it could be harder to see if immobile boulders 
have an influence or not on entrainment and transport distance.  

Since the clasts were only categorized as either unconstrained or shielded in 2017, we cannot 
see any change between the constrained, unconstrained, embedded, imbricated and buried 
(table 1). Clasts which were categorised as either embedded, imbricated or buried would also 
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be constrained. By categorising them as constrained or unconstrained we can see that the 
number of constrained clasts changed from 50% in 2017 into 74% in 2018. The number of 
constrained clasts in 2019 were 80% which is only 6% more than in 2018. In a study by 
Ferguson et al. (2002) they compared the transport distance over short term and long term in 
a stream in the UK and found that short term studies are overestimated by a factor of 2 in 
terms of absolute movement. The transport distance for the full study (8 years) was 
significantly lower than what the first 2 years would have estimated (Ferguson et al. 2002). 
They explain the theory that newly implemented tracers are more exposed in the first year but 
as time passes more and more will get buried and constrained (Ferguson et al. 2002). This 
theory is also prominent in my study with an increase of 47% constrained clasts from 2017-
2018 when they were implemented into the reach and only a small increase of 4% from 2018-
2019. This large change during 2017-2018 is caused by increase in buried, embedded and 
imbricated and decrease in unconstrained clasts (appendix 13). While during 2018-2019 there 
is very low change for all constrainment classes compared to 2017-2018 (appendix 13).  
 

4.3 Factors not observed in this study 
Sediment transport occurs during all the seasons of the year, but shear stress and critical shear 
stress equations are centred on open channel flow in rivers. Winter in northern Sweden, 
however, are at some point almost each year covered in ice and snow, and these periods are 
sometimes ignored as a dormant period for sediment transport (Turcotte et al. 2011). During 
frozen periods sediment transport can still occur through a process called rafting which is 
distinctly different from bedload, suspended load and washload which are the three-dominant 
process (Turcotte et al. 2011). This study did not analyse any ice driven process, which could 
have had an effect on entrainment and transport distances for clasts. The large difference 
during 2017-2018 compared to 2018-2019 could be explained by spring flood in 2018 which 
was measured as a discharge event that happens with a 50 years frequency (appendix 12) 
)(SMHI 2020). This event could have a stronger effect and overshadow the variables that this 
study investigated which might also explain the higher frequency of entrainment and longer 
transport distance during 2017-2018 compared to 2018-2019. To get a better understanding 
and clearer view of which variables influence entrainment and transport distance, a longer 
time period and multiple streams would be necessary.  
 

4.4 Conclusion 
Determining which factors that influence entrainment and how far particles can be transport 
is a very hard task even with a lot of earlier studies and multiple theories develop for rivers 
and streams with different types of channel morphology. This study has found that grain 
attributes such as their size and shape, as well as clasts located in the different morphologic 
setting on a step compared to planebed/riffle, backwater and on top of boulder affected 
entrainment and transport distance. Slope and dimensionless critical shear stress however, 
only had significant effect on entrainment. Even though some variables had a significant effect, 
they all also had a low R2-value (appendix 1). The main reason for this could be the large 
sample size which increases the probability to get a significant result with low explanation for 
variation (R2) for the dependent variables. This study focused on linear rather than threshold 
relationship which were found for certain variables. This is most clear for the L, I -axis, S/I 
and I/L – ratio for transport distance during 2017-2018. The major difference for entrainment 
and transport distance during 2017-2018 compared to 2018-2019 might be a random 
coincidence for this stream. The major difference could also be a consequence of the 
“unnatural” location for clasts on the streambed when they were implemented in 2017. Future 
studies should consider that each stream is unique an especially reach segments. So, in order 
to determine which channel morphologies and grain attributes that influence entrainment and 
transport distance, multiple streams need to be analysed to cover a broader variety of streams. 
The studies also need to cover a longer time period due to the increased entrainment and 
transport distance in during the first years compared to later (Ferguson et al. 2002). 
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5. Appendix 

Appendix 1.Table of  p-values, F and χ2 statistics, R2, adjusted R2 and pseudo-R2 for distance and entrainment. 
Green indicates significant values under (p<0.05) and yellow (p<0.1).  

 

 
Appendix 2. Correlation matrix with spearman correlation for continuous variables for 2017 and 2018, white 
background means that the correlation is not significant and the stronger red and blue the background is the 
stronger the correlation. On the right side of the lack dotted line are measurements during 2018-2019.  

 
 
 
 

 

 

 

 

Independent variables

Linear / logistic regression P-value F/χ2-value R2 Adj R2 P-value F/χ2-value psuedo-R2 P-value F/χ2-value R2 Adj R2 P-value F/χ2-value R2

L-axis 0.0093 6.827 0.0191 0.0163 0.3689 0.8262 0.003 0.0077 7.224 0.0292 0.0252 0.0442 4.12 0.012

I-axis 0.0644 3.44 0.0097 0.0069 0.5373 0.3857 0.001 0.03919 4.3 0.0176 0.0135 0.0336 4.6 0.014

S-axis 0.7934 0.067 0.0002 0 0.621 0.241 0.001 0.1746 1.854 0.0077 0.0035 0.2987 1.09 0.003

I/L ratio 0.0901 2.888 0.0082 0.0054 0.46 0.55 0.002 0.4353 0.6107 0.0026 0 0.7873 0.07 <0,001

S/I ratio 0.0003 13.05 0.0359 0.0332 0.7774 0 <0,001 0.3133 1.021 0.0424 0 0.1269 2.34 0.007

Slope 0.3015 1.071 0.0031 0.0002 0.0013 10.74 0.033 0.4822 0.4954 0.002 0 0.0096 6.81 0.02

Dimensionless critical shear stress 0.1754 1.843 0.0052 0.0024 0.0035 9.34 0.029 0.6902 0.1593 0.0007 0 0.0069 7.52 0.022

Bankfull shear stress 0.0127 6.274 0.0181 0.0152 0.4345 0.6 0.002 0.3412 0.9099 0.004 0 0.7145 0.13 <0,001

Proximity to boulder 0.4383 0.551 0.0016 0 0.0957 2.71 0.008 0.9823 0.0005 <0.0001 0 0.2733 1.21 0.004

Anova/Chi-squared

Morphologies 0.0288 2.267 0.0028 21.763 0.9393 0.3311 0.0022 22.387

Constrainment 0.2655 1.244 0.331 0.9451 0.727 0.512 0.0826 8.258

ConstvsUnconst 0.2655 1.244 0.331 0.9451 0.3842 0.7599 0.3553 0.8545

Located above boulder 0.9716 0.001 0.9928 <0,0001 0.349 0.8812 0.7907 0.0705

Located below boulder 0.1621 1.963 0.057 3.6177 0.3082 1.043 0.1677 1.9031

Located lateral to boulder 0.0028 9.052 0.6298 0.2324 0.5666 0.3293 0.4278 0.6287

Above, below and lateral combined 0.0744 1.865 0.0201 16.535 0.963 0.2755 0.4437 6.8589

Entrainment 18Entrainment 17 Distance 18Distance 17

Dependent variables
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Appendix 4. Continuous independent variables correlation with transport distance during 2017-2018. 

 

Appendix 5. Constrainment class 0 indicates that the clast is unconstrained and 1 is constrained for transport 

distance during 2017-2018. 
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Appendix 6. Independent continuous variables correlation with entrainment during 2017-2018. 
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Appendix 7. Table of categorical variables and frequency of entrainment during 2017-2018 and 2018-2019.  

 

 
Appendix 8. Correlations plots for independent variables correlation with transport distance during 2018-2019. 

  

Morphologies No Yes % Entrained No Yes % Entrained

On a step 3 15 83.33% 15 13 46.43%

In a pool 3 21 87.50% 13 33 71.74%

Next to boulder 61 138 69.35% 66 80 54.79%

Above instream wood 0 3 100.00% 0 1 100.00%

Riffle/planebed 50 114 69.51% 96 95 49.74%

On top/under boulder 2 36 94.74% 1 15 93.75%

Pothole 0 4 100.00% 4 3 42.86%

Backwater 2 21 91.30% 12 6 33.33%

Constrainment

Buried 0 0 0.00% 26 39 60.00%

Embedded 0 0 0.00% 11 20 64.52%

Imbricated 0 0 0.00% 1 7 87.50%

Shielded 56 182 76.47% 109 104 48.83%

Unconstrained 66 171 72.15% 52 63 54.78%

Boulder location

Above 16 43 72.88% 29 39 57.35%

Below 21 26 55.32% 26 23 46.94%

Lateral 15 37 71.15% 20 29 59.18%

Above and Below 2 20 90.91% 18 20 52.63%

Above and lateral 5 18 78.26% 7 3 30.00%

Below and lateral 2 9 81.82% 5 2 28.57%

Above, Below and Lateral 5 5 50.00% 5 4 44.44%

No boulder 55 195 78.00% 97 127 56.70%

Entrainment 2017 Entrainment 2018
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Appendix 9. Categorical variables correlation with transport distance during 2018-2019. Top graph is the 

influence by morphologies groups in transport distance during 2018-2019. Bottom graph is the clasts location to 

boulders influence on transport distance during 2018-2019. 
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Appendix 10. Categorical variables influence on transport distance during 2018-2019. The left boxplot represents 

the influence on transport distance for clasts if they were located above a boulder, middle boxplot if they were 

below a boulder and right boxplot if they were lateral to a boulder. 0 indicates no boulder next to clasts and 1 

means that they were a boulder above, below or lateral to the clast. 

   

Appendix 11. Left boxplot represents the five constrainment classes buried(b), embedded(e), imbricated(i), 

shielded(s) and unconstrained(u) and their different transport distance on the y axis. Right boxplot 
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Appendix 12. Plots for continous varibles correlation with entranment duting 2018-2019. 

 

Appendix 13. S0 (y-axis) and τc
* (x-axis) correlation. 
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Appendix 14. Flow discharge during 2017, 2018 and 2019. Red represents 2017, blue 2018 and green 2019 (SMHI 

2020). 

 

Appendix 15. Number of clasts in each constrainment classes in 2017, 2018 and 2019. 

Constrainment 2017 2018 2019 

Unconstrained 252 131 98 

Constrained 249 268 282 

Buried 0 56 56 

Embedded 0 34 39 

Imbricated 0 8 5 
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