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Abstract 
Margaritifera margaritifera is an endangered freshwater pearl mussel with population 
declines throughout its Holarctic range. Boulder-bed channels with little input of fine sediment 
in previously channelized streams are abundant in Sweden. Hence, restoration efforts for M. 
margaritifera and its host fish (Salmo trutta) are carried out by reintroducing large boulders 
and creating mussel beds with suitable gravel. In order to improve the restoration methods 
currently in use I investigated M. margaritifera microhabitat preferences and the stability and 
suitability of introduced gravel aimed as habitat for mussels. Also, since monitoring of the 
success of intra-river translocation of mussels is rare or insufficient, movement of mussels after 
translocation was tracked. Mussel abundance and microhabitat data were collected at a site 
with a stable M. margaritifera population. At a site where mussel translocation was planned, 
substrate stability was investigated by surveying erosion and deposition of 0.4x0.4 m painted 
gravel squares placed on the channel bed. Erosion and deposition were analyzed in relation to 
physical parameters and morphological features. Mussels were PIT-tagged to track their 
movement after translocation. Depth, water velocity and the median grain size (D50) affected 
the mussel density, whereas substrate stability was mainly determined by proximity to large 
boulders and D50. However, large variations in stability for gravel close to upstream boulders 
suggests complex hydraulic patterns; thus, high boulder densities are not necessarily desirable 
when restoring previously channelized streams for the freshwater pearl mussel. The results 
have implications for restoration of mussel beds and show the importance of understanding 
how large grains and their configuration affect surrounding hydrodynamics and shear stress. 
 
Key words: Stream restoration, Freshwater pearl mussel, Microhabitat requirements, 
Sediment transport, Mussel translocation.  
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1 The freshwater pearl mussel (Margaritifera 
margaritifera) 

1.1 Distribution and threats 
The freshwater pearl mussel Margaritifera margaritifera is an endangered species, listed in 
the IUCN Red List of Threatened Species (Moorkens et al. 2018). It is distributed in streams 
and rivers in the Holarctic region, from the western parts of Russia, throughout Europe, and 
in the northeastern parts of North America (Geist 2010). However, in Europe, viable 
populations are only found in Ireland, Norway, Russia, Finland, Scotland, and Sweden. The 
spatial distribution and populations of the species have declined during the last decade (Geist 
2010), and in Sweden, reproduction is occurring in only one-third of the remaining rivers 
where the freshwater pearl mussel is currently established (ArtDatabanken 2019). This decline 
can mainly be explained by the degradation of suitable habitat due to physical alteration and 
destruction of riverine habitats, as well as contamination by toxic substances, or an increased 
fine sediment load to aquatic ecosystems (Svensson et al. 2006, Quinlan et al. 2015). M. 
margaritifera is considered especially sensitive to changes in surrounding environmental 
conditions because of its long life span and limited ability to move (Daniel et al. 2018). In 
addition, M. margaritifera has a complex life cycle, with a parasitic larval stage, dependent on 
a salmonid host fish to reproduce (Skinner et al. 2000, Degerman et al. 2009). Reduction in 
salmonid habitat will therefore indirectly affect M. margaritifera. In restoration, this means 
that threats have to be eliminated and habitat requirements need to be met for both the host 
fish and the mussels to sustain viable mussel populations. Although not explaining the large 
global decline in freshwater pearl mussels, extensive pearl fishing occurring throughout history 
and predation on juvenile mussels, by e.g. crayfish and muskrats, are also threats that can 
explain population losses to a certain degree (Degerman et al. 2009, Geist 2010). 

1.2 Ecology 
The freshwater pearl mussel is one of the longest-living invertebrate species (Varandas et al. 
2013), with the oldest mussel found having an age of ~280 years (ArtDatabanken 2019), 
reaching 12-15 cm in length (Skinner et al. 2000). Its length is influenced by environmental 
conditions, such as water temperature, with faster growth but shorter life spans in southern 
distribution areas compared to northern areas (Skinner et al. 2000, Degerman et al. 2009). It 
is typically dioecious and matures at an age of 10-20 years (Skinner et al. 2000, Degerman et 
al. 2009). Females can produce 4 million eggs per year (ArtDatabanken 2019), which can 
potentially develop into mussel larvae, called glochidia, and they continue to reproduce their 
entire lifetime (Degerman et al. 2009). Males release their sperm upstream and fertilize eggs 
in female mussels downstream. Fertilization success is determined by male mussel density 
with higher success in areas with high densities of mussels. However, in a study by Mosley et 
al. (2014), freshwater mussel populations at low densities sometimes manage to have high 
fertilization success probably due to a highly effective sperm dispersal. Then, during a two-
week period, often in August or September (depending on water temperature), females 
synchronize the release of glochidia. Although the release of glochidia has occasionally taken 
place in July or as late as October in Norway (Degerman et al. 2009). Out of millions of eggs, 
only a small fraction of the glochidia larvae (1 in 100 000) succeed to attach to the gills of a 
salmonid fish and live as parasites. Even fewer manage to survive and reach juvenile stage. The 
development from glochidia into juvenile mussels continue on the gills of the host fish until 
the following spring where it 0.4 mm long, detach from the gills onto the riverbed (Skinner et 
al. 2000, Degerman et al. 2009) and continue its maturing process, but only if landing on 
suitable substrate where they can settle (Degerman et al. 2009). Once settled, juvenile mussels 
stay buried in the hyporheic zone for approximately 4-8 years (Degerman et al. 2009) while 
growing into adult mussels (Quinlan et al. 2015). After 4-8 years the mussels are 10 millimeters 
in length and are approaching the riverbed surface. Adult freshwater pearl mussels spend their 
time buried or partly buried in the riverbed substrate, filter feeding the passing water (Skinner 
et al. 2003), while juvenile mussels are buried further down in the hyporheic zone (Quinlan et 
al. 2015).  
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Mussels are considered an important part of freshwater ecosystems as habitat engineers 
(Quinlan et al 2015) and contribute to various ecosystem functions such as nutrient cycling, 
particle processing, and sediment mixing (Geist 2010). As filter feeders, the functional role of 
mussels involves filtering phytoplankton, bacteria and particulate organic matter (POM) from 
the water, which improves water clarity, especially in streams with high mussel densities 
(Vaughn and Hakenkamp 2001, Degerman et al. 2009), while excretion and biodeposition of 
faeces affects nutrient dynamics in streams and provides detritus for invertebrates. M. 
margaritifera is considered an umbrella species, where, by preserving mussel habitat, habitats 
of other species are also protected (Degerman et al. 2009). Studies have shown a positive 
relationship between benthic fauna diversity and mussel density (Vaughn and Hakenkamp 
2001, Aldridge et al. 2007). The shells of large numbers of mussels stabilize bed sediment, trap 
particles, and create riverbed heterogeneity, thereby providing habitat and refugia for other 
benthic fauna (Vaughn and Hakenkamp 2001, Degerman et al. 2009). Moreover, the 
burrowing of mussels in the bottom substrate increases oxygen levels in the interstitial space 
of sediment and releases nutrients to the water column (Vaughn and Hakenkamp 2001). 
 

1.3 Habitat 
Freshwater pearl mussels can move by pumping hemolymph through their foot; however, they 
are considered relatively sessile (Geist 2010). Although juveniles can be found further down in 
the substrate, surveys of M. margaritifera show that juveniles and adults are aggregated in 
similar habitats within the river but that adults can possibly persist at a larger range of physical 
conditions compared to juveniles (Hastie et al. 2000). On a large scale, climate factors (i.e. 
precipitation and temperature) and the distribution of their host define the distribution of 
mussels (Österling 2006, Degerman et al. 2009), but on the catchment scale M. margaritifera 
is found in the upper parts of catchments, at stream orders from 2 to 4, with low sediment 
input and relatively fast-flowing water (Degerman et al. 2009). However, on a microhabitat 
scale (at mussel sites 0-10 meters), habitat requirements are more extensive, explaining the 
patchy distribution of mussels (Gittings et al. 1998, Österling 2006). Previous studies have 
concluded that riverbed substratum is an important determinant of the spatial distribution of 
mussels within the river, due to its ability to reflect the prevailing hydraulic conditions. 
Riverbed substratum preferences are connected to riverbed stability, where coarser substrate 
is more stable and can endure changes in flow throughout the year, compared to finer 
sediments (Strayer 1999, Hastie et al. 2000). In particular, the critical larval stage is considered 
sensitive to unstable substrate where they are buried (Geist 2010). According to previous 
studies, the preferred substrate is coarse sand and gravel stabilized by surrounding boulders 
(Hastie et al. 2000, Geist and Auerswald 2007, Quinlan et al. 2015). Gravel also provides 
enough interstitial space to oxygenize the hyporheic zone, making it suitable for juvenile 
mussels (Österling et al. 2010). Stream characteristics, such as depth, slope and water velocity 
will affect the shear stress acting on the substrate and the mussels. According to previous 
research, freshwater pearl mussel microhabitat should preferably have a depth of >0.5 meters 
to avoid drying out in drought or bottom freezing (Degerman et al. 2009), although viable 
populations of mussels have been found at shallower depths (Hastie et al. 2000). The 
burrowing and settlement of juvenile mussels in the bottom substrate is also highly influenced 
by water velocities, since they risk being flushed away if velocities are too high (Quinlan et al. 
2015), but in studies of mussel microhabitat most of the physical parameter ranges suitable for 
mussels are based on adult mussels. Suitable water velocities range between 0.25-0.75 m/s 
which would correspond to intermediate water flow velocity (Hastie et al. 2000, Skinner et al. 
2003). Water quality also affects the populations of mussels. Freshwater pearl mussels prefer 
clear, nutrient-poor water with low turbidity to minimize clogging of interstitial pores, and a  
pH above 6.1-6.3 (Degerman et al. 2009). 
 

1.4 Conservation 
Conservation of freshwater pearl mussels often involves habitat restoration and reintroduction 
of mussels where they are not currently present. However, this demands knowledge about 
suitable physical conditions to succeed (Hastie et al. 2004). Formerly, the populations of M. 
margaritifera were larger and spatially connected to a higher degree whereas now the 
populations are fragmented and reproductively isolated (Geist 2010). Moreover, because of its 
complex life cycle and long life span, conservation efforts need to not only include suitable 
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habitats for the mussels, but also for the salmonid fish that functions as a host during the larval 
stage. Removal of barriers, such as dams, improves stream connectivity and allows for 
migration of trout and salmon.  
 
The potential for sediment transport in streams is important to consider in the different 
aspects of restoration, regardless of the species in focus. When restoring a stream, the purpose 
is to reach a state where natural processes and dynamics are operating, and not necessarily a 
stable state (Degerman et al. 2009). The natural flow regime in northern Sweden encompasses 
snowmelt floods that recruit and distribute gravel. During the early 1900’s many of the streams 
and rivers were channelized for timber floating, by removing large structures such as boulders, 
bedrock, and dead wood (Gardeström et al. 2013). Boulders and bedrock previously removed 
were placed at the channel banks and many side-channels were blocked. Smaller channel width 
and cross-sectional area together with reduced roughness increases water velocities, carving 
out the sediment of the channel bed (Gardeström et al. 2013, Polvi et al. 2014). This increases 
water depth and shear stress. Thus, channelizing streams will have a destabilizing effect on 
gravel and less fine sediment can be retained (Degerman et al. 2009, Gardeström et al. 2013). 
On the contrary, land use, such as forestry and agriculture, often lead to increased amounts of 
fine sediment that can clog the interstitial space between gravel needed for both salmonid fry 
and juvenile mussels (Österling et al. 2010). Therefore, restoration measures to reduce 
sediment load (e.g. sediment traps and reducing bank erosion) are also common (Degerman 
et al. 2009). 
 
Since studies have shown that increasing complexity in streams will stabilize the riverbed and 
provide shelter for mussels, physical restoration in previously channelized streams involves 
reintroducing large structures such as boulders and dead wood (Degerman et al. 2009, 
Gardeström et al. 2013). This increased stream complexity will help change the channelized 
stream by decreasing water velocity, create an array of heterogeneous water depths, new 
habitat, and oxygenize the hyporheic zone (Degerman et al. 2009, Nilsson et al. 2017). 
Boulders can stabilize surrounding gravel by influencing the near-bed hydraulics 
(Papanicolaou et al. 2012), reducing a large portion of the total bed shear stress and thereby 
decreasing soil erosion from stream banks (Yager et al. 2007) and, additionally, provide shelter 
for mussels. However, the change in near-bed hydraulics also mean that the mean and 
turbulent flow field in the vicinity of boulders changes, which can destabilize surrounding 
sediment (Papanicolaou et al. 2012). Reintroduction of smaller grain sizes is also a common 
step when restoring. Adding gravel to compensate for the natural supply of gravel that has 
disappeared in channelized streams creates habitat for juvenile mussels (Degerman et al. 
2009). 
 
After the physical restoration, efforts are focused on population-strengthening measures by 
supporting the recruitment of juvenile mussels. Captive breeding (ex situ conservation) and 
artificial infestation (in situ or ex situ conservation) are two methods. In artificial infestation, 
gravid mussels are put together with trout in containers to optimize the infestation of glochidia 
on trout gills. Thereafter, mussels are transported back to where they are found or placed at a 
new location. Follow-up monitorings on their whereabouts after translocation is often lacking 
and has varying results. Within-stream translocation has proven to be quite successful, with 
high short-term survival rate and many of the mussels re-found a couple of years later (Killeen 
and Moorkens 2016). Long-term monitoring of translocated mussels is rarely done. Also, the 
survival rate is much lower when moving mussels to another stream (Killeen and Moorkens 
2016). 
 

1.5 Project Kultsjödalen 
Kultsjödalen, a valley in north-western Sweden, is considered an important area for the 
freshwater pearl mussel. Project Kultsjödalen (2016-2021) is a project lead by the County 
Administrative Board of Västerbotten (CAB) in collaboration with the forest company 
Vilhelmina Övre Allmänning, the National Property Board, and Vilhelmina Municipality, 
with the aim to restore previously channelized rivers in favor of the brown trout and the 
freshwater pearl mussel M. margaritifera. The project is mainly funded by The Swedish 
Society for Nature Conservation Environmental Fund. The Environmental Fund aims 
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towards reaching the environmental quality objective “Flourishing Lakes and Streams” by 
financing various water restoration projects, such as preserving the freshwater pearl mussel 
in Kultsjödalen (The County Administrative Board of Västerbotten 2018). As part of the 
project, the CAB wants to evaluate the restoration efforts done for the freshwater pearl 
mussel in previously channelized rivers. One of the rivers subject to restoration is 
Dainabäcken, 6 km east of Stalon in Västerbotten County. Dainabäcken, a tributary to 
Marsån, has a small population of mussels, located upstream of the study area, with poor 
recruitment of juvenile mussels. The stream was restored from a channelized river to a more 
natural geomorphic state with increased physical complexity in 2011. The next step, which 
this masters project focuses on, is restoration focusing on conservation of M. margaritifera. 
Although M. margaritifera inhabits parts of Dainabäcken, the goal is to spread the 
distribution of mussels throughout a larger area in the stream by introducing more gravel as 
suitable habitat, as well as reintroducing mussels in parts of the river where they are 
currently absent. Surveys of host fish (Salmo trutta) have been conducted in Dainabäcken 
through electrofishing, before and after restoration, showing that the number of trout per 
100 m2 was higher after restoration efforts than before any restoration efforts. In 2017, 2018, 
and 2019 the number of trout was 20.3, 8.1 and 14 per 100m², respectively (County 
Administrative Board of Västerbotten 2018, 2019). According to Österling (2006), obtained 
trout densities are above the needed densities (5 per 100m²) for successful mussel 
recruitment. 
 

1.6 Aim 
In order to underpin and improve restoration efforts for M. margaritifera, the overall aim of 
this project is to investigate how to best restore rivers for M. margaritifera with regard to their 
preferred microhabitat. More specifically, the project will be divided into three main 
objectives: (1) determine preferred physical conditions of M. margaritifera, (2) determine 
which physical conditions are needed to retain mussel beds after gravel placement, and (3) 
determine the degree of stationarity of M. margaritifera after transportation and 
reintroduction. Because translocation of mussels can be stressful for the mussels (Killeen and 
Moorkens 2016), it is interesting to investigate if the mussels remain sessile after 
reintroduction or if the movement after reintroduction can be connected to microhabitat 
preferences previously mentioned. Thereby, future translocations of M. margaritifera can be 
improved to ensure long-term establishment in restored rivers and streams. Evaluation of the 
restoration will focus on sediment transport, the longevity of mussel beds, as well as the 
longevity of the placement of mussels after reintroduction - not on long-term mussel 
establishment.  
 
The hypotheses for these main objectives are formulated as follows. (H1) Water depth, velocity, 
and riverbed substratum determine M. margaritifera presence. According to a study 
conducted by Hastie et al. (2000), mussels prefer intermediate depths of 0.3-0.4 m, velocities 
of 0.25-0.75 m/s and a riverbed substrate predominantly consisting of boulders. (H2) As for 
riverbed stability, I hypothesize that the introduced gravel will be most stable where water 
velocities are lower and with lower stream bed slope and bed shear stress. Also, areas with 
higher boulder densities will increase bed stability by decreasing stream bed erosion (Church 
2006). (H3) Mussels are not stationary after reintroduction. Although mussels are relatively 
sedentary, they can move from an unsuitable location where conditions are poor to a more 
preferred habitat where the physical parameters, previously mentioned, are more favorable 
(Bauer 1987, Henriksson and Söderberg 2017).
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2 Material and method 

2.1 Study site 
Microhabitat data were collected, and substrate stability and mussel movement surveys were 
conducted in streams situated in the valley Kultsjödalen, Västerbotten County. Initial data 
collection was done in Gäddbäcken, a 10 km long stream, south-west of Stalon to address H1. 
Predictions from the results of the data analysis with data collected in Gäddbäcken were 
thereafter applied in Dainabäcken, which is a 7 km long stream, starting at the outlet of Lake 
Dainan, east of Stalon. Both streams, situated 10 km apart, are forest streams characterized by 
surrounding conifer forest with deciduous trees (e.g. birch and alder) along the riparian zone. 
All sites included in the inventory have similar surrounding environment with no major outlets 
or tributaries between the study sites. The bankfull channel width ranged from 8-20 meters 
(Gäddbäcken), and 9-29 meters (Dainabäcken).  
a) 

 
b) 

 
Figure 1. a) Location of the microhabitat study (Gäddbäcken) and substrate stability and mussel movement 
study (Dainabäcken). Marked with red is the location of the two streams. b) The four study reaches in 
Dainabäcken (1-4), marked with orange fields. Data source: Lantmäteriet, 2020-03-01. Coordinate system: 
SWEREF99. 
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2.2 Field methods 
2.2.1 Microhabitat characterization 
The survey of mussels and physical parameters was done by the CAB during summer base-flow 
conditions, in July-August 2018, at several spatial scales. Gäddbäcken was divided into 13 
separate sites, with three to five transects placed perpendicular to the flow direction. Each 
transect was also divided into three 0.75 m² quadrats (positioned at 25%, 50% and 75% of the 
channel width) where physical parameters (depth, water velocity, and substrate) were 
measured. Velocity was measured within a few centimeters of the riverbed and at the surface. 
Proportions of substrate grain sizes were estimated in each plot, using a predetermined set of 
size categories based on the diameter of the grains (2-20 mm, 20-100 mm, 100-200 mm, 200-
300 mm, 300-400 mm, and 400-2000 mm in diameter). At each location, bed slope was 
measured with manual surveying equipment. Visible mussels were counted in each 0.75 m² 
quadrat, using aquascopes. However, in four quadrats the number of mussels was estimated 
due to the large aggregation of mussels at that particular area. 
 
2.2.2 Substrate stability 
A stretch of Dainabäcken was divided into four reaches (Fig. 1,2) where new gravel was 
supplied using a helicopter. First, morphological features in the four sites were mapped using 
a total station (Trimble S7/S8). The bankfull edge was estimated and measured along both 
sides of the channel, by surveying the elevation of the top of the bank where the floodplain 
starts, every two to three meters. Channel bed slope for the whole reach and, for each square 
(five meters upstream and downstream), was measured by surveying points following the 
thalweg of the channel. The position of boulders with a diameter > 1 m were surveyed with the 
total station by surveying a point directly upstream and downstream of the edge of the boulder 
as well as on top of the boulder to measure protrusion and account for the effect of larger grain 
sizes on hydrology and sediment transport. Bedload transport calculations are more accurate 
when including protrusion, and this can be an important parameter when evaluating 
restoration success (Yager et al. 2012). The grain size distribution was sampled using the 
Wolman pebblecount (Wolman 1954), measuring the b-axis of the particle in front of one’s toe. 
This was done with the interval of every step as I walked across the stream channel, in each 
site, for at least 100 particles. A pressure logger measuring water level and temperature was 
put out on 4th of September 2019 to record increases or decreases in water column height. 
Discharge was calculated as 
 
Q=A*V  (1) 
 
where Q is the discharge (m³/s), A is the cross-sectional area (m2), and V is the mean velocity 
(m/s) at 0.6*depth measured in 13 points across the channel. 
 
In August 2019 gravel was spray painted red and a total of 40 ~0.4 x 0.4 m gravel quadrats 
were placed in the river - ten at each of the four reaches. The positions of each corner of the 
quadrats were surveyed and depth and velocity (at surface, 0.6*depth and near bottom) were 
measured. Also, in the surrounding 2x2 meters of each gravel square, grain sizes at the riverbed 
surface were estimated using the same method as in Gäddbäcken. Optimally, the stability of 
the added gravel should be evaluated over the course of an entire year, after customary higher 
flows during autumn, and especially after the spring flood. Unfortunately, due to the time 
frame of this project, the follow-up was done after autumn high flows. The timing for the follow 
up was based on local rain patterns and the risk of colder temperatures resulting in ice forming 
in the streams. In the end of October 2019, the position of the gravel in each quadrat was 
surveyed using the total station. All red gravel was located, and points were measured along 
the perimeter of the gravel square. The perimeter of additional scattered grains further away 
than 5 cm were measured and single scattered grains were measured as single points. 
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Figure 2. Photos from reach 1-4 with reach 1 in the upper left corner, reach 2 in the upper right, reach 3 in the 
lower left, and reach 4 in the lower right corner. 

 
2.2.3 Mussel movement 
Mussels were collected further upstream of the study reaches in Dainabäcken, and carefully 
opened using tongs to examine whether any visible larvae mass could be seen on the gills, and, 
if so, the development phase of the glochidia was determined. Gravid mussels were put in 
plastic containers (60 x 40 x 31 cm) with lids which were placed in the stream, together with 
young-of-the-year trout (YOY) and older trout collected through electrofishing. The containers 
had holes to allow for water to pass through, and bottom substrate from the stream for the 
mussels to bury themselves in. In September 2019, with assistance from the national 
organization The Swedish Anglers Association, 34 mussels previously collected were tagged 
with passive integrated transponders (PIT) and reintroduced in the river. The mussels were 
PIT-tagged by gluing 12x2 mm tracers onto the shells of the mussels using marine epoxy. 
Thereafter the mussels were placed upstream of the painted gravel squares, at reach 2 and 3, 
and allowed to settle in the substrate for a day before surveying their position with the total 
station. Parameter values (depth, water velocity, substrate) were surveyed the same way as for 
the gravel squares. In October 2019 the locations of the mussels were supposed to be located 
with an antenna; however, due to technical issues the antenna could not be used. The locations 
of the mussels were therefore assessed visually with aquascopes. 
 
2.3 Data analyses 
2.3.1 Morphological features 
Channel morphology features (distance to stream bank, boulders and bankfull depth) were 
analysed using the Spatial Analyst toolbox in ESRITM ArcMap 10.5.1 (ESRI 2017).  
 
2. 3. 2 Area change ratio (ACR) and centroid change 
Since mussels and other biological communities utilize the bottom substrate, it is important to 
account for all changes in the gravel squares, both gains and losses, to assess habitat availability 
and suitability. Hence, I calculated the area change ratio (ACR), a method used by Mackey and 
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Liebenthal (2005), which not only account for the absolute area of change or the difference in 
area between august and October. Instead, ACR take into account both deposition and erosion. 
Areas of deposition and erosion were digitized using ArcMAP (ESRI 2017). Total of change 
(AT) is given by AG + AL where AG equals surface area gain (deposition) and AL is the surface area 
loss (erosion) between August and October measurements. The ACR is then calculated as eq. 
2: 

 

 

(2) 

 

 
 

with A1 being the area of substrate polygon (i) at time 1 (Aug).  
 
Table 1. Values of ACR and how they correspond to levels of stability (Mackey and Liebenthal 2005).  

ACR Stability 
   

0–0.2 Relative stability (RS) 
   

0.2–0.5 Moderate stability (MS) 
  

> 0.5 Highly unstable (HU) 
   

≥ 1 Change in area is larger (or equal to) the initial area 

 
In order to track the direction and movement of gravel, the centroid change was calculated in 
ArcMap (ESRI 2017) for each square by measuring the distance between the centroid in August 
and the centroid in October.  
 

2.3.3 Boundary shear stress 
Shear stress is the force from a fluid acting on a body within the path of that fluid and is 
calculated as follows: 

  (3) 
   

where τ is the shear stress at the bed (N/m2), R is the hydraulic radius (m), S is the bed slope 

(m/m), and  is the specific weight of water (N/m3).  
 

2.3.4 Dimensionless velocity 
In order to compare velocities without considering time of measurement, and variation in 
yearly hydrographs, the velocity was standardized as the shear velocity (U*). Shear velocity is 
calculated with g as the acceleration due to gravity (9.81 m s-2), the hydraulic radius R (m) and 
bed slope S (m/m). 
 
U*= gRS  
  (4) 
2.3.5 Sediment percentiles (D16, D50, D84) 
Particle size distribution in each surveyed quadrat was described using sediment percentiles 
(D-values); D16, D50 and D84. By using the mean value of the predetermined substrate 
categories mentioned in 2.2.1, D16, D50 and D84 were calculated as representative grain sizes 
from the substrate data using cumulative grain size distribution curves. D50 is the median 
diameter, where 50% of the sediment is larger and 50% is smaller than that particular grain 
size. D16 is the 16th percentile where 16% of the sediment is finer than D16, and D84 is the 
84th percentile where 84% of the sediment is finer than D84. The sorting coefficient 
(D84/D16) which explains the spread in substrate particle sizes, was also calculated and used 
in the microhabitat analyses. Lower values of the sorting coefficient represent well sorted 
substrate while higher values represent poorly sorted material with a larger range of grain 
sizes.  
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2.3.6 Statistical analyses 
Statistical analyses were performed using R (R Core Team 2018), with α set to 0.05. To be able 
to determine favorable mussel locations and since mussels are known to form aggregates, 
analysis was done on the number of mussels and not on the presence or absence of mussels in 
each quadrat. Also, outliers of high densities of mussels were not removed when analysing the 
mussel data since it is interesting to know at which conditions mussels form dense aggregates 
with high mussel densities. Microhabitat preference data were analysed with a backward 
stepwise generalized linear regression (glm) to see if the number of mussels could be explained 
by the physical parameters. The glms were performed with Poisson errors where constant 
variance and normal errors cannot be assumed. Quasipoisson was used in the model to deal 
with overdispersion. Since the hypothesized result would be a possible non-linear relationship 
between the number of mussels and physical parameters, the quadratic term for each 
parameter was included in the initial model. stepAIC from the package MASS (Venables and 
Ripley 2002) was used to perform a stepwise regression. After the stepwise regression was 
performed, the final model consisted of water depth, bottom water velocity, and D50 and no 
quadratic terms. A fitted regression tree model was created with the microhabitat parameters, 
to investigate possible interactions between explanatory variables and allow for interpretation 
of the microhabitat analysis when applying it in restoration. 
 
Substrate stability was analysed with ACR and centroid change in separate models, using the 
nlme package, version 3.1 (Pinheiro et al. 2019). Both ACR and centroid change was log-
transformed before analysed to deal with skewness. To examine the relationship between the 
variables, Spearman’s rank correlation was performed. To address the possible spatial 
correlation between reaches, the effect of physical parameters on ACR and change in centroid 
were analysed with linear mixed effect models with site as random factor and the physical 
parameters (Table 5) as fixed effects. This would explain correlated residuals within each site. 
Since no significant interactions between variables were found, interactions were excluded 
from all the analyses. A more detailed analysis of the influence of boulders were done by 
performing a linear regression on boulders (upstream and downstream) within five meters 
from the gravel squares. This was done because previous studies have shown that boulders 
affect the flow and shear stress around the boulder, but that this effect decreases with distance 
to the boulder (Fang et al. 2017).  
 
Two separate t-tests were performed to study the difference in ACR and centroid change where 
mussels were re-found and not found in the follow-up done in October. Lastly, microhabitat 
preferences and stability of the gravel were analysed by comparing groups of moderately stable 
gravel squares (“MS”), unstable gravel (“HU”), presence of mussels in Gäddbäcken (“Mussels”) 
and the absence of mussels in Gäddbäcken (“No mussels”). The groups were compared with 
one-way analysis of variance (ANOVA) for each physical parameter (depth, velocity, D50 and 
D84/D16) and thereafter with Tukey’s HSD post hoc test, showing potential differences 
between groups.  
 

3 Results 

3.1 Suitable microhabitat 
M. margaritifera was present in 33 of 157 quadrats (21%) with mussel densities ranging from 
1-100 mussels per 0.75 m². Most surveyed quadrats had mussel densities below 10 per 0.75 
m² and only four quadrats had high aggregations of mussels with densities of at least 100 
mussels per 0.75 m². Mussels were found at depths ranging between 0.19-0.80 m, water 
surface velocities between 0-1.2 m/s and a bottom water velocity between 0-0.5 m/s (Table 2). 
The four locations where mussels had to be estimated due to the high number present, were 

all located in an outer curve of the river, harboring a streambank with thousands of mussels.  
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Table 2. Physical parameters included in the microhabitat analysis, their total range and the range at which 
mussels were found during survey. N= number of sampled quadrats. 

Parameter N Mean Median SD Range Visible mussels (parameter range) 

Depth (m) 157 0.27 0.25 0.13 0.03-0.8 0.19-0.80 

Velocity (surface) (m/s) 155 0.56 0.45 0.39 0–1.9 0–1.2 

Velocity (bottom) (m/s) 155 0.32 0.25 0.31 0–1.5 0-0.50 

D16 (mm) 157 64.46 25.7 106.20 1.76–486 5.87–63.6 

D50 (mm) 157 185.62 150 169.8 5.5–775 25–210 

D84 (mm) 157 327.82 227.14 278.46 9.24-1064 48.8–318 

D84/D16  157 11.26 7.89 13.6 1.65–117 3.51-42.14 

 
The result from the glm (Table 3) showed that water depth, bottom water velocity and D50 
did significantly affect the number of mussels (p<0.05) (F151= 2.68, p=<0.001, n=155, R2= 
0.49). No significant interactions between variables were found. 

 
Table 3. Result from the analysis of physical parameters in Gäddbäcken with presented p-values from the glm. 

Parameter Unit p 

Depth m <0.001*** 

Velocity (surface) m/s 0.62 

Velocity (bottom)  m/s 0.009** 

D16 mm 0.22 

D50 mm 0.036* 

D84 mm 0.94 

D84/D16   0.29 

*** = p<0.001, ** = p<0.01, * = p<0.05. 
 
D16, D50, and D84 were all included in the analysis to not only detect how median grain size 
potentially affects mussel densities, but also if the size of the smallest and largest 16% of 
particles do. However, only D50 showed a significant effect on the number of mussels (Table 
3). Although, no mussels were found when D16 were in the size of cobbles or when D84 
exceeded 318 mm which lies within the boulder category.  
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Figure 3. The number of mussels per 0.75 m2 in relationship to a) water depth, water velocity at b) surface and c) 
at bottom, d) D50 and, e) D84/D16. Dashed vertical lines in D16, D50 and D84 represent the boundary between 
the particle size categories sand-pebble, pebble-cobble and cobble-boulder from left to right. Sand = 0.062-2 mm, 
pebble = 2-64 mm, cobble = 64-256 mm and boulder > 256 mm (Wentworth 1922). The regression line in each 
plot is based on the best fit calculated with the package ggplot2 (Wickham 2016). Rs is the Spearman’s correlation 
coefficient and associated p-value. 
 
No mussels were found in areas where D50 exceeded 200 mm or was below 25 mm (Table 2). 
The large aggregation of mussels was found in gravel banks with low D50 (Fig. 3e). Although 
not significant, the sorting coefficient reveals that the majority of quadrats with mussels 
present had a high degree of sorted substrate. Especially, the stream bank with high densities 
of mussels had all a sorting coefficient below nine. D84/D16 ranged between 1.65-117 with a 
mean value of 11.3 in all surveyed quadrats in Gäddbäcken. However, mussels were only found 
when the sorting coefficient was below 42.14, considerably lower than the sorting coefficient 
max. 
 

According to the fitted tree model, D50, followed by water depth, were the most important 
factors affecting the presence and absence of mussels (Fig. 4). At D50 values > 213.3 mm no 
mussels were found. With D50 < 213.13 mm and water depth above 0.36 m mussels were 
found. Then the requirements are more extensive with water depths higher than 0.185 m, 
water velocities >0.325 m/s, and D50 smaller than 109.5 mm. To note, this model is only based 
on microhabitat data collected in Gäddbäcken and it is, for example, possible for mussels to 
inhabit deeper areas than those surveyed in Gäddbäcken. 
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Figure 4. Decision tree model showing interactions between physical parameters and the presence or absence of 
mussels (“Yes” and “No”). D50 is displayed in mm, depth in meters and water velocities in m/s.  
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3.2 Mussel bed stability 
 

 
Figure 5. Longitudinal profiles of study reaches 1-4. Red squares represent the location of each gravel square 
and associated number. Average bed slope measured in channel thalweg for each reach is presented. 
 
Channel bed slope in the four study reaches ranged between 0.012-0.051 m/m, with the highest 
slope in a side channel of reach 4 (Fig. 5) and the smallest slope in the main channel of reach 
4. Disregarding the side channel, reach 2 had the highest slope of 0.027 m/m.  
 
Table 4. Calculated values of D16, D50, D84, and the sorting coefficient D84/D16 in study sites in Dainabäcken, 
as well as the introduced gravel. 

  D16 D50 D84 D84/D16 

Site 1 13.91 33.45 164.12 11.80 

Site 2 13.41 70.08 220.26 16.43 

Site 3 14.94 82.39 228.59 15.30 

Site 4 16.94 119.67 305.47 18.03 

Gravel squares 9.34 15.05 24.96 2.67 

 
Pebble count and substrate analysis in each study site showed that particle size and range vary 
between sites (Table 4). Reach 4 had the largest material and the largest range of particle sizes, 
whereas reach 1 had the smallest particle size as well as the smallest sorting coefficient.  
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Figure 6. Study reaches in Dainabäcken, a) reach 1, b) reach 2, c) reach 3, d) reach 4. Each reach has zoom ins on initial gravel squares placed 
in September as well as their location within the stream on a larger scale, erosion and deposition after follow-up in October, as well as mussels 
found and not found during follow-up. The size of boulders > 1 meter in the maps are based on their b-axis. The maps are configured with 
upstream to downstream from top to bottom.
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Stream discharge (Q) was 0.75 m/s when installing the water level logger. With an ~8 cm 
increase in water column height as a peak between substrate stability and mussel movement 
measurements, the discharge was 0.92 m/s in October. 
 
Table 5. Physical parameters included in the linear mixed effect models with output p-values for ACR as 
dependent variable and centroid change as dependent variable. n=39. 

Parameter Unit p-value 
(ACR) 

p-value (centroid 
change) 

Bankfull depth m 0.36 0.96 

Dimensionless velocity m/s 0.46 0.68 

D50 mm 0.003** 0.084 

Distance to bank m 0.76 0.82 

Shear stress  (N/m2) 0.49 0.85 

Distance to boulder (downstream) m 0.70 0.13 

Distance to boulder (upstream) m 0.28 0.97 

Protrusion (upstream) m 0.89 0.69 

Protrusion (downstream)  m 0.83 0.38 

*** = p<0.001, ** = p<0.01, *  = p<0.05. 
 
One extreme outlier was removed from both the analyses (ACR and centroid change) to be able 
to detect any important patterns in the data. The stepwise regression resulted in a final model 
with ACR as dependent variable and only D50 and distance to boulder upstream as 
independent variables (F36= 8.05, p=0.001, n=39, R2= 0.31). The model with centroid change 
as dependent variable had a final model with D50 and distance to boulder downstream as 
independent variables (F36= 2.49, p=0.097, n=39, R2= 0.35). Analyses of the stability of gravel 
squares show that D50 significantly correlate with ACR (Table 5) with increasing ACR as D50 
increases (p=0.003) (Fig. 7). The centroid change analysis shows no significant parameters. 
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Figure 7. Scatter plots of the physical parameters shown in table 5 against ACR. P-values and Spearman’s 
correlation coefficient are represented for each parameter. Dashed horizontal line in ACR plot represent the 
boundary value between MS and HU. Computed regression lines are based on the best fit calculated with the 
package ggplot2 (Wickham 2016) (n=39). Rs is the Spearman’s correlation coefficient and associated p-value. 
 
Only one fourth of the gravel squares had ACR values below 0.5, which is considered 
moderately stable. Out of those ten gravel squares, four were located in reach 1, four in reach 
2 and two squares in reach 4. Following the ACR values and stability categories proposed by 
(McKey and Liebenthal 2005) (Table 1), no stable gravel squares were found at reach 3 and 
only two in reach 4. Reach 3 also had the highest ACR value and D50 at that particular gravel 
square. Looking at parameter values with ACR values below 0.5, we can see that the physical 
parameter values are scattered with a large range of parameter values, especially when looking 
at bankfull depth, D50, distance to bank, bankfull shear stress and distance to boulders. This 
is also the case where centroid change was low (Fig. 8). 
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Figure 8. Scatter plots of the physical parameters shown in table 5 against centroid change. P-values and 
Spearman’s correlation coefficient are represented for each parameter. Dashed horizontal line in ACR plot 
represent the boundary value between MS and HU. Computed regression lines are based on the best fit calculated 

with the package ggplot2 (Wickham 2016) (n=39). Rs is the Spearman’s correlation coefficient and associated p-
value. 
 
When distance to boulders upstream and downstream increase, ACR and centroid change 
decreases (Fig. 7,8). Since boulders > 5 m away from the gravel probably have little effect on 
hydraulics I also looked at the effect of boulder within 5 m upstream and downstream of gravel 
squares. This revealed an opposite pattern for boulders upstream (Fig. 9a) compared to when 
including boulders further away than five meters. The analysis only considering boulders 
within five meters from the gravel show a trend of ACR decreases the closer the location of the 
gravel is to the boulder upstream (p=0.10) (Fig. 9a) (F17=2.98, p=0.10, n=19, R2 = 0.10). 
Centroid change however, shows a significant positive relationship with distance to boulder 
upstream (Fig. 9a) (p=0.045) (F18=4.63, p=0.04, n=19, R2= 0.16). ACR (F12=2.98, p=0.25, 
n=14, R2 = 0.04) and centroid change (F12=0.87, p=0.37, n=14, R2= 0.07) was not significantly 
affected by distance to boulders downstream (Fig. 9b). 
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Fig. 9. The relationship between ACR, centroid change and boulders a) upstream and b) downstream. Only 
boulders within 5 meters from the gravel squares are included (n=19 (upstream) and n=14 (downstream)). 
 
As for centroid change, no physical parameters, except upstream boulders within five meters, 
significantly correlate with the distance change of the centroid from September to October. 
83% (33 out of 40) of the gravel squares had small changes in centroid, less than 0.1 meters.  
 

3.3 Mussel movement 
Out of 34 mussels, only 17 mussels were re-found in October. Since many mussels were placed 
with two or three mussels per square and pit tags could not be read it is not possible to say 
anything about which of them were found or not. Because of the failed attempt to follow up the 
location of the mussels in October, accurate data are lacking. Five mussels, originally placed 
alone near gravel squares, were found in October and therefore, their IDs are known. I can also 
confirm the ID of the mussels where all mussels placed in a square (both or all three) were or 
were not found in October. However, it is possible that the mussels not found are still near the 
gravel squares but that they could not be seen with a visual inspection. All mussels found in 
October were located within a short distance (< 30 cm) from where they settled in September. 



 

19 
 

 
Figure 10. ACR and centroid change where mussels were re-found or not found in site 2 and 3 during the October 
survey. n=34. 
 
ACR and centroid change values at which mussels were re-found or not found in October are 
overlapping (Fig. 10). The overlap is large since mussels were both present and absent at some 
gravel squares. The statistical analysis shows therefore that there is no significant difference in 
mean between “Yes” and “No” for ACR (t=1.30, p=0.20) or centroid change (t=1.40, p=0.17).  
 

3.4 Comparison of microhabitat preferences and substrate stability 
Comparisons of microhabitat preferences and substrate stability are necessary to evaluate how 
to implement the result when restoring streams for the freshwater pearl mussel. Since there 
were no data on bankfull depth in Gäddbäcken, the depth used to compare results is the 
measured depth when surveying the mussels and when placing the gravel squares in the 
Dainabäcken. Water velocity values used in the comparison are measured velocities at 
0.6*depth for gravel squares and the mean value of bottom and surface velocity in the mussel 
survey.   
 
The overlap between moderately stable gravel (MS) and locations where mussels were found 
in Gäddbäcken is generally large for all parameters (Fig. 11). Mussels were found in deeper 
areas than where gravel was stable in Dainabäcken but with no significant results except from 
the difference between depth when there are mussels present and absent in the survey 
(p<0.05).  
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Figure 11. Comparison of microhabitat preferences and gravel stability. Different letters displayed above each 
bar indicate significant pair-wise differences in Tukey HSD post hoc test. 

 
The Tukey HSD post hoc test show a significant difference between “no mussel” and “HU”) 
(p=0.03) (Table 6). No mussels were found in high water velocities but since no gravel squares 
were placed in areas which represent velocities >0.8 m/s so their connection is unclear. D50 
only show a significant difference between “mussels” or “no mussels” as in the microhabitat 
analysis (p=0.02). 
 
Table 6. ANOVA result with associated F-values, degrees of freedom, sample size and p-value. The result from 
the post hoc test to compare groups are also presented. However, only significant results from the post hos are 
presented. 

Parameter as dependent 
variable 

F df n p Tukey HSD post hoc (significant 
difference) 

Depth 6.96 192 196 <0.001 Mussels Yes - Mussels No, p <0.05*** 

Water velocity 3.14 190 194 0.030 Mussels No - HU, p <0.05* 

D50 4.01 192 196 0.008 Mussels Yes - Mussels No, p <0.05** 

      

4 Discussion 

4.1 Suitable microhabitat 

The results from the mussel microhabitat analysis showed no large deviations from the 
hypotheses or previous studies, accepting H1. Mussels were not found at very low depths 
(<0.19 m). At low water levels, mussels are at greater risk to become desiccated when water 
levels decrease during drier months or when anchor ice forms during winter (Quinlan et al. 
2015). Shear stress increases with higher channel slopes and with greater water depths, 
therefore, more stable habitat should be found at lower slopes and depths. Previous studies 
confirm my results, that mussels are not found at depths below 0.2 m, but can be found at 
water depths exceeding those surveyed in Gäddbäcken (Gittings et al. 1998, Hastie et al. 2000). 
Further, mussels were found in water velocities ranging between 0-0.5 m/s (bottom) and 0-
1.2 m/s (surface). Optimum velocities have been reported to be within 0.25-0.75 m/s but 
mussels could be found between 0.1-1.25 m/s (Hastie et al. 2000), and between 0.1-2 m/s in a 
study by Vannote and Minshall (1982), which is also in line with my result. In the case of 
mussels found at water velocities approaching zero, the water in those particular areas has to 
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be renewed at a sufficient speed that will allow for the mussels to thrive, i.e. water velocities 
which can transport fine sediments to prevent clogging of interstitial pores, and, where water 
flow can supply food at a high enough rate. It is possible that many of the areas where the 
measured flow was 0 m/s had low velocities, close to zero, which the equipment is unable to 
detect. Moreover, in previous studies the velocity is mainly measured at 0.6*depth (Hastie et 
al. 2000) or estimated as flow type (e.g. pool, riffle, slack or run) (Gittings et al. 1998), therefore 
the measurements done in Gäddbäcken are not completely comparable, but will give a hint if 
bottom and surface velocities are close to previously recorded values. The analysis of the 
substrate in relation to mussel density shows that particle size is an important determinant. 
Mussels were found where D50 occurred in the category of gravel and cobble while no mussels 
were found when D50 exceeded 210 mm (very coarse cobbles) (Wentworth 1922). Also, the 
mussels prefer well-sorted material with a low sorting coefficient which could be seen in areas 
where mussel densities were high (D84/D16 between 6.34-8.86). Substrate analyses in other 
rivers inhabiting freshwater pearl mussels have shown that M. margaritifera favour well-
sorted sand and gravel stabilized between large boulders (Hastie et al. 2000, Geist and 
Auerswald 2007). Areas of smaller grain sizes (i.e. sand and gravel) could be found in the 
quadrats containing high numbers of mussels (Fig. 3). Hastie et al. 2000 found that sand and 
gravel trapped between coarser material was more common near river banks. D84 was low in 
the outer curve where the large aggregations of mussels were situated (Fig. 3). The low D84 
could possibly be explained by low shear stress exerted on the riverbed at those sites, keeping 
finer grain sizes stable, possibly without large immobile boulders. Also, large aggregations of 
mussels stabilize themselves by forming dense carpets of burrowed mussels (Vaughn and 
Hakenkamp 2001). The well-sorted, finer substrate where aggregations of mussels were 
present and the similar mean value for the whole of Gäddbäcken together with mean and 
median values of D50, reveals that as substrate goes, Gäddbäcken harbours many suitable 
areas where mussels can utilize the substrate. 
 
Since the regeneration of juvenile mussels are considered the greatest indicator of viable M. 
margaritifera populations (where >20% of mussels less than 50 mm is considered a viable 
population) (Henriksson and Söderberg 2017), differentiation between the life stages would 
improve the study and the understanding of the result. Also, it is possible that mussels and 
possible suitable habitats were missed. According to Bergengren (2012), 20% of the mussels in 
six surveyed streams were completely buried under the bottom sediment, not only juveniles. 
No consideration was taken of whether or not the surveyed mussels were juveniles or adults. 
However, assessing the status of freshwater pearl mussels by observing visible mussels with an 
aquascope is in line with the Swedish standard method (Degerman et al. 2009) and was 
therefore the data available in this project.  
 

4.2 Mussel bed stability 
As mentioned earlier, streams are dynamic and sediment transport is a natural process. In 
order to improve restoration and plan restoration efforts, predictions of areas where transport 
of gravel is minimized would help find suitable locations for mussels and placement of gravel. 
ACR values considering both the gain and loss in area indicate that most of the gravel squares 
are unstable (75%). Benthic fauna utilizing the bottom substrate are impacted by all moving 
substrate, both erosion and deposition (MacKey and Liebenthal 2005), thus the initial 
placement of most of the gravel squares would be unsuitable habitat for the long-term 
establishment of mussels. Since the change in centroid was < 0.1 m in the majority of the gravel 
squares, and because the ACR also was used as a measure of stability, centroid change was not 
only calculated to measure distance change. Mainly, centroid change was visually analysed in 
as a direction of substrate movement to understand the circumstances for sediment transport 
(Fig. 6). Although painting gravel is a cost-efficient method, recovery of painted gravel is 
generally low, and it is difficult to trace the whereabouts over a longer time period (Mao and 
Surian 2010).  
 
In contrast to H2, bankfull depth and dimensionless velocity show no significant effect on 
gravel stability. Although not statistically significant, the trend in the data show that ACR and 
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centroid change increased with increasing depth and velocity, which is in line with previous 
research where sediment transport increases with increasing depth and velocity (Ferguson 
2012). Unstable substrate in deeper areas can be explained by the positive relationship 
between shear stress and velocity (Eq. 3 and 4), which will initiate motion of particles if the 
force acting on the substrate is large enough. Distance to bank showed no significant effect or 
any signs of trends. It is possible that distance to bank is relevant in other streams where there 
is a distinct thalweg with higher water velocities and depth, while the near shore areas are 
shallower. Also, none of the sites investigated in this study had any inner or outer bends where 
the physical parameters would be affected.  

 
The median grain size (D50) is the only parameter showing a significant relationship with ACR, 
with an increase in ACR when D50 increases (Table 5). A higher D50 value means that larger 
particles are within 2x2 meters from the gravel square. Although for gravel squares considered 
moderately stable (MS), the variation in D50 is large. There are possible explanations why this 
is the case. The location and configuration of submerged boulders have not been considered. 
It is conceivable that submerged cobbles and boulders affect the stability of the gravel by 
altering flow direction and shear stress. A more detailed morphological survey could perhaps 
explain if riverbed roughness or the configuration of submerged grains influence the stability 
of the gravel. Ferguson (2012) describes flow resistance and its connection to grain 
configuration on the riverbed. Higher flow resistance, with lower shear stress, is achieved 
where grains protrude above the riverbed while a flatter riverbed with no protruding grains 
decreases the flow resistance. This could be connected to the size of the particles, with larger 
particles often creating a more heterogeneous riverbed with protruding grains. However, large 
submerged boulders could also form large flat surfaces without protruding elements, where 
flow resistance and form drag are minimized (Ferguson 2012). 
  
The high variation in ACR and centroid change in relation to shear stress indicate that their 
relationship is more complex than initially hypothesized. It is possible that it is not wrong to 
use shear stress to predict substratum stability. However, in a boulder rich stream where the 
influence of boulder arrays on flow and shear stress are complex, looking at the configuration 
of boulders and associated shear stress is more important. The trend when considering 
boulders > 1 meter (Fig. 7,8) is that gravel becomes more unstable the closer it is to boulders, 
both upstream and downstream. This can be interpreted as the effect of boulders on gravel 
stability decreases with distance to the boulder. This is to no surprise since boulders far away 
from the gravel should have no influence on flow or shear stress at the gravel square. A study 
by Fang et al. (2017) concluded that flow and shear stress alterations by boulders affect 
downstream gravel at least five times the diameter of the boulder with the highest effect closest 
to the boulder and the effect thereafter declining downstream. Only including boulders within 
five meters upstream of gravel squares, showed the opposite pattern than when including all 
boulders (Fig. 7,8), with more stable gravel patches close to upstream boulders (Fig. 9a). Even 
more interesting, the variation in ACR and centroid change of gravel squares is high within 5 
m of upstream boulders. This leads to the conclusion that boulders frequently act to stabilize 
downstream gravel, but not always. Boulder arrays create complex turbulent flow fields and a 
variety of bed shear stresses near the boulder (Papanicolaou et al. 2012, Fang et al. 2017). 
Boulder wakes below a boulder are created due to the recirculation of water downstream while 
shear stress increases upstream a boulder, often leading to transport of sediment (Fang et al. 
2017). This is also illustrated by the result where ACR and centroid change tend to be higher 
when there is a boulder within 5 m downstream of the gravel square (Fig. 9b). Submerged 
boulders influence flow and turbulence differently than boulders with part of their volume 
above the surface or just at the surface. When boulders reach the surface (at a given flow), the 
flow patterns will be complex and difficult to predict with flow in all possible directions. To 
add, if the spacing between boulders is small, a downstream boulder could be within the tail of 
turbulent flow, which will reduce the lee effect and increase instability (Kling 2009). Isolated 
boulders or boulders with enough spacing can decrease bed load transport due to low local 
turbulence and shear stress, whereas boulders with small spacing will increase turbulence and 
induce skimming or decrease the lee effect below a boulder (Fang et al. 2017). In addition, 
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boulders scattered within a stream, and not set in a straight array will complicate the near-bed 
hydraulics and bed shear stress further. Fang et al. (2017) proposed that boulder spacing is 
more important in predicting different flow patterns instead of boulder concentration.  
 
Analysis of how protrusion affects the ACR and centroid change is also part of the boulder 
analysis. The non-significant correlations between upstream and downstream protruding 
boulders and the dependent variables are most likely affected by the large variation in ACR and 
centroid change. The variation in ACR and centroid change is noticeable not only when 
protrusion is zero but also above zero. This is probably due to the same reason as when 
discussing the influence of boulders. Hence, it is difficult to predict the stability and transport 
of gravel in boulder rich streams. All this can have great implications in future restoration work 
by altering the view that more boulders in a stream always increases gravel stability. My 
conclusion is that only analysing stability with shear stress based on only depth and slope, 
without considering the influence of all boulders, can be misleading. Secondly, thoughtful 
consideration of the placement of boulders and boulder density in streams will increase 
successful predictions of gravel stability. This can be achieved by avoiding clusters of boulders 
with small spacing and instead increase spacing between boulders and not only aim for high 
boulder density in restored streams. 
 
The difference between reaches could be explained by the substrate particle size, density of 
boulders and perhaps slope. Reach 3 and 4 had the most boulders > 1 m in diameter and only 
two moderately stable gravel squares in reach 4, while reach 1 and 2 had fewer large boulders 
but with four stable gravel squares in each reach (Fig. 6). Reach 4 also had the highest D50 and 
D84 with at least 16% of the riverbed substrate within the size-range of boulders while 
especially reach 1 consisted of lower grain sizes (Table 4).  

4.3 Mussel movement 
Due to technical issues, the location of all of the translocated mussels were not determined. 
This only allowed for visual inspection of mussels near placement sites. Also, because I did not 
want to disturb the mussels again by picking them up to use a handheld antenna, it is unclear 
which specific mussel was found. Seventeen out of 34 mussels could visually be seen buried in 
the bottom substrate, and some of them were buried in the painted gravel squares, downstream 
of where they were originally placed. It is not certain that the remaining mussels were flushed 
away or have moved a longer distance; they could potentially be close to where they were placed 
but hidden in the bottom substrate, unable to be detected. Therefore, it is difficult to draw any 
conclusions connected to the prevailing physical conditions and their preferred microhabitat. 
However, this project will continue, led by the CAB, and the location of the mussels will be 
registered after the spring flood with working technical equipment.  
 
The analysis of presence and absence of mussels in relationship to gravel stability was not 
significant but with large differences in median values (Fig. 10), with mussels more often re-
found where gravel stability is higher. Of course, with this result, I am unable to draw any 
confident conclusions since the locations of many of the mussels are unknown. However, if we 
assume that mussels not found in October have moved out of sight, burrowed themselves 
deeper down in the bottom substrate or settled in cavities between submerged boulders 
because of unsuitable conditions at initial placement, then the analysis of present and absent 
mussels during follow-up in October could still be valid.  
 

4.4 Implications for restoration 
During the last 30-50 years the distribution of M. margaritifera has declined dramatically in 
many regions in Europe, with poor recruitment of juvenile mussels (Quinlan et al. 2015). 
Restoring the physical environment is of priority to meet the national environmental quality 
objective “Flourishing lakes and streams”. Transforming the results into actual 
recommendations is important when trying to improve the restoration efforts since current 
approaches need to be developed further. The result from the microhabitat study can be used 
as a guide to find suitable ranges of water depth, velocities and grain sizes in order to meet the 
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requirements for freshwater pearl mussels. When D50 was <213.3 mm and depth >0.36 m 
mussels were always present (Fig. 3). At lower depths, between 0.185-0.360 m D50 was always 
<109.5 mm. This could be explained by lower shear stress in the shallower depths, enabling 
smaller grain sizes to be stable. Comparing particle size values between microhabitat and 
gravel stability analyses, it looks like the mean D50 is larger in the microhabitat reaches (Table 
1) than D50 in reaches in the gravel stability study (Table 3). However, D50 values where 
mussels were found (25-210 mm) correlates well with the D50 values of moderately stable 
substrate (32-250 mm). Information on distance to boulders in the microhabitat study might 
give insight in how mussels were found in depths and water velocities higher than those gravel 
squares regarded moderately stable in the gravel analysis (Fig. 11). In the substrate stability 
study the result shows that gravel instability increases with increasing D50 and data from the 
microhabitat study show that mussel density decreases when D50 increases. This is not 
contradictory, since mussels prefer fine patches of gravel and cobble stabilized by larger 
boulders. The overlap between all categories is large and often both stable and unstable gravel 
can be found within approximately the same parameter ranges (Fig. 11). Given these results, 
the following recommendations are worth considering in future restoration: 
 

i) To increase the chance of successful restoration, avoid placement of freshwater 
pearl mussels or gravel in the shallowest areas (<0.19 m at summer base flow 
conditions) (Fig. 3,4) and with the highest water velocities (>0.80 m/s) where 
mussels were never found in the microhabitat study and where there is no stability 
data in Dainabäcken (Fig. 11).  

ii) Larger patches with well sorted gravel together with carefully placed boulders could 
potentially increase the chance of stable substrate as well as increase the chance of 
mussels settling in the long-term. As stated earlier, placement of boulders when 
restoring should of course create heterogeneity within the stream but without only 
taking high densities of boulders in consideration. Hence, to avoid complex 
turbulent flow fields among clusters of boulders, isolated boulders with larger 
spacing can be preferred. 

iii) To determine substrate suitability and increase the chance of long-term mussel 
establishment, the stability of introduced mussel gravel should preferably be 
evaluated after high spring flows before translocating mussels to those areas. 

 

4.5 Conclusions  
In this study my results confirmed that water depth, velocity, and substratum are determinants 
of mussel densities. Moreover, grain size (D50) and proximity to boulders affect mussel bed 
stability. However, the observed large variation in stability leads to the conclusion that the 
effect of boulders can be complex and difficult to predict.  
 

The challenges of conserving a species, as complex as M. margaritifera, are many. However, 
the long life-span and high reproductive potential creates a window of opportunity with the 
potential for recovery if efforts are made. Future restoration work should ensure the 
reproduction and regeneration of juvenile mussels. Higher densities of mussels will increase 
fertilization and infestation success (Mosley et al. 2014). The aggregation of mussels will in the 
long run also support stable colonies of mussels (Vaughn and Hakenkamp 2001). To gain 
further insight on gravel stability and suitable mussel habitats, later follow-ups should also 
consider the hydraulic and morphological conditions in areas where the gravel deposits after 
high flows, not only the physical parameters at original placement of gravel. If these gravel 
squares endured high floods or gravel accumulate somewhere downstream, then this could 
possibly give an indication of suitable locations to reintroduce mussels with possible long-term 
establishment. 
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