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Abstract 
 

Ecological restoration is the practice of assisting the recovery of a degraded, damaged or 

destroyed ecosystem. The aim of this study was to analyse the effects of two different 

restoration techniques on instream bryophyte abundance, species richness and diversity as 

well as community composition, in streams channelized for timber-floating. Instream 

bryophytes were collected from 10 tributaries of the Vindel River in boreal northern Sweden, 

from five stream reaches each of channelized reaches, which had not been restored; reaches 

restored in the early 2000s, using best-practice techniques; and reaches restored in the early 

2000s and then re-restored in 2010 using the new “demonstration” techniques. A multitude 

of environmental variables were also measured at the sites. Bryophyte abundance was lower 

in demonstration restored sites than unrestored or best-practice restored sites but no 

significant difference was found in bryophyte species richness, diversity or species 

composition. Environmental variables correlated with bryophyte abundance, species 

richness, diversity and composition largely reflected effects of restoration, and probably the 

disturbance associated with restoration. Small sediment grain sizes also had a negative effect 

on species richness. Other environmental variables that influenced bryophyte species 

composition were the large-scale factors of latitude, longitude and elevation and reach-scale 

factors of potassium concentration and light absorbance. It is not yet possible to fully 

evaluate the effectiveness, in terms of bryophyte response, of the new demonstration 

restoration compared with best-practice since the recovery time between them differs and 

has not been sufficient. Long-term monitoring of the effects of restoration is needed in order 

to better evaluate success. 

 

Keywords: restoration, timber-floating, instream bryophytes, boreal river system, 

disturbance 
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1 Introduction 
 
Restoration ecology is a young science, on which some argue that our planet’s future depends 

on (Roberts et al. 2009). Ecological restoration is the practice of assisting the recovery of an 

ecosystem that has been degraded, damaged or destroyed (SER 2004). The most common 

objective of restoration projects is to return to some past condition of an ecosystem, either by 

restoring only the abiotic conditions of a site, such as site topography and hydrology (Kareiva 

and Marvier 2011), or by also speeding up biotic recovery through reintroduction of species 

(Begon et al. 2006). The most common approach is to focus on restoring the abiotic 

conditions, hoping that the biota will recover by itself (Kareiva and Marvier 2011), a view that 

is referred to as the “field of dreams” hypothesis (Hilderbrand et al. 2005). This restoration 

approach is also prioritized by the EU Water Framework Directive (Hagen et al. 2013), in its 

work towards achieving good ecological and chemical status for all surface waters in the 

European Union (European Commission 2014 A). As part of a recent call for research grants, 

the European Commission (2014 B) states that a lot of expertise has been accumulated, but 

now there is a need for knowledge, technologies and capacity to grow and be shared rapidly 

for the full potential of restoration to be achieved. Thus, monitoring the effects of restoration 

and sharing the results are a relevant and central part of restoration work. 

 

In Sweden, restoration efforts are largely focused on ecosystems where previous land use 

types have been abandoned, and are mostly directed at streams, rivers and other freshwater 

systems (Hagen et al. 2013). As in other countries in the boreal zone (Törnlund and Östlund 

2002), Swedish river systems have a history of being modified and used for timber floating by 

the forestry industry. Channelization had severe consequences for stream morphology and 

led to deteriorated conditions for stream macroinvertebrates and fish (Naturvårdsverket 

2007). The Vindel River system is a free-flowing river in northern Sweden that, together with 

its tributaries, was heavily modified by channelization during the timber-floating era. It has 

since been partly restored using “best-practice” methods. It is now included in EU’s LIFE 

program (European Commission 2014 C, Vindel River LIFE 2014 A) and within this project a 

new more advanced restoration technique called ”demonstration restoration” has been 

applied to streams already restored using best-practice methods in the early 2000s. A study 

by Gardeström et al. (2013) of the effects of both best-practice and demonstration restoration 

in the Vindel River system showed that demonstration sites had significantly reduced and 

more variable current velocities and wider channels than unrestored channelized sites. 

Furthermore, a study by Polvi et al. (2014) of the effects of both restoration techniques, using 

multiple complexity metrics, showed significantly higher geomorphic complexity in 

demonstration sites than in unrestored channelized sites. These studies suggest that 

demonstration restoration is more effective than best-practice methods, at least in terms of 

increasing variation in hydrology and geomorphic complexity. 

 
Ecological theory states that increases in habitat heterogeneity and complexity will lead to 

greater biodiversity (Palmer et al. 2010). Since the instream abiotic conditions have improved 

in terms of complexity after restoration in the Vindel River system, it is expected that 

instream organisms should be able to recover. However, this assumes that organism pools 

are available, locally or regionally, and that organisms are able to spread. This makes the 

biotic responses a question of both scale and time (Gardeström et al. 2013). Channelization of 

rivers all the way from headwaters to the mouth may have led to a heavy reduction or even 

extinction of species in the main channel, which leaves recolonization entirely up to colonist 
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pools in smaller unfloated tributaries (Nilsson et al. 2014). The physical disturbance during 

restoration by excavators could have temporarily reduced the abundance and species 

richness of many organisms (Nilsson et al. 2005). A review by Nilsson et al. (2014) of 18 

studies describing abiotic and biotic responses to restoration of timber-floated streams in 

Fennoscandia demonstrates that there are only minor signs of biotic recovery still after two 

decades. However, community development in boreal regions is slow and may require 

decades or centuries to reach their full recovery potential (Nilsson et al. 2014).  

 

The most commonly surveyed organism groups in streams are fish and benthic 

macroinvertebrates (Paavola et al. 2003). Bryophytes have often been overlooked, although 

they make up an important component of the stream ecosystem (Stream Bryophyte Group 

1999). Bryophytes are a key retentive structure in boreal forest streams (Muotka and 

Laasonen 2002) and they can strongly influence both the abundance and community 

structure of stream invertebrates (Stream Bryophyte Group 1999). Bryophytes are not 

commonly eaten by invertebrates, but seem to provide food for them through supporting 

epiphytes and trapping organic matter (Suren and Winterbourn 1992). Some of these 

invertebrates in turn provide a food source for larger insects. Bryophytes also increase 

habitat heterogeneity and the habitable area of streams (Englund et al. 1997). Bryophyte 

cover affects the bottom structure, as well as near-bottom and intra-gravel hydraulics 

(Heggenes and Saltveit 2002). Liverworts and mosses seem to have different effects on 

organisms because of differing growth-forms producing differing bottom structures. For 

example, the moss Fontinalis spp. provides more cavities and shelter from the current, which 

could benefit brown trout (Heggenes and Saltveit 2002).  

 

Little is known about the effect of stream channelization on instream bryophytes. However, a 

review by Muotka and Syrjänen (2007) on a set of studies of Finnish streams showed that 

bryophyte cover in channelized streams was very close to that of near-natural reference 

streams. This is probably due to the fact that bryophytes had enough time to recolonize these 

channelized streams after being disturbed (Muotka and Laasonen 2002). Restoration of 

streams has been shown to lead to dramatic losses of instream bryophytes because of 

excavators driving in the stream bed, causing bryophytes to detach from large areas (Muotka 

and Laasonen 2002, Muotka and Syrjänen 2007).  

 

Monitoring of the effects of restoration on stream reach geomorphology as well as ecological 

effects is an important part of the Vindel River LIFE project (Vindel River LIFE 2014 B). It is 

likely that restoration initially has decreased instream bryophyte abundance severely and not 

certain that recovery is yet complete, but in the review by Nilsson et al. (2014) most studies 

showed a recovery of instream bryophytes to pre-restoration and natural levels about eight 

years after restoration. However, little is known about the effect of restorations on the 

bryophyte community structure and the recovery of different species.  

 

1.1 Objectives 

I examined instream bryophytes collected from three different types of stream reaches in 

tributaries of the Vindel River: channelized reaches, which had not been restored; reaches 

restored in the early 2000s, using best-practice techniques; and reaches restored in the early 

2000s and then re-restored in 2010 using the new demonstration techniques. The objectives 

were to (1) determine if bryophyte abundance, species richness and diversity are different in 

sites of different restoration statuses; (2) determine if any environmental variables can 
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explain variation found in bryophyte abundance, species richness and diversity; (3) 

determine if bryophyte species composition is different in sites of different restoration 

statuses; and (4) determine if any environmental variables can explain differences found in 

bryophyte species composition. By addressing these objectives I have helped to evaluate the 

effects of the two different restoration techniques on instream bryophytes as well as evaluate 

the state of recovery of bryophytes after restoration. I hypothesized that restoration of stream 

reaches would lead to increased bryophyte species richness and diversity and that the more 

recently restored demonstration sites would have lower bryophyte abundance than 

unrestored channelized or less recently restored sites. I also hypothesized that species 

composition would be different in sites of different restoration statuses. 

 
 

2 Material and methods 
 

2.1 Study area 

All stream reaches included in this study are located in tributaries to the Vindel River in the 

boreal region of northern Sweden. The Vindel River, 453 km long and with a drainage area of 

12 650 km², is a free-flowing river originating in the Scandes Mountains, on the border 

between Sweden and Norway. It flows southeast to the coast where it joins the Ume River 

just 25 km from the Gulf of Bothnia. It is one out of four national rivers in Sweden and 

protected from development of hydropower and water diversions to other rivers 

(Länsstyrelsen Västerbotten and Naturvårdsverket 1997). However, the Ume River is heavily 

developed for hydropower and a power station is located between the confluence of the rivers 

and the coast. This occasionally affects the water level in the lower parts of the Vindel River, 

as well as hinders organism migration. The problem is mitigated with a fish ladder by the 

power station. The river and its tributaries are also part of Natura 2000 – an EU-network 

with the aim of protecting particularly important and threatened habitats and species 

(Länsstyrelsen Västerbotten 2005). The river is composed of alternating low-gradient reaches 

with slow flowing water and steep-gradient reaches with fast flowing water. The water flow is 

characterized by great seasonal variation, with late winter flows down to 15 m3/s and spring 

floods potentially 100 times larger, up to 1650 m3/s. This seasonal alternation in water flow is 

the main process shaping the river environment (Länsstyrelsen Västerbotten and 

Naturvårdsverket 1997). The surrounding landscape is dominated by managed, seminatural, 

forest (Nilsson et al. 2014). 

  

Channelization of Swedish streams took place between years 1850-1980 and included more 

than 30,000 km of the major rivers and tributaries in Sweden - almost all river stretches 

outside the alpine areas (Törnlund and Östlund 2002). Channelization of rivers and streams 

meant that they were straightened and cleared of coarse sediment (boulders and cobbles) and 

large woody debris. Constructions of rocks and wood were built to block side channels and 

meanders which disconnected the channel from the riparian floodplain. These developments 

had a major impact on the environmental conditions of the river systems – channel 

morphology was simplified, channel width reduced, interactions between the stream and the 

riparian zone were reduced or interrupted, and stream current velocities were increased and 

homogenised, which all lead to an increase in sediment erosion (Nilsson et al. 2005, Helfield 

et al. 2007, Engström et al. 2009, Gardeström et al. 2013, Vindel River LIFE 2014 A).  
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After the 1950s timber floating was gradually replaced by road transportation, and timber-

floating in the Vindel River ceased after 1976 (Länsstyrelsen Västerbotten and 

Naturvårdsverket 1997). Since the 1980s, with further efforts in the early 2000s, many of the 

effected rivers have been restored with best-practice methods with the primary goal of 

increasing salmonid populations and fish habitat quality in general (Gardeström et al. 2013, 

Polvi et al. 2014). Most restoration was done with best-practice methods, when knowledge 

about this type of river restoration was still limited. Best-practice methods included 

increasing channel complexity by removing constructions that closed off side-channels, 

returning coarse sediment from channel edges back to the channel, and restoring spawning 

areas for fish (Engström et al. 2009, Gardeström et al. 2013). Since 2010, the Vindel River 

was included in a collaborative project between Umeå University, Vindel River Fishery 

Advisory Board, the Swedish University of Agricultural Sciences and the Swedish Agency for 

Marine and Water Management, funded by EU’s LIFE program (European Commission 2014 

C, Vindel River LIFE 2014 A). The general objective of the Vindel River LIFE project was to 

achieve a good water status in the project area, with reference to the EU Water Framework 

Directive, and a good conservation status for species in the project area, according to the EU 

Habitat Directive (Vindel River LIFE 2014 A). The demonstration restoration methods within 

this project included transportation of large boulders from upland areas to the stream 

reaches, since original boulders were destroyed with explosives, and placement of large 

uprooted trees in the channel (Gardeström et al. 2013, Polvi et al. 2014). Spawning areas 

were also restored by adding gravel to demonstration restored sites (Gardeström et al. 2013). 

This work was done in 2010, and both best-practice and demonstration restorations were 

initially done using excavators (Gardeström et al. 2013). 

 

The studied stream reaches are located in 10 different tributaries of the Vindel River and 

include five stream reaches each of channelized, best-practice restored and demonstration 

restored (Figures 1 and 2). Demonstration restorations were performed in streams previously 

restored with best-practice techniques, to optimize comparisons between restoration 

techniques. Distances between sites in the same stream were at least 200 meters.  
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Figure 1. Map of the location of study sites. Sites are labeled with stream names with restoration status in 
brackets: C = unrestored channelized; R = best-practice restored; D = demonstration restored. 

 

 
Figure 2. Examples of stream reaches representing each restoration status: a) unrestored channelized 

(Bjurbäcken S), b) best-practice restored (Mattjokkbäcken), c) demonstration restored (Mattjokkbäcken). 

Photo credits: Lisa Sandberg. 
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2.2 Field methods 

Instream bryophytes were collected in 2012. The top-rock scrape method to sample epilithic 

habitats (modified from USGS’s “Revised Protocols for Sampling Algal, Invertebrate, and 

Fish Communities as Part of the National Water-Quality Assessment Program”) was used. 

Collections were made from one cobble-sized rock from each of five transects, spaced 10 m 

apart, for each of the 15 stream reaches included in this study, giving a total of 75 cobbles 

sampled. Sampled cobbles measured 6.4-30 cm, had bryophytes on them, and were collected 

in riffles within the main channel at a standard depth of 20-30 cm under water. Cobbles were 

placed in a plastic dishpan and transported to an on-site processing station to collect 

bryophytes from each cobble. The area on each cobble where bryophytes were attached was 

identified by using a red wax pencil to draw a line around the middle (side) of the cobble, 

typically along the boundary between where the rock was embedded in the stream and where 

it is exposed to the running water. Using a small brush or pocket knife, the bryophytes were 

scraped from the sampling area on each cobble down to the red line and placed in paper bags 

labelled with site name and date and sample number. The areas of all rocks sampled in each 

reach were measured by wrapping aluminium foil around the surface of each cobble, covering 

the area that was scraped, and then removing and flattening the aluminium foil. The area was 

then determined in the office using ImageJ (Schneider et al. 2012) and the areas for all rocks 

summed and total area recorded. Bryophytes were dried at 60 ˚C and then stored in a dry 

place until they were identified. 

 

A multitude of environmental variables were also measured at the sites (Appendix 1). 

Hasselquist et al. (In press) measured various characteristics of the riparian zone, incoming 

light, water quality, depth, width and elevation. Additionally, several complexity metrics of 

the stream reaches were measured by Polvi et al. (2014) which described sediment size 

distribution, longitudinal profile, cross-sections, planform, and instream wood.  

 

2.3 Lab methods 

Dried bryophyte samples were first placed in a petri dish with water. Standard laboratory 

petri dishes (85 mm in diameter) were used. Using a dissecting microscope, bryophytes were 

cleaned of rocks, dirt, and algae and sorted into different petri dishes for each species. The 

relative abundance of each species sample was recorded, depending on how much of the petri 

dish was covered by the sample, using abundance categories based on Daubenmire cover 

classes (Table 1, Figure 3).  

 
Table 1. Daubenmire cover classes. 

 

Cover class Range of Cover (%) Midpoint of Class (%) 

1            0 - 5                2.5 

2            5 - 25               15.0 

3           25 - 50               37.5 

4           50 - 75               62.5 

5            75 - 95               85.0 

6            95 - 100              97.5 
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Figure 3. Comparison charts for estimation of sample cover up to 50 percent. 

 

Samples were then air dried in the lab overnight and thereafter stored in petri dishes with 

lids sealed with parafilm and labelled with site name, sample number, and species name. 

 

2.4 Data analysis 

The percent cover of each species of bryophyte, derived from the midpoint of the Daubenmire 

cover classes (Table 1) was used as the abundance for each species in each of the 75 samples. 

Each value was then divided by the area of the stone it had been collected from in cm2 and 

then multiplied by 100. The average abundance for each species per site was used to calculate 

Simpson’s diversity index for each site. Species richness was counted as total number of 

species per site and was also divided by the area of the stone from which the sample had been 

collected.  

 

R (R Development Core Team 2009) was used for all statistical analyses. To determine the 

relationship between each of bryophyte abundance, bryophyte species richness and diversity 

as a function of restoration status, linear mixed effects models (LMM) were performed using 

the package nlme (Pinheiro et al. 2009). Restoration status was entered as a fixed effect and 

stream and site were entered as random effects with random intercepts. Data were entered at 

sample level for abundance and species richness, since entering site as a random effect 

resolves any issues with pseudoreplication. For species diversity, data were entered at site 

level, since that was the level for which the index was calculated. Only stream was entered as 

a random effect in the diversity analysis. Bryophyte abundance data were log-transformed 

and species richness data were square-root transformed to decrease heteroscedasticity and 

deviations from normality. P-values were obtained by likelihood ratio tests of the full model 

against the model without restoration status included. 

 

To examine if variation in bryophyte abundance, species richness and diversity could be 

explained by certain environmental variables, Pearson Correlation coefficients were checked 

between each of abundance, species richness and diversity vs. 53 environmental variables 

(Appendix 1). The 13 most correlated variables (ρ > 0.35) were included in separate ordinary 

least squares multiple regression analyses for each of abundance, species richness and 

diversity. The least significant variables were taken out of each model manually through 

backward selection one by one, until only significant variables were included in the final 

model. Simpson’s diversity index was log-transformed to meet assumptions of the model. 

 

To explore the relationship of bryophyte species composition among sites with different 

restoration statuses, Non-metric Multidimensional Scaling (NMDS) was performed using the 

package vegan (Oksanen et al 2010). The NMDS analysis was done using the function 
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metaMDS, which performs square root transformation and Wisconsin double 

standardization of the data, and uses Bray-Curtis dissimilarity index. The solution is rotated 

to principal components, so that the variance of points is maximized on the first dimension 

(Axis 1) and scaled to half-change units. Species scores are displayed as weighted averages. 

Fifty-three environmental variables (Appendix 1) were then superimposed on the NMDS 

results to determine which variables contributed to the configuration of the bryophyte 

communities. P-values for each environmental variable were based on 999 permutations. 

 

 

3. Results 
 

In total, eleven bryophyte species were recorded (five liverworts and six mosses, Appendix 2). 

Three species occurred in every, or almost every, site (Blindia acuta, Scapania undulata and 

Jungermannia spp.) and three species occurred in only one site each (Fontinalis 

antipyretica, Marsupélla spp. and Campylium sp.). 

 

3.1 Abundance, species richness and diversity  

 

3.1.1 Abundance, species richness and diversity in sites of different restoration 

statuses 

Demonstration restored sites had significantly lower abundance of instream bryophytes than 

unrestored channelized sites at α = 0.1 (LMM, p = 0.077, Figure 4a). Likelihood ratio tests of 

the full model against the model without restoration status included revealed that restoration 

status indeed was a significant variable in the model (p = 0.026). Species richness and 

Simpson’s diversity index showed no differences between sites of different restoration 

statuses (LMM, p = 0.47, Figure 4b; p = 0.99, Figure 4c). 

 
 a) b) c) 

 

Figure 4. Mean values (±1 S.E) of bryophyte (a) abundance, (b) species richness and (c) Simpson’s diversity 

index in channelized (C), demonstration restored (D) and best-practice restored (R) in all sites. Restoration 

status was a significant variable in the analysis of abundance (p = 0.026) but not in the analyses of species 

richness (p = 0.47) or diversity (p = 0.99). Significantly different restoration statuses are shown with matching 

symbols. 

 

* 
 

* 
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3.1.2 Environmental variables that explain variation in abundance, species 

richness and diversity 

To examine if variation in bryophyte abundance, species richness and diversity could be 

better explained by certain environmental variables, multiple regression analyses were 

performed. Only average stream width was significantly related to abundance (p = 0.038, 

Figure 5), and the relationship was negative. 

 

 
Figure 5. Regression analysis (adjusted R2 = 0.24, p = 0.038) of abundance as a function of stream width 

(y=37x-1.49) in all sites. 

 

Species richness was significantly positively related to one of the complexity measurements 

concerning the distribution if instream sediments described in Polvi et al. (2014) – “D25”, the 

grain size for which 25% of the sediment sample is finer (p = 0.01, Figure 6).  

 

 

Figure 6. Regression analysis (adjusted R2 = 0.36, p = 0.01) of species richness as a function of the 25th percentile 
grain size (y=0.018x+0.02) in all sites. 
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Diversity was significantly related to two environmental variables. It had a negative 

relationship with stream width (p = 0.00074, Figure 7a) and a non-linear hump-shaped 

relationship with total number of wood pieces in the stream (p = 0.0042, Figure 7b). 

 
  a) b) 

 

3.2 Species composition  

 

3.2.1 Species composition and site configuration 

To explore the intra-group, as well as between-group, relationships between bryophyte 

species and sites, a two dimensional NMDS-model was constructed based on bryophyte 

species composition in all sites (two convergent solutions found after 10 tries, stress = 0.17, 

non-metric R2 = 0.97, linear R2 = 0.83, Figure 8). Proximity of objects (either sites or species) 

to each other indicates how similar they are. By connecting the vertices of sites of different 

restoration statuses with lines, creating polygons, clustering of sites of a certain restoration 

category, as well as variation within restoration categories, was displayed. Restoration status 

was not a significant parameter in the model (R2 = 0.18, p = 0.36) and thus did not well 

explain the variation in species composition among sites. However some groupings of sites of 

different restoration statuses could be observed, although they were overlapping. Axis 1, 

which explains most of the variation in the model, described a partial division between 

channelized sites and both restored categories combined. However, Lycksabäcken (C4) stood 

out from the other channelized sites, creating most of the variation in this category and 

making it overlap with the best-practice and demonstration categories. Also, one of the best-

practice restored sites, Mattjokkbäcken (R2), stood out from the rest of the sites in its 

category, increasing the variation within it. The demonstration restored sites varied less and 

would not have overlapped the channelized category if it was not for Lycksabäcken (C4). Axis 

2 mainly described a partial division between channelized and best-practice restored sites, 

while the overlap between the channelized and the demonstration restored categories was 

complete.  

Figure 7. Multiple regression analysis (adjusted R2 = 0.76) of Simpson’s diversity index as a function of (a) 
stream width (y=0.55x-0.03, p = 0.00074) and (b) total number of wood pieces in the stream (y=0.55x-0.13x2,  
p = 0.0042) in all sites. 
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Figure 8. Nonmetric multidimensional scaling (NMDS) ordination with two dimensions, based on bryophyte 

species composition in all sites (stress = 0.17, non-metric R2 = 0.97, linear R2 = 0.83). Objects (species and sites) 

closer to each other are more similar in terms of species composition. Arrows show strength and direction of 

correlations of environmental variables with the ordination space. Fitted environmental variables significant at 

α = 0.05 are average stream width (“Width”, R2 = 0.65, p = 0.002), elevation (“Elev”, R2 = 0.51, p = 0.021), 

longitude (“Long”, R2 = 0.50, p = 0.026), latitude (“Lati”, R2 = 0.44, p = 0.046) and potassium (“K”, R2 = 0.44, p 

= 0.042). Fitted variables significant at α = 0.1 were absorbance (“Abso”, R2 = 0.41, p = 0.057), depth CV (R2 = 

0.40, p = 0.062) and 10th percentile grain size (“D10”, R2 = 0.38, p = 0.063). C = channelized sites, R = best-

practice restored sites, D = demonstration restored sites; numbers indicate the specific site within a restoration 

status category. Abbreviated names of species are shown in black. 

 

Considering species, Blindia acuta was mainly associated with the two different restored 

categories, especially demonstration restored, as well as with the channelized Lycksabäcken 

(C4, Figure 8). Schistidium spp. also seemed mostly associated with demonstration restored 

sites. Fontinalis antipyretica, Fontinalis dalecarlica, Marsupélla spp. and Pellia spp. were 

mainly associated with channelized sites, and F. dalecarlica also with Västibäcken (R5). 

Jungermannia spp. were associated with both channelized and best-practice restored sites. 

However, since species composition was not well explained by restoration status, more focus 

was put onto examining the effect of various environmental variables that could better 

describe bryophyte species composition. 

 

3.2.2 Environmental variables that explain variation in species composition 

Out of the environmental variables fitted into the NMDS-model, five variables were 

significant at α = 0.05 and three significant at α = 0.1, indicating that these variables could be 

of importance for bryophyte species composition (Figure 8). Environmental variables 
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significant at α = 0.05 were average stream width (R2 = 0.65, p = 0.002), elevation (R2 = 0.51, 

p = 0.021), longitude (R2 = 0.50, p = 0.026), latitude (R2 = 0.44, p = 0.046) and 

concentration of potassium (K, R2 = 0.44, p = 0.042). Environmental variables significant at 

α = 0.1 were absorbance (R2 = 0.41, p = 0.057), the coefficient of variation in depth (Depth 

CV, R2 = 0.40, p = 0.062) and the grain size for which 10% of the sediment sample is finer 

(D10, R2 = 0.38, p = 0.063). 

 

Stream width explained variation in bryophyte species composition along axis 1. Generally, 

demonstration restored sites had a positive correlation with this variable, while all but one of 

the channelized sites were negatively correlated with stream width. Best-practice restored 

sites were spread along the whole gradient (Figure 8). B. acuta was strongly associated with 

increasing stream width while especially F. dalecarlica, but to some extent also Pellia spp., 

Pohlia spp. and Jungermannia spp., were negatively associated with stream width. 

 

Elevation is somewhat correlated with latitude and longitude, since it increases from the 

coast towards the mountains in the north-west. Best-practice and demonstration restored 

sites were quite evenly spread out along these different gradients, while channelized sites 

occurred more toward north-west and higher elevation than the other two groups (Figures 1 

and 9). B. acuta was associated with south-eastern, low elevation sites and Pellia spp. with 

north-western, high elevation sites. Pohlia spp. was associated with western sites and F. 

dalecarlica with high elevation sites. 

 

K concentration (per cubic liter of water), Depth CV and D10 explained variation in 

bryophyte species composition along axis 2 (Figure 8). Depth CV is the coefficient of 

variation of depths at bankfull along a given cross-section of the stream reach, and thus a 

kind of complexity measure of the stream bottom (Polvi et al. 2014). K and Depth CV were 

negatively correlated with D10; K and Depth CV had a positive correlation with best-practice 

restored sites, F. dalecarlica and Jungermannia spp. D10 had a positive correlation with 

channelized sites, Pellia spp. and to some extent Schistidium spp. K also had a positive 

correlation with B. acuta. 

 

Light absorbance of stream water is affected by the occurrence of particles and dissolved 

substances in the water, such as humus substances as well as some iron- and manganese 

compounds (Swedish University of Agricultural Sciences 2014). High absorbance means dark 

color of the water. Here all but one of the channelized sites were negatively correlated with 

this variable (Figure 8). Again, Lycksabäcken (C4) stood out and instead had a positive 

correlation with absorbance. Best-practice restored sites were positively correlated with 

absorbance, with quite small variation, while demonstration restored sites varied along the 

whole gradient. Pellia spp. had a negative correlation with absorbance, while B. acuta, F. 

dalecarlica and Jungermannia spp. had a positive one. 

 

 

4 Discussion 
 

Bryophyte abundance was different in sites of different restoration statuses (Figure 4a), 

however bryophyte species richness and diversity was not (Figure 4b and c). Thus, my first 

hypothesis that restoration of stream reaches would lead to increased bryophyte species 

richness and diversity was rejected. My second hypothesis that the more recently restored 
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demonstration sites would have lower bryophyte abundance than unrestored or less recently 

restored sites was supported. Species composition was not significantly different between 

sites of different restoration statuses, however some groupings of sites of different restoration 

statuses could be observed (Figure 8). Therefore, my hypothesis that species composition 

would be different in sites of different restoration statuses was rejected. In the following, I 

discuss these findings in the same order as in the Results chapter. 

 

4.1 Abundance, species richness and diversity  

 

4.1.1 Abundance, species richness and diversity in sites of different restoration 

statuses 

This study shows that restoration of streams has indeed had an effect on bryophyte 

abundance, and that this effect so far has been negative (Figure 4a). Both best-practice and 

demonstration restoration work is initially done by excavators (Gardeström et al. 2013) and a 

lot of coarse sediment that provides substrate for instream bryophytes is moved, overturned, 

or covered by other sediment, probably causing bryophytes to detach from large areas 

(Nilsson et al. 2014). This initial negative response of bryophyte abundance is in agreement 

with other studies of instream bryophytes in restored streams (Muotka and Laasonen 2002, 

Muotka et al. 2002, Muotka and Syrjänen 2007). Additionally, the loss of bryophytes likely 

has a negative bottom-up effect on the stream ecosystem, affecting the retention capacity of 

the stream as well as benthic macroinvertebrate community (Stream Bryophyte Group 1999, 

Muotka and Laasonen 2002, Muotka et al. 2002, Muotka and Syrjänen 2007). It seems that 

given enough time bryophytes generally do recover though, provided that colonization 

sources are available from upstream areas, however the time scale is not well known (Stream 

Bryophyte Group 1999, Muotka and Syrjänen 2007). Several studies indicate a general 

recovery time of about eight years after restoration (Muotka et al. 2002, Nilsson et al. 2014). 

The demonstration restored sites included in this study were restored only two years prior to 

bryophyte sampling and bryophyte abundance in demonstration restored sites was indeed 

the lowest out of the three groups (Figure 4a). The difference between these and channelized 

sites was significant, despite a lot of variation among demonstration sites. Thus, it seems 

obvious that the bryophyte community in demonstration restored sites have still not 

recovered after restoration. However, the best-practice sites were restored between seven and 

ten years before bryophytes were collected, but still have not entirely recovered to the same 

abundance levels as the channelized sites, although the difference in abundance was not 

significant (Figure 4a). Bryophytes are relatively slow growing organisms (Glime 2007). 

Knowledge about the colonization and growth rates of aquatic bryophytes is lacking, but it is 

probable that the full recovery of large species such as Fontinalis spp. and Hygrohypnum 

spp. would take several years or decades (Muotka and Laasonen 2002). A suggestion for 

future stream restorations to accelerate bryophyte recovery has been brought forward by 

Muotka and Syrjänen (2007), who advise leaving areas of stream bed intact during 

restoration work since bryophytes spread efficiently within and among riffles. A lot of 

requirements need to be fulfilled for both vegetative and sexual reproduction to succeed and 

attachment success of vegetative fragments might vary with substrate type, shape, and 

surface roughness (Stream Bryophyte Group 1999). This would however indicate that 

restored sites should have higher attachment success than unrestored, since the retention 

capacity of the streams has been increased (Gardeström et al. 2013, Polvi et al. 2014). It 

seems though that more time might be needed for complete recovery. This also means that it 

is not yet possible to determine the effect on bryophytes from the demonstration restoration 
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techniques compared with best-practice techniques since the recovery time between them 

differs.  

  

In terms of species richness and diversity there were however no significant differences 

between sites of different restoration status, indicating that generally most species have 

recolonized restored areas, even in as little as two years after restoration (Figure 4b and c). 

This relatively quick recovery in terms of species could be due to increased attachment 

success in restored streams. Retention of plant propagules has been shown to have increased 

in restored sites with added boulders and large wood in other tributaries to the Vindel River 

(Engström et al. 2009) and this likely holds for bryophyte spores and vegetative fragments as 

well. The lower abundance in the two restored categories thus seems to be more a result of 

slow growth of bryophytes rather than slow or hindered colonization. 

 

4.1.2 Environmental variables that explain variation in abundance, species 

richness and diversity 

Environmental variables which were correlated with bryophyte abundance, species richness 

and diversity largely reflected effects of restoration, and probably the disturbance associated 

with restoration rather than an effect of the environmental variable itself. Restored streams 

were widened, and stream width showed a significant effect on both bryophyte abundance 

and diversity (Figures 5 and 7a). In both cases, this was a negative relationship, which could 

be explained by the fact that bryophyte communities in the widened restored stream reaches 

have not yet recovered from this disturbance, especially in the more recently restored 

demonstration sites. Stream sediments were also affected by restoration due to addition of 

boulders and spawning beds, giving restored sites a larger range of sediment sizes than 

channelized sites (Polvi et al. 2014). The positive relationship between species richness and 

D25 (Figure 6) does however not follow restoration categories and it might very well be due 

to a negative effect on bryophytes of fine sediments rather than an effect of disturbance from 

restoration. Fine sediments provide less stable substrate, which has a documented negative 

effect on instream bryophyte occurrence, and the grain size at D25 is a threshold size on 

which bryophytes can occur (Englund 1991). A study by Muotka and Virtanen (1995) also 

showed that spatial heterogeneity in terms of variable substratum height drastically 

increased bryophyte species richness at a site. An explanation for the hump-shaped 

relationship between diversity and total number of instream wood pieces (Figure 7b) could be 

that this environmental variable generally has a positive effect on diversity, increasing 

structural complexity and retention capacity of the stream (Naturvårdsverket 2007), but that 

the demonstration restored category with relatively large amounts of added wood had a 

couple of sites where diversity was still low. 

 

4.2 Species composition  

 

4.2.1 Species composition and site configuration 

Restoration status was not a significant parameter in terms of explaining variation in species 

composition among sites. This may indicate that restored sites have recovered relatively well 

in terms of species occurrence. However, there were some groupings of sites of different 

restoration statuses, though overlapping, and thus probably some differences in bryophyte 

communities (Figure 8). These could be caused either by insufficient recovery time or by 

habitat changes through restoration. 
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B. acuta was mainly associated with the two different restored categories, especially 

demonstration restored, and is a small-statured moss capable of withstanding considerable 

disturbance and is a fast colonizer (Muotka and Virtanen 1995). Fontinalis spp. on the other 

hand were mainly associated with channelized sites (Figure 8). This confirms the findings of 

Muotka and Virtanen (1995), who identified the occurrence of a disturbance gradient from 

frequently disturbed to highly stable stream habitats, with a parallel change in species 

composition of bryophyte communities. Small-statured species such as B. acuta and 

Fissidens spp. were identified at the disturbed end, and large species such as Fontinalis spp. 

at the stable end of the gradient. Jungermannia spp. was in the NMDS-ordination close to F. 

dalecarlica and mainly associated with both channelized and best-practice restored sites. 

This is in agreement with Muotka and Virtanen (1995), who also observed that 

Jungermannia spp. commonly co-occurred with Fontinalis spp. Schistidum spp. was in my 

study mainly associated with demonstration restored sites. This could be explained by the 

fact that these are species that seem to generally occur mainly at or just above the water line 

in streams (Muotka and Virtanen 1995), and should thus be more frequent where there are 

more large boulders in the stream. Recent studies have found that mainly local or reach-scale 

environmental factors were important in explaining variability in instream bryophyte 

community structure, such as availability of large substrate particles providing refugia during 

floods, and other factors related to flow variability (Heino et al. 2012, Paavola et al. 2013). 

The addition of boulders and wood as well as increased stream width, leading to decreased 

water flow velocity (Gardeström et al. 2013), should thus have a considerable effect on 

bryophytes. Overall, bryophyte species composition in this study seems to a considerable 

degree driven by disturbance, in agreement with studies by Englund (1991) and Muotka and 

Virtanen (1995), in this case likely explained by restoration. Formation of anchor ice and 

scouring by ice are other disturbances that could explain variation in community structure 

between sites (Muotka and Virtanen 1995, Lind et al. 2014) and could differ between 

different restoration categories due to habitat differences. 

 

4.2.2 Environmental variables that explain variation in species composition 

In this study, the large-scale environmental factors elevation, longitude and latitude showed 

a significant correlation with the bryophyte species composition, which likely reflects the 

coast-mountain gradient (Figure 8). The effect of altitude on bryophyte community structure 

has previously been confirmed by Ormerod et al. (1994). Reach-scale environmental 

variables which were correlated with bryophyte species composition were stream width, 

depth CV, D10, potassium and light absorbance of water (Figure 8). These results are in 

agreement with Paavola et al. (2013) who found water color (similar to the “absorbance” 

measure), nutrient content and factors related to instream habitat variability to be factors 

influencing bryophytes the most. Species like Fontinalis spp. were by Paavola et al. (2013) 

found to be associated with brown-water streams, which is also in agreement with my 

findings. However it is likely that the first three variables to a large extent reflect effects of 

restoration, thus describing a disturbance gradient among the sites. This applies especially to 

stream width, where channelized sites with low width are stable sites and demonstration 

restored sites with high width are disturbed sites. The correlation with D10 can be explained 

by the fact that high water flow velocity in channelized sites largely has eroded fine 

sediments, while gravel has been added to restored sites for spawning areas.  

 

K concentration might be somewhat correlated with light absorbance, since brown-water 

streams usually have higher nutrient concentrations (Löfgren et al. 2003). Thus, effects on 
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bryophyte community structure might be more due to influence by absorbance than 

potassium, or the other way around. Relatively high potassium content is however believed to 

be needed for the normal folding of cytoplasmic enzymes in bryophytes (Bates 2000). In 

Fontinalis spp., potassium concentrations have been found to increase through summer and 

autumn and decrease through winter and spring, presumably depending on the growth cycle 

(Mártínez-Abaigar et al. 2002). Light absorbance affects the light availability for bryophytes. 

However, bryophytes, especially some aquatic taxa, have very low light compensation and 

light saturation points and thus should not be strongly affected by low light availability 

(Glime 2007) but it is possible that this still has an effect on species composition. A probable 

explanation for the negative correlation between absorbance and channelized sites is that 

channelization of stream reaches led to drastically reduced contact area between sediment 

and water, since reach bottoms were smoothed out and fine sediment eroded 

(Naturvårdsverket 2007). The circulation of water through bottom sediments and side banks 

also decreased. These factors, together with increased water flow velocity, led to a decrease in 

nutrient uptake in the streams (Naturvårdsverket 2007), thus clearer water. The best-

practice restored sites however show a positive correlation with absorbance, indicating a 

recovered nutrient uptake in the streams.  

 

4.3 Conclusions 

Effects of restorations explain much of the observed patterns in bryophyte abundance, 

species richness and diversity among the study sites. So far these effects mainly represent 

disturbance, because recovery still is not complete in the restored sites, especially not in the 

more recently restored demonstration sites. From previous studies (Muotka et al. 2002, 

Nilsson et al. 2014) it seems likely that given enough time, full recovery will take place. 

Species richness might also be negatively affected by fine sediments rather than disturbance 

from restoration. Species richness and diversity seem to have recovered to pre-restoration 

levels but it might still be too early to see if they will eventually exceed these levels. 

Restoration status did not explain the variation in species composition among sites, however 

some groupings of sites of different restoration statuses could be observed. Environmental 

variables which were correlated with bryophyte species composition partly reflected the 

effects of restoration, and probably the disturbance associated with restoration rather than 

an effect of the environmental variable itself. It is not yet possible to evaluate the 

effectiveness, in terms of bryophyte response, of the new demonstration restoration 

compared with best-practice since the recovery time between them differs and has not been 

sufficient. Since the recovery of instream bryophytes after restoration is so slow, another 

comparable study of bryophytes in these sites in ten or fifteen years from now might better 

show bryophyte response to the different restoration techniques. The slow recovery of 

instream bryophytes also emphasizes the importance of long-term monitoring of the effects 

of restoration to be able to properly evaluate success.  
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Appendix 1. Environmental variables 
 
Table 1. Measured environmental variables used for analyses. 

 
Abbreviations Descriptions and units References 

   RipSlope40 Slope of riparian zone up to 40 cm elevation Hasselquist et al. (In press) 

RipBuff Average riparian buffer zone width (m) Hasselquist et al. (In press) 

LAI Leaf Area Index above the center of the stream Hasselquist et al. (In press) 

AspectAdj Direction of flow of stream Hasselquist et al. (In press) 

Lati Latitude in decimal degrees Hasselquist et al. (In press) 

Long Longitude in decimal degrees Hasselquist et al. (In press) 

Depth Average depth of stream (cm) Hasselquist et al. (In press) 

Org Average % cover in stream of Organic Matter (i.e. 
leaves) 

Hasselquist et al. (In press) 

TotN Total nitrogen (µg/l) Hasselquist et al. (In press) 

NH4 µg/l Hasselquist et al. (In press) 

NO3 µg/l Hasselquist et al. (In press) 

PO4 µg/l Hasselquist et al. (In press) 

pH  Hasselquist et al. (In press) 

Kond Conductivity (S/m) Hasselquist et al. (In press) 

Alk Alkalinity-acid mmol/l Hasselquist et al. (In press) 

Abso Absorbance (method 436 nm) Hasselquist et al. (In press) 

SO4 mmol/l Hasselquist et al. (In press) 

Cl mmol/l  Hasselquist et al. (In press) 

F mg/l Hasselquist et al. (In press) 

Ca mmol/l Hasselquist et al. (In press) 

Mg mmol/l  Hasselquist et al. (In press) 

Na mmol/l  Hasselquist et al. (In press) 

K mmol/l  Hasselquist et al. (In press) 

S mg/l  Hasselquist et al. (In press) 

PCA1+5 Describes restoration status Polvi et al. (2014) 

PCA2+5 Describes landscape variables Polvi et al. (2014) 

DA Drainage Area (km2) Polvi et al. (2014) 

Elev Elevation (meters above sea level) Polvi et al. (2014) 

So Bed gradient (steepness of stream in 
meters/meter) 

Polvi et al. (2014) 

Sed_Het1 Heterogeneity (spread in sediment distribution 
above median grain size) 

Polvi et al. (2014) 

Sed_Het2 Heterogeneity2 (spread in lower portion of 
sediment distribution) 

Polvi et al. (2014) 

Sed_fredle Fredle index (porosity of bed sediments, L) Polvi et al. (2014) 

Sed_grad_Co Gradation coefficient (spread in sediment 
distribution) 

Polvi et al. (2014) 

Sed_Kurt Kurtosis (measure of peakedness of distribution) Polvi et al. (2014) 

Thal_conc Average thalweg concavity (proportionally 
weighted concavities between successive points 
along thalweg profile) 

Polvi et al. (2014) 

   
Thal_P Thalweg sinuousity (ratio of cumulative lateral 

distance along profile to straight line distance ) 
Polvi et al. (2014) 
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Abbreviations Descriptions and units References 

   
XS_CT Chain & tape (ratio of topographic distance to 

straight line distance of cross-section) 
Polvi et al. (2014) 

Depth.CV Coefficient of variation of depths at bankfull at a 
given cross-section 

Polvi et al. (2014) 

Width Average reach width (m) Polvi et al. (2014) 

W_cv Coefficient of variation of widths Polvi et al. (2014) 

W_awc Average width concavity (L/L2) Polvi et al. (2014) 

Bratio Ratio of total bank length to reach length Polvi et al. (2014) 

MTI Multi-thread index (average number of channels 
along 20 evenly spaced transects along the reach) 

Polvi et al. (2014) 

W_V_tot Total wood volume (L3) Polvi et al. (2014) 

D10 10th percentile grain size (mm) Polvi et al. (2014) 

D16 16th percentile grain size (mm) Polvi et al. (2014) 

D25 25th percentile grain size (mm) Polvi et al. (2014) 

D50 50th percentile grain size (mm) Polvi et al. (2014) 

D60 60th percentile grain size (mm) Polvi et al. (2014) 

D75 75th percentile grain size (mm) Polvi et al. (2014) 

D84 84th percentile grain size (mm) Polvi et al. (2014) 

D90 90th percentile grain size (mm) Polvi et al. (2014) 

Sed_mean Mean size of sediment (mm) Polvi et al. (2014) 
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 Appendix 2. Species abundance in all sites 
 
Table 1. Average species abundance (percent cover) in all sites. Unrestored channelized sites are Bjurbäcken N 

(C1), Bjurbäcken S (C2), Fårträskbäcken (C3), Lycksabäcken (C4) and Stockbäcken (C5). Best-practice and 

demonstration restored sites are in Beukabäcken (D1 and R1), Mattjokkbäcken (D3 and R2), Mösupbäcken (D4 

and R3), Rågobäcken (D5 and R4), Västibäcken (R5) and Falåströmbäcken (D2).  
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