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Abstract 
The freshwater pearl mussel, Margaritifera margaritifera, is a species in decline 
throughout its entire range in Europe and North America. In Sweden, the species has 
disappeared from one third of the watercourses it was found in a century ago, and 
recruitment occurs in only one third of the approximately 400 populations of mussels 
remaining. Changes to a watercourse induced by forestry are seen to be among the causes 
of decline, though there is little direct evidence. This study used GIS to determine various 
aspects of land cover in the catchment areas of 25 mussel populations in Western 
Värmland, Sweden. The road network, percentage of different land covers, and forest age 
were examined at four scales: whole catchment, subcatchment (up to nearest sediment 
trap), 250m and 100m streamside corridors. Streams containing populations of recruiting 
mussels had significantly fewer road crossings than streams with non-recruiting 
populations, perhaps due to increased sedimentation of streams in connection to road 
crossings. Recruiting mussels were found in catchments with more forest of age class 4-
40 years, and significance increased as the scale of analysis was reduced. Almost all other 
age classes were insignificant. Reasons for these relationships are proposed, which 
include the larger proportion of birch in young forest (which provide more easily 
degradable material than conifer needles); and the higher acidity of soils in conifer 
forests, which increases with forest age and can be detrimental to mussels.   
 

Sammanfattning 
Flodpärlmusslan, Margaritifera margaritifera, visar en kraftig nedgång i hela sitt 
utbredning-område i Europa och Nordamerika. I Sverige har arten försvunnit från en 
tredjedel av alla vattendrag som den fanns i för hundra år sedan, och rekrytering sker bara 
i en tredjedel av de cirka 400 återstående populationerna. Förändringar i vattendrag, som 
en följd av skogsbruk, ses som en orsak till nedgången, dock finns det föga bevis. GIS 
användes för att undersöka olika aspekter av markslag i avrinningsområden för 25 
musselpopulationer i västra Värmland. Vägnätet, procentandel av olika markslagtyper 
och skogsålder undersöktes på fyra nivåer: hela avrinningsområdet, avrinningsområdet 
uppströms till närmaste sedimentfälla och med 250m respektive 100m zoner runt bäcken. 
Vattendrag med rekryterande populationer hade signifikant färre vägkorsningar än 
vattendrag utan rekrytering, kanske på grund av ökad sedimentation i vattendrag där 
vägar korsar dem. Rekryterande populationer fanns i avrinningsområden med mer skog i 
åldersklass 4-40 år, och detta samband blev mer signifikant i och med lägre analysnivå. 
De flesta andra åldersklasserna uppvisade ingen signifikans. Förklaring till dessa 
samband föreslås bland annat vara större inslag av björk i ungskog, vilket ger ett lättare 
nedbrytbart material än barrträd, och den surare marken som förekommer med barrskog, 
vilken förvärras med skogsålder och därigenom kan vara skadlig för unga musslor.  
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Introduction 
The freshwater pearl mussel (Margaritifera margaritifera) attracts more attention than 
most sedentary bottom dwellers. This can be attributed to an interesting cultural history 
(the mussel has been gathered in the search for pearls for hundreds of years) and a 
complex life cycle. After fertilisation of her eggs during the summer, the female releases 
millions of larva, which must attach to the gills of a host fish, usually trout (Salmo trutta), 
in Swedish waters. When this parasitic stage is complete, the juvenile mussels drop off to 
begin their lives in the streams bottom. The species is found in cold, nutrient poor waters, 
with a gravely or stony substrate. The mussels are filter feeders and have extremely long 
life spans – in northern Sweden, a specimen of 280 years was found.  
 
The mussels sensitivity to changes in the environment, sedentary character, dependence 
on a fish host, role as a keystone species (creating habitats for other organisms) and long 
life span lead to it being a good indicator of water quality and the ‘naturalness’ of an area 
(Vaughn and Hakenkamp 2001, Aldridge et al. 2007). The species is also an umbrella 
species for flowing freshwater ecosystems, for if a viable population of the freshwater 
pearl mussel is found in a stream, all naturally occurring species should also be able to 
exist (Söderberg 2006 in Arvidsson and Söderberg 2006).   
 
The freshwater pearl mussel is classified as endangered within Europe (IUCN 2006) and 
vulnerable within Sweden (Gärdenfors 2005). Distributed across much of Europe and the 
north-eastern corner of North America, the species is in decline throughout its entire 
range (among others, Young and Williams 1983, Bauer 1988, Cosgrove et al., 2000). In 
Sweden, the species has disappeared from one third of the watercourses it was found in 
century ago, and recruitment occurs in only one third of the approximately 400 
populations of mussels in Swedish waters (Naturvårdsverket 2005). Threats to the species 
are both direct and indirect (changes to the biotope or host fish population), and it is often 
a combination of a number of detrimental factors that lead to a mussel populations 
disappearance from a stream (Bogan 1993). Strayer et al. (2004) state that it is constant 
indirect, or ‘diffuse’, threats which now present the greatest threat to mussel populations.   
 
The main direct threat to the freshwater pearl mussel has been pearl fishing, which 
occurred long into the 20th century in some parts of Sweden (Eriksson et al. 1998), also in 
Europe. Though this occurred on a large scale over Europe, and can be a contributing 
factor in the decline of the mussel, it is unlikely to be solely responsible for the 
extirpation of populations, as Young and Williams (1983) report that professional pearl 
fishermen took only adult mussels, leaving juveniles untouched.  
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Loss of habitat can be absolute, but in the case of streams and rivers, a decrease in habitat 
quality is more common. This can occur through changes in water chemistry from point 
source (eg drain pipe or pollution spill) and non-point source pollutants (eg runoff from 
agricultural land), or physical changes (eg damming, widening/straightening channels). 
Point-source pollutants have been implicated in few cases of the disappearance of 
populations of the freshwater pearl mussel in Sweden – one notable example is the 
extirpation of a population in Bohuslän after discharge of pentachlorophenol in the early 
1970s. In central Europe, Bauer (1988) considers pollution to the major cause of mussel 
decline, this being from rural, domestic and industrial waste draining into rivers. 
Chemicals which enhance eutrophication increase a streams productivity, leading to more 
detritus, and enriching the streams sediment with organic material. This is detrimental to 
juvenile mussels (Bauer et al. 1980 in Watters 2000). The same author also relates nitrate 
concentrations to adult mortality. Land use affects water quality, though no published 
studies (to this author’s knowledge) in Sweden have attempted to link land use with 
mussel decline. Research from North America shows that various land uses impact 
mussel populations, including logging, mining, agriculture, livestock, and urbanisation, 
generally by releasing an excess amount of sediments and other pollutants into the 
watercourses (Watters 2000, Arbuckle and Downing 2002). 
 
The regulation, damming, and diverting of watercourses impacts mussels by flooding or 
draining habitat, and through changing the conditions for the host fish. The past century 
has seen large dams created for power generation and water storage, which hinder fish 
migration and cause large fluctuations in water flow. For the freshwater pearl mussel, this 
separates populations and decreases the possibilities of genetic exchange (Eriksson et al. 
1998). Watters (2000) states that almost without exception, rivers that have been 
impounded have lost or changed their mussel faunas. Altering a watercourse can also 
result in changes to the substrate on which the mussels live in, and which the fish use as 
spawning grounds. The practise of floating lumber downstream has also impacted on the 
mussels, both through the modification of streams (eg removal of large rocks, deepening) 
and through changes to the water chemistry (breakdown of the bark and other plant 
material landing on the streams bottom) (Eriksson et al. 1998).  
 
The freshwater pearl mussel can be affected indirectly if the host fish disappears from a 
watercourse, for the mussel will also disappear if recruitment can not be carried out. 
Trout are affected by the same threats as the freshwater pearl mussel, and a large decrease 
in the numbers of the host fish has occurred during the past century (Naturvårdsverket 
2005).  
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Landscape ecology adopts a holistic approach with regards to conservation and land 
management. When examining watercourses, catchments can be seen as the optimal scale 
at which to work, as activities upstream and in the drainage area of a defined point (eg 
point in a stream, lake) affect the water quality at that point. Land-use practices that 
impact on the water quality of small streams will also impact water quality, and biotopes, 
in these streams recipients. River ecologists have long recognised that rivers are 
influenced by the landscapes through which they flow (Allan 2004), and this has lead to a 
growing body of literature in the field of landscape ecology and catchment scale studies 
by freshwater ecologists. The impact human activities at broad scale have on the 
ecological integrity of watercourses is increasingly recognised – affecting structure, water 
quality, and biota in many and varied ways. The investigation of these linkages is driven 
by 1) the widespread recognition of the extent and impacts of land-use change, 2) 
conceptual and methodological advancements in the field of landscape ecology, 3) ready 
availability of land use/cover data and the GIS tools with which to analyse patterns; and 
4) the increasing use of indicators of stream health to assess the status of rivers (adapted 
from Allan 2004). 
 
Transformations to the landscape are probably responsible for the most widespread and 
serious damage to streams and rivers (Allan 1995). Draining wetlands, forestry, 
expansion of road networks, spread of human settlement and agriculture all have serious 
consequences for watercourses, and degradation and fragmentation of aquatic habitats is 
now commonplace. Timber harvesting substantially alters the qualities of a stream. 
Changes in stream flow, nutrients, increased sediments, and increased solar radiation 
(leading to raised temperatures) are among the impacts of logging and its associated 
activities on streams (Allan 1995). 
 
Sweden’s boreal forests of a century ago were quite different to the forests seen today. 
Natural disturbances, in conjunction with anthropogenic activities such as grazing of 
livestock, fire and small-scale clearing and harvesting of trees, created a mosaic of forest 
of varied composition, structure and age (Ericsson et al. 2000.) During the 20th century 
productivity became the main aim of forest management, and this resulted in significant 
changes in forest structure and species composition. Virgin forest, characterised by 
multiple age and size structure, has largely been replaced today by even-aged forests of 
uniform structure. The area of older forests has decreased dramatically, and currently 
approximately 20% of forest is over 100 years in Sweden, in Värmland this is 12.5% 
(Swedish Forest Agency 2006).   
 
Sweden’s first forestry laws came into force in 1905 (in conjunction with the formation 
of a forest agency, Skogsstyrelsen, in each county), and these new laws stipulated the 
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replanting of logged areas, and also resulted in the forestation of much heath land and 
communal grazing areas in southern Sweden (Ekelund and Hamilton 2001). Until the 
Second World War, selective logging was generally practised, removing the largest and 
most valuable trees. During the 1930s, the creation of ditches to divert water from 
forested land and the expansion of the network of forest roads was extensive, sponsored 
by state funds. The forestry laws of 1948 had a marked impact on Sweden’s forests, as 
clear felling and replanting became the recommended norm. The forests persistence and 
profitability were seen as the most important factors to consider. Older forest was seen as 
unable to be developed, and clearing and replanting was recommended to avoid 
fluctuations in a property’s yields. From 1948 to 1973 cultivation of forest increased from 
50 000ha to 175 000ha annually (Swedish Forest Agency 2006). The application of 
forestry laws, and state funds, had significant impacts on the forests from this time, with 
regard to felling and replanting, clearing of undergrowth, creating ditches and road 
construction. During the 1980s, there were increased demands on forest owners to plant 
new forest, thin young forests, replace sparse or inappropriate forest with new trees, and 
they were also instructed to clear very old forests. From 2004 production values and 
environmental values are given equal importance in Swedish forestry.  
 
The ‘success’ of the Swedish forest industry today – from annual growth of 70 000 000 
m3sk (cubic meters standing volume) to over 100 000 000 m3sk from the 1970s to the 
present (Swedish Forest Agency 2006) – can be regarded as a result of the intensification 
of the forest industry during the 1950s (Ekelund and Hamilton 2001). Selective breeding 
and the inception of new forestry techniques have contributed to the growth. Increased 
mechanisation, beginning with the chainsaw in the early 1950s, to the machines of today, 
has also made the industry increasingly effective (Ager 1992). These changes have, 
however, impacted negatively on the environment.  
 
The aim of this study is to determine if the decline of the freshwater pearl mussel in 
central Sweden is linked to the inception of intensive forestry techniques. This will be 
done by fulfilling the following objectives 1) obtaining locations and status of mussel 
populations, 2) determining the catchment area for each mussel population at different 
scales, 3) determining various land cover variables, including forest age and road 
development, and 4) statistically analyzing these variables with regard to mussel 
population status. 
 

Methods 
The study area is located in western Värmland, Sweden. The study area stretches over 
five municipalities: Arvika, Eda, Sunne, Säffle and Årjäng. Height above sea level ranges 
from 40 to 370m. Land cover is predominantly coniferous forest of Scots pine (Pinus 
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sylvestris) and Norway spruce (Picea abies), interspersed with agricultural fields and 
lakes. The landscape is characterised by undulating topography with many lakes carved 
out of the bedrock (predominantly gneiss). Moraine is the main soil type.  
 
The locations and demographic details on 25 populations of the freshwater pearl mussel 
were obtained from the Swedish Forest Agency. All populations are located in streams 
with host fish populations. Geographical data over the study area was also obtained from 
the Swedish Forest Agency (Table 1).  
 
Table 1. Data used in the analysis. 

Data Type Year Created by 

Digital elevation model (DEM) (höjdmodel) 
Raster 
50x50m 

 Lantmäteriet 

Forest age (kNNalder) 
Raster 
25x25m 

2000 SLU 

Land cover (eko_markytor)  Vector 1995-2005 Lantmäteriet 
Roads (eko_vagar) Vector 1995-2005 Lantmäteriet 
Watercourses (eko_hydrol) Vector 1995-2005 Lantmäteriet 
 
 
All data was displayed and analysed in the GIS program ArcGIS 9 (ESRI 2005). To 
determine the catchment area for each mussel population, the digital elevation model 
(DEM) was used with ArcMaps Spatial Analyst. The catchment area of a point can be 
determined based on the assumption that water flows in the direction of the steepest 
downhill gradient. The data of forest age (kNNalder) was created from Landsat satellite 
images and field observations (Granqvist Pahlén et al. 2004). There were a number of 
gaps in the data, due to the classification of cloud cover and non-forest landcover (eg, 
water bodies, fields) as ‘no data’ areas. To fill these gaps, the forest age layer was merged 
with the land cover layer. The resultant layer shows forest age data where it was obtained, 
with general land cover (unclassified forest, cultivated fields, water, marsh, clear cut 
areas, and open areas) in the gaps (Figure 1). 
 
Various ‘overlay’ functions were then performed using the tools provided in the GIS 
software, to create layers showing the variation in forest age area and land cover in all 
study areas for each mussel population. The length of the road network was also 
determined. These analyses were performed at four scales: 1) whole catchment, 2) 
subcatchment (the catchment area upstream to the first sediment trap (lake)), 3) stream 
corridor 250m (a buffer zone of 250m on either side of the stream, upstream to the first 
sediment trap), and 4) stream corridor 100m (a buffer zone of 100m on either side of the 
stream, upstream to the first sediment trap). This allows for the comparison of the land 
use influences on mussel populations from a whole catchment scale to local scale. The 
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resultant data tables from these layers were exported and classified in Microsoft Excel. 
One-way ANOVA analyses were run to discern if there were statistical differences 
between the groups with regard to various landscape and landcover variables. 
 

 
Figure 1. Simplified flowchart of GIS processes. 
 

Results 
Mussel populations were divided into three groups: those with recruitment, those without 
recruitment, and those where mussels have now disappeared from a previous location 
(Bo-Erland Johansson pers.comm.) (Figure 2). The catchment areas of several 
populations overlap:  

• Brattaälven 1 includes Ängsälven;   
• Brattaälven 2 includes Brattaälven 1 + Ängsälven;  
• Bäck 2 includes Bäck 1;  
• Mangälven includes Slobyälven + Tobyälven;  
• Slorudsälven includes Mangälven + Slobyälven + Tobyälven; and 
• Älgån includes Mörtabäcken.  

Forest age and land cover data layers used in the analyses, and the different scales used, 
in one of the study areas, Borrälven, are shown in Figure 3. 
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Figure 2. Location and status of mussel populations, and land cover.  
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Figure 3. The catchment for Borrälvens mussel population, showing forest age and land cover data, and the 
different levels of analysis used in the study.  
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The area each individual analysis was performed in is shown in Table 2. Analyses were 
only performed for the Gunnarskog population at the catchment level as the population 
was located at the southern outlet of the lake Bergsjön, so there was no land downstream 
of this sediment trap. Forest age data was presented as age in years. This varied from 0 to 
over 200 in the study area. In order to discern patterns and perform the statistical 
analyses, this data was classified into age groups (0-10, 11-20, 21-30 etc.) up to 101+. 
The amount of new forest (age classes 0-3 and 4-10) was also determined. Almost 43% 
of the study area is forest over 41 years of age. The distribution of age classes for the 
whole study area (all 25 catchments) is shown in Table 3. The total percentage of forest 
did not differ greatly by scale of measurement, though there is slightly more forest on 
average (77%) at the catchment scale than at the 100m buffer scale (72%). The total 
percent of clear-cut and new growth (age 0-4) areas did not vary with scale either.  
 
Table 2. Status and catchment area of the 25 mussel populations used in this study. (Status: 3 = mussel 
popn with recruitment, 2 = mussel popn without recruitment, 1 = mussel popn disappeared from stream).  

Area (km2) Name of 
population 

Status of 
population Catchment Subcatchment 250m buffer 100m buffer 

Borrälven  3 20,93 3,91 2,52 1,50 
Finnsjön  3 55,38 3,65 2,59 1,38 
Järperudsälven  3 28,98 18,75 11,73 5,36 
Mangälven 3 144,38 4,13 3,00 1,30 
Mörtebäcken 3 14,45 1,28 0,47 0,22 
Slorudsälven 3 79,48 21,78 15,55 7,36 
Sörbohedsälven 3 38,78 4,98 3,23 1,50 
Älgån 3 54,40 3,25 1,75 0,65 
Öjenäsbäcken 3 20,18 1,30 0,64 0,26 
Brattaälven 1 2 26,96 6,61 4,56 2,15 
Brattaälven 2 2 35,86 3,85 1,65 0,65 
Bäck 2 2 54,36 0,07 0,07 0,03 
Dalsälven 2 54,76 7,87 2,42 1,04 
Gårdsåsälven 2 27,43 5,50 3,31 1,63 
Hällsöälven 2 49,25 0,83 0,64 0,33 
Slobyälven 2 65,86 9,20 7,33 3,70 
Tobyälven 2 44,80 15,39 10,93 5,24 
Torgilrudsälven 2 34,24 0,77 0,64 0,26 
Vikarälven 2 53,05 3,99 2,72 1,24 
Ängsälven 2 15,65 2,87 1,91 0,93 
Bäck 1 1 46,30 0,36 0,20 0,07 
Frosstjärn 1 0,33 0,33 0,29 0,11 
Gravåsbäcken 1 13,86 0,90 0,67 0,34 
Gunnarskog 1 115,57 - - - 
Tångtjärnsälven 1 0,32 0,32 0,29 0,17 
Total   1095,55 121,87 79,10 37,45 
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Table 3. Land cover within the study area. 
 Land cover % of total study area 

Cultivated fields 2,07 
Marsh 4,65 
Open area 1,91 
Clearcut area 0,32 

N
on

fo
re

st
 

Water 9,23 

 Unclassified forest 8,37 
age 0-10 8,67 
age 11-20 5,50 
age 21-30 6,99 
age 31-40 9,47 
age 41-50 10,32 
age 51-60 8,25 
age 61-70 7,34 
age 71-80 6,94 
age 81-90 5,91 
age 91-100 2,48 

Cl
as

si
fi

ed
 f

or
es

t 

age 101+ 1,58 
 
 
The one-way ANOVA analyses provided some interesting results. For a complete list see 
Appendix 2. The first factor of significance was the number of road crossings over 
streams (crossings/stream length (km)) (p=0.021, df=23, F=4,70). Mussel populations 
occurred in streams with less than one crossing/km of stream, but have disappeared from 
those with an average of two or more crossings/km. The p-value of 0.021 remained 
constant at different scales because stream length and number of road crossings did not 
vary from the subcatchment scale down to the 100m buffer zone. The number of 
crossings in relation to area was also significant at the three smaller scales. The density of 
roads within study areas, however, was not significant on any scale.  
 
A second factor, significant at all scales, was the difference in the percentage of young 
forest within the catchment areas of the different groups. This can be seen most clearly in 
the percentage of forest age 4-40, which is significant at all scales, and increases in 
significance as the scale of analysis decreases (Figure 4). Populations with recruitment 
occur in areas with a larger percentage of this age class than populations without 
recruitment and streams where mussels have disappeared. Neither the percentage of 
recently cleared forest (clear-cut + forest age 0-3), nor the percentage of forest over the 
age of 41, is significant at any scale. Figure 5 shows the distribution of different age 
classes for the three mussel population classifications.  
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Figure 4. Percentage of study area covered by forest aged 4-40 years (3 = mussel popn with recruitment, 2 
= mussel popn without recruitment, 1 = mussel popn disappeared from stream). Error bars show standard 
deviation from the mean.  
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Figure 5. Forest age class distribution for the three classifications of mussel populations at different scales 
of analysis. 
 
Several factors were found to be significant at only one or two scales of analysis. At the 
catchment scale, mussel populations occurred in catchments with slightly steeper slopes 
than catchments without populations. The percentage of agricultural land shows a 
negative correlation with slope at the catchment scale, though the one-way ANOVA 
analysis showed a slightly insignificant (p=0,057, df=24, F=3,28) difference in mussel 
populations with regard to this factor. The percentage of marsh/wetland was also 
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significantly higher in catchments with mussel populations (p=0,025, df=24, F=4.37). 
These two factors suggest that, at the catchment scale, the naturalness of the landscape 
may be an important factor for mussel persistence. At the subcatchment and 250m buffer 
scales, a significant variable separating populations was the percentage of forest in age 
class 91-100; however, the percentage of forest over 81 years was not significant at any 
scale. In the 100m buffer zone, the percentage of water cover was significant, though this 
can likely be due to error caused by the sampling scale (the relatively large percentage of 
watercover was found in two very small catchments, Bäck1 (0,07 km2) and Tångtjärn 
(0,17km2)). 
 

Discussion 
Recruiting populations of freshwater pearl mussels are found in catchments with a much 
greater percentage of young forest (4-40 years) than populations without recruitment, and 
streams where mussels have disappeared. This is also much clearer in the stream 
corridors than at a broader scale. The difference in percentage of new forest (0-3 years) 
and almost all age classes of older forest was insignificant. This poses the question: can 
the freshwater pearl mussel benefit from some of the changes induced by logging in its 
catchment area? Changes in canopy cover, soil infiltration, sediment and chemical 
composition of runoff water, and the deposition of leaves, wood etc. into the stream after 
logging can all impact the health of freshwater invertebrate populations.    
 
Clear-cutting is the dominant method of logging in Sweden, and has been since the 
1950s. After clear-cutting, the land is prepared for a new ‘crop’ of trees, which will grow 
into an even-aged stand. Regeneration occurs either through soil preparation and planting 
seedlings or seeds, or natural regeneration from individual seed trees or small stands of 
trees left in the cleared area. The forest is then cleared several times during the cycle to 
promote the growth of a certain species or to keep high-quality trees; this to improve the 
stands profitability. In central Sweden, the first thinning takes place in the young forest 
(generally 10-15 years after planting), and the small trees are usually left where felled. 
The forest is then thinned one to three times between the ages of 25-50 (Ingemar Ericsson 
pers. comm.). Trees are selected for size, quality and species (pine and spruce usually 
dominate). It is recommended that the mature forest contain at least 10-20% deciduous 
trees. The forest is then felled at 80-100 years.  
 
The changes that occur immediately after logging in the mussels’ catchment area can 
only be considered detrimental to the survival of a population. This includes the increased 
runoff and sedimentation (caused by both the felling and transport of lumber), increased 
light to the stream (raising water temperatures and changing energy flows) and changing 
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nutrient flows to the stream. These changes have also been shown to be detrimental to the 
survival of the host fish population (Bergquist 1999).  
 
In the years immediately following clear-cutting, the amount of run-off water reaching 
streams has been shown to increase 10-110% in Sweden and Finland (various authors in 
Bergquist 1999, Rosén et al. 1996). This is due the accumulation of more snow on bare 
areas and rising groundwater level as the trees do not absorb any longer. This can also be 
related to increase in erosion of fine sediments, thus higher levels of sand, mud and clay 
reaching the streams (which is especially prevalent where buffer zones are absent around 
watercourses) (Nyberg and Ericsson 2001). Increased erosion is a result of cumulative 
factors, including creation of access roads and transport, soil preparation before planting, 
loss of the tree roots soil-binding abilities, and the loss of the protective tree canopy 
against rain.  
 
Excessive levels of inorganic sediment have been shown to be one of the most serious 
factors affecting mussel populations (Brim Box and Mossa 1999), which act on the 
invertebrates in several ways. Fine sediments can lodge between coarser grains, affecting 
interstitial flow and transport of nutrients and oxygen. Fine particles can clog the gills of 
mussels, interfere with filter feeding, limit burrowing activity, or impact the mussels 
indirectly, as increased turbidity affects light availability for photosynthesis and 
production of food items (various authors reviewed in Brim Box and Mossa 1999). 
Österling et al. (2006) have conducted various field studies on the freshwater pearl 
mussel in Sweden. This work found that streams with recruiting populations of 
freshwater pearl mussels had three to four times lower turbidity levels than streams with 
non-recruiting mussel populations. The age of a population’s youngest mussel also 
increased with increasing turbidity and sedimentation, indicating that the effects of these 
processes can have acted over long periods. These authors proposed that sedimentation 
and turbidity affect the juvenile benthic stage of the mussel’s lifecycle, perhaps because 
reduced water flow between substrate particles can result in lowered pH and oxygen 
levels (Buddensiek et al. 1993 in Österling et al. 2006, Wood and Armitage 1997). 
Nyberg and Eriksson (2001) have shown that with increased sedimentation after forestry 
activities upstream, survival rates of trout roe and young in spawning grounds is reduced.  
 
Logging can also change the entire energy-flow system of a small, shaded stream. 
Forestry activities usually result in the decreased supply of organic material, such as 
branches, sticks, leaves and needles, to the watercourse, simultaneously as organic 
material in the stream is washed out due to increased runoff and flow rates (Bergquist 
1999). Organic matter is the basis for shaded forest streams. It is broken down by 
specialized benthic fauna, before filter-feeding mussels can use this organic matter.  
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Logging also increases sunlight penetration to the stream, which can raise temperatures to 
intolerable levels, and results in greater daily temperatures differences (Holopainen and 
Huttunen 1992). The freshwater pearl mussel seems to prefer shaded streams, perhaps 
because the temperature is held down during the summer (Arvidsson and Karlsson 2004). 
Increased light and water temperature, combined with increased nutrient runoff into 
watercourses after logging, also leads to increased primary production (Holopainen and 
Huttunen 1992, Fuchs et al. 2003). When occurring at low levels, this can be beneficial to 
the organisms living in the stream, as there is increased food availability, but if the 
changes are too large or ongoing, the survival of both fish and benthic fauna is threatened 
(various authors in Bergquist 1999).  
 
The young forest that grows in the clearing is often richer in deciduous trees than the 
conifer-dominated forest that was present previously. Birch and aspen grow initially more 
rapidly than both pine and spruce and, if not cleared when 2-3 meters tall (typically 10-15 
years), can hamper the growth and formation of coniferous trees in a production forest 
(Sillerström 1988). Birch leaves contain a higher proportion of easily-leached, water 
soluble compounds than spruce and pine needle litter, which makes it easier for microbes 
to decompose (Palviainen et al. 2004, Priha and Smolander 1999), and their presence in 
the young forest may hasten the process back to a heterotrophic stream (Bergquist 1999). 
It is possible that the young deciduous trees that grow in the clearing provide a valuable 
nutrient source to these streams, promoting the health of populations of the freshwater 
pearl mussel.  
 
The dominant tree species in a mature forest affects both soil and water chemistry and 
biological properties (Wiklander 1997). This is due to the variation between different 
trees with regard to the amount and chemical composition of falling material, root 
system, and crown formation. One important factor is that spruce (and to a lesser extent, 
pine) trees create a markedly more acidic soil and humus layer than birch (Priha and 
Smolander 1999). The acidification of soils under spruce trees is exacerbated by acidic 
rainfalls. The spruce forests natural acidification, combined with both wet and dry acidic 
deposition, leads to oxygen deficient soils, and ultimately the release of aluminium to 
soils and groundwater (Bergqvist in Wiklander 1997). This can lead to root damage and 
impair the absorption of other nutrients by plants. Soil and groundwater acidification 
impacts also surface water.  
 
The pH level of the water does not have to be at a constantly low level to impact 
organisms. During the spring the groundwater level can rise so high that precipitation 
flows over soils that are shallower and more acidic than those in the usual flow path, 
leading to temporary changes in stream water pH. Trout and mussels are among those 
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creatures most sensitive to lowered pH levels, even for a short time, especially during 
spawning and juvenile stages. The freshwater pearl mussel requires water with a steady 
pH for recruitment, as the young mussels and glochidia are especially sensitive to low pH 
(<5) (Naturvårdsverket 2005). Mature mussels can survive extended periods of low pH, 
but die when this is in combination with high levels of inorganic aluminium (Henriksson 
1996 in Naturvårdsverket 2005).  
 
Forestry practices have resulted in Sweden having twice as much forest during the 1990s 
as during the 1920s, a result of ‘improved’ techniques in planting and managing forests, 
the growth of these forests, fertilization, suppression of fire, and selective breeding of 
certain species. In addition to the reasons for acidification described above, stand age also 
affects soil acidification. Soil, especially the humus layer, becomes continually more 
acidic during growth (Tamm and Hallbäcken 1988 in Wiklander 1997). No information 
was obtained on pH in the streams in this study area, which would be interesting 
information to study. Are the populations of recruiting mussels in streams with higher 
and/or steady pH, compared with non-recruiting populations?  
 
During the 1920’s lorries began to be used for transportation of timber, and today there 
are approximately 200 000kms of forest roads in Sweden, a figure which increases every 
year (Swedish Forest Agency 2006). Unsealed roads and tracks are considered by many 
authors to be among the most hydrologically active areas within logged forest, due to 
their compact nature, low infiltration capacity and ability to channel water flow (for 
review see Croke and Hairsine 2006). Roads and road crossings result in long-term 
changes in sediment delivery and water flow, as it takes many years for plants to 
recolonise an unused (unsealed) road. Road crossing can impact the freshwater pearl 
mussel in two main ways. Crossings over streams lead to excess fine sediment in the 
water, through steep sides and unconsolidated materials. Several studies have focused on 
the effects of roads on stream water quality in logged areas, and conclude that the 
sediment produced from logged areas is negligible compared with that produced by the 
access and haul roads to the clear-cut area (Grayson et al. 1993, Brim Box and Mossa 
1999, Kreutzweiser and Capell 2001, Jordan 2006), though isolating the extent of the 
impact of just roads can be difficult (Jones and Grant 1996, Jones et al. 2000). The 
second way in which mussels can be affected by road crossings is indirect, by habitat 
fragmentation. If culverts are placed incorrectly they can hinder fish migration upstream, 
isolating populations or cutting them off from the obligatory host fish (Naturvårdsverket 
1993). The expansion of the forest road network also has the added negative effect that 
the forest landscape is opened to the public, which can result in increased fishing, offroad 
driving etc. in areas that were previously inaccessible. Careful consideration of road 
placement, and their ongoing maintenance, is paramount (Grayson et al. 1993).  
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No data was obtained on the type of road crossing. It would be interesting to compare the 
impacts of different types of crossings (bridges, culverts etc.), construction material 
(asphalt, gravel or clay) and factors such as road height above stream and gradient from 
road to stream, for the number of road crossings over streams appears to be an important 
factor in the success of populations of the freshwater pearl mussel. The year of road 
construction could also be compared to more detailed information on the mussel 
population, such as the age of the youngest mussel.    
  
Other forestry practices which have impacted on the habitats of freshwater pearl mussels 
include creating ditches, altering watercourses for the floating of timber downstream, and 
fertilization, but as no GIS data was obtained on these factors, they were not included in 
the discussion.  
 
Several North American studies have linked the distribution and abundance of freshwater 
mussel species to various stream reach and catchment characteristics. Geology and soils 
are a recurring important factor governing distribution at the landscape scale (eg 
Arbuckle and Downing 2002, McRae et al. 2004, Poole and Downing 2004), also extent 
of agricultural land use (Allan et al. 1997, Poole and Downing 2004). At a local scale, 
forest in the riparian zone, substratum composition and flow stability are determinants of 
mussel distribution (McRae et al. 2004, Poole and Downing 2004). Similar studies are 
lacking in Sweden. No studies have been found where the status of mussel populations of 
a single species has been compared in a landscape with forestry as the single, dominant 
land use/cover. This is an important factor to consider here, as this study considers a 
threatened mussel species which, in Sweden, largely occurs in forest-dominated 
landscapes. For the conservation of the species, it is extremely important to understand 
how forestry impacts the cool, relatively nutrient poor, flowing waters the freshwater 
pearl mussel is dependent on. This mussel differs from most other invertebrates, due to 
the exceptionally long life span. Short-term changes can be survived, if not too severe or 
persistent, so it is extremely important for biologists to understand what it is causing the 
mussels decline. The large number of populations currently hanging on, though not 
recruiting, points to subtle long-term changes in the mussel’s habitat which make it 
impossible for juveniles to survive.  

Sources of error 
Scale, the ratio of length on a map to length on the ground, is an important consideration 
in habitat mapping, as it determines the size and detail of features that can be represented. 
No single scale is appropriate for the study of landscape ecological problems and scales 
should be selected based on the objectives of the study (Turner et al. 2001). As the 
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objective of this study was to determine if land use, specifically forestry, impacts 
freshwater mussel populations, the catchment, or subcatchment, scale was seen as ideal, 
as all activities within the drainage area of a certain point will affect the water quality at 
that point. Data accuracy is fundamental to the success of any project, and the results 
obtained are only as accurate as the data used to derive that outcome. The data on forest 
age may have been too coarse for the study area, for, as the creators point out, the smaller 
the area of analysis is, the greater the possible error in the data. These errors are attributed 
to the field data, satellite pictures, maps, or the calculation method (Granqvist Pahlén et 
al. 2004).  They recommend using the data for areas of 100ha (1km2) and larger, where 
error is under 10-15%. Many of the study areas used in this analysis covered areas 
smaller than 1km2 (see Table 3), especially where the buffer regions were considered. 
This problem is also worse considering the streams where mussels have disappeared. 
 
Only five examples of streams where mussels have disappeared were included in the 
study, and, as at the subcatchment and buffer scales, all were less than 1km2 in area the 
potential for error is quite high. It is therefore worthwhile including more locations and 
catchments in the study before any concrete conclusions are drawn. Placement of mussel 
populations can also be a source of error, for populations generally do not occur in just 
one point in the stream, but over a reach of up to several kilometers. The location of the 
population in this analysis was marked as the point furthest downstream in the reach, 
interpreted from maps obtained from the Swedish Forest Agency. Different factors can 
affect the mussels at different locations within a single stream (eg forestry operations near 
the bottom of a reach will not directly affect those mussels much further upstream). A 
further problem was that the catchment areas of three populations extended into Norway, 
and data could not be obtained for those areas (Bäck 1, Bäck 2 and Torgilrudsälven). This 
only affected the catchment scale analysis for these populations.  
 

Conclusions 
This study has shown that there is a link between forestry and the status of freshwater 
pearl mussel populations in central Sweden, as populations showing recruitment are 
found in catchments with a greater percentage of young forest than non-recruiting 
populations, a factor which is more apparent at a local than catchment wide scale. An 
explanation for this can be the larger proportion of deciduous trees in regrowth forests. 
Mussel populations also appear to be effected by the number of road crossings upstream, 
which alter water flow and sediment delivery to the stream. The results obtained in this 
study raise many questions and highlight the need for further research in order to reverse 
the decline of this threatened freshwater mussel.   
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Appendix 
 
Appendix 1. Landcover categories from ’markytor – ekonomiska kartan’. 

Landcover Description Classification in this study 
Odlåker Yta för åker Cultivated fields 
Sanknob Yta för sankmark normal, barrskog  Marsh 
Sanknol Yta för sankmark normal, lövskog Marsh 
Sanknoö Yta för sankmark normal, annan öppen mark  Marsh 
Sanksvb Yta för sankmark svårframkomlig, barrskog Marsh 
Sanksvl Yta för sankmark svårframkomlig, lövskog Marsh 
Sanksvö Yta för sankmark svårframkomlig, annan öppen mark Marsh 
Skogbarr Yta för skogsmark, barrskog Forest 
Skoghygge Yta för skogsmark, hygge  Clear cut area 
Skoglöv Yta för skogsmark, lövskog Forest 
Vatten Yta för vatten Water 
Öpmark Yta för annan öppen mark Open area 
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Appendix 2. p-values for one-way ANOVA analyses. Those which are significant (p<0,05) are indicated in 
bold type.  

Variables Catchment Subcatchment 250m buffer 100m buffer 
area (km2) 0,698 0,183 0,229 0,235 
stream length (km) 0,230 0,259 0,259 0,259 
roads (km) 0,382 0,196 0,198 0,208 
road density (km/km2) 0,280 0,406 0,568 0,385 
road crossings over stream 0,293 0,329 0,293 0,307 
road crossings/area 0,076 0,042 0,050 0,033 
road crossings/stream length 0,068 0,021 0,021 0,021 
u/c cultivated 0,057 0,201 0,303 0,476 
u/c marsh 0,025 0,788 0,760 0,594 
u/c forest  0,238 0,038 0,099 0,129 
u/c clear cut 0,566 0,525 0,919 0,949 
u/c water 0,828 0,130 0,210 0,007 
u/c open area 0,101 0,352 0,490 0,499 
u/c total 0,049 0,009 0,029 0,015 
age 0 0,854 0,408 0,356 0,456 
age 1-3 0,118 0,443 0,198 0,232 
age 4-10 0,002 0,048 0,147 0,050 
age 0-10 0,003 0,037 0,105 0,027 
age 11-20 0,497 0,555 0,597 0,011 
age 21-30 0,790 0,704 0,631 0,153 
age 31-40 0,194 0,020 0,037 0,008 
age 41-50 0,470 0,074 0,254 0,316 
age 51-60 0,707 0,370 0,495 0,538 
age 61-70 0,905 0,716 0,903 0,886 
age 71-80 0,450 0,578 0,689 0,840 
age 81-90 0,162 0,354 0,434 0,292 
age 91-100 0,072 0,016 0,030 0,135 
age 101+ 0,516 0,123 0,179 0,183 
% forest 0-3 0,330 0,327 0,110 0,191 
% forest 4-40 0,035 0,032 0,006 0,000 
% forest 41+ 0,403 0,212 0,286 0,456 
% forest 81+ 0,093 0,129 0,202 0,211 
total% forest 0,271 0,341 0,591 0,781 
total% non-forest 0,080 0,122 0,219 0,191 
slope maximum 0,125 0,143 0,172 0,293 
slope average 0,040 0,543 0,491 0,757 

 
 
 
 


